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Preface

Agroecosystem is defined as an interrelated functional unit of (a)biotic components (crops,
livestock, microbes, soil particles/solutions/gases) with the principal aim of food production,
underpinned either by natural precipitations (rain-fed agriculture) and/or artificially added
water (irrigated agriculture). Rain-fed agroecosystems are experiencing more frequent and
pronounced water imbalances such as water deficit (stress) as a consequence of global cli‐
mate change. Besides the substantial reduction in yield and quality, water stress in arable
agricultural areas often additionally underpins numerous other environmental constraints
such as salinization, desertification, soil organic matter depletion, compaction, etc. Thus, en‐
suring a stable and balanced water relationship in the soil/crop route is important for the
sustainability of the whole (agro)ecosystem.

Implementation of irrigation practice in agriculture is one of the most effective approaches
to overcome crop water stress and ensure stable and quality food production. Irrigated crop‐
ping is conducted on about 20% of cultivated land areas and generates about 40% of global
food production. However, due to increasing demands and continuous competition for
high-quality water resources in the agricultural/industrial/domestic triangle, it is unrealistic
to expect further expansion of agricultural irrigation. Adaptations to modern challenges of
irrigated cropping (e.g., more frequent droughts, global warming) aim to improve water use
efficiency, and are therefore more likely.

This book presents a collection of 10 chapters focused of irrigation planning, designing and
management, irrigation systems, and improvement of water use efficiency across the irrigated
agroecosystems. The book is thus mostly dedicated to all those scientists, students, and pro‐
fessionals dealing with irrigated agriculture and sustainable natural (principally water and
soil) resource management, as well to those who can find an interest in elaborated subtopics.

The editor is grateful to all contributors for their collaboration, notably on considerations
and acceptance of all suggestions and comments. Finally, great thanks go to Ms. Romina
Skomersic from the publishing service office on her support and help.

Prof. Gabrijel Ondrasek
University of Zagreb, Croatia
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1. Introduction

Water is an essential component of the Earth’s (agro) ecosystems with direct influence on 
global food production. As a renewable resource, water fluctuates over its phases in the global 
water cycle and replenishes the root zones (rhizospheres) of cultivated croplands in agro-
ecosystems. Agroecosystem can be defined as a very complex functional unit of biotic (agri-
cultural crops/varieties, animal breeds, uncultivated weeds and accompanied macro/micro 
biota) and abiotic (minerals, organics, fluids, gasses, water) components with the primary 
goal of food/feed production. Agroecosystems orientated to cultivated crop production have 
the major contribution in human food supply given that about 80% of human nutrition rep-
resent plant-derived foodstuffs (cereals, vegetables, fruits), while the rest are those of animal 
origin. Therefore, agroecosystems are the world’s principal food supplier, as well as the pre-
dominant user of renewable freshwater (blue water) resources, consuming globally per year 
~7 trillion m3 of water, either in rain-fed (~60%) or irrigated (~40%) conditions. Thus, water 
resources and their management in agroecosystems are of crucial importance for stability and 
security of global food production.

However, from the last several decades, water resources exploited in (agro) ecosystems have 
been started to be overexposed to different human-induced pressures (pollution by modern 
in/organic contaminants) and non-sustainable management practices (uncontrolled water 
abstractions, lacking of purification, recycling and/or reusing of grey waters). Such pressures 
accompanied with ongoing global climate changes and processes (more frequent and inten-
sive droughts, deruralisation, human growth in water-stressed areas) imbalance water cycling 
and reduce availability of fresh hydro-resources for increased food demands.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Agroecosystems, especially those rain-feed, are experiencing more frequent and pronounced 
water imbalances (water stress) on the soil-plant-atmosphere route. Besides the substantial 
reduction in yield and quality, water stress in arable areas often additionally underpins 
numerous other environmental constraints such as salinisation, desertification, soil organic 
matter depletion, biodiversity reduction, eutrophication, etc. Thus, ensuring a stable and bal-
anced water relationship in the soil-crop route is important for the sustainability and stability 
of the whole (agro) ecosystem.

Implementation of irrigation practice in agroecosystem is one of the most effective approaches 
to overcome crop water stress and ensure stable and quality food supply. It was confirmed 
that application of irrigation systems can substantially reduce the water footprint (i.e. a mea-
sure for the water volume needed for the realisation of goods and/or services), notably in 
horticultural and fruit crops more responsive to irrigation. Irrigated agroecosystems are 
overspread at nearly 20% of cultivated land areas but they generate even ~40% of global food 
supplies. For more than 50 years (1961–2009), irrigation was one of the widely accepted and 
fast-growing global strategies for overcoming water stress in agroecosystems and generator 
of continuous stable crop yields. In the same period, irrigated areas grew almost linearly by 
120% and occupied about 300 Mha worldwide. However, due to increasing demands and con-
tinuous competition for high-quality water resources in the agricultural-industrial-domestic 
triangle, it is quite unrealistic to expect further expansion of agricultural irrigation on the 
expanse of rain-feed cropping. Adaptations to modern challenges of irrigated agroecosystem 
(e.g. more frequent and pronounced draughts and extreme heat strikes) aim to improve water 
use efficiency (WUE), and are therefore more likely. Namely, most of the modern sustainable 
irrigation (agricultural) management strategies are focused on using hydro-/land-resources 
more effectively (avoiding/reducing losses and quality deterioration) and more efficiently 
(maximally increasing food production) which are encompassed by the concept of WUE.

Among traditional irrigation methods and systems (which dominate at nearly 95% of irrigated 
area) and modern ones (distributed at nearly 5% of irrigated land) existing many significant 
differences in WUE along with their different operational (technological) and environmen-
tally related characteristics. For instance, traditional surface gravity-flow irrigation systems 
(furrows, basins, contours, muang fai) in comparison to modern ones (drip irrigation, low-
energised/-pressurised sprinklers) can obtain and up to two-fold lower WUE. Consequently, 
there is a significant potential for improvement of WUE in irrigated agroecosystems over 
shifting from traditional to modern irrigation systems and/or upgrading particular sections 
and their elements (from the water source over conveyance system to the irrigated paddocks) 
of traditional systems.

Finally, improved irrigation management (scheduling, timing, frequency, depth) was con-
firmed as one of the most feasible approach of achieving large increases in WUE. Current 
soil-water regime, detected either on real-time in situ approach (with precise sensors, probes) 
or calculated based on nearby weather recordings (to obtain reference evapotranspiration, 
crop coefficients, effective rainfalls), may significantly optimise irrigation timing and conse-
quently improve WUE. Processing of such instantly collected data over modern information 
technologies (smartphone/PC applications) represents some of the most novel approaches in 
irrigation agroecosystems management.
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Abstract

The assessment of water discharge in open channel flow is one of the most crucial issues
for hydraulic engineers in the fields of water resources management, river dynamics, eco-
hydraulics, irrigation, hydraulic structure design, etc. Recent studies state that the entropy
velocity law allows expeditive methodology for discharge estimation and rating curve
development due to the simple mathematical formulation and implementation. A lot of
works have been developed based on the entropy velocity profile supporting measure-
ments in lab for rating curve assessment in regular ditch flows showing a good perfor-
mance. The present work deals with the use of entropy velocity profile approach in order
to give a general framework of threats and opportunities related to robust operational
application of such laws in the field of rating curve assessment. The analysis has been
carried on a laboratory flume with regular roughness under controlled boundary condi-
tions and different stages generating an exhaustive dashboard for the better appraisal of
the approaches. Finally, entropy model may represent a robust and useful tool for the
water discharge assessment in rough ditches.

Keywords: entropy velocity ratio, relative submergence, aspect ratio, water discharge

1. Introduction

Water discharge assessment in open channel still represents a fundamental aspect for hydrau-
lic engineer in several operative and technical fields like water resources management, ecolog-
ical flow assessment and control, drainage and irrigation system as well as runoff and flood
routing model calibration and implementation. Nevertheless, the water discharge evaluation
in generic open channel is heavily affected by local fluid dynamics and geometric conditions,
which well arise once flow velocity measurements and morphological boundaries are available
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at the same site. On the other hand, the drainage and irrigation channel present a regular cross
section which might provide facilities in water discharge assessment and control, inducing also
reduction in time and operative costs. That is, the implementation of operative procedures
enabling operative charges simplifying the commitment of field activities, indeed, plays a
fundamental role in channel monitoring for natural flow and manmade hydraulic structures.
The main idea is related to the definition of expeditive procedures for flow field assessment
and water discharge evaluation capable to optimize the surveying resources in time and
efforts. Thus, the opportunity to manage with a simple and straightforward velocity law,
different from the classical logarithm formulation but capable to provide suitable results is all
the more technically fruitful. That is, an operative tool for expeditive velocity distribution
assessment basing on simple and immediate parameters.

Recent theoretical and experimental studies endorse the informational content hold into the
distributed velocity measurements following an entropy-probabilistic approach. That is, Chiu
[1, 2] drew the correlation between the mean flow velocity and maximum flow velocity
defining the entropy parameter, M introducing the velocity ratio Φ(M). Considering the
important implication that this finding could have for monitoring of high flows in rivers, many
authors investigated the reliability of this relationship using field data [3–7]. Overall, they
found M as a river site depending and not influenced by the flood intensity both in terms of
amount and duration. Thus, M should be considered a specific factor of the gauged cross
section as outlined by Moramarco and Singh [7] exploring the dependence of M on the
hydraulics and geometries of the river cross sections.

The study was able to explain the constancy of M value on the ground that M is not depending
on the dynamic of flood, such as expressed by the energy or water surface slope, Sf and to
identify a formula expressing M as a function of the hydraulic radius, Manning’s roughness
and the location, y0, where the horizontal velocity is hypothetically equal to zero. For the latter,
it was preliminarily found that if y0 was assessed by distinguishing low flows from high flows,
then a better estimation of M would have been obtained across a gauged river site. However,
considering that the y0 location is not of simple assessment and then might have high uncer-
tainty, the assessment of M should be addressed, mainly for ungauged river sites, using
hydraulic and geometric variables easy to acquire. Such a thought might be discussed intro-
ducing the relative submergence D/d (in which, D = average water depth and d = roughness
dimension). That is, the velocity distribution in natural rivers depends on several variables like
channel geometry, bed and bank roughness, and the vertical velocity distribution generally
increases monotonically from 0 at the channel bed, to the maximum at the water surface and
can be assumed 1-D flow dominant. Moreover, whenever the channel cannot be considered
“wide”, that is the aspect ratio (B/D with B channel width and D water depth) is less than 6,
besides the presence of the boundary, the velocity varies even transversely and a two-
dimension distribution occurs, leading G as the 2D entropy parameter. The maximum velocity
places below the water surface inducing dip-phenomenon and the position of maximum
velocity is also influenced by the aspect ratio [8], which is of simple assessment once channel
cross-section geometry is known. Thus, investigating the influence of bed roughness and cross
section geometry on medium and maximum velocity ratio at the global scale assumes a
relevant interest in the field of open channel flow.
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Therefore, M might represent an intrinsic parameter of the gauged site and this insight led
several authors to explore the dependence of M on hydraulic and geometric characteristics of
the flow site [3, 7]. In the case of river flows, Greco [9] enlightened a different behavior of Φ(M)
depending on the roughness dimension: the velocity ratio is heavily influenced by the magni-
tude of relative submergence if large or intermediate scale [10]. Finally, the results support and
validate a robust and fruitful operative chain to be implemented for expeditive water dis-
charge assessment in rough and smooth irrigation ditch.

2. Entropy velocity profiles in open channels

The concept of informational entropy as a measure of uncertainty associated to a probability
distribution was formulated for the first time in the field of hydraulics by Shannon [11]. The prin-
ciple of maximum entropy introduces the least-biased probability distribution of a random
variable constrained by defined information system as well as the theorem of the concentration
for hypothesis testing, introducing the informational entropy theory [12]. A direct evaluation of
uncertainty related to the probability distribution of a continuous random variable expressed in
terms of entropy, H, is defined as follows

H ¼ �
ðþ∞

�∞
p xð Þ log p xð Þdx (1)

where, p(x) is the continuous probability density function of random variable x.

Using POME, entropy can be maximized through the method of Lagrange multiplier as
follows:

L ¼ � 1
m� 1

ðþ∞

�∞
p xð Þ 1� p xð Þ� �m�1

n o
dxþ

XN
i¼1

λi gi xð Þ (2)

in which, m > 0, gi(x) is the ith constraint function and λi is the constrain Lagrange multiplier as
a weight in the maximization of entropy.

Chiu [1, 2] applied the concept of entropy to open-channel analysis to model velocity and shear
stress distribution as well as sediment concentration. In such a way, the velocity distribution in
the probability domain allows to obtain the cross-sectional mean velocity and the momentum
and energy coefficients disregarding the geometrical shape of cross sections, which is generally
complex in natural channels [2, 13].

Further, an assumption on the probability distribution in the space domain is needed to relate
the entropy-based probability distribution to the spatial distribution. Therefore, defining u by the
time-averaged velocity placed on an isovelocity curve with the assigned value ξ, the value of u is
almost 0 at ξ0, which corresponds to the channel boundary, while u reaches Umax at ξmax, which
generally occurs at or below the water surface, depending on the dip-phenomenon. Thus, the
velocity u monotonically increases from ξ0 to ξmax and for each value of the spatial coordinate
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greater than ξ, the velocity is greater than u, and the cumulative distribution function can be
written as

F uð Þ ¼ ξ� ξ0
ξmax � ξ0

(3)

Thus, the Shannon entropy of velocity distribution can be written as:

H ¼ �
ðUmax

0
p uð Þ log p uð Þdu (4)

Through a similar procedure, the probability density function of the velocity distribution is
obtained by maximizing the Shannon entropy equation

L ¼
ðUmax

0

f uð Þ
m� 1

1� f uð Þ½ �m�1
n o

duþ λ0

ðUmax

0
f uð Þdu� 1

� �
þ λ1

ðUmax

0
uf uð Þdu� u

� �
(5)

in which, λ0 and λ1 are the Lagrange multipliers and the following constraint equations

C1 ¼
ðUmax

0
f uð Þdu ¼ 1 (6)

C2 ¼
ðUmax

0
uf uð Þdu ¼ u (7)

f uð Þ ¼ exp λ0 � 1þ λ1uð Þ (8)

Thus, Chiu’s 1D velocity distribution results as:

u ¼ Umax

M
ln 1þ eM � 1

� �
F uð Þ� � ¼ Umax

M
ln 1þ eM � 1

� � ξ� ξ0
ξmax � ξ0

� �
(9)

where M is the dimensionless entropy parameter introduced in the entropy-based derivation
[14, 15]. Hence, M can be used as a measure of uniformity of probability and velocity distribu-
tions. The value of M can be determined by the mean, Um, and the maximum velocity values
are derived from the following equation:

Φ Mð Þ ¼ Um

Umax
¼ eM

eM � 1
� 1
M

� �
(10)

Φ(M) is a relevant parameter which contains relevant information about the flow field asset:
the mean velocity value, the location of the mean velocity [14–16], and the energy coefficient
[14, 16] can be obtained from M. That is, once known the mean velocity, the flow discharge,
sediment transport, and pollutant transport can be derived. Furthermore, mean vs. maximum
velocity assumes linear relationship as discovered by Xia collecting velocity data in several
cross-sections of the Mississippi River [17].
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Eq. (10), in fact, represents the fundamental relationship, from an applied point of view, of the
entropy velocity distribution and the assessment of the entropy parameter passing through the
knowledge of the ratio between mean and maximum velocities, Φ(M).

In order to identify the dependence of M from the hydraulic and geometric characteristics of
channels, that is, the relative submergence and aspect ratio, respectively, the formulation prop-
osed by Greco [9] for Um is considered:

Um

u∗
¼ 1

k
ln

D
d
þ 1

k
ln C0 (11)

where u* is the shear velocity, d is the bed roughness height (i.e., d50), k is the Von Karman
constant, and C0 is the dimensionless coefficient.

Even the maximum velocity plays an important role in the flow dynamics, and more than it
magnitude, a relevant aspect is related to the position of the maximum velocity inside the flow
domain. That is, the location of maximum velocity from the channel bottom, ymax, does not
always occur at water surface, but a “velocity-dip” may occur as an indicator of secondary
currents [18], which represents the circulation in a transverse channel cross section, while the
longitudinal flow component is called the primary flow.

In this context, Moramarco and Singh [7] identified the ratio between Umax and u* as:

Umax

u∗
¼ 1

k
ln

D
y0 1þ αð Þ
� �

þ α
k
ln

α
1þ α

� �
(12)

with α = (D/ymax-1).

y0 can be assumed proportional to the characteristic bottom roughness height, d, as suggested
by Rouse [19] through the experimental parameter Cξ = y0/d. Therefore, Eq. (12) turns into:

Umax

u∗
¼ 1

k
ln

D
d

� �
þ 1

k
ln

αα

Cξ 1þ αð Þ1þα

 !
(13)

Unlike Moramarco and Singh [7], here the ratio between Eq. (11) and Eq. (13), based on
logarithm properties, explicitly proposes Φ(M) as a function of the relative submergence D/d:

Φ Mð Þ ¼ Um

Umax
¼ ln C0D

d

� �

ln D
d

αα

Cξ 1þαð Þ1þα

h i ffi AΦln
D
d
þ BΦ (14)

where AΦ and BΦ are the numerical coefficients. Eq. (14) follows under the hypothesis of linear

interpolation between the pairs ln C0D
d

� �
=ln D

d
αα

Cξ 1þαð Þ1þα

� �
; ln D

d

� �h i
[13].

Eq. (14) highlights, indeed, a possible effect of bed roughness on the entropy velocity distribu-
tion in open channel flows, which depends on the roughness scale according to [1]. The
dependence between the ratio Φ(M) and the relative submergence, D/d, has been widely
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studied by Greco [9] using a wide volume of data collected in the field on several cross sections
along different rivers and in the laboratory [20–22], showing values of Φ(M) ranging in the
[0.5–0.9] interval.

3. Laboratory measurements in rectangular smooth and rough ditch

The experimental tests were carried out in the Hydraulics Laboratory of Basilicata University, on
two free surface rectangular flumes of 9 m length and with a cross section of 0.5� 0.5 and 1� 1 m,
whose slope can vary from 0 up to 1%. Figure 1 shows pictures about the flume, one of the bed
configuration and the flow-meters.

The bed roughness (d) has been modulated between smooth surfaces, with 0.0005 m roughness
height, anda roughbottom,obtainedwithbotha sandbed,witha characteristicdiameterof 0.002m

and standarddeviation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d84=d16

p ¼ 1:67, and a set ofwood spheres of 0.035m in diameter.

The measurement reaches were placed at the distance of 4 m from the beginning of the
flumes, in order to damp large-scale disturbances and allow a quasi-uniform water depth.
In the end section of the flume, a grid was installed to regulate the water depth for each
assigned discharge or rather to obtain a small longitudinal variation of the flow depth. The
experiments were performed in steady flow conditions for different values of discharge
(0.015–0.100 m3/s) and slope (0.05–1%). The measurement cross section was located in the
middle of the rough reach in order to observe a fully developed flow, avoiding edge effects.
The flow depth was measured by two hydrometers placed at both the beginning and the end

Figure 1. The experimental apparatus for laboratory measures.
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of the measurement reach, and the water depth, D, was assumed as the average value. The
velocity was acquired through a micro current-meter with a measuring head diameter of
0.01 m, while the water discharge was measured with a concentric orifice plate installed in
the feed pipe and on a laboratory weir placed at the end of the flumes, and compared to the
value calculated according to the velocity-area method [23], with a maximum error of
around 1–2%. In particular, the adopted velocity-area method must be applied dividing the
cross section into a fixed number of verticals and thus, on each vertical, a fixed measurement
points are selected. In each point along the vertical, the velocity is acquired in order to
compute the mean velocity of the flow along each vertical. Furthermore, the number of
measures on each vertical was chosen with respect to the criterion that the difference in
velocity between two consecutive points was less than 20%, of the higher measured velocity
value, and the points close to the channel bottom and the water surface was fixed according
to the size of the micro-current meter.

In such a way, two roughness configurations were enabled:

• RRF: rough rectangular flume, with relative submergence ranging in between 1.89 and
6.43; and

• SRF: smooth rectangular flume, with relative submergence greater than 50.

Table 1 synthetically reports the ranges of variation of the main parameters observed during
the experiments for the RRF and SRF configuration, while Q is the water discharge, D is the
water depth, D/d is the relative submergence, B/D is the aspect ratio, and Φ(M) is the ratio
between the mean and maximum velocities.

For each configuration and for all the stages explored, a relevant bulk of velocity measure-
ments was collected in order to provide a detailed reconstruction of the flow field allowing to
obtain mean, Um, and maximum, Umax, cross section velocities.

Figure 2 shows the linear relationship existing between the pairs (Umax; Um) for the two
configurations investigated, RRF and SRF.

From Figure 2, some useful issues arise. Even if the correlation among homogeneous data is
very strong in both cases with R2 greater than 0.95, it is immediately realized a slight different
behavior between rough and smooth channels. That is, for the smooth rectangular flow, Φ(M)
assumes the value 0.9, while for the rough condition, the value decreases to 0.67. That is, in
other terms, it seems to be evident and sufficiently confirmed, the dependence of the velocity
ratio on the roughness here represented by the relative submergence D/d as discussed in the
previous section for Eq. (14).

Type Q (mc/sec) D (m) D/d B/D Φ(M)

RRF 0.007–0.076 0.07–0.23 1.89–6.43 2.22–7.58 0.52–0.73

SRF 0.025–0.100 0.06–0.40 50–298 2.50–10 0.7–0.93

Table 1. Range of variation for the main parameters of the laboratory experiments.
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of the measurement reach, and the water depth, D, was assumed as the average value. The
velocity was acquired through a micro current-meter with a measuring head diameter of
0.01 m, while the water discharge was measured with a concentric orifice plate installed in
the feed pipe and on a laboratory weir placed at the end of the flumes, and compared to the
value calculated according to the velocity-area method [23], with a maximum error of
around 1–2%. In particular, the adopted velocity-area method must be applied dividing the
cross section into a fixed number of verticals and thus, on each vertical, a fixed measurement
points are selected. In each point along the vertical, the velocity is acquired in order to
compute the mean velocity of the flow along each vertical. Furthermore, the number of
measures on each vertical was chosen with respect to the criterion that the difference in
velocity between two consecutive points was less than 20%, of the higher measured velocity
value, and the points close to the channel bottom and the water surface was fixed according
to the size of the micro-current meter.

In such a way, two roughness configurations were enabled:

• RRF: rough rectangular flume, with relative submergence ranging in between 1.89 and
6.43; and

• SRF: smooth rectangular flume, with relative submergence greater than 50.

Table 1 synthetically reports the ranges of variation of the main parameters observed during
the experiments for the RRF and SRF configuration, while Q is the water discharge, D is the
water depth, D/d is the relative submergence, B/D is the aspect ratio, and Φ(M) is the ratio
between the mean and maximum velocities.

For each configuration and for all the stages explored, a relevant bulk of velocity measure-
ments was collected in order to provide a detailed reconstruction of the flow field allowing to
obtain mean, Um, and maximum, Umax, cross section velocities.

Figure 2 shows the linear relationship existing between the pairs (Umax; Um) for the two
configurations investigated, RRF and SRF.

From Figure 2, some useful issues arise. Even if the correlation among homogeneous data is
very strong in both cases with R2 greater than 0.95, it is immediately realized a slight different
behavior between rough and smooth channels. That is, for the smooth rectangular flow, Φ(M)
assumes the value 0.9, while for the rough condition, the value decreases to 0.67. That is, in
other terms, it seems to be evident and sufficiently confirmed, the dependence of the velocity
ratio on the roughness here represented by the relative submergence D/d as discussed in the
previous section for Eq. (14).

Type Q (mc/sec) D (m) D/d B/D Φ(M)

RRF 0.007–0.076 0.07–0.23 1.89–6.43 2.22–7.58 0.52–0.73

SRF 0.025–0.100 0.06–0.40 50–298 2.50–10 0.7–0.93

Table 1. Range of variation for the main parameters of the laboratory experiments.
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Figure 2. Average vs. maximum velocities observed for rough and smooth channel.

Figure 3. Velocity ratio vs. relative submergence.

Irrigation in Agroecosystems12

Figure 3 clearly outlines such an outcome, showing how the velocity ratio is austerely depen-
dent on relative submergence in case of rough flows, while it is sufficiently uniform for values
of D/d > 20. Furthermore, the same picture proposes several literature data collected by other
authors during experimental laboratory campaigns carried on smooth and rough flumes [22,
24–27], plotted and compared to those arising from the here presented research activity. The
same Figure 4 immediately deals with the robust correspondence between data sets related to
the low rough/smooth flow conditions for which the hypothesis of the constant value of mean-
to-maximum velocities ratio might be assumed consistent, at least from an operative point of
view for D/d > 20. At the same time, Eq. (14) still remains compelling for D/d < 20, but it needs
to be recalibrated and the coefficients AΦ and BΦ can be assumed 0.136 and 0.468, respectively
(R2 = 0.95).

Such a result can be immediately implemented in the operative chain of water discharge assess-
ment, in order to derive the rating curve in a ditch or artificial channel. Furthermore, such
knowledge allows us to assess the level of integrity of the channel in terms of sensitive changes
in the bottom roughness, may be due to the local deposition of sediment or vegetation.

Furthermore, in case ofD/d > 20, typical of concrete channels, the setting of rating curve is quite
direct collecting few measures of velocity, in a little volume of the flow field mainly located in
the center of the upper part of the cross section where is generally located at the maximum

Figure 4. Comparison between the computed (Qcalc) and observed (Qobs) discharges.
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velocity. Thus, assuming the value of Φ(M) equal to 0.9, the mean velocity can be computed
and the water discharge as well. The benefit even deals with the reduction of measurement
time and costs. On the other side, once performed velocity measurements in a cross section
following the above mentioned procedure, the observed value ofΦ(M) can suggest whether or
not some changes in bed roughness occurred.

Finally, the use of the entropy velocity profile gives a robust feedback in terms of operative
assessment of water discharge, due to the easy and immediate evaluation of the M parameter.

4. Entropy velocity profile approach for rating curve assessment

The wide bulk of measurements obtained through the laboratory experiments allows us to
perform a robust analysis in order to obtain suitable information for the use in the operative
chain of water discharge assessment as well as in numerical flow dynamics modeling in
regular open channel flow.

In Eq. (10), the mean velocity can be evaluated using Manning’s formula:

Um ¼ 1
n
R2=3

ffiffiffiffiffi
Sf

q
(15)

where n is the Manning’s roughness, R is the hydraulic radius, and Sf is the energy slope.

To determine the maximum velocity of the cross-section, Umax, along the y-axis assumed
perpendicular to the bottom, the dip-modified logarithmic law for the velocity distribution in
a smooth uniform open channel flow, proposed by Yang et al. [8], is considered:

u yð Þ ¼ u∗
1
k
ln

y
y0

þ α
k
ln 1� y

D

� �� �
(16)

where u∗ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
g R Sf

p
is the shear velocity (g = gravity acceleration); k is the von Karman

constant equal to 0.41; y0 is the distance at which the velocity is hypothetically equal to zero;
α is the dip-correction factor, depending only on the ratio between the relative distance of the
maximum velocity location from the river bed, ymax, and the water depth, D, along the y-axis,
where Umax is sampled.

The location of the maximum velocity, supporting the dip-phenomenon hypothesis, can be
obtained by differentiating Eq. (16) and equating du/dy = 0, which gives:

ymax

D
¼ 1

1þ α
(17)

Experimental studies [2–9] have shown that, for channels at different shapes of the cross-
section, the velocity maximum is below the free surface around the 20–25% of the maximum
depth. Thus, considering ymax equal to ¾ of the maximum depth, D, according to Eq. (17), α
becomes equal to 1/3. Replacing the value of α in Eq. (16), and after a few algebraic manipula-
tion, the maximum flow velocity can be expressed as:
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Umax ¼ u∗
k

ln
3
4
D
y0

� �
� 0:4621

� �
(18)

Therefore, inserting Eqs. (15) and (18) in Eq. (10), Φ(M) can be expressed in terms of hydraulic
and geometric characteristics of a river:

Φ Mð Þ ¼
1
n R

2=3 ffiffiffiffiffi
Sf

p
ffiffiffiffiffiffiffiffi
gRSf

p
k ln 3

4
D
y0

� �
� 0:4621

h i (19)

From this latter equation, a new formulation of Manning’s roughness, ne, based on Φ(M) is
derived:

ne ¼
R1=6=

ffiffiffigp
Φ Mð Þ

k ln 3
4
D
y0

� �
� 0:4621

h i (20)

Therefore, ifΦ(M) is available, then Eq. (20) allows us to estimate the n value in the cross-section.
Replacing Eq. (20) in Eq. (15), the modified form of the Manning’s equation is obtained:

Um ¼ Φ Mð Þ
k

ln
3
4
D
y0

� �
� 0:4621

� � ffiffiffiffiffiffiffiffiffiffi
gRSf

q
(21)

which takes into account the variation of a flow hydraulic and geometric characteristics
following the change of the water discharge. Eq. (20) computes Manning’s roughness once
the values of Φ(M) are known and the values of y0 are calibrated. Once the Manning’s
coefficient, ne, was evaluated, the mean velocity was recalculated according to Eq. (21).

Figure 4 shows the correspondence between Qcalc, computed through the Eq. (21), and those
observed Qobs, for both cases RRF and SRF. The result shows the perfect correlation between
the observed and computed values and enforces the use of the proposed Manning’s Eq. (20),
derived by the entropy velocity theory and the assumption of a constant value of the dip
velocity. The approach leads to get water discharge assessment by integrating the information
about hydraulic and geometric characteristics of the flow.

Finally, the following Figures 5 and 6 report the theoretical rating curves obtained by the
modified Manning’s equation and the experimental data collected for both cases rough and
smooth channel.

Defining the standard error, Se, as suggested by the ISO 1100-2 [28], through the following
relationship:

se ¼
P

lnQobs � lnQcalcð Þ2
N� 2

" #0:5
(22)

where N is the number of available measures, the computed Se is permanently less
than 5% for the rectangular rough flow (RRF), while increases up to 15%, with a generalized
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obtained by differentiating Eq. (16) and equating du/dy = 0, which gives:
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Experimental studies [2–9] have shown that, for channels at different shapes of the cross-
section, the velocity maximum is below the free surface around the 20–25% of the maximum
depth. Thus, considering ymax equal to ¾ of the maximum depth, D, according to Eq. (17), α
becomes equal to 1/3. Replacing the value of α in Eq. (16), and after a few algebraic manipula-
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modified Manning’s equation and the experimental data collected for both cases rough and
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Defining the standard error, Se, as suggested by the ISO 1100-2 [28], through the following
relationship:
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overestimation, in case of smooth rectangular flow. In both cases, the results support the use
of this expeditive methodology in the chain of operative procedures leading a good assess-
ment of the rating curve.

5. Conclusion

The use of a rating curve formulation derived from the entropy velocity theory complained to
the assumption of a constant value of the dip velocity and taking into account the variables

Figure 5. Observed data and calculated rating curves for roughness rectangular flow.

Figure 6. Observed data and calculated rating curves for smooth rectangular flow.
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describing the geometric and hydraulic characteristics of a rectangular ditch, should allow us
the improvement of water discharge assessment.

This approach was tested, in a first phase, on a suitable data set of water discharge measures
collected in the laboratory on both rough and smooth rectangular cross section proposing
practical and common flow conditions.

The rating curve evaluation, derived for the rough rectangular flow, underlines a standard error
less than 5%, generally, favoring an expeditive assessment of the flow stage with a sufficient level
of reliability, while such an error increase up to 15% in case of smooth cross section.
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Abstract

Annual crops are highly sensitive to water stress, so efficient water management in 
orchards enhance the production and sustainability of fruit cultivation. The performance 
of fruit tree in terms of fruit yield, fruit size and quality and long term productivity is 
highly dependent on irrigation and different species respond to it differently, It is known 
fact that the amount of fresh water available for agriculture use is decreasing and there 
is a need to use water efficiently either by using water saving irrigation techniques or by 
scheduling irrigation as per the plant’s need. The scheduling of irrigation in fruit crops 
has gained significant importance for last one decade due to viewed rise in temperature, 
changing pattern of rainfall and reduction of fresh water for irrigation purposes especially 
for farmers indulged in fruit culture. The recent research phenology and physiology of the 
fruit trees in orchard management with major emphasis on water management practices 
e.g. deficit irrigation can influence an optimal nutrient equilibrium in soil, improve irri-
gation efficiency and prevent soil erosions. On this basis, work on irrigation scheduling 
based on evapotranspiration demand was studied in fruit agroecosystem to maintain high 
yield and quality of fruit crop.

Keywords: peach, fruit crops, evapotranspiration, irrigation intervals and rainfed

1. Introduction

Irrigation is one of the major agricultural activities because the plant production is propor-
tional to water use. It is becoming a limiting factor not only in Indian subtropics but its reduc-
tion has been observed globally. The current decrease of predicted water resources are leading 
to urgent need to adopt a strategy which could be applied to efficiently utilize water without 
affecting the growth, yield and quality of a plant in agroecosystem. In fruit agroecosystem, 
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sometime introduced plants have different water needs than the ability of ecosystem provide 
for naturally. The water need of the fruit tree is governed by the annual phenological and 
soil-water-plant relationship. Fruit trees require frequent irrigation during fruit development 
and mismanagement of water supply to trees at critical stages leads to fruit drop, reduced 
fruit size and quality. So, proper irrigation is essential in maintaining a healthy and produc-
tive fruit orchard. Whereas over irrigation slow root growth, increases the potential for iron 
chlorosis in alkaline soils, and leaches nitrogen, sulfur and boron out of the root zone leading 
to nutrient deficiencies. It can also induce excessive vegetative vigor. Excessive soil moisture 
also provides an ideal environment for crown and collar rots in peach. On the other hands 
applying insufficient irrigation water results in drought stress and reduced fruit size and 
quality [1]. Many studies on irrigation management under different agroecological system on 
fruit crops e.g. peach [2–4], cherry [5], pummelo [6], olive [7, 8] and mango [9] reported that 
moderate water restriction do not effect morphological and physiological processes of tree. In 
fact, enhance the bearing, maturation and fruit tree features.

In irrigated agroecosystem, irrigation systems have been under pressure to produce more 
with lower supply of water. Majority of developed/developing countries implement techno-
logical, economical and regulative irrigation strategies for efficient use of hydro-resources 
and reusing wastewater in agriculture sector. Decreased water due to global warming along 
with uneven rainfall patterns have increased the requirement of optimum and efficient use 
of irrigation by means deficit irrigation practices. Deficit irrigation supplies reduced water 
volume depending upon evapotranspiration (Et) percentage throughout fruit crop irriga-
tion season with the minimal impact on fruit production. Evapotranspiration is key factor 
in irrigation scheduling as a management tool, Et (actual, potential and reference) rate either 
directly measured or indirectly estimated are of crucial importance for determining crop 
water requirement. Among numerous indirect methods for Et estimation, initial Penman 
equation is probably the most modified one. Modified Penman-Monteith approach is the 
most used mathematical approach for Et determination accepted by research as well as in 
practice of water management and planning. The P-M method can be successfully applied for 
Et calculations and water management in field conditions [10].

2. Irrigation management practices, vegetative growth and fruit 
productivity

Considerable changes in weather and water availability during the last decade as expected, 
caused increase in temperature, frequencies and durations of summer drought events with 
changing precipitation patterns leading to enhanced rainfall during winter and spring, 
thereby adversely affecting the physiological performance, growth and competitive ability 
of trees [11]. Thus, the aim of this study was to understand the response of peach tree’s mor-
phological and biochemical characteristics, by supplying irrigation at T1 = 20 mm potential Et 
(PET), T2 = 30 mm potential Et (PET), T3 = 40 mm potential Et (treatment trees mulched with 
straw mulch), T4 = 50 mm potential Et (PET). The maximum soil water availability of the soil 
was 80 mm. The growth and quality characteristics of peach cultivars cultivated under rainfed 

Irrigation in Agroecosystems22

conditions (control) were also evaluated. Irrigation water requirements (IWRs) for peach crop 
was calculated by subtracting effective rainfall (calculated using the CROPWAT Programme, 
[12]) from Etc, without taking account of the variation in soil water content during both 
experimental year. Estimation of crop coefficients (Kc1 = 0.20, Kc2 = 0.5, Kc3 = 0.7, Kc4 = 1.0) 
mean values given by [13] were used. Et requirement by the crop has been computed using 
the equation: Etc = Kc × Eto.

2.1. Effect of different irrigation levels on vegetative growth of crop

Water stress significantly reduces trunk growth and shoot extension growth of peach tree 
[14], so both vegetative characters was closely linked to irrigation volume and showed sig-
nificant differences when compared under different trials. Shoot extension growth was mea-
sured on weekly bases, while trunk girth development measured at 15 days intervals in all 
the treatments. In both the year of study maximum trunk girth and shoot extension growth 
was attained by plants irrigated at 40 mm PET level, whereas minimum trunk girth and shoot 
extension growth observed under rainfed condition (Figures 1 and 2). Peach shoot growth 
reduced in proportion to the magnitude of the water deficit and with the replacement of 12.5% 
of the evaporation, there was more than 75% reduction in shoot weight [15]. Shoot growth and 
limb diameter were limited whenever water supply was restricted in Merrill Sundance culti-
var of peach [16]. Water stress affected the growth and dry matter partitioning of young peach 
trees, whereas total dry matter production reduced with each incremental decrease in applied 
water and attributed to lower leaf conductance in the unirrigated conditions. Reduction or 
halting of lateral branching and new leaf production soon after water stress is the major factor 
that contributes to differences in tree biomass production [17]. Regulated deficit irrigation 
applied at stage II as well as combined regulated irrigation at stage II and postharvest stage 

Figure 1. Effect of irrigation on trunk girth of peach cultivars.
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reduced length of the shoots (>75 cm) inside the canopy in clingstone peaches [18]. Similarly, 
peach tree had reduced trunk radial growth and canopy shaded area when no irrigation was 
provided to the trees as compared to irrigated ones [19]. The range of maximum daily shrink-
age was more pronounced in non-irrigated than the irrigated peach trees, because develop-
ment of unirrigated plants was probably impaired by low values of stomatal conductance 
and CO2 assimilation [20]. Trunk growth was maximum in 75% Etc based irrigation, followed 
by 50 and 25% Etc-based irrigation as compared to unirrigated in Larnaka pistachio [21]. 
Supplemental irrigation substantially increased trunk cross sectional area (TCA) of 1-year 
old Red Globe cultivar of peach as compared to tree supplied with no irrigation, whereas 
unirrigated trees were smaller than irrigated trees because of a lack of sufficient annual rain-
fall [22], a reduced increase in trunk diameter was observed due to limiting xylem deposi-
tion. The irrigated “Doyenne du Comice” pear trees had better trunk diameter development 
than water stress trees, with the intensification of water stress, there was a decrease in trunk 
fluctuations in non-irrigated rootstocks and related it to the low pluviometric precipitations 
and high ambient temperatures, which occurred at the time of experiment [23]. In grapefruit 
maximum relative growth of the trunk diameter at irrigation applied on 15 days with 1.00 
pan evaporation (23% above the graft and 28% below the graft), whereas minimum relative 
growth rates, (10% above the graft and 12% below the graft), were observed in irrigation 
applied at 25 days interval with 1.00 pan evaporation [24]. Gemlik cv. of olive had highest 
trunk section area and canopy volume under full irrigation treatment at 100% evapotranspi-
ration along with application of 400 g/tree phosphorous during initial developmental stage, 
potassium (500 g/tree) before endocarp hardening, and Nitrogen (40 g/tree) applied during 
each irrigation period. Canopy volume increased up to 10% with full irrigation treatment at 
50% evapotranspiration and 25% with full irrigation at 100% evapotranspiration compared 
to rainfed conditions, whereas under full irrigation treatment at 50% evapotranspiration and 

Figure 2. Effect of irrigation on shoot extension growth of peach cultivars.
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full irrigation at 100% evapotranspiration 8 and 14% more trunk section area was recorded 
respectively [25]. Increased diurnal shrinkage of trunk in trees which did not get any irriga-
tion over course of postharvest season reflected the progressive reduction in water potential. 
In a sub-humid climate, ‘Z-900’/Gisela 5 young dwarf cherry trees had maximum values in 
terms of trunk cross-sectional area and volume of trees when irrigation was applied at 125% 
evaporation as compared to irrigation based on 75% pan evaporation wherein smallest trunk 
cross-sectional area was obtained [26].

2.1.1. Transpiration

Among the indicator used for monitoring water status transpiration is reliable, because tran-
spiration and crop yield is linearly related in areas with higher solar radiations. The transpira-
tion rates trends observed for all cultivars in 2010 and 2011 appeared to be mainly a function 
of the climatic factors in the different stages of growth. Rate of transpiration was low during 
2010 due to moderate drought conditions (Figure 3). Overall transpiration rate in 2011 was 
higher at fruitset, maturity and post harvest in all irrigation levels as well as under rainfed 
conditions, whereas less transpiration rate in fruitset stage from plants irrigated at 20 mm 
Etc level. Similarly, the rate of transpiration was highest in well watered mango plants com-
pared to the extremely stressed plants [27]. Small transpiration differences between control 
and irrigated or fertigated treatments which might be due to early season irrigation in grape 
Concord and Niagara vineyard observed [28]. Among various peach cultivars, Early Grande 
and Florda Prince transpired more at post harvest stage during both the years, whereas Shan-
e-Punjab transpired more at maturity stage in 2010 and at post harvest stage in 2011. The 
variability was due to increased natural moisture because of rainfall during April and May.

2.1.2. Leaf area and traits

Fruit productivity is closely related to rate of leaf area development. As the amount of absorp-
tion of photosynthetically active radiation and dry matter accumulation depends on the area 
of leaf. Larger the leaf area, more the PAR is absorbed by plant and more dry matter accumu-
lated, water is main factor responsible for leaf area development [29]. Thus, the purpose of 
study to understand the impact of irrigation on leaf area in low chilling peach cultivars. Leaf 
area in peach plant significantly increased with higher irrigation levels, however maximum 
leaf area recorded in plants irrigated at 30 mm PET level, due to better root establishment, effi-
cient photosynthesis and production of more assimilates. Leaf area reduced in plants grown 
under rainfed conditions and irrigated at 50 mm PET level (Figure 4). Similarly, Korona cul-
tivar of strawberry plants which received cent per cent water (100% water) supply differed 
significantly as compared to the water stressed plants, in terms of leaf expansion during fruit 
ripening [30]. The large reduction in leaf area with long term water stress is caused by a lower 
leaf elongation rate and earlier abscission of the old leaves. Whereas, Dashehari mango trees 
irrigated at 20 and 40% depletion of available soil moisture attained more spread and leaf 
area than those irrigated at 60% depletion of ASM and unirrigated [31]. In Thompson seedless 
cultivar of grape plant leaf area was higher in plants irrigated through drip irrigation followed 
by furrow irrigation than stressed plant [32]. Bell pepper had higher leaf area under irrigation 
applied after 3 days interval [33]. 16.8 laterals with leaf area of 122 cm2/leaf, and leaf biomass 
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of 2.4 g/leaf was recorded when 20 L water was applied as compared to 2.5 L water application 
in purple passion fruit, wherein 11.3 laterals with leaf area of 106.5 cm2/leaf and leaf biomass 
of 2.0 g/leaf was obtained [34]. Highest irrigation level of 15 m3/tree/year increased leaf area, 
while lowest irrigation level of 7 m3/tree/year decreased leaf area in 20-year old pomegranate 
trees [35].

2.1.2.1. Stomatal density

Stomatal features are known to affect transpiration, moderate water deficits had positive 
effects on stomatal number, but more sever deficits led to a reduction. The stomatal size 
obviously decreased with water deficit and stomatal density was positively correlated with 
stomatal conductance (gs), net CO2 assimilation rate and water use efficiency [36]. Stomatal 
density of peach cultivars was maximum at 40 mm PET and 30 mm PET levels, whereas 
reduced stomatal density was recorded in plants grown under rainfed conditions as well as 
plants irrigated at 50 mm PET. The reduced stomatal density under stress conditions might 
be due to adaptation of plant to reduced water loss and cell division under certain degree of 
water stress, while stomatal density under surplus soil moisture conditions might be due to 

Figure 3. Graph showing average transpiration (a) in different irrigation levels (b) in three cultivars of low chilling peach 
at different stages of growth and development (stage 1: Fruitset, stage 2: Pit hardening, stage 3: Maturation and stage 
4: Postharvest).
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difference in stomatal number and size. Leaves from peach seedlings grown under both water 
stress and saturation conditions changed stomatal aperture and density as compared to leaves 
of seedling which received proper moisture [37], while water stress induced approximately 
35% reductions in stomatal density in peach seedlings which is plant adaptation to water defi-
cit conditions and lack of significant difference between stomatal density of leaves grown with 
excess and adequate soil moisture be caused primarily due to variation in stomatal number 
in each leaf. Stomatal density in 6-year-old apple was minimum under permanently irrigated 
trees and maximum in unirrigated trees, [38] concluded that stomatal density appeared to be 
predominantly affected by water status of the apple tree during vegetative growth period in 
spring. Hybrid peach seedling rootstocks (S-21, 42, 46, 47, 51 and 52) had highest stomatal den-
sity in soil moisture raised to 25% of the field capacity once in a week through irrigation and in 
saturated soil with irrigation once in a week, while lowest stomatal density was found in tree 
leaves when soil moisture was raised to 50 and 75% of the field capacity once in a week [39].

2.1.2.2. Chlorophyll content

Green color pigment chlorophyll is a light capturing molecule in photosystem and one of the 
key factors influencing photosynthetic capacity. Chlorophyll content in leaves was considered 
as a trait for crop production, drought stress during growth is negatively correlated with chlo-
rophyll pigment in plants. Chlorophyll content of water-saturated grown peach leaves was 
minimum than that of leaves grown under stress and adequate soil moisture which attributed 
to the destruction or inhibition of chlorophyll synthesis in the leaves which resulted from 
water saturation conditions. In another study, [40] chlorophyll content of peach leaves from 
effluent treated watered trees was significantly higher than that of tree leaves from unirrigated, 
which could have been due to the significant increase in mineral contents, particularly Fe and 
N in effluent treated leaves. The chlorophyll content in peach leaves was another factor which 

Figure 4. Leaf area development under different irrigation levels.
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of 2.4 g/leaf was recorded when 20 L water was applied as compared to 2.5 L water application 
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water stress, while stomatal density under surplus soil moisture conditions might be due to 

Figure 3. Graph showing average transpiration (a) in different irrigation levels (b) in three cultivars of low chilling peach 
at different stages of growth and development (stage 1: Fruitset, stage 2: Pit hardening, stage 3: Maturation and stage 
4: Postharvest).
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difference in stomatal number and size. Leaves from peach seedlings grown under both water 
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saturated soil with irrigation once in a week, while lowest stomatal density was found in tree 
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was affected by the irrigation levels during the present investigation. Highest total chlorophyll 
content was in plants irrigated at 40 mm PET level and 30 mm PET. Reduced in plants irrigated 
at 20 mm PET and 50 mm PET as well as in plants under rainfed conditions. Decreased chlo-
rophyll content under drought or water stress condition in Nectarin-8 cultivar reported [41]. 
Total chlorophyll content decreased with increased water stress among different rootstocks of 
grapes. The maximum total chlorophyll content was in 1103P leaves under water stress [42]. 
Similarly, in 6 months old mango rootstock seedlings, slight increase in chlorophyll content 
under water stress conditions, because chlorophyll A was more resistant to dehydration; it 
increased slightly with water stress, as compared to chlorophyll B, which remained constant, 
however slight increase in total chlorophyll under water stress suggest that the chlorophyll 
pigments in leaves were somewhat resistant to dehydration [27]. Chlorophyll A,B, and total 
chlorophyll reduced under drought stress conditions [43]. Leaves total chlorophyll content 
was higher under irrigation compared with rainfed condition in fig [44].

2.2. Fruit yield and quality

The sensitivity of fruit growth to soil water availability has been well documented, fruit 
growth depend on the accumulation of large quantities of osmotically active solutes and 
massive cell expansive growth and these processes require carbohydrates and its restriction 
under water-stressed crop decrease ability to accumulate water [14]. Maximum fruit size 
in peach was attained in the plants irrigated at 40 mm PET level as compared to fruit taken 
from plants provided with irrigation at different levels of evapotranspiration. However, the 
main contributed parameter in fruits, which was influenced by different levels of irrigation, 
is found to be diameter of the fruits in the present study. Bigger fruits harvested from the 
plant might be due to fulfillment of water requirement of that plant at that particular level of 
irrigation which in turn resulted into larger cell size rather than increase in the cell number 
and this cell expansion might have resulted in better uptake of mineral nutrient. In the pres-
ent investigation, under water deficit condition, fruit size decreased probably due to reduc-
tion in availability of assimilate and lower stomatal conductance, whereas surplus water 
condition might have led to anaerobic conditions and reduced water and nutrient uptake, 
thus reduced the fruit size. Reduction observed in fruit weight of Nijisseiki Asian pear in late 
stress conditions compared to the well watered tree [45], whereas highest fruit weight under 
optimum irrigation and light water stress reported in Big-Top cv. of peach and the lowest 
average soluble solids percentages under water stress. When light water stress was applied; 
soluble solids percentages appeared to slightly decrease while peach weight remained rela-
tively constant [46]. Peach fruit size increased with irrigation compared to no irrigation [47]. 
Water stress improved fruit size by 37% in low-chill peach cv. Florda Prince [48]. Nectarine 
fruit size distribution was shifted towards larger fruit with increased level and with decrease 
in crop load [49]. Larger fruit size in pear trees irrigated at amount 30% below (T 70, 1.7 × 
control irrigation rate) a presumed optimum rate (daily irrigated, control) of water than tree 
irrigated at 30% above (T130, 1.3 × control irrigation rate) or daily irrigated trees (control) 
[50]. Under regulated deficit irrigation, bigger average fruit size and a more favorable fruit 
size distribution in Chok Anan cultivar of mango was recorded [51]. In purple passion the 
fruit weight of 6016 g/plant was obtained from 20 L irrigation, which was greater than plants 
received 2.5 L water (505.5 g/plant) [34]. Pineapple fruit weight increased with irrigation 
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volumes of 0.2, 0.3 and 0.4 pan evaporation, while irrigation volumes affected the polar and 
equatorial diameter of pineapple fruits with smallest fruit diameters in 0.1 pan evaporation 
(8.07 and 5.15 cm, respectively) as compared to other irrigation volumes [52]. The irrigation 
increases peach quality depending on the amount of water applied, cultivar and environ-
mental conditions. The results of this study showed higher total soluble solids content in 
fruits harvested from plants under deficit water, while total soluble solids was lower in fruit 
from plant grown under optimum or excessive level of water and fruits from plants grown 
under rainfed conditions. Active increase in total soluble solids in the fruit by osmotic adjust-
ment in low water level might be the mechanism through which the plant could have com-
pensated for decrease in turgor potential and consequently attenuated the decrease in fruit 
growth, whereas decreased Total soluble solids under increased soil moisture might be due 
to dilution of the soluble solids under higher water content in fruit. Further studies on deficit 
irrigation and stress conditions revealed increased total soluble solids at harvest in ‘O’ Henry 
peaches as compared to optimum or fully irrigated trees [53–55, 65]. Increased level of total 
soluble (TSS) in Mihowase Satsuma under deficit irrigation compared to fruit grown under 
normal irrigation level with slight influence on peel color, titratable acidity (TA) and TSS/TA 
ratio was observed [56]. On other hand higher total soluble and glucose and fructose con-
centration obtained in the irrigated vines of Tempranillo grapes than in the unirrigated vines 
[57]. Andross cv. of peach had higher soluble solid content (12oBrix) under regulated deficit 
irrigation during stage II of fruit growth [2, 58], and also increased fruit firmness and total 
soluble solid under deficit irrigation during stage 3rd of growth observed [59] with higher 
total soluble solids and titratable acidity, coupled with small decreases in maturity index in 
citrus under deficit irrigation [60]. Total soluble solids in peach fruit increased under high 
water restriction as compared to control and light water restriction [61].

Relationship between water and yield demonstrated that in well watered cv. Ëlegant Lady 
“peach plants, tree water status is independent of crop load, whereas drought stress level 
increased with increasing crop load in trees receiving reduced irrigation [14]. The experi-
ment conducted determine the yield response of the crop to different irrigation intervals. On 
an average maximum yield/plant was recorded when irrigation was applied at 40 mm PET 
level, in comparison to all treatment yield/plant was recorded lowest under rainfed condition. 
However, a significant decrease was noticed during the second year of the experimentation. 
Similarly strawberry yield reduced in water stressed plants because of a decreased mean 
fruit weight mainly caused by the reduction in individual fruit size [30]. Water restriction 
at stage III in peach reduced yield [20]. Pear-jujube yield under moderate and sever water 
deficit treatments at bud burst to leafing and fruit maturation stages increased fruit yield. 
Fruit yield under low water deficit at fruit growth and fruit maturation stages was similar to 
that of full irrigation treatment [62]. Yield comparison in case of variety Shan-e-Punjab had 
similar yield under different irrigation levels including rainfed treatment. Rainfall pattern in 
the second season is optimal for this cultivar needing least irrigation. Rainfall during sprout-
ing phase gave positive response and rainfall during flowering phase gave negative response 
to yield and quality [63]. Figure 5 represents yield (kg/plant) response of three peach cultivars 
to seasonal water use under different irrigation levels. Seasonal Etc (mm) of peach cultivars 
treatment wise in season first (2010) T1 = 202 mm, T2 = 168 mm, T3 = 127 mm, T4 = 121 mm & 
season second (2011) T1 = 216 mm, T2 = 173 mm, T3 = 158 mm, T4 = 152 mm.
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3. Conclusion

Irrigation water is costly to farmers in most of the agroecosystem nowadays. The increasing 
environmental emergencies related to water scarcity, severely affected the performance of 
fruit plants in term of growth, yield, quality, storability and long term productivity. With an 

Figure 5. Response of different peach cultivars to seasonal water use [64].
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innovative and sustainable irrigation management, the effect of these environmental emergen-
cies can be reduced. In fruit growing areas of world, environmental vagaries causes conditions 
like reduction of soil organic matter, groundwater contamination, soil deficiency of mineral 
elements (in particular phosphorus and nitrogen), alkalinization/salinization and nutritional 
imbalances in plants. As experimental works highlighted in this chapter, on morphological 
and biochemical characters (directly affected by water shortage) of fruit trees in orchards have 
revealed that sustainable and innovative irrigation management, with a particular emphasis 
on reduce irrigation, allow to obtain an optimal plant nutritional equilibrium, reduce nutri-
ents leaching risks, improve irrigation efficiency and prevent soil erosion. The deficit irriga-
tion technique based on reference evapotranspiration in fruit orchards are indispensable need 
for preserving tree quality and maintaining high yield and quality. With these information a 
fruit farmer can be informed of the field water loss occurring after the last rain or irrigation 
and taking into consideration the expected advised on the timing and quantum of irrigation. 
Optimization and innovation of sustainable irrigation technique with a low negative environ-
mental impact, represent a major change in fruit agroecosystem by reducing needs or increase 
efficiency of water use and also enhance the value of water within ecosystem.
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and biochemical characters (directly affected by water shortage) of fruit trees in orchards have 
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on reduce irrigation, allow to obtain an optimal plant nutritional equilibrium, reduce nutri-
ents leaching risks, improve irrigation efficiency and prevent soil erosion. The deficit irriga-
tion technique based on reference evapotranspiration in fruit orchards are indispensable need 
for preserving tree quality and maintaining high yield and quality. With these information a 
fruit farmer can be informed of the field water loss occurring after the last rain or irrigation 
and taking into consideration the expected advised on the timing and quantum of irrigation. 
Optimization and innovation of sustainable irrigation technique with a low negative environ-
mental impact, represent a major change in fruit agroecosystem by reducing needs or increase 
efficiency of water use and also enhance the value of water within ecosystem.
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Abstract

Numerous tools have been developed with the aim of improving irrigation scheduling. 
Some methods involve using soil moisture sensors and irrigating based on soil moisture 
thresholds. Others may be based on evapotranspiration models. More novel techniques 
include irrigating based on the water status within the target crop. However, growers 
have been reluctant to adopt many of these irrigation scheduling methods because they 
may be too cumbersome to use, require specialized equipment, or are perceived as too 
risky compared to traditional methods. Recently, smartphone applications have been 
developed that schedule irrigation based on crop coefficients and real-time weather data. 
Called the SmartIrrigation™ application (smartirrigationapps.org), these tools have the 
potential to aid farmers in conserving water and nutrients, while maintaining crop yields. 
These applications were developed by the University of Florida and include such crops as 
citrus (Citrus spp.), cotton (Gossypium hirsutum), turfgrass, blueberries (Vaccinium darrowii), 
and several vegetables. These applications can be downloaded for free by the public and 
utilize real-time data from nearby weather stations in Georgia and Florida. To determine 
the efficacy of the new SmartIrrigation™ applications for watermelons and tomatoes, tri-
als were conducted over 2 years in southern Georgia, USA.

Keywords: drip irrigation, plasticulture, soil moisture sensor, evapotranspiration

1. Introduction

Fruit and vegetable farmers in the USA rely on irrigation to produce high-value crops. Though 
drip irrigation is perceived to be efficient compared to other forms of irrigation, mismanagement 
can result in excessive water applications with water migrating through macropores (worm 
holes, cracks, root channels) to below the root zone. Previous experiments have demonstrated 
that water used for irrigation can be detected in a pan lysimeter within 20 min of drip irrigation 
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

Numerous tools have been developed with the aim of improving irrigation scheduling. 
Some methods involve using soil moisture sensors and irrigating based on soil moisture 
thresholds. Others may be based on evapotranspiration models. More novel techniques 
include irrigating based on the water status within the target crop. However, growers 
have been reluctant to adopt many of these irrigation scheduling methods because they 
may be too cumbersome to use, require specialized equipment, or are perceived as too 
risky compared to traditional methods. Recently, smartphone applications have been 
developed that schedule irrigation based on crop coefficients and real-time weather data. 
Called the SmartIrrigation™ application (smartirrigationapps.org), these tools have the 
potential to aid farmers in conserving water and nutrients, while maintaining crop yields. 
These applications were developed by the University of Florida and include such crops as 
citrus (Citrus spp.), cotton (Gossypium hirsutum), turfgrass, blueberries (Vaccinium darrowii), 
and several vegetables. These applications can be downloaded for free by the public and 
utilize real-time data from nearby weather stations in Georgia and Florida. To determine 
the efficacy of the new SmartIrrigation™ applications for watermelons and tomatoes, tri-
als were conducted over 2 years in southern Georgia, USA.

Keywords: drip irrigation, plasticulture, soil moisture sensor, evapotranspiration

1. Introduction

Fruit and vegetable farmers in the USA rely on irrigation to produce high-value crops. Though 
drip irrigation is perceived to be efficient compared to other forms of irrigation, mismanagement 
can result in excessive water applications with water migrating through macropores (worm 
holes, cracks, root channels) to below the root zone. Previous experiments have demonstrated 
that water used for irrigation can be detected in a pan lysimeter within 20 min of drip irrigation 
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initiation on tomatoes [1]. When the water used for irrigation migrates below the root zone, there 
may be associated leaching of fertilizer and pesticides [2]. Efficient irrigation scheduling requires 
that farmers manage the timing and duration of irrigation in a manner that maintains yield and 
quality, while efficiently using water. Many irrigation scheduling methods exist including: the 
water balance (WB) method, soil moisture monitoring, hand feel and soil appearance, and crop 
phenology observations. Water balance-based irrigation scheduling relies on reference (ETo) 
measurements to estimate water losses from a given area [3].

A majority of vegetable growers use traditional methods of measuring soil moisture, by observ-
ing soil dryness and through feeling the soil itself. Recent surveys conducted in Georgia (US) 
found that this method accounts for over 40% of the irrigation scheduling occurring on farms. 
In addition, an estimated 88% of growers in Georgia may allow crops to be visibly stressed 
before watering [4]. Other methods of soil moisture-based irrigation may utilize tensiom-
eters, granular matrix probes, or resistance-based sensors to determine thresholds for irriga-
tion management [5, 6]. While soil moisture sensor (SMS)-based irrigation has been shown to 
be more efficient than a time-based system [7–9], proper placement of sensors to accurately 
reflect conditions experienced by the plant can be challenging [10]. Furthermore, placement of 
sensors within an irrigation zone can be problematic for growers with heterogeneous soils or 
topography within a field. Irrigation thresholds may also be impacted by factors such as soil 
type and depth of drip tubing [11].

2. Determining irrigation scheduling

2.1. Evapotranspiration

Evaporation and transpiration are two important processes involved in the removal of water 
from soil and plants into the atmosphere. These processes occur simultaneously and are 
inherently connected to each other [12]. While transpiration and evaporation occur simulta-
neously, evaporation is based on the availability of water in topsoil and the amount of solar 
radiation reaching the soil surface [13]. Transpiration is a function of crop canopy density and 
soil water status. Evaporation accounts for the majority of crop evapotranspiration (ETc) dur-
ing early stages of crop growth in bare-ground plantings, while transpiration contributes to 
nearly 90% of the ETc for a mature crop [14].

Evapotranspiration can be separated into ETo and ETc. Crop evapotranspiration is calculated 
from ETo of a given area and the crop coefficient (Kc) of the crop being measured. Factors 
affecting ETc include extent of ground cover, crop canopy properties, and aerodynamic resis-
tance [12]. Reference ETo is the amount of water exiting the soil at any time from a reference 
surface covered by grass at a 0.12 m height that is adequately watered, actively growing, and 
with a fixed surface resistance [14]. Weather conditions are also important to quantify as they 
affect the amount of energy available for ETo to occur. The four most important conditions to 
measure are solar radiation, wind speed, temperature, and humidity, with the most impor-
tant factor being solar radiation [15].
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Crop coefficients are an adjustable constant that define the amount of transpiration occurring 
within a plant at a given stage of development. Crop coefficients are computed as the ratio 
ETo:ETc. Environmental and physiological factors affecting Kc include crop type, crop growth 
stage, climate, and soil type [14]. Plant developmental stage encompasses the relative activ-
ity of the plant. Plant size is also impacted by the crop development stage, thus affecting leaf 
area and canopy density, which in turn impacts transpiration. Accounting for environmental 
and management factors that influence the rate of canopy development is also important in 
calculating Kc. Climatic factors that significantly affect Kc are rainfall frequency, wind speed, 
temperature, and photoperiod [14]. Soil profile characteristics that affect Kc development are 
water table depth and soil porosity. Therefore, regional Kc estimates from several seasons are 
important to account for the variability in weather, irrigation, drainage, and runoff [16, 17].

Several WB-based methods exist to calculate ETo rate, such as the Priestley-Taylor method and 
Hargreaves method. The Priestly-Taylor equation is a modification of the Penman-Monteith 
equation that approximates parameters established by the Penman-Monteith, using solar 
radiation to determine ETo. However, calculations at a research site in the humid Southeastern 
USA found that Priestley-Taylor could overestimate ETo for the region [18]. Priestly-Taylor 
has also been reported to overestimate the cumulative ETo for the Georgian Coastal Plain 
area during months with significant rainfall, corresponding to peak early summer vegetable 
production [18]. Another method that has been used to estimate ETo has been the Hargreaves 
method. This equation is an empirical model that considers incoming solar energy, evapora-
tion, monthly maximum and minimum temperature, and a temperature coefficient [19]. This 
method has a high correlation with the Penman-Monteith model for estimates of average 
weekly ETo in humid regions [19]. These methods of calculating evapotranspiration are easier 
to use than the Penman-Monteith method; however, this can also result in reduced precision 
over the course of a season.

2.2. Current recommendations

Current recommendations for drip-irrigated tomatoes in Georgia and Florida are based on 
variations of the WB method [20]. The WB method estimates daily crop water use based on 
historical theoretical ETo values for the region adjusted with a Kc [14]. An advantage of using 
the WB method is that it allows growers to anticipate crop water requirements at certain 
times during the growing season and plan irrigation based on anticipated ETo. However, 
irrigating solely based on predicted ETo values may be inaccurate due to changes in annual 
weather patterns as well as differences in production practices for which crop coefficients 
were developed [21].

Regulated deficit irrigation is another method of irrigation management performed by impos-
ing water deficits only at certain crop development stages [22]. Progressive or sustained defi-
cit irrigation is the systematic application of water at a constant fraction of ETc throughout 
the season. Reducing irrigation based on deficit ETc levels may not result in optimal yields or 
quality in some crops as reducing ETc has been shown to result in a concomitant decrease in 
yield of many crops [22].
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affect the amount of energy available for ETo to occur. The four most important conditions to 
measure are solar radiation, wind speed, temperature, and humidity, with the most impor-
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times during the growing season and plan irrigation based on anticipated ETo. However, 
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2.3. Smartphone irrigation technologies

Recently, a suite of smartphone-based irrigation scheduling tools, which use real-time ETo data 
from statewide weather station networks, were developed [24]. Called SmartIrrigation™ Apps 
[24], these tools use meteorological parameters to determine irrigation schedules based on ETc 
calculated using Kc and ETo in the following relationship: ETc = ETo x Kc. The suite includes appli-
cations for avocado (Persea americana), citrus, strawberry (Fragaria × ananassa), cotton, turfgrass, 
and several vegetables. Prior studies have reported that the applications have performed well 
for citrus in Florida and cotton in Georgia [23, 25]. Migliaccio et al. [25] reported up to a 37% 
reduction in water use for growers using the SmartIrrigation™ Citrus App. in Southern Florida. 
SmartIrrigation™ applications developed for turfgrass management evaluated in Southern 
Florida were found to improve water savings of up to 57% compared to traditional methods 
[26]. The use of SmartIrrigation™ Cotton App resulted in the reduction of water used for irriga-
tion by 40–75% with concomitant 10–25% increases in yield in Georgia when compared to the 
WB-based method recommended for cotton by the University of Georgia Cooperative Extension 
Service. The SmartIrrigation™ Cotton App also performed well when compared to SMS-based 
methods [25].

The SmartIrrigation™ Vegetable App (VegApp) generates irrigation recommendations based 
on real-time weather for vegetables. The VegApp currently can be used to schedule irrigation 
for multiple crops including tomato (Solanum lycopersicum), cabbage (Brassica oleracea var. capi-
tata), squash (Cucurbita pepo), and watermelon (Citrullus lanatus). The weather data are retrieved 
from the Florida Automated Weather Network or the University of Georgia Automated 
Environmental Monitoring Network and are used to calculate ETo from air temperature, solar 
radiation, wind speed, and relative humidity measurements using the FAO Penman-Monteith 
Equation [23]. Each new field registered in the VegApp by a user is automatically associated 
with the closest weather station; however, the user has the option to select any of the other 
available weather stations. The VegApp uses ETo from the prior 5 d to calculate an average 
ETo. Then ETc is estimated using Kc curves developed by The University of Florida based on 
a weeks-after-planting model of crop maturity [27, 28]. The Kc curve for tomato is based on a 
drip-irrigated crop grown on plastic mulch [27, 28]. The VegApp may then provide an irriga-
tion schedule for the subsequent 2 weeks. The user can recalculate requirements at any time 
to devise a weekly or even daily irrigation schedule. The irrigation schedule is provided to 
the user as an irrigation run time per day. Additional model variables used by the VegApp to 
schedule irrigation include crop, row spacing, irrigation rate, irrigation system efficiency, and 
planting date. The VegApp differs from other applications in the SmartIrrigation™ suite, in 
that it does not account for precipitation or soil type as it is designed for use with vegetables 
grown in a drip irrigation and raised-bed plastic mulch production system [23].

3. Evaluating the SmartIrrigation™ vegetable application in 
tomatoes and watermelons

3.1. SmartIrrigation™ vegetable application performance in tomatoes

Studies conducted during the 2016 and 2017 spring growing seasons in Georgia compared the 
new VegApp to currently recommend WB-based methods as well as an SMS-based system. 
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Total water use, yield, irrigation water use efficiency (IWUE), soil moisture status, and plant 
macronutrient content in tomato “Red Bounty” (HM Clause, Davis, CA) were measured.

Results of studies conducted with tomatoes in Georgia over 2 years suggested that the weather 
conditions during the growing season can influence the relative performance of the VegApp. 
Results from the 2016 growing season showed that the WB-based method of irrigation used the 
most water, followed by plants grown using the VegApp and SMS-based irrigation (Table 1). 
The SMS irrigation method used the least amount of water in 2016, which was similar to results 
obtained in other studies evaluating the impact of tensiometers for irrigation scheduling [29]. 
In 2016, plants grown with the VegApp utilized less water than the WB method, suggesting 
that applying real-time ETo values obtained by nearby weather stations may be more efficient 
than using historic ETo values [28] in some seasons. Irrigation volumes in the second year of 
the study were lower than the first year levels for WB and VegApp-based irrigations. There 
were two likely causes for the increase in water use for the SMS-based and VegApp methods 
relative to the WB method in 2017. In 2017, the VegApp accounted for higher levels of ETc in 
the earlier growing season than historic ETo values. In addition, there were several significant 
rain events late in the 2017 growing season, which resulted in irrigations in the VegApp and 
WB being discontinued for a period of several days. During the time period when irrigation 
was turned off, the WB method would have called for more water than the VegApp based on 
historic ETo values.

Discontinuing irrigation led to relatively less water being used by the WB method in 2017. The 
contribution of rainfall has not been incorporated into the VegApp due to limited information 
regarding the impact of rain on soil moisture levels under raised beds covered with plastic 
mulches and the potential for significant spatial variability in precipitation [23]. Soil water 
tension readings (data not shown) suggested that levels of soil moisture were not significantly 
affected by rainfall. This suggests that the assumption that the VegApp does not incorporate 
rainfall into irrigation recommendations for crops grown on raised beds with plastic mulch 
is appropriate.

Irrigation treatment Irrigation volume Daily water use

(L·ha−1) (L·ha−1·d−1)

2016

VegApp 3306,000z 39,380

WB 4,526,000 53,880

SMS 1,935,000 23,010

2017

VegApp 1,895,000 29,180

WB 1,684,000 25,910

SMS 2,339,000 36,010

zMean separation could not be performed between treatments as water meters were not replicated in individual 
treatments.

Table 1. Season irrigation volume and daily water use for tomatoes grown using the vegetable app (VegApp), water 
balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA, in 2016 and 2017.

Using Smartphone Technologies to Manage Irrigation
http://dx.doi.org/10.5772/intechopen.77304

41
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When averaged over the two study years, the VegApp used 16% less water than the WB 
method, though much of this was due to the 2016 growing season. The SMS-managed plots 
utilized 31% less water than the WB method. This suggests that the VegApp and SMS-based 
irrigation can reduce water use when compared to methods relying on historic ETo to manage 
irrigation. This may be expected as numerous studies have demonstrated the efficiencies of a 
microclimate and SMS-based irrigation when compared to historical ET-based methods [30].

While tomatoes grown using the VegApp utilized less water than the currently recommended 
WB irrigation method, yields were comparable among the three treatments (Table 2). In both 
study years, plants grown using the VegApp had the highest numerical total yield, but this 
was not significantly different than the other treatments.

In 2016, plants grown using the SMS-based irrigation method had a significantly higher IWUE 
when compared to those grown using the VegApp and WB-based methods (Table 2). While 
the yield of the SMS-managed plots was numerically lower than the other irrigation treatments 
in 2016, the SMS plots used substantially less water than the VegApp and WB-based plots, 
resulting in a significantly greater IWUE. In 2017, the VegApp had a significantly greater IWUE 
than the SMS-based irrigated plants. The increased IWUE in 2017 for VegApp and WB-grown 
plants was due to the decrease in irrigation volume used (Table 1). During this study, the SMS-
grown plants had the most consistent IWUE, with 25.2 g·L−1 and 24.0 g·L−1 in 2016 and 2017, 
respectively, which were similar to those reported for fresh market tomato in North Florida [7]. 
The IWUE of the other irrigation treatments were more variable. This variability was the result 
of fluctuations in water used with no significant difference in yield (Table 2). However, when 
averaged over both study years, the IWUE of the VegApp and SMS-based irrigations were 
numerically similar. DePascale et al. [30] reported real-time microclimate-based irrigation to 

Irrigation treatment (kg·ha−1) (g·L−1)

Total Extra large Large IWUEz

2016

VegApp 58,490ay 36,310a 17,180a 18.0b

WB 57,500a 35,280a 17,490a 13.2b

SMS 48,740a 30,350a 14,160a 25.2a

2017

VegApp 57,990a 51,130a 5560a 31.1a

WB 50,620a 43,660a 5840a 30.0ab

SMS 54,590a 46,370a 6970a 24.0b

z IWUE = total marketable yield divided by seasonal irrigation volume.
y Values in the same column and year followed by the same letter are not significantly different at P ≤ 0.05 according to 
Tukey’s honest significant difference test.

Table 2. Marketable yields of total, extra-large, and large fruit and irrigation water use efficiency (IWUE) for tomatoes 
grown using the vegetable app (VegApp), water balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA, 
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be slightly more efficient than tensiometer-based irrigation scheduling. The automated SMS-
based system has the ability to deliver water at a high frequency with short-duration (pulsed) 
irrigation events, which have been shown to reduce water use while maintaining yields of 
tomato [31]. Pulsed irrigation typically results in a shallower wetting front shortly after the 
irrigation event, increasing application efficiencies [32, 33]. The VegApp and WB-based irriga-
tions were scheduled for two events per day to simulate optimal grower practices, suggesting 
that the twice-daily irrigations with the VegApp tool may be as efficient in some years as a 
more complex SMS-based system.

Foliar concentrations of macronutrients were measured during this 2-year trial. While there 
were no significant differences among treatments for most macronutrients in either study 
year, plants grown with the VegApp had significantly higher nitrogen (N) levels than the WB- 
and SMS-grown plants in 2017 (Figure 1). In 2017, the VegApp had foliar N concentrations of 
5.56% when compared to 5.04% and 4.61% in the WB and SMS-treated plants, respectively. In 
2017, less water was applied to WB-grown plants, yet these plants had lower leaf N concentra-
tions. However, during periods of sampling (fruit formation), the historic ETo values used in 
the WB-based irrigation methods were higher than those generated using the VegApp. This 
additional application of water during the sampling period may have resulted in leaching of 
some fertilizer during fruit formation.

3.2. SmartIrrigation vegetable application performance in watermelon

Watermelons were also grown in order to evaluate the performance of the VegApp when 
compared to WB-based and SMS-managed irrigation regimes. Water usage, fruit yield, qual-
ity, and nutrient content were measured in plasticulture-grown “Melody” seedless watermel-
ons over 2 study years. Results in the watermelon trial were similar to those of the tomatoes.

Figure 1. Comparison of foliar nitrogen levels between tomato plants grown using Vegetable App (VegApp), water 
balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA in 2016 and 2017.
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When averaged over the two study years, the VegApp used 16% less water than the WB 
method, though much of this was due to the 2016 growing season. The SMS-managed plots 
utilized 31% less water than the WB method. This suggests that the VegApp and SMS-based 
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microclimate and SMS-based irrigation when compared to historical ET-based methods [30].

While tomatoes grown using the VegApp utilized less water than the currently recommended 
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Irrigation treatment (kg·ha−1) (g·L−1)

Total Extra large Large IWUEz
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z IWUE = total marketable yield divided by seasonal irrigation volume.
y Values in the same column and year followed by the same letter are not significantly different at P ≤ 0.05 according to 
Tukey’s honest significant difference test.
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be slightly more efficient than tensiometer-based irrigation scheduling. The automated SMS-
based system has the ability to deliver water at a high frequency with short-duration (pulsed) 
irrigation events, which have been shown to reduce water use while maintaining yields of 
tomato [31]. Pulsed irrigation typically results in a shallower wetting front shortly after the 
irrigation event, increasing application efficiencies [32, 33]. The VegApp and WB-based irriga-
tions were scheduled for two events per day to simulate optimal grower practices, suggesting 
that the twice-daily irrigations with the VegApp tool may be as efficient in some years as a 
more complex SMS-based system.

Foliar concentrations of macronutrients were measured during this 2-year trial. While there 
were no significant differences among treatments for most macronutrients in either study 
year, plants grown with the VegApp had significantly higher nitrogen (N) levels than the WB- 
and SMS-grown plants in 2017 (Figure 1). In 2017, the VegApp had foliar N concentrations of 
5.56% when compared to 5.04% and 4.61% in the WB and SMS-treated plants, respectively. In 
2017, less water was applied to WB-grown plants, yet these plants had lower leaf N concentra-
tions. However, during periods of sampling (fruit formation), the historic ETo values used in 
the WB-based irrigation methods were higher than those generated using the VegApp. This 
additional application of water during the sampling period may have resulted in leaching of 
some fertilizer during fruit formation.

3.2. SmartIrrigation vegetable application performance in watermelon

Watermelons were also grown in order to evaluate the performance of the VegApp when 
compared to WB-based and SMS-managed irrigation regimes. Water usage, fruit yield, qual-
ity, and nutrient content were measured in plasticulture-grown “Melody” seedless watermel-
ons over 2 study years. Results in the watermelon trial were similar to those of the tomatoes.

Figure 1. Comparison of foliar nitrogen levels between tomato plants grown using Vegetable App (VegApp), water 
balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA in 2016 and 2017.
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The SMS irrigation method used the least amount of water in 2016, which was similar to 
results found in tomatoes in 2016 (Table 3). Likewise, irrigation volumes in 2017 were lower 
than 2016 in watermelons. This is not unexpected as ETc was 29% lower in 2017 than in 2016. 
As with tomatoes, in 2017, the VegApp accounted more appropriately for lower levels of ETc 
in late May and June for watermelons when compared to the WB method using historic ETo 
values. This resulted in a larger relative reduction in water use in the VegApp plots when 
compared to plants grown using the WB method in 2017.

When averaged over the 2 years of the study, the VegApp used 15% less water than the WB 
method, and the SMS-based regime utilized 29% less water than the WB method. Unlike 
tomatoes, the VegApp used less water than the WB-grown plants in both study years. The 
cumulative water use data suggests that the VegApp was more conservative in scheduling 
water than the current recommended WB method.

The performance of the VegApp when compared to the SMS-based system was more vari-
able over the 2 study years. Several studies have reported improved irrigation efficiencies 
using SMS-based or real-time ETc data when compared to historic ETo-based methods [30, 31]. 
Nonetheless, in both study years, the VegApp utilized less water than the WB method, again 
suggesting that applying real-time ETo values obtained by nearby weather stations may be 
more efficient than historic ETo values.

As with tomatoes, total yields of watermelon were not impacted by irrigation treatment in 
either study year (Table 4). There were differences between first harvest yields in 2016, with 
plants grown using the SMS-based irrigation regime having a significantly lower first harvest 
than the other treatments. This may be due to the lower irrigation volume used by the SMS-
grown plants in the hot and dry 2016 growing season. In 2017, there were differences in yields 
of 45-ct fruit among the treatments, with WB-grown plants having the lowest yields of this 
size category of melon.

Irrigation treatment Irrigation volume Daily water use

(L·ha−1) (L·ha−1·d−1)

2016

VegApp 2892,000z 26,570

WB 3,024,000 27,780

SMS 1,997,000 18,330

2017

VegApp 1,438,000 16,000

WB 2,067,000 23,010

SMS 1,629,000 17,960

zMean separation could not be performed between treatments as water meters were not replicated in individual 
treatments.

Table 3. Season irrigation volume and daily water use for watermelon grown using the vegetable app (VegApp), water 
balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA, in 2016 and 2017.
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Similar to tomatoes, there were differences in IWUE among treatments and study years. 
However, there were no interactions between the study year and the treatment. Analysis of 
main effects indicated that IWUE in the VegApp was not significantly different than either 
the SMS or WB irrigation systems (Table 5). In addition, results of foliar nutrient analysis in 
the watermelons were similar to those in tomatoes. Foliar N concentrations were significantly 
higher in the VegApp-treated plots than the SMS-grown plants (Table 5). In this instance, 
the increase in foliar N levels in VegApp-grown plants compared to SMS-managed plants 
may not be due to differences in leaching, as the SMS-grown plants utilized less water than 
those managed using the VegApp. A shallower wetting front that may be associated with 
pulsed-type irrigations in the SMS system may have resulted in a shallower root system in 

Irrigation treatment (kg·ha−1)

Total 45 ctz 36 ct First harvest

2016

VegApp 55,640ax 12,100a 22,750a 30,350a

SMS 55,190a 11,400a 23,150a 22,960b

WB 48,600a 7990a 21,290a 31,990a

2017

VegApp 56,310a 23,730ab 10,180a 20,440a

SMS 65,430a 28,970a 12,870a 23,510a

WB 66,580a 16,720b 16,020a 23,770a

z 45 ct = 6.2 to 7.9 kg, 36 ct = 8.0 to 9.7 kg.
x Values in the same column and year followed by the same letter are not significantly different at P ≤ 0.05 according to 
Tukey’s honest significant difference test.

Table 4. Total marketable yields, first harvest yields, and yield of 45 and 36 count (ct) fruit for watermelons grown using 
the vegetable app (VegApp), water balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA, in 2016 and 
2017.

IWUEz N

Irrigation treatment (g·L−1) (%)

VegApp 28.8aby 4.54a

SMS 33.6a 4.21b

WB 24.0b 4.30ab

z IWUE = season irrigation volume divided by total marketable yield.
y Values in the same column and year followed by the same letter are not significantly different at P ≤ 0.05 according to 
Tukey’s honest significant difference test.

Table 5. Effects of treatment for irrigation water use efficiency (IWUE) and foliar nitrogen (N) concentrations for 
watermelons grown using the vegetable app (VegApp), water balance (WB), and soil moisture sensor (SMS) methods in 
Tifton, GA, in 2016 and 2017.
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The SMS irrigation method used the least amount of water in 2016, which was similar to 
results found in tomatoes in 2016 (Table 3). Likewise, irrigation volumes in 2017 were lower 
than 2016 in watermelons. This is not unexpected as ETc was 29% lower in 2017 than in 2016. 
As with tomatoes, in 2017, the VegApp accounted more appropriately for lower levels of ETc 
in late May and June for watermelons when compared to the WB method using historic ETo 
values. This resulted in a larger relative reduction in water use in the VegApp plots when 
compared to plants grown using the WB method in 2017.

When averaged over the 2 years of the study, the VegApp used 15% less water than the WB 
method, and the SMS-based regime utilized 29% less water than the WB method. Unlike 
tomatoes, the VegApp used less water than the WB-grown plants in both study years. The 
cumulative water use data suggests that the VegApp was more conservative in scheduling 
water than the current recommended WB method.

The performance of the VegApp when compared to the SMS-based system was more vari-
able over the 2 study years. Several studies have reported improved irrigation efficiencies 
using SMS-based or real-time ETc data when compared to historic ETo-based methods [30, 31]. 
Nonetheless, in both study years, the VegApp utilized less water than the WB method, again 
suggesting that applying real-time ETo values obtained by nearby weather stations may be 
more efficient than historic ETo values.

As with tomatoes, total yields of watermelon were not impacted by irrigation treatment in 
either study year (Table 4). There were differences between first harvest yields in 2016, with 
plants grown using the SMS-based irrigation regime having a significantly lower first harvest 
than the other treatments. This may be due to the lower irrigation volume used by the SMS-
grown plants in the hot and dry 2016 growing season. In 2017, there were differences in yields 
of 45-ct fruit among the treatments, with WB-grown plants having the lowest yields of this 
size category of melon.

Irrigation treatment Irrigation volume Daily water use

(L·ha−1) (L·ha−1·d−1)

2016

VegApp 2892,000z 26,570

WB 3,024,000 27,780

SMS 1,997,000 18,330

2017

VegApp 1,438,000 16,000

WB 2,067,000 23,010

SMS 1,629,000 17,960

zMean separation could not be performed between treatments as water meters were not replicated in individual 
treatments.

Table 3. Season irrigation volume and daily water use for watermelon grown using the vegetable app (VegApp), water 
balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA, in 2016 and 2017.
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Similar to tomatoes, there were differences in IWUE among treatments and study years. 
However, there were no interactions between the study year and the treatment. Analysis of 
main effects indicated that IWUE in the VegApp was not significantly different than either 
the SMS or WB irrigation systems (Table 5). In addition, results of foliar nutrient analysis in 
the watermelons were similar to those in tomatoes. Foliar N concentrations were significantly 
higher in the VegApp-treated plots than the SMS-grown plants (Table 5). In this instance, 
the increase in foliar N levels in VegApp-grown plants compared to SMS-managed plants 
may not be due to differences in leaching, as the SMS-grown plants utilized less water than 
those managed using the VegApp. A shallower wetting front that may be associated with 
pulsed-type irrigations in the SMS system may have resulted in a shallower root system in 

Irrigation treatment (kg·ha−1)

Total 45 ctz 36 ct First harvest

2016

VegApp 55,640ax 12,100a 22,750a 30,350a

SMS 55,190a 11,400a 23,150a 22,960b

WB 48,600a 7990a 21,290a 31,990a

2017

VegApp 56,310a 23,730ab 10,180a 20,440a

SMS 65,430a 28,970a 12,870a 23,510a

WB 66,580a 16,720b 16,020a 23,770a

z 45 ct = 6.2 to 7.9 kg, 36 ct = 8.0 to 9.7 kg.
x Values in the same column and year followed by the same letter are not significantly different at P ≤ 0.05 according to 
Tukey’s honest significant difference test.

Table 4. Total marketable yields, first harvest yields, and yield of 45 and 36 count (ct) fruit for watermelons grown using 
the vegetable app (VegApp), water balance (WB), and soil moisture sensor (SMS) methods in Tifton, GA, in 2016 and 
2017.

IWUEz N

Irrigation treatment (g·L−1) (%)

VegApp 28.8aby 4.54a

SMS 33.6a 4.21b

WB 24.0b 4.30ab

z IWUE = season irrigation volume divided by total marketable yield.
y Values in the same column and year followed by the same letter are not significantly different at P ≤ 0.05 according to 
Tukey’s honest significant difference test.

Table 5. Effects of treatment for irrigation water use efficiency (IWUE) and foliar nitrogen (N) concentrations for 
watermelons grown using the vegetable app (VegApp), water balance (WB), and soil moisture sensor (SMS) methods in 
Tifton, GA, in 2016 and 2017.
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those plants reducing nitrogen uptake by those plants. Alternatively, the VegApp, through 
improved early-season irrigation management, may improve root growth and the ability for 
crops to remove nutrients from the soil profile [34].

4. Conclusions

The rapid incorporation of smartphones into the daily lives of individuals has opened new 
avenues for data delivery. A 2015 survey indicated that 69% of farmers owned smartphones, 
and this number was expected to increase to 87% by 2016 [35]. As access to smartphone tech-
nology increases, dispersal of precise irrigation scheduling methods may also increase. Using 
real-time weather data to schedule irrigation is not a new concept; however, previously, it 
would have involved directly downloading data from a weather station or, more recently, 
accessing data from the Internet-based site and entering it into a fairly complicated equation 
to develop irrigation recommendations. This process was generally too time-consuming for 
growers who may be managing dozens if not hundreds of irrigation zones. By linking to 
nearby weather stations and generating automated recommendations that are sent directly to 
a smartphone in the field, these new SmartIrrigation™ applications bypass the cumbersome 
data transfer and calculations previously required for scheduling irrigation. Our data sug-
gest that the VegApp is more efficient in terms of water use than a well-managed irrigation 
program developed from historic Eto data and, in most cases, just as efficient as a relatively 
complicated SMS-based system, while maintaining similar yields. In addition, our data sug-
gest that some of the assumptions incorporated into the VegApp (e.g., rainfall not accounted 
for when using raised beds covered with plastic mulch) are indeed appropriate. Because these 
trials were conducted on a loamy sand soil, we could not confirm how soil type would affect 
the efficiency of the VegApp. Nonetheless, our findings suggest that the SmartIrrigation™ 
applications represent an easily accessible tool that growers and managers can use to produce 
vegetables by an efficient irrigation management system.
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Abstract

In regions with Mediterranean climate, water is the major environmental resource that 
limits growth and production of plants, experiencing a long period of water scarcity 
during summer. Despite the fact that most plants developed morphological, anatomi-
cal, physiological, and biochemical mechanisms that allow to cope with such environ-
ments, these harsh summer conditions reduce growth, yield, and fruit quality. Irrigation 
is implemented to overcome such effects. Conditions of mild water deficit imposed by 
deficit irrigation strategies, with minimal effects on yield, are particularly suitable for 
such regions. Efficient irrigation strategies and scheduling techniques require the quan-
tification of crop water requirements but also the identification of pertinent water stress 
indicators and their threshold. This chapter reviews the scientific information about 
deficit irrigation recommendations and thresholds concerning water stress indicators on 
peach trees, olive trees, and grapevines, as case studies.
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1. Introduction

Mediterranean climate is characterized by hot dry summers, mostly rainy winters, and 
partially wet autumns and springs. Rainfall occurs mostly throughout the dormant season 
of fruit trees, hence vegetative and fruit growth and production are dependent on stored 
soil water and on irrigation during summer. Precise knowledge on when to irrigate and the 
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amount of water to apply are essential to attain sustainable management and environmen-
tally sound water management, since this natural resource is increasingly scarce and expen-
sive. Projected global warming will enhance this problem as climate change scenarios forecast 
reductions in the total amount of precipitation and changes in its seasonal distribution, up 
surging the problem of water scarcity for agricultural use [1]. Agricultural water manage-
ment comprehends different features related to irrigation, for instance, water productivity 
index (WP), that is, ratio yield/marketable product or yield/net income, to water used by 
the crop [2]. Optimization of irrigation strategy is necessary to increase WP and minimize 
yearly fluctuations of crop production. Irrigation is also essential to ensure the productivity 
increase and therefore meet the rising food needs in a world with an ever larger population, 
which is expected to augment by 30% in 2050 [3]. Overall, food production from the irrigated 
agriculture accounts for 40% of the total output, using only 17% of the land area devoted to 
food production [4]. The agriculture uses correspond to more than two-thirds of the total of 
freshwater uses [5, 6]. In many parts of the world, irrigation water has been over-exploited 
and over-used and freshwater shortage is becoming critical mainly in the arid and semiarid 
areas, such as some of the Mediterranean region. Freshwater allocation between agriculture 
and other economic sectors is a source of conflict, claiming to a constant need to improve WP 
of crops. Thus, precise irrigation scheduling, combining plant and/or soil water stress indica-
tors, is one of the tools that can help growers to achieve this goal [7, 8]. The combination of 
these indicators with modeling has been defended by several authors [9].

In the last decades, extensive research in fruit crops has shown that they respond positively to 
conditions of mild water deficit imposed by deficit irrigation (DI) strategies [10]. Under this agro-
nomic practice, the amount of water applied is reduced to a value below maximal crop irrigation 
requirements allowing the development of a mild water deficit with minimal effects on yield 
[11, 12]. In fact, several studies have demonstrated that DI is particularly suitable for regions 
where water is scarce, and improving WP is a critical goal [13, 14]. The increase of WP when DI 
is applied to woody crops is explained by: (i) DI efficiently reduces plant transpiration (T) by sto-
matal closure in fruit trees and vines as tall, rough canopies are well coupled to the atmosphere 
[15]; (ii) in most woody crops, net incomes are not linearly linked to biomass accumulation, but 
to fruit yield and fruit quality [4] and DI normally enhances the quality of fruits and derived 
products [16–18], eventually increasing the net income of the grower; and (iii) DI increases WP 
by the control of excessive growth that reduces pruning frequency and intensity. In fact, the con-
trol of plant vigor has a particular importance in orchards with high-plant densities, also called 
super intensive orchards [19, 20], thus DI may increase their productive life through decreasing 
the competition between trees for solar light [21]. Scheduling DI in commercial orchards usually 
requires knowledge of the soil water capacity, the actual plant water requirements, plant water 
relations, and plant stress sensitivity according to their phenological stages.

Fruit orchards and vineyards constitute an integral and significant part of the Mediterranean 
environment and culture, with a great economic, ecological, and social support in different 
countries [22]. Therefore, it is easy to understand that the study of the response of fruit trees 
and vineyards to deficit irrigation is of key importance for the agriculture and the economy 
of the Mediterranean countries. Based on our own experimental results and also on infor-
mation from the literature, the aim of the present chapter is to provide criteria to enable 
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the sustainable management of irrigation at farm level in agricultural areas, where water is 
scarce. Three of the most important productive fruit species of the Mediterranean basin are 
addressed: peach, olive, and grapevines.

2. Concept and strategies of deficit irrigation

According to Fereres and Soriano [4], the term DI should be defined in terms of the level of 
water supply in relation to maximum crop evapotranspiration (ETc) and the terms deficit or 
supplemental irrigation are not interchangeable, because in the latter, a maximum yield is not 
sought. It is widely known that conditions that limit water use usually decrease crop evapo-
transpiration (ETc) and crop growth by the limitation of its main component, transpiration (T), 
and therefore carbon assimilation. Thus, it is of remarkable concern to be aware of the maximum 
reduction of ETc with the minimum impact on the economic return of production and quality 
on mature fruit trees, as compared to those obtained when ETc is fully replaced. In young fruit 
trees, it is not desirable to practice water deficit irrigation once in this stage of development, the 
main objective is to maximize vegetative growth leading to reach the mature phase as faster as 
possible to attain full production [23]. The correct application of DI requires precise knowledge 
on the crop response to water stress at different phenological stages, to identify the periods 
when fruit trees are less sensitive [24] and in order to define the level of DI to be applied.

This work focuses on the main strategies of DI since they have been studied and applied in 
olive, peach orchards, and grapevines. They can be depicted as: (i) sustained deficit irrigation 
(SDI), with a deficit throughout the season; (ii) regulated deficit irrigation (RDI), with periods 
when the irrigation can be stopped or reduced to a minimum level, based on physiological 
aspects of the response of plants to water deficit, and (iii) partial rootzone drying (PRD), see 
Section 2.3 for definition. All these practices aim at maximizing the efficiency of water use and 
WP [25, 26] with minimum impact on yield, which can be attained if precision tools are used 
to manage DI [27, 28].

2.1. Sustained deficit irrigation

Sustained deficit irrigation is an irrigation strategy based on the distribution of a reduced 
water volume, controlled by a water stress indicator or as a percentage of the full water 
requirements for a crop throughout the whole irrigation season, so that the water deficit is 
intended to be uniform over the whole crop cycle to avoid the occurrence of severe water 
stress at any particular moment that might have unfortunate results [29]. At the end of the 
1970s, field experiments on irrigation below the ETc demand, but at very frequent intervals, 
have shown very promising results [30].

2.2. Regulated deficit irrigation

To our knowledge, the concept of regulated deficit irrigation (RDI) was first presented in the 1980s 
[31, 32] with the aim of controlling excessive vegetative growth in peach orchards. They founded 
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that water deficit limited shoot growth, when shoots and fruits were competing for photo-assimi-
lates. It is important to bear in mind that fruit tree sensitivity to water deficit is not constant during 
the whole growing season, and a water deficit during a phenological stage less sensitive might 
benefit WP, as it increases irrigation water savings, and minimizes negative impacts on yield 
and crop profits [31, 33, 34]. So, when a RDI strategy is applied, it may be necessary to supply 
full irrigation during the drought sensitive phenological stages and irrigation may be stopped or 
restricted during the non-critical periods, less sensitive to drought [31, 35]. The crucial constraints 
of RDI are: (i) difficulty in keeping plant water status within tight limits of water deficit during 
noncritical phenological periods; (ii) depending on management, unexpected variation in evapo-
rative demand may result in severe losses of yield and fruit [36]; (iii) need to define precise criteria 
for the water deficits, in different growth conditions, related to species, weather, soil depth, fruit 
load, and rootstock [37, 38]; and (iv) lack of precise knowledge in the effect of water deficit during 
bud development [38, 39].

2.3. Partial root drying system

Partial rootzone drying (PRD) is a strategy of DI that consists in irrigating only one half of the 
rootzone in each irrigation event, while the other half is allowed to dry. For this, both halves 
are watered alternately [40]. This technique was first developed in Australia for vineyards 
and relies on root-to-leaf signaling induced by a rootzone that is in a drying process [41], 
decreasing stomatal aperture and leaf growth, preventing water loss [42, 43] with a little effect 
on photosynthesis, hence increasing transpiration efficiency [41]. At the same time, the wet 
portion of the root system receiving water enables the plant to maintain a favorable plant 
water status, such that yield is not significantly compromised and quality may even improve 
[42]. The PRD performance is based on the assumption that photosynthesis and fruit growth 
are less sensitive to water deficit than transpiration, and besides, water deficit induces the 
production of chemical signals, like ABA in the root, that can be translocated to leaves [44] 
inducing stomatal closure. As demonstrated in a recent meta-analysis, the advantages of PRD 
in relation to RDI are highly controversial and also depend on the soil texture, a success or 
enhanced yield performance with RDI and PRDI occurring most likely in deep and finely 
textured soils [45].

3. Water stress indicators and thresholds

3.1. Water status indicators: use in research and in irrigation scheduling practices

The use of water status indicators has been enhanced not only by the increasing importance 
of DI, but also due to the increased possibilities of automatically recording of some of those 
variables. This requires the selection of the appropriate variables and their threshold values, 
for different objectives concerning marketable yields. In the perspective of this contribution, 
the question is how to select a water status variable and how to transform it in a useful stress 
indicator for DI scheduling. The requirements of a water stress indicator include the con-
sideration of a consistent answer (similar response in similar circumstances), low cost, and 
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easiness of use, reliability with reasonable low sampling, and possibility to define thresholds 
that facilitate a decision. Above all these requirements, it is necessary to measure or derive an 
indicator that depends much more on the water stress affecting yield, then on other variables 
independent from water stress (such as atmospheric demand).

Stomatal conductance (gs), which decreases as soil water deficit develops, is a primary mecha-
nism in regulation of plant transpiration; therefore, a potential indicator of water stress [46]. 
Stomatal opening is not only affected by the soil water status, but also by external factors not 
related to water stress, such as meteorological conditions at leaf level, mainly vapor pressure 
deficit (VPD) [47]. Consequently, it makes more sense to use gs taken in relative, which is 
the value in a stressed crop divided by the correspondent value in a well-watered one. Such 
measurements are time consuming, due to the required sampling, consequence of the high 
scattering in the canopy and instability with clouds or gusts of wind. It is very difficult to 
automate gs measurements and the sensors used (porometers) are delicate and expensive. 
Therefore, its use is limited to research.

Due to the buffer role of the soil, soil water potential and soil water content (θs) have the 
advantage of being almost independent from diurnal atmospheric variations. Soil water 
potential measurements (with tensiometers) are easy and cheap, they can be, in principle, 
easily automated, but there are limits concerning the range of soil water status in which ten-
siometers operate well. The changes in θs (volumetric fraction) have the advantage of being a 
direct component of the soil water balance equation. The relative extractable water (REW) is 
a very useful concept that relates the actual volume of water available for plants to the total 
available water capacity, between the so-called field capacity and permanent wilting point 
(TAW) [48].

Leaf water potential (Ψleaf) is also related to stomatal closure. Even if, for different reasons, 
reductions in stomatal opening can occur without changes of Ψleaf [47, 49], this indicator has 
been broadly used for irrigation scheduling purposes.

The use of stem water potential at noon (Ψstem) has the advantage of being less disturbed 
by environmental conditions than Ψleaf [50] but it loses its relevance in the case of isohydric 
behavior, as such plants close stomata so effectively that they avoid important decreases in 
noon Ψleaf [51, 52]. In such cases, the difference between irrigated and stressed plants can be 
higher at predawn than at noon and predawn leaf water potential (Ψpd), being independent 
from diurnal oscillations can better represent water status in both cases: isohydric or aniso-
hydric behavior.

The difficulties in finding meaningful correspondence between gas exchange and plant water 
balances impose limitations on accurate measurement of plant water stress in field conditions. 
It is largely demonstrated however that, in spite of such limitations, Ψpd or Ψstem are variables 
considered reliable as water status indicators for irrigation scheduling purposes and have 
been almost unavoidable in research studies [53, 54].

Several variables have been derived from stem diameter variations (SDVs) [55, 56], with the 
advantage of being cheap and easily continuously recorded. The most used are the organ 
(stem or fruits) growth rate (OGR), the daily trunk shrinkage (DTS), or the relative DTS 
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that water deficit limited shoot growth, when shoots and fruits were competing for photo-assimi-
lates. It is important to bear in mind that fruit tree sensitivity to water deficit is not constant during 
the whole growing season, and a water deficit during a phenological stage less sensitive might 
benefit WP, as it increases irrigation water savings, and minimizes negative impacts on yield 
and crop profits [31, 33, 34]. So, when a RDI strategy is applied, it may be necessary to supply 
full irrigation during the drought sensitive phenological stages and irrigation may be stopped or 
restricted during the non-critical periods, less sensitive to drought [31, 35]. The crucial constraints 
of RDI are: (i) difficulty in keeping plant water status within tight limits of water deficit during 
noncritical phenological periods; (ii) depending on management, unexpected variation in evapo-
rative demand may result in severe losses of yield and fruit [36]; (iii) need to define precise criteria 
for the water deficits, in different growth conditions, related to species, weather, soil depth, fruit 
load, and rootstock [37, 38]; and (iv) lack of precise knowledge in the effect of water deficit during 
bud development [38, 39].

2.3. Partial root drying system

Partial rootzone drying (PRD) is a strategy of DI that consists in irrigating only one half of the 
rootzone in each irrigation event, while the other half is allowed to dry. For this, both halves 
are watered alternately [40]. This technique was first developed in Australia for vineyards 
and relies on root-to-leaf signaling induced by a rootzone that is in a drying process [41], 
decreasing stomatal aperture and leaf growth, preventing water loss [42, 43] with a little effect 
on photosynthesis, hence increasing transpiration efficiency [41]. At the same time, the wet 
portion of the root system receiving water enables the plant to maintain a favorable plant 
water status, such that yield is not significantly compromised and quality may even improve 
[42]. The PRD performance is based on the assumption that photosynthesis and fruit growth 
are less sensitive to water deficit than transpiration, and besides, water deficit induces the 
production of chemical signals, like ABA in the root, that can be translocated to leaves [44] 
inducing stomatal closure. As demonstrated in a recent meta-analysis, the advantages of PRD 
in relation to RDI are highly controversial and also depend on the soil texture, a success or 
enhanced yield performance with RDI and PRDI occurring most likely in deep and finely 
textured soils [45].

3. Water stress indicators and thresholds

3.1. Water status indicators: use in research and in irrigation scheduling practices

The use of water status indicators has been enhanced not only by the increasing importance 
of DI, but also due to the increased possibilities of automatically recording of some of those 
variables. This requires the selection of the appropriate variables and their threshold values, 
for different objectives concerning marketable yields. In the perspective of this contribution, 
the question is how to select a water status variable and how to transform it in a useful stress 
indicator for DI scheduling. The requirements of a water stress indicator include the con-
sideration of a consistent answer (similar response in similar circumstances), low cost, and 
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easiness of use, reliability with reasonable low sampling, and possibility to define thresholds 
that facilitate a decision. Above all these requirements, it is necessary to measure or derive an 
indicator that depends much more on the water stress affecting yield, then on other variables 
independent from water stress (such as atmospheric demand).

Stomatal conductance (gs), which decreases as soil water deficit develops, is a primary mecha-
nism in regulation of plant transpiration; therefore, a potential indicator of water stress [46]. 
Stomatal opening is not only affected by the soil water status, but also by external factors not 
related to water stress, such as meteorological conditions at leaf level, mainly vapor pressure 
deficit (VPD) [47]. Consequently, it makes more sense to use gs taken in relative, which is 
the value in a stressed crop divided by the correspondent value in a well-watered one. Such 
measurements are time consuming, due to the required sampling, consequence of the high 
scattering in the canopy and instability with clouds or gusts of wind. It is very difficult to 
automate gs measurements and the sensors used (porometers) are delicate and expensive. 
Therefore, its use is limited to research.

Due to the buffer role of the soil, soil water potential and soil water content (θs) have the 
advantage of being almost independent from diurnal atmospheric variations. Soil water 
potential measurements (with tensiometers) are easy and cheap, they can be, in principle, 
easily automated, but there are limits concerning the range of soil water status in which ten-
siometers operate well. The changes in θs (volumetric fraction) have the advantage of being a 
direct component of the soil water balance equation. The relative extractable water (REW) is 
a very useful concept that relates the actual volume of water available for plants to the total 
available water capacity, between the so-called field capacity and permanent wilting point 
(TAW) [48].

Leaf water potential (Ψleaf) is also related to stomatal closure. Even if, for different reasons, 
reductions in stomatal opening can occur without changes of Ψleaf [47, 49], this indicator has 
been broadly used for irrigation scheduling purposes.

The use of stem water potential at noon (Ψstem) has the advantage of being less disturbed 
by environmental conditions than Ψleaf [50] but it loses its relevance in the case of isohydric 
behavior, as such plants close stomata so effectively that they avoid important decreases in 
noon Ψleaf [51, 52]. In such cases, the difference between irrigated and stressed plants can be 
higher at predawn than at noon and predawn leaf water potential (Ψpd), being independent 
from diurnal oscillations can better represent water status in both cases: isohydric or aniso-
hydric behavior.

The difficulties in finding meaningful correspondence between gas exchange and plant water 
balances impose limitations on accurate measurement of plant water stress in field conditions. 
It is largely demonstrated however that, in spite of such limitations, Ψpd or Ψstem are variables 
considered reliable as water status indicators for irrigation scheduling purposes and have 
been almost unavoidable in research studies [53, 54].

Several variables have been derived from stem diameter variations (SDVs) [55, 56], with the 
advantage of being cheap and easily continuously recorded. The most used are the organ 
(stem or fruits) growth rate (OGR), the daily trunk shrinkage (DTS), or the relative DTS 
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(RDTS), where the relative value of daily amplitude in diameter is divided by the correspon-
dent in well-watered plants, obtaining an indicator practically independent from atmospheric 
variations, as required. Sometimes, maximum and minimum trunk diameters are used indi-
vidually (MXTD and MNTD).

The success of SDV-derived variables depends on plants’ behavior. Its application seems to be 
more successful when applied to conditions of anisohydric behavior [57]. Unfortunately, the 
outputs often are of difficult interpretation [56, 58], sometimes being the use based on visual 
and qualitative analysis.

Also, as diameter changes, sap flow rate can be continuously and automatically recorded with 
high resolution across large temporal scale. Sap flow sensors became popular in last decades, 
and by measuring fluxes, for the same reasons of independence from atmospheric demand, 
they only can be directly linked to water status indicators, provided relative transpiration 
(RT) [48] and the absolute values are not used. The inconvenience of requiring well-watered 
plants as reference limits its use to research.

As the stomatal conductance is reduced to prevent excessive transpiration, the temperature 
of leaves and canopy rises. Therefore, the temperature of the canopy in relation to the air 
is linked to the level of water stress, due to the effect of transpiration evaporative cooling. 
Several indexes have been proposed and applied in different conditions, space and temporal 
scales, mainly following the work of Jackson et al. in early 1980s [59], to derive the crop water 
stress index (CWSI). Measuring canopy temperature is a simple procedure using inexpensive 
infrared thermometers or any other optical devices that can take many observations rapidly 
without disturbing the plant. However, canopy temperature is affected by multiple factors, 
namely VPD, turning it complex to relate with soil water availability.

Overviews and results on remote sensing approaches have been presented [60, 61]. The 
“advantages and pitfalls” of plant-based methods in the perspective of irrigation scheduling 
have been discussed by Jones [36]. Fernández [57] recently presented a review of soil or plant 
water status and other variables used as other water stress indicators for irrigation schedul-
ing. In general, technologies have greatly improved over the years, sensors are more afford-
able but sampling is still a limitation. In all cases where the relative independence from daily 
variations in atmospheric demand requires well-watered plants as a reference, this represents 
a practical disadvantage, limiting its use to the field of research. Unfortunately, these affects 
many possible indicators and the number of those remaining that are not excessively time 
consuming, is reduced to a few.

Therefore, the combination of these indicators with models for water balance is advisable [48]. 
In fact, the most popular variables in irrigation scheduling practices, used at present, either by 
farmers or enterprises, providing irrigation scheduling services, often include soil moisture 
quantification, sometimes as a complement to water balance models based on estimated ETc, 
for example, Ondrasek [1]. This is related to easiness, cost, rapidity to obtain the outputs, 
simplicity of data treatment/interpretation, and significance. Furthermore, the advantage of 
directly linking θs with the outputs from water balance is crucial. The problems of spatial 
heterogeneity and the quality of the measurements are often disregarded, meaning that a 
qualitative use of these outputs is often accepted and considered useful.
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Experience and knowledge of varieties, environmental conditions, and technical and financial 
capabilities of the growers will ultimately determine the most adequate method or combina-
tion of methods to use for evaluation of the status of their crops and how to better manage 
them.

3.2. Olive

In general, plant water potential seems to be a better indicator than the SDV-derived vari-
ables, when full irrigation scheduling is applied. Moriana et al. [62] suggested that values of 
Ψstem > −1.65 MPa in field conditions provide the maximum gs and when Ψstem > −1.8 MPa, 
maximum yield was obtained [63]. Pérez-López et al. [64] suggested that a threshold value 
Ψstem of −2.0 MPa (moderate water deficit) may be used to DI. Nevertheless, Ψstem in DI trees 
was affected by crop load and environmental conditions. Indeed, Moriana and Fereres [65] 
reported that VPD produced a variation on Ψstem from −0.8 to around −1.4 MPa in fully irri-
gated olive trees of different ages and fruit load. A threshold value of Ψpd > −0.9 MPa was 
often proposed to FI [66–68].

It has been observed that SDVs are affected by seasonal growth patterns, crop load, plant 
age and size, and other factors, apart from water stress [58]. So, the use of SDV needs expert 
interpretation, which limits their potential for automating the calculation of irrigation depth 
(ID). Despite this, they refer that, when combined with aerial or satellite imaging, SDV mea-
surements are useful for scheduling irrigation in large orchards with high crop-water-stress 
spatial variability.

Alcaras et al. [69] reported that the increase in MXTD showed strong relationships with REW, 
Ψstem and gs. Trunk growth rate (TGR) showed a very early response to water-withholding 
and it decreased along with Ψstem until it reached a constant negative growth rate, at Ψstem of 
−2.7 MPa. In their study, DTS was much less responsive to irrigation than either MXTD or 
TGR. They suggest the use of automated soil moisture sensors if reliable soil moisture values 
can be obtained, and indicate that a continuous recording of trunk diameter has some poten-
tial, but further investigation of MXTD and TGR is warranted.

3.3. Peach

For peach, the use of Ψstem for defining thresholds under DI conditions is referred by Girona 
et al. [70], who found the value −1.5 MPa, the limit over which the impairing of bloom fertility 
appears. Naor et al. [39] have observed that the value of −2.0 MPa for SWP was a threshold 
for the occurrence of double fruits, while Lopez et al. [71] suggest a threshold of −1.05 MPa 
to obtain fruits with positive effects on consumer acceptance, without significant impacts 
on fruit composition and yield, as they have observed that a threshold of −1.25 MPa would 
reduce fruit size and yield, even if advantageous for consumer acceptance.

Other authors, using relative transpiration (RT), have observed that a minimum value of 0.7 
has to be observed to avoid yield and quality losses [72].

Using the relationship between (RT) and Ψpd, it was observed [73] that the Ψpd threshold corre-
sponding to RT equal to 0.7 is −0.33 MPa. Using CWSI, based on the temperature differences 
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(RDTS), where the relative value of daily amplitude in diameter is divided by the correspon-
dent in well-watered plants, obtaining an indicator practically independent from atmospheric 
variations, as required. Sometimes, maximum and minimum trunk diameters are used indi-
vidually (MXTD and MNTD).

The success of SDV-derived variables depends on plants’ behavior. Its application seems to be 
more successful when applied to conditions of anisohydric behavior [57]. Unfortunately, the 
outputs often are of difficult interpretation [56, 58], sometimes being the use based on visual 
and qualitative analysis.

Also, as diameter changes, sap flow rate can be continuously and automatically recorded with 
high resolution across large temporal scale. Sap flow sensors became popular in last decades, 
and by measuring fluxes, for the same reasons of independence from atmospheric demand, 
they only can be directly linked to water status indicators, provided relative transpiration 
(RT) [48] and the absolute values are not used. The inconvenience of requiring well-watered 
plants as reference limits its use to research.

As the stomatal conductance is reduced to prevent excessive transpiration, the temperature 
of leaves and canopy rises. Therefore, the temperature of the canopy in relation to the air 
is linked to the level of water stress, due to the effect of transpiration evaporative cooling. 
Several indexes have been proposed and applied in different conditions, space and temporal 
scales, mainly following the work of Jackson et al. in early 1980s [59], to derive the crop water 
stress index (CWSI). Measuring canopy temperature is a simple procedure using inexpensive 
infrared thermometers or any other optical devices that can take many observations rapidly 
without disturbing the plant. However, canopy temperature is affected by multiple factors, 
namely VPD, turning it complex to relate with soil water availability.

Overviews and results on remote sensing approaches have been presented [60, 61]. The 
“advantages and pitfalls” of plant-based methods in the perspective of irrigation scheduling 
have been discussed by Jones [36]. Fernández [57] recently presented a review of soil or plant 
water status and other variables used as other water stress indicators for irrigation schedul-
ing. In general, technologies have greatly improved over the years, sensors are more afford-
able but sampling is still a limitation. In all cases where the relative independence from daily 
variations in atmospheric demand requires well-watered plants as a reference, this represents 
a practical disadvantage, limiting its use to the field of research. Unfortunately, these affects 
many possible indicators and the number of those remaining that are not excessively time 
consuming, is reduced to a few.

Therefore, the combination of these indicators with models for water balance is advisable [48]. 
In fact, the most popular variables in irrigation scheduling practices, used at present, either by 
farmers or enterprises, providing irrigation scheduling services, often include soil moisture 
quantification, sometimes as a complement to water balance models based on estimated ETc, 
for example, Ondrasek [1]. This is related to easiness, cost, rapidity to obtain the outputs, 
simplicity of data treatment/interpretation, and significance. Furthermore, the advantage of 
directly linking θs with the outputs from water balance is crucial. The problems of spatial 
heterogeneity and the quality of the measurements are often disregarded, meaning that a 
qualitative use of these outputs is often accepted and considered useful.
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Experience and knowledge of varieties, environmental conditions, and technical and financial 
capabilities of the growers will ultimately determine the most adequate method or combina-
tion of methods to use for evaluation of the status of their crops and how to better manage 
them.

3.2. Olive

In general, plant water potential seems to be a better indicator than the SDV-derived vari-
ables, when full irrigation scheduling is applied. Moriana et al. [62] suggested that values of 
Ψstem > −1.65 MPa in field conditions provide the maximum gs and when Ψstem > −1.8 MPa, 
maximum yield was obtained [63]. Pérez-López et al. [64] suggested that a threshold value 
Ψstem of −2.0 MPa (moderate water deficit) may be used to DI. Nevertheless, Ψstem in DI trees 
was affected by crop load and environmental conditions. Indeed, Moriana and Fereres [65] 
reported that VPD produced a variation on Ψstem from −0.8 to around −1.4 MPa in fully irri-
gated olive trees of different ages and fruit load. A threshold value of Ψpd > −0.9 MPa was 
often proposed to FI [66–68].

It has been observed that SDVs are affected by seasonal growth patterns, crop load, plant 
age and size, and other factors, apart from water stress [58]. So, the use of SDV needs expert 
interpretation, which limits their potential for automating the calculation of irrigation depth 
(ID). Despite this, they refer that, when combined with aerial or satellite imaging, SDV mea-
surements are useful for scheduling irrigation in large orchards with high crop-water-stress 
spatial variability.

Alcaras et al. [69] reported that the increase in MXTD showed strong relationships with REW, 
Ψstem and gs. Trunk growth rate (TGR) showed a very early response to water-withholding 
and it decreased along with Ψstem until it reached a constant negative growth rate, at Ψstem of 
−2.7 MPa. In their study, DTS was much less responsive to irrigation than either MXTD or 
TGR. They suggest the use of automated soil moisture sensors if reliable soil moisture values 
can be obtained, and indicate that a continuous recording of trunk diameter has some poten-
tial, but further investigation of MXTD and TGR is warranted.

3.3. Peach

For peach, the use of Ψstem for defining thresholds under DI conditions is referred by Girona 
et al. [70], who found the value −1.5 MPa, the limit over which the impairing of bloom fertility 
appears. Naor et al. [39] have observed that the value of −2.0 MPa for SWP was a threshold 
for the occurrence of double fruits, while Lopez et al. [71] suggest a threshold of −1.05 MPa 
to obtain fruits with positive effects on consumer acceptance, without significant impacts 
on fruit composition and yield, as they have observed that a threshold of −1.25 MPa would 
reduce fruit size and yield, even if advantageous for consumer acceptance.

Other authors, using relative transpiration (RT), have observed that a minimum value of 0.7 
has to be observed to avoid yield and quality losses [72].

Using the relationship between (RT) and Ψpd, it was observed [73] that the Ψpd threshold corre-
sponding to RT equal to 0.7 is −0.33 MPa. Using CWSI, based on the temperature differences 
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between canopy and air, a threshold of 0.5 was found to trigger irrigation [74]. It was also 
found that it is possible to identify a threshold in the relationship between gs and Ψp, cor-
responding to a change in the plant behavior, equal to Ψpd = −0.45 MPa [75].

3.4. Grapevines

A number of indicators related to plant water status of grapevines have been discussed in the 
literature such as gs [76, 77], Ψp, or Ψstem [78–81], sap flow and SDV-derived variables. Being 
very sensitive to transient meteorological conditions, gs at the time of measurement performed 
poorly in detecting grapevine water stress in Alto Douro vineyards in Portugal [82]. This can 
be eventually explained by the fact that either the cultivar displayed an anisohydric behav-
ior [51] or the relative conductance was not used. According to Acevedo-Opazo et al. [83] 
and Lanari et al. [84], Ψleaf or Ψstem are reported to correlate well with both soil water content 
and net photosynthesis, and they are suitable to perform irrigation scheduling on grapevines 
under DI. In other studies, a better performance was obtained by using this variable measured 
at predawn [56, 79, 85]. According to Silvestre (2018, personal communication), there is some 
experimental evidence that Ψstem is not a good indicator in vineyards under high VPD.

Measurements of vegetative growth, when applied to grapevines, can offer simplicity, sen-
sitivity to water stress over extended periods [86], as tissue expansion underlying vegetative 
growth responds to water status, and are interrelated with crop yield and quality. The stage 
development of shoot tips can be used reliably to estimate vineyard water status and manage 
irrigation, given that moderate water stress is primarily affected by soil water content [86]. 
An experiment to evaluate the visual assessment of shoot tip stage as a method to estimate 
the water status of vineyards and its utility in vineyard management showed that calculation 
based on the tip stage [87] is fast, nondestructive, and does not require special skills or equip-
ment and it is independent of prevailing weather conditions [86].

Brillante et al. [80] observed that canopy temperature was an important predictor in determin-
ing the water stress experienced by grapevine, especially at midday. These positive results are 
not always observed: due to excessive wind and turbulence in SW of Portugal, the significant 
differences in DI treatments could not be identified using proximal radiative canopy tem-
perature [88]. Bellvert et al. [89] emphasized the influence of VPD in using airborne thermal 
imagery in vineyards. Canopy temperature and derived parameters such as the empirical 
CWSI [59] have also been used in vineyards by Grant et al. [90] and King and Shellie [91] to 
monitor plant water stress.

Sap flow performed satisfactorily in detecting grapevine water stress in Alto Douro [82], and 
in a study developed by Selles et al. [92], diameter changes proved more sensitive than water 
potentials. Again, many different results were obtained in South Portugal, where differences 
in DI could not be distinguished using SDV, but were quite clear regarding sap flow records 
for different treatments [56]. If a single indicator based on sap flow or SDV did not reflect the 
grapevine response, according to Oliveira et al. [93], their combination could provide more 
detailed information.

In general, threshold values for DI in vineyard based on water potential have been abun-
dantly suggested, but in the case of vine production, the quality issues are crucial; therefore, 

Irrigation in Agroecosystems58

information is quite complex and scattered. Classical recommendations often include the use 
of leaf water potential [94]; a new water stress index based on a water balance model was 
proposed and tested by Gaudin et al. [95] as a tool for classifying water stress experienced by 
grapevines in vineyards.

4. Responses to deficit irrigation regarding agronomic aspects and 
quality

4.1. Olive

4.1.1. Vegetative growth and production cycle

Shoots growth and fruits development are cyclical and both are repeated on an annual basis, 
but only vegetative growth is completed in the same year, while olives production needs two 
consecutive seasons [96]. In the first one, the formation of the buds and their floral induction 
take place. In the following year, flower development occurs as well as flowering, fruit set, 
growth, and oil accumulation. In Mediterranean climate conditions of northern hemisphere, 
shoot growth takes place from March until the middle of July, although a second flow of growth 
can occur in late August, when olive trees are fully irrigated, or at the beginning of autumn 
rainfall [97]. Water deficit reduces shoots growth and has a negative effect on the potential 
production of the following year. Flowering occurs at the end of spring, and it is very sensitive 
to water deficit [63], or at high temperatures. Fruit set is very sensitive to water deficit and fruit 
growth has a double sigmoid behavior [96, 98] with three main stages, as follows. Phase I is 
the fast-growing, when both the cell division and expansion contribute to the size increase, 
the endocarp being the main tissue in development, reaching 80% of the volume of the olives 
[98] with full expansion about 8 weeks after full bloom [99]. The occurrence of water deficit in 
this stage results in a small endocarp and extreme water stress can compromise the viability 
of the fruit. Phase II, of slow-growth, is less sensitive to water deficit [100], when the endocarp 
progressively hardens and both the embryo and the endocarp reach their final size [98]. During 
phase III, of fast growing, parenchyma cells of the mesocarp experience a large increase in size, 
entirely due to cell expansion, and the oil biosynthesis begins [98]; so water availability for the 
fruit determines its size and the accumulation of oil. Thus, water deficit may produce small 
fruits and the mesocarp/endocarp ratio is reduced due to decreased weight of the mesocarp.

4.1.2. Olive response to water deficit

Many studies had showed that high soil water availability increments yield components such 
as fruit number, fruit fresh weight, fruit volume, pulp:stone ratio, and oil content; therefore, 
increasing fruit and oil yields [12, 63] and that water scarcity can have a negative effect, 
depending on its level. In addition, irrigation regime can influence the relationship between 
vegetative and reproductive growth [101].

Hernandez-Santana [102] observed that olive trees prioritize fruit growth and oil content accu-
mulation over vegetative growth, suggesting a higher sink strength for reproductive growth 
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between canopy and air, a threshold of 0.5 was found to trigger irrigation [74]. It was also 
found that it is possible to identify a threshold in the relationship between gs and Ψp, cor-
responding to a change in the plant behavior, equal to Ψpd = −0.45 MPa [75].

3.4. Grapevines

A number of indicators related to plant water status of grapevines have been discussed in the 
literature such as gs [76, 77], Ψp, or Ψstem [78–81], sap flow and SDV-derived variables. Being 
very sensitive to transient meteorological conditions, gs at the time of measurement performed 
poorly in detecting grapevine water stress in Alto Douro vineyards in Portugal [82]. This can 
be eventually explained by the fact that either the cultivar displayed an anisohydric behav-
ior [51] or the relative conductance was not used. According to Acevedo-Opazo et al. [83] 
and Lanari et al. [84], Ψleaf or Ψstem are reported to correlate well with both soil water content 
and net photosynthesis, and they are suitable to perform irrigation scheduling on grapevines 
under DI. In other studies, a better performance was obtained by using this variable measured 
at predawn [56, 79, 85]. According to Silvestre (2018, personal communication), there is some 
experimental evidence that Ψstem is not a good indicator in vineyards under high VPD.

Measurements of vegetative growth, when applied to grapevines, can offer simplicity, sen-
sitivity to water stress over extended periods [86], as tissue expansion underlying vegetative 
growth responds to water status, and are interrelated with crop yield and quality. The stage 
development of shoot tips can be used reliably to estimate vineyard water status and manage 
irrigation, given that moderate water stress is primarily affected by soil water content [86]. 
An experiment to evaluate the visual assessment of shoot tip stage as a method to estimate 
the water status of vineyards and its utility in vineyard management showed that calculation 
based on the tip stage [87] is fast, nondestructive, and does not require special skills or equip-
ment and it is independent of prevailing weather conditions [86].

Brillante et al. [80] observed that canopy temperature was an important predictor in determin-
ing the water stress experienced by grapevine, especially at midday. These positive results are 
not always observed: due to excessive wind and turbulence in SW of Portugal, the significant 
differences in DI treatments could not be identified using proximal radiative canopy tem-
perature [88]. Bellvert et al. [89] emphasized the influence of VPD in using airborne thermal 
imagery in vineyards. Canopy temperature and derived parameters such as the empirical 
CWSI [59] have also been used in vineyards by Grant et al. [90] and King and Shellie [91] to 
monitor plant water stress.

Sap flow performed satisfactorily in detecting grapevine water stress in Alto Douro [82], and 
in a study developed by Selles et al. [92], diameter changes proved more sensitive than water 
potentials. Again, many different results were obtained in South Portugal, where differences 
in DI could not be distinguished using SDV, but were quite clear regarding sap flow records 
for different treatments [56]. If a single indicator based on sap flow or SDV did not reflect the 
grapevine response, according to Oliveira et al. [93], their combination could provide more 
detailed information.

In general, threshold values for DI in vineyard based on water potential have been abun-
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information is quite complex and scattered. Classical recommendations often include the use 
of leaf water potential [94]; a new water stress index based on a water balance model was 
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grapevines in vineyards.
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quality
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can occur in late August, when olive trees are fully irrigated, or at the beginning of autumn 
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growth has a double sigmoid behavior [96, 98] with three main stages, as follows. Phase I is 
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mulation over vegetative growth, suggesting a higher sink strength for reproductive growth 
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than vegetative growth. In the initial years of orchard establishment, when rapid vegetative 
growth is desirable in order to quickly obtain optimum tree size and canopy, as well as to begin 
fruit production as soon as possible, it is critical not to depress vegetative activity. For this reason, 
in commercial orchards, DI is commonly implemented only once, trees are fully grown to avoid 
negative effects on the formation of tree structure during the training period [102]. DI at early 
stages of tree development may result useful not only for water saving but also for controlling 
vigor in super high-density (SHD) orchards, in particular in regions where local conditions lead 
to excessive vegetative growth, such as in northern Argentina [103]. The choice and success of 
DI strategy is conditioned by tree density and rootzone size. It seems that SDI is more interesting 
when trees explore large volumes of soil, as in low-density orchards that maximize the availabil-
ity of stored soil water per tree, compared to higher densities [97, 104]. Moreover, the success of 
SDI as compared to FI depends on the crop load of olive. About this issue, Martín-Vertedor et al. 
[105, 106] conducted a long term studied in “Morisca” orchard (417 trees ha−1), in the Southwest 
of Spain. They observed that SDI (75% ETc) reduced yield in “on” years. Nevertheless, they 
reported that this DI could be advisable during “off” years, when a lower water use is observed, 
and trees are less sensitive to water deficit with low-crop load. There is still uncertainty about 
which DI strategies are better, regarding SDI or RDI [58, 101].

Lavee et al. [107] suggested that the most efficient schedule for RDI irrigation was to withhold 
water till the end of endocarp hardening and then to apply full irrigation from that stage till 
2 weeks prior to harvest.

The literature provides results, for low-density orchards (300–600 trees ha−1) under FI [63], 
SDI [12], RDI [11], and PRD [108] and for SHD olive orchards >1500 trees ha−1 [109].

Often, DI strongly reduces vegetative growth, but only slightly reduces the final fruit volume. 
Water stress caused a higher reduction in fresh fruit yield than oil yield due to a higher oil 
concentration in DI irrigated trees “in Picual” (Spain), without differences between SDI and 
RDI [11]. Moreover, Iniesta et al. [11] observed that WP for oil production has tripled for a 
25% decrease in total water applied. They conclude that both irrigation strategies may be 
used with moderate reductions (about 15%) in oil yield. Similarly, Fernandes-Silva et al. [12] 
(“Cobrançosa,” Portugal) reported that for a SDI at 30% ETc, WP for oil is higher or very close 
to FI, depending on the year, and is more than double the one obtained in rainfed condi-
tions; oil yield is reduced only 35% as compared to FI, while saving 60% of water applied. 
Nevertheless, oil concentration on a dry matter basis (DM) in SDI was 7–19% higher as com-
pared to FI, hence oil yield reduction was lower than yield of fruit (DM). The higher oil yield 
observed in FI is mainly due to higher number of fruits, although under SDI, fruits have slight 
higher values of mesocarp (>3–5%) as compared to FI olives, mainly attributed to a higher 
crop load in FI olive trees. Fernandes-Silva et al. [12] founded a good relationship between 
the oil amount per mesocarp dry mass (g) (y = 0.83 × −0.17, r2 = 0.97). This may be useful in 
supporting the decision of the most suitable time for harvest to optimize oil productivity.

Irrigation is particularly an important component in SHD orchards as the trees are expected 
to have more reduced volume of the rootzone. There is not a consensus on the best irrigation 
approach for SHD olive orchards. A reduction in water applied up to 16% in July did not 
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affect oil production [110], while a reduction of 72% (30 RDI) resulted in 26% less oil yield and 
a best balance between water saving, tree vigor, and oil production was achieved [19].

Fernández et al. [19] and Padilla-Díaz et al. [111] applied RDI in a SHD olive orchard using 
a strategy of 45% of the total irrigation requirements (IN) in total distribution, according to 
the vegetative phase: period 1–100% IN, before and during bloom; period 2–80% IN, during 
the maximum rate of pit hardening (6–10 weeks after bloom) that coincide with the phase 
of flower induction; period 3–100% IN at the end of pit hardening until the last week of 
September, and 20% IN during fruit maturity. During the end of June and till the last week of 
August IA was 20% of IN.

Marra et al. [112] conducted a study in west of Sicily (Italy) in a SHD orchard (cv “Arbequina”), 
where five irrigation treatments were tested: 100% of IN, three SDI treatments with 75, 50, and 
25% of IN, and a nonirrigated “rainfed” control. They found that oil yield increased with 
higher irrigation amounts up to a certain level (50 SDI) and a further increase in irrigation 
level improved crop load on the one hand, but decreased vegetative growth and increased 
the severity of biennial bearing. They conclude [112] that irrigation scheduling in the new 
SHD orchards should be planned on a 2-year basis and corrected annually based on crop load.

With regard to PRD, Wahbi et al. [108] analyzed the effect of applying PRD (50% of ETc) to 
“Picholine marocaine” olive trees in Marrocos in field grown conditions. They reported a 
yield reduction of 15–20%, achieved with 50% ETc, and that WP increased by 70% in PRD 
treatments. However, the lack of comparison between PRD and RDI did not clarify whether 
the effects observed were specifically triggered by PRD or if they were simply associated with 
general water deficits. Later, Aganchich et al. [113] addressed this question by comparing the 
effects of PRD and RDI in the same cultivars grown in spots. They reported that plant vegeta-
tive growth was substantially reduced under both PRD and RDI, more pronounced in PRD, 
compared with FI, as expressed by lower values of shoot length, leaf number, and total leaf 
area. In many cases, PRD treatment has been compared to a FI treatment, so doubt remains on 
whether the observed benefits correspond to the switching of irrigation or just to PRD being a 
DI treatment. In addition, not always a PRD treatment has been found advantageous as com-
pared to a RDI treatment [66]. Taking into account that an irrigation system suitable for the 
PRD approach is more expensive and difficult to manage, the literature suggests that there are 
no agronomical advantages on PRD as compared to RDI [66]. It is of great importance to bear 
in mind that results depend mainly on cultivar, orchard characteristics, environmental condi-
tions and agronomic practices, and to the large variability in rainfall, climate, and soil types 
between the various growing regions. Consequently, caution must be taken when applying 
the findings reported by different authors to a particular orchard.

4.1.3. Effect on fruits and olive oils quality

The concept of quality in fruit products is wide, complex, and dynamic. In the case of olive 
trees, two main products are obtained from olive fruits: virgin olive oil (the juice of the fruit) 
and table olives; both are staple foods of the Mediterranean diet. The quality attributes that 
are considered for each product largely differ from one another.
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tive growth was substantially reduced under both PRD and RDI, more pronounced in PRD, 
compared with FI, as expressed by lower values of shoot length, leaf number, and total leaf 
area. In many cases, PRD treatment has been compared to a FI treatment, so doubt remains on 
whether the observed benefits correspond to the switching of irrigation or just to PRD being a 
DI treatment. In addition, not always a PRD treatment has been found advantageous as com-
pared to a RDI treatment [66]. Taking into account that an irrigation system suitable for the 
PRD approach is more expensive and difficult to manage, the literature suggests that there are 
no agronomical advantages on PRD as compared to RDI [66]. It is of great importance to bear 
in mind that results depend mainly on cultivar, orchard characteristics, environmental condi-
tions and agronomic practices, and to the large variability in rainfall, climate, and soil types 
between the various growing regions. Consequently, caution must be taken when applying 
the findings reported by different authors to a particular orchard.

4.1.3. Effect on fruits and olive oils quality

The concept of quality in fruit products is wide, complex, and dynamic. In the case of olive 
trees, two main products are obtained from olive fruits: virgin olive oil (the juice of the fruit) 
and table olives; both are staple foods of the Mediterranean diet. The quality attributes that 
are considered for each product largely differ from one another.
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High irrigation rates are associated with a decrease mainly in minor compounds of virgin 
olive oil (VOO) as they are total polyphenols (TP), orto-diphenols (OD), tocopherols (TC) 
volatile compounds (VC) [16, 114] that have an important role in nutritional value, biologi-
cal proprieties, and organoleptic characteristics of VOO. There is a controversy about the 
effect of irrigation in overall quality of VOO. In the literature, there are researchers who argue 
that FI lowers the quality of olive oil [115]. If this may be true for Cvs poor in TP, such as 
“Arbequina,” FI may compromise the conditions necessary for virgin extra category and in 
other hand, decrease its self-live time. Nonetheless, in Cvs very rich in PT (>1000 mg/kg), such 
as “Cornicabra,” VOO is very bitter and pungent, and therefore with poor acceptability by the 
consumer, FI may help to overcome this problem.

Motilva et al. [116] observed that RDI strategies applied to “Arbequina” induced a signifi-
cant increase in polyphenol concentration and oil stability. Fernandes-Silva et al. [16] found a 
strong relation (r2 = 0.715; p = 0.033) with TP and between water stress integral (WSI). Similarly, 
Pearson's correlation coefficients between oxidative stability (OS) and TP was high and sig-
nificant (p = 0.026), but no significant correlation was found between OS and TC (p = 0.322). 
Moreover, Gómez del Campo [110] and García [117] observed that the application of RDI 
in summer produced a significantly higher OS, which coincided with a significantly higher 
content of TP derivatives. These compounds are of great interest because they influence the 
quality and the palatability of VOO and increase their self-life time by slowing the formation 
of polyunsaturated fatty acid hydroperoxides.

Irrigation regimes either equivalent to 30 or 100% of ETc, applied to olive trees, “Cobrançosa” 
affects significantly the activity of L-phenylalanine ammonia lyase (PAL, EC 4.3.1.5), that is 
considered as the key enzyme in phenolic biosynthesis, the TP and amount of individual 
polyphenols [17]. Higher PAL activity, TP and individual polyphenol contents were observed 
for the rainfed conditions in the first picking date, and decreased with maturation of the olive 
fruits. Also, this effect was observed for the two irrigation regimes applied. The difference 
in the PAL activity, TP and individual polyphenol content between the three water regimes, 
decreases as olives become more mature.

Olive oil fatty acid composition is often not affected by RDI strategies [118], although other 
studies indicate that irrigation strategies cause small variations in the oleic and palmitic acids 
[16, 116]. Magliulo et al. [119] reported that olive oil fatty acid composition from two different 
cultivars (“Frantoio”; “Leccino”) was more affected by varietal factors and climatic conditions 
of the year than by water regimes. Curiously, when cv “Arbequina,” is cultivated in warm arid 
valleys of North Western Argentina, produced a lower content of 18:1 acid in relation to the 
Mediterranean region [120] and a decrease with increasing temperature during oil accumula-
tion of 2% per °C was found.

DI can also influence the sensory attributes of olive oil. In cultivars such as “Arbequina,” 
which normally has low-phenolic concentrations, DI is beneficial due to the greater polyphe-
nol concentrations. More phenolics contribute to better balanced oils with a more sophisti-
cated pungent and bitter flavor [114].

With regard to the quality attributes of tables’ olive, they are also affected by DI strategies. 
Cano-Lamadrid et al. [121] and Cano-Lamadrid et al. [122] evaluated the quality of table 
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olives (“Manzanilla”), after processing that were previously submitted to three irrigation 
treatments: FI; RDI1 with moderate stress during pit hardening (soft water stress) and RDI2 
with low stress at the end of flowering stage, and moderate during pit hardening. They 
observed that FI olives had the highest weight and size, and were rounded. Color coordinates 
L* and b* had the highest values in RDI2 olives. Aldehydes and monounsaturated fatty acids 
predominated in FI olive fruits, while terpenes and polyunsaturated fatty acids predominated 
in T1 fruits, and saturated fatty acids were abundant in RDI2 olives. Sensory evaluation indi-
cated that global acceptance was higher for RDI1 olives, with high satisfaction degree among 
consumers due to fresh olive flavor, crunchiness, and global satisfaction. They argue that both 
RDIs are effective and can be a good alternative irrigation practice for this cultivar. However, 
these authors evaluated table olives quality after processing, an evaluation after harvest, that 
is, before olives processing may be more interesting.

Water deficit effect could increase of PhytoPs content, chemical compounds analogs to prosta-
glandin, which belong to a novel family of plant effectors, may be related to the enhancement 
of reactive oxygen species (ROS) production under drought stress, which induce the forma-
tion of an array of lipid peroxidation products [123]. The phase II of fruit growth can be non-
critical considering fruit yield or fruit size [124] but is clearly critical for PhytoPs formation. 
Thus, olive table trees under RDI can be considered as complementary actions to enhance the 
PhytoP content and hence their potential beneficial effects on human health as they play a role 
in regulation of immune function [125].

4.2. Peach

4.2.1. Vegetative and productive cycle

RDI is based on restraining irrigation during certain periods of the vegetative cycle of the 
crop, therefore implying the knowledge of the several phases and sometimes its differences 
between genotypes, since the length of some phases (fruit development period and ripen-
ing) varies for early-maturing or late varieties [126]. The phenological stages of peach Prunus 
persica L. Batsch) can be depicted as shown in Figure 1. During the fruit growth period, three 
phases are classically considered: phases I and III, where rapid growth occurs and a phase 
II characterized by a plateau [127] having the growth curve, a double sigmoid pattern [128].

4.2.2. Peach response to water stress

Several studies over the last decades have addressed the use of deficit irrigation, namely RDI, 
in peach. Ref. [31] have applied the method to peach during the phase of final swell and 
observed a significant production and fruit growth increase, if irrigation restrictions were 
applied while excessive vegetative vigor could be suppressed to favor fruit growth. Mitchell 
and Chalmers [32] have used RDI during the phase of fast vegetative growth, obtaining simi-
lar yield and fruit growth to a nonrestricted situation, while saving ca. 30% of irrigation water 
and controlling the vegetative growth. For the post-harvest phase, [129] observed that irriga-
tion reduction decreased pruning requirements and increased flowering in the next season. 
For the same phase, and also during fruit development, [130] saved 40% of irrigation water 
with light implications in production and fruit size. More recently, the benefits of applying 
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phases are classically considered: phases I and III, where rapid growth occurs and a phase 
II characterized by a plateau [127] having the growth curve, a double sigmoid pattern [128].

4.2.2. Peach response to water stress

Several studies over the last decades have addressed the use of deficit irrigation, namely RDI, 
in peach. Ref. [31] have applied the method to peach during the phase of final swell and 
observed a significant production and fruit growth increase, if irrigation restrictions were 
applied while excessive vegetative vigor could be suppressed to favor fruit growth. Mitchell 
and Chalmers [32] have used RDI during the phase of fast vegetative growth, obtaining simi-
lar yield and fruit growth to a nonrestricted situation, while saving ca. 30% of irrigation water 
and controlling the vegetative growth. For the post-harvest phase, [129] observed that irriga-
tion reduction decreased pruning requirements and increased flowering in the next season. 
For the same phase, and also during fruit development, [130] saved 40% of irrigation water 
with light implications in production and fruit size. More recently, the benefits of applying 
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RDI during stage II of fruit development have also been stated [89], including beneficial 
reduction of tree vigor and improvement of fruit quality [71]. De la Rosa et al. [131] applied 
RDI after harvest, concluding that it was beneficial to control vegetative growth. Results from 
[70] also confirm the positive effects of RDI to control vegetative growth without a significant 
effect in fruit production. However, these authors recommend caution in long-term (over 3 
years) application of RDI, since it gradually reduces canopy, what can affect fruit yield. The 
same effect was observed by [132, 133], and these last authors even advise the discontinuing 
of RDI after 3 years. A prevalent long-term plant adaptive response over an immediate causal 
effect of RDI in a single season is therefore foreseen. Table 1 presents an overview of the most 
common practices for RDI in peach referred in literature. RDI has been mostly applied in the 
phase of late fruit development or after harvesting, and in general, the most reported effects 
refer to a decrease in vegetative vigor, production and fruit size, but an increase in fruit qual-
ity and water use efficiency.

Thus, for peach, considering the available information on the use of RDI, production is not 
significantly affected as long as applied in an adequate phase and bearing in mind, the variety 
relative precocity. Other advantages can be pointed out such as an easier management of 
the crop (if the vegetative vigor is restrained) and an increased efficiency in the use of water 
resources. Precaution is advised concerning long-term cumulative effects in production, as 
sometimes a negative influence has been observed.

PRD strategies for peach have showed contradictory results as sometimes a positive effect 
has been observed in yield, in comparison with other conventional DI practices [43], but other 
studies advocate no agronomic advantages in such technique, especially if the increased 
installation costs are considered [137].

4.2.3. Effect on fruits quality

Studies addressing the effect of deficit irrigation on peach fruit quality either refer to an 
improvement of it [71] or no effect [134, 136].

Figure 1. Phenological phases of peach (Prunus persica).

Irrigation in Agroecosystems64

R
D

I
Ph

as
e

R
D

I e
ff

ec
ts

Reference

Dormant bud

Bud swell

Pink stage

Early bloom

Full bloom

Late bloom

Petal fall

Split-jacket

Fruit set

Small fruitlets

Pit hardening

Final swell

Fruit veraison

Commercial 
ripening

Physiological 
ripening

Tree vigor

Production

Fruit size

Fruit quality

WUE

Irrigation 
water/
restrictions

M
itc

he
ll 

an
d 

C
ha

lm
er

s 
[3

2]
<

=
=

<3
0%

Jo
hn

so
n 

et
 a

l. 
[1

29
]

<
Se

ve
ra

l

G
ir

on
a 

et
 a

l. 
[1

30
]

<4
0%

Be
llv

er
t e

t a
l. 

[8
9]

<
>

50
%

 E
Tc

Lo
pe

z 
et

 a
l. 

[7
1]

</
=

</
=

>
15

%
 E

Tc

D
e 

la
 R

os
a 

et
 a

l. 
[1

31
]

<
60

%
 F

I

G
ir

on
a 

et
 a

l. 
[7

0]
<

=
35

%
 E

Tc

N
ao

r e
t a

l. 
[3

9]
<

<
SW

P 
−

2.
0 

M
Pa

M
ar

sa
l e

t a
l. 

[1
33

]
<

<
80

%
 E

Tc

M
ar

sa
l e

t a
l. 

[1
33

]
<

SW
P 

>−
1.

5 
M

Pa

M
ar

sa
l e

t a
l. 

[1
33

]
<

SW
P 

>−
1.

8,
 

−
2.

02
 M

Pa

Pa
sc

ua
l e

t a
l. 

[1
34

]
<

<
=

30
%

 E
Tc

Pa
sc

ua
l e

t a
l. 

[1
34

]
<

<
70

%
 E

Tc

Z
ho

u 
et

 a
l. 

[1
35

]
<

=
>

>
>

75
%

 E
Tc

 S
D

I

Z
ha

ng
 e

t a
l. 

[1
36

]
<

=/
<

=
25

%
 E

Tc

A
br

is
qu

et
a 

et
 a

l. 
(2

01
0)

<
<

<
>

25
%

 E
Tc

SW
P,

 m
id

da
y 

st
em

 w
at

er
 p

ot
en

tia
l; 

ET
c, 

cr
op

 e
va

po
tr

an
sp

ir
at

io
n 

(n
ot

 s
tr

es
se

d)
; F

I, 
fu

ll 
ir

ri
ga

tio
n.

Ta
bl

e 
1.

 D
efi

ci
t i

rr
ig

at
io

n 
pr

ac
tic

es
 a

pp
lie

d 
to

 p
ea

ch
—

ap
pl

ic
at

io
n 

ph
as

es
 a

nd
 e

ffe
ct

s 
re

fe
rr

ed
 in

 li
te

ra
tu

re
.

Deficit Irrigation in Mediterranean Fruit Trees and Grapevines: Water Stress Indicators and Crop…
http://dx.doi.org/10.5772/intechopen.80365

65



RDI during stage II of fruit development have also been stated [89], including beneficial 
reduction of tree vigor and improvement of fruit quality [71]. De la Rosa et al. [131] applied 
RDI after harvest, concluding that it was beneficial to control vegetative growth. Results from 
[70] also confirm the positive effects of RDI to control vegetative growth without a significant 
effect in fruit production. However, these authors recommend caution in long-term (over 3 
years) application of RDI, since it gradually reduces canopy, what can affect fruit yield. The 
same effect was observed by [132, 133], and these last authors even advise the discontinuing 
of RDI after 3 years. A prevalent long-term plant adaptive response over an immediate causal 
effect of RDI in a single season is therefore foreseen. Table 1 presents an overview of the most 
common practices for RDI in peach referred in literature. RDI has been mostly applied in the 
phase of late fruit development or after harvesting, and in general, the most reported effects 
refer to a decrease in vegetative vigor, production and fruit size, but an increase in fruit qual-
ity and water use efficiency.

Thus, for peach, considering the available information on the use of RDI, production is not 
significantly affected as long as applied in an adequate phase and bearing in mind, the variety 
relative precocity. Other advantages can be pointed out such as an easier management of 
the crop (if the vegetative vigor is restrained) and an increased efficiency in the use of water 
resources. Precaution is advised concerning long-term cumulative effects in production, as 
sometimes a negative influence has been observed.

PRD strategies for peach have showed contradictory results as sometimes a positive effect 
has been observed in yield, in comparison with other conventional DI practices [43], but other 
studies advocate no agronomic advantages in such technique, especially if the increased 
installation costs are considered [137].

4.2.3. Effect on fruits quality

Studies addressing the effect of deficit irrigation on peach fruit quality either refer to an 
improvement of it [71] or no effect [134, 136].

Figure 1. Phenological phases of peach (Prunus persica).
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Pérez-Sarmiento et al. [138] applying several RDI strategies to apricot have found improve-
ments in some qualitative characteristics of the fruits, such as the level of soluble solids, sugar/
acid ratio, and fruit color, without negative effects in yield. Along with these characteristics, 
fruit firmness was also improved in a study conducted by Zhou et al. [135] when applying an 
SDI strategy with a light water stress. Therefore, from these studies, it can be concluded that 
the use of deficit irrigation in peach doesnot seem to induce negative effects in the fruit qual-
ity parameters referred above. Nevertheless, several authors refer the occurrence of double 
fruits or fruit cracking, if severe water stress is imposed. For example, Naor et al. [39] refer 
this occurrence for values of stem water potential lower than −2.0 MPa. This suggests that, in 
what concerns fruit quality, there is an identifiable limit to the application of deficit irrigation, 
as discussed in Section 4.

Most of the studies addressing water use efficiency (WUE) in peach under deficit irrigation 
report an increase in comparison to full irrigation practices, although with lower yields for 
moderate or severe water stress [135].

4.3. Grapevines

4.3.1. Vegetative growth and production cycle

Grapevines (Vitis vinifera L.) develop over a number of periodic events, phenological stages, 
mentioned in the literature as budbreak, flowering and veraison [139]. Budbreak signals the 
beginning of the vine seasonal growth and physiological activity after a period of dormancy 
during the coldest months of the year but its starting date is neither influenced by winter 
temperature or precipitation [140, 141]. However, a recent report [142] mentions that water-
stressed grapevines delay the onset of bud dormancy, reduce the cold exposure required 
for releasing buds from dormancy, and hasten budbreak. Flowering initiates the reproduc-
tive cycle and is followed by the fruit setting. At veraison, the ripening process is initiated 
when important must, and later wine, quality attributes develop. The time needed to reach 
berry maturity is related to temperature and precipitation and it is shortened as the tempera-
ture rises and precipitation decreases [141]. Grapevine phenology is strongly influenced by 
weather and climate [143] and the duration of each stage is largely determined by tempera-
ture [144]. Moreover, ambient temperature conditions the plant physiology, imparts the berry 
composition, and ultimately, the wine quality [145].

The climates with best potentials for quality wines are those with mild and wet winters, warm 
springs, and hot and dry summers. These climatic characteristics are common for the so-called 
Mediterranean climate well-known for its dry summer, and grapevines are well adapted to 
water scarcity because of its extensive, deep roots, and mechanisms of drought resistance 
such as tight control of stomatal aperture [146] and osmotic adjustment [147].

The cultivation of grapevines, fruit in Europe is mainly used for winemaking, is a climate-
sensitive agricultural system and it expected a rise in average temperatures worldwide by 
2050, some regions might be over the optimum range of temperature for the growing season 
[148]. Precipitation in many viticultural areas is expected to decrease substantially in the 
period between budbreaking and veraison [149] resulting in more intense water stress during 
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a critical stage for grapevines. Given the actual trend in climatic change, the grapevines will 
advance their phenological stages, shorten the growing season with maturation occurring 
under hotter and drier conditions [150], a phenomenon already observed in the viticultural 
region of Alto Douro, Portugal [151].

4.3.2. Grapevines response to water stress

The wine grower has to manage irrigation for the benefit of yield and quality that maximizes 
the returns as the growers profits are a combination of both yield and quality, and a very low 
yield, no matter what quality might not be profitable [152].

It is well documented that irrigated grapevines increased significantly their yield per plant 
over rainfed plants. The increased yield is due to larger berries that diluted color, aroma, and 
soluble solids, and correspond to a lower quality of the must and hence the wine.

Imposing very high levels of water stress must be avoided because it results in declining vine 
capacity and productivity, eventually becoming economically unsustainable [153].

In viticultural regions where water stress can cause damages to the production objectives, 
DI strategy is a management tool that can ensure a balance between vegetative and repro-
ductive development while maintaining yields and improving fruit composition [42] but the 
irrigation timing and amount must be adjusted to the local environment (terroir) and to wine 
typicity to avoid potential negative impacts [154]. Too small quantity of irrigation water can 
be an expensive procedure with no beneficial effect while too much water might induce an 
excessive vegetative growth, increase berry size, and reduce the concentration of important 
metabolites for quality wines [155].

Nevertheless, simultaneous events of high temperatures, drought and elevated evapotranspi-
ration have detrimental effects on yield and berry composition as the plant carbon assimila-
tion is much reduced due to lower photosynthetic activity compounded by loss of leaf area 
[156]. It is well documented that water stress decreases leaf stomatal conductance, leaf water 
potential, vegetative growth, leaf to fruit ratio, berry size and their fresh and dry weights, and 
yield [46, 141].

Water stress and temperature have a complex relationship. Higher temperatures can enhance 
both sugar accumulation and organic acid decay, but acidity is more affected than sugar 
levels, then, for the same sugar level, grapes grown under warmer conditions have lower 
acidity [157]. This decoupling has been reported for other metabolites, such as anthocyanins 
[141], proanthocyanidins [158], and aromas [159]. The decoupling of anthocyanins and sug-
ars, in favor of anthocyanins, was observed in Cabernet Sauvignon under increasing water 
stress [160]. During the ripening period, if elevated temperature and drought occur simul-
taneously, the effects on the decoupling of anthocyanins and sugars can be felt only slightly 
due to the contrasting responses to these two factors, and in fact, restricted water supply 
during berry development can partially restore anthocyanin/sugar ratios disrupted by high 
temperature [161]. In “Red Tempranillo,” elevated temperature and drought reduced total 
polyphenol index, malic acid and increased color density, but did not modify anthocyanin 
concentration [119].
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Pérez-Sarmiento et al. [138] applying several RDI strategies to apricot have found improve-
ments in some qualitative characteristics of the fruits, such as the level of soluble solids, sugar/
acid ratio, and fruit color, without negative effects in yield. Along with these characteristics, 
fruit firmness was also improved in a study conducted by Zhou et al. [135] when applying an 
SDI strategy with a light water stress. Therefore, from these studies, it can be concluded that 
the use of deficit irrigation in peach doesnot seem to induce negative effects in the fruit qual-
ity parameters referred above. Nevertheless, several authors refer the occurrence of double 
fruits or fruit cracking, if severe water stress is imposed. For example, Naor et al. [39] refer 
this occurrence for values of stem water potential lower than −2.0 MPa. This suggests that, in 
what concerns fruit quality, there is an identifiable limit to the application of deficit irrigation, 
as discussed in Section 4.

Most of the studies addressing water use efficiency (WUE) in peach under deficit irrigation 
report an increase in comparison to full irrigation practices, although with lower yields for 
moderate or severe water stress [135].

4.3. Grapevines

4.3.1. Vegetative growth and production cycle

Grapevines (Vitis vinifera L.) develop over a number of periodic events, phenological stages, 
mentioned in the literature as budbreak, flowering and veraison [139]. Budbreak signals the 
beginning of the vine seasonal growth and physiological activity after a period of dormancy 
during the coldest months of the year but its starting date is neither influenced by winter 
temperature or precipitation [140, 141]. However, a recent report [142] mentions that water-
stressed grapevines delay the onset of bud dormancy, reduce the cold exposure required 
for releasing buds from dormancy, and hasten budbreak. Flowering initiates the reproduc-
tive cycle and is followed by the fruit setting. At veraison, the ripening process is initiated 
when important must, and later wine, quality attributes develop. The time needed to reach 
berry maturity is related to temperature and precipitation and it is shortened as the tempera-
ture rises and precipitation decreases [141]. Grapevine phenology is strongly influenced by 
weather and climate [143] and the duration of each stage is largely determined by tempera-
ture [144]. Moreover, ambient temperature conditions the plant physiology, imparts the berry 
composition, and ultimately, the wine quality [145].

The climates with best potentials for quality wines are those with mild and wet winters, warm 
springs, and hot and dry summers. These climatic characteristics are common for the so-called 
Mediterranean climate well-known for its dry summer, and grapevines are well adapted to 
water scarcity because of its extensive, deep roots, and mechanisms of drought resistance 
such as tight control of stomatal aperture [146] and osmotic adjustment [147].

The cultivation of grapevines, fruit in Europe is mainly used for winemaking, is a climate-
sensitive agricultural system and it expected a rise in average temperatures worldwide by 
2050, some regions might be over the optimum range of temperature for the growing season 
[148]. Precipitation in many viticultural areas is expected to decrease substantially in the 
period between budbreaking and veraison [149] resulting in more intense water stress during 
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a critical stage for grapevines. Given the actual trend in climatic change, the grapevines will 
advance their phenological stages, shorten the growing season with maturation occurring 
under hotter and drier conditions [150], a phenomenon already observed in the viticultural 
region of Alto Douro, Portugal [151].

4.3.2. Grapevines response to water stress

The wine grower has to manage irrigation for the benefit of yield and quality that maximizes 
the returns as the growers profits are a combination of both yield and quality, and a very low 
yield, no matter what quality might not be profitable [152].

It is well documented that irrigated grapevines increased significantly their yield per plant 
over rainfed plants. The increased yield is due to larger berries that diluted color, aroma, and 
soluble solids, and correspond to a lower quality of the must and hence the wine.

Imposing very high levels of water stress must be avoided because it results in declining vine 
capacity and productivity, eventually becoming economically unsustainable [153].

In viticultural regions where water stress can cause damages to the production objectives, 
DI strategy is a management tool that can ensure a balance between vegetative and repro-
ductive development while maintaining yields and improving fruit composition [42] but the 
irrigation timing and amount must be adjusted to the local environment (terroir) and to wine 
typicity to avoid potential negative impacts [154]. Too small quantity of irrigation water can 
be an expensive procedure with no beneficial effect while too much water might induce an 
excessive vegetative growth, increase berry size, and reduce the concentration of important 
metabolites for quality wines [155].

Nevertheless, simultaneous events of high temperatures, drought and elevated evapotranspi-
ration have detrimental effects on yield and berry composition as the plant carbon assimila-
tion is much reduced due to lower photosynthetic activity compounded by loss of leaf area 
[156]. It is well documented that water stress decreases leaf stomatal conductance, leaf water 
potential, vegetative growth, leaf to fruit ratio, berry size and their fresh and dry weights, and 
yield [46, 141].

Water stress and temperature have a complex relationship. Higher temperatures can enhance 
both sugar accumulation and organic acid decay, but acidity is more affected than sugar 
levels, then, for the same sugar level, grapes grown under warmer conditions have lower 
acidity [157]. This decoupling has been reported for other metabolites, such as anthocyanins 
[141], proanthocyanidins [158], and aromas [159]. The decoupling of anthocyanins and sug-
ars, in favor of anthocyanins, was observed in Cabernet Sauvignon under increasing water 
stress [160]. During the ripening period, if elevated temperature and drought occur simul-
taneously, the effects on the decoupling of anthocyanins and sugars can be felt only slightly 
due to the contrasting responses to these two factors, and in fact, restricted water supply 
during berry development can partially restore anthocyanin/sugar ratios disrupted by high 
temperature [161]. In “Red Tempranillo,” elevated temperature and drought reduced total 
polyphenol index, malic acid and increased color density, but did not modify anthocyanin 
concentration [119].
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Grapevines exhibit a vigorous vegetative growth between budbreak and veraison [162] and 
as consequence, the plant has its highest demand for water during this period. If there is an 
ample availability of soil water that might be supplemented with occasional rains, the plant 
grows a dense, shaded canopy at expense of reproductive berries with negative impacts on 
fruit and wine quality potential, foster pests and diseases, and the grower has to resort to 
expensive canopy management such as shoot and leaf thinning, hedging, and shoot reposi-
tioning to correct the canopy architecture and manipulate the plant yield [163]. Attending the 
effects of these contrasting conditions, a degree of water stress is considered beneficial for the 
production of quality grapes [164, 165].

The use of irrigation in these increasingly stressful environments is a mitigating solution to 
maintain quality in wine production, minimize the most serious risks of drought damage, and 
in extreme cases, guarantee plant survival [151, 166].

Under RDI, plant water status is maintained within limits of deficit during certain phases of 
the seasonal development, normally when fruit growth is least sensitive to water reductions 
[167]; then, RDI at early stage of grapevine development looks more promising than in later 
stages. RDI has become widely adopted in the production of wine grapes in arid and semiarid 
areas [168] and several works have shown that it brings better results than simple DI or FI.

The demand for vineyard irrigation is on the rise as climate becomes more stressful but water 
is scarcer and the competition among stakeholders becomes acute, factors that require an 
improvement in the efficiency of water use.

In Alto Douro region, the highest water use efficiency (WUE) was reached in rainfed grape-
vines at expense of yields that were economically unsustainable because the benefits of irriga-
tion were disproportional to the amount of water necessary to bring them about [152, 169]. To 
strike a balance between yields, berry quality and WUE, it is advisable to impose a moderate 
stress before veraison but after fruit setting. Pre-veraison RDI compared to SDI reduces vine 
water use and increases the canopy WUE, decreases the berry polyphenolic but might lower 
the financial return due to lower yields [170].

4.3.3. Effect on berries quality

There is no consensus among the various authors regarding the accumulation and concentra-
tion of important metabolites because it depends on skin to pulp ratio in berries [171] as 
smaller berries favor their concentration in the must. The soluble solids that determine the 
alcohol content in wine, was found to be more concentrated in grapevines subjected to SDI 
than in rainfed or abundantly irrigated plants [172], while others found a lower concentration 
under very restricted DI [153] or did not find any significant difference in their concentra-
tion [173]. These contradictory results might be related to the accuracy of vine water status 
monitoring necessary to regulate and manage the physiological changes imposed to the vines 
by DI [83]. In other words, DI might be beneficial if an accurate control of water deficits is 
exerted [94].

Studies have shown that changes in grapevine water status, at selected and critical pheno-
logical stages, are as important as the amount of water applied on influencing vegetative 
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growth, yield, and fruit metabolism [40]. Experiments with DI of “Tinta Roriz” (Tempranillo) 
carried in Alto Douro (Portugal) [152, 166] showed that RDI was effective to increase the 
yields and also induced higher concentration of organic acids in the musts but insufficient 
to reach the desirable level of 6–7 mg L−1 equivalent of tartaric acid. Total soluble solids 
and the concentration of glucose and fructose decreased as the rate of irrigation increased, 
mainly if water was applied after veraison. Irrigation had no influence on pH, anthocy-
anidins and flavonols of the must when compared with rainfed grapevines, but the effect 
was negative upon the polyphenol index, the total anthocyanins, and the color intensity. 
The adverse effects of irrigation were mitigated when vines were deficit irrigated between 
flowering and veraison followed by no irrigation till harvest. Some of these results were 
corroborated by other authors [81, 174]. The experiment also showed that rainfed vines 
produced musts with attributes very desirable for high-end wines but the yield was too 
low (as little as 300 g per plant) to guarantee a satisfactory economic return. RDI can result 
in substantial improvements on fruit quality through decreasing yield and berry size [94] 
and has a positive effect over synthesis and concentration of phenolic compounds, soluble 
solids, and anthocyanins.

5. Conclusions

The recommended irrigation strategy should be the one that maintains better tree water status 
throughout the season, depending on the soil water content at the beginning and the avail-
ability of water. These factors change between years, so deficit irrigation studies should be 
carried out for longer time than 2 or 3 years to produce a better knowledge of water stress 
effects.

For the above reasons, and based on the successful use of RDI in fruit trees and grapevines 
reviewed herein, the adoption of RDI strategies in water-limited areas should be encouraged.

So, it is of great importance to bear in mind that results depend mainly on cultivar, orchard 
characteristics, environmental conditions, and agronomic practices and to the large vari-
ability in rainfall, climate, and soil types between the various growing regions; thus caution 
must be taken when applying the findings reported by different authors to a particular 
orchard.
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growth, yield, and fruit metabolism [40]. Experiments with DI of “Tinta Roriz” (Tempranillo) 
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yields and also induced higher concentration of organic acids in the musts but insufficient 
to reach the desirable level of 6–7 mg L−1 equivalent of tartaric acid. Total soluble solids 
and the concentration of glucose and fructose decreased as the rate of irrigation increased, 
mainly if water was applied after veraison. Irrigation had no influence on pH, anthocy-
anidins and flavonols of the must when compared with rainfed grapevines, but the effect 
was negative upon the polyphenol index, the total anthocyanins, and the color intensity. 
The adverse effects of irrigation were mitigated when vines were deficit irrigated between 
flowering and veraison followed by no irrigation till harvest. Some of these results were 
corroborated by other authors [81, 174]. The experiment also showed that rainfed vines 
produced musts with attributes very desirable for high-end wines but the yield was too 
low (as little as 300 g per plant) to guarantee a satisfactory economic return. RDI can result 
in substantial improvements on fruit quality through decreasing yield and berry size [94] 
and has a positive effect over synthesis and concentration of phenolic compounds, soluble 
solids, and anthocyanins.

5. Conclusions

The recommended irrigation strategy should be the one that maintains better tree water status 
throughout the season, depending on the soil water content at the beginning and the avail-
ability of water. These factors change between years, so deficit irrigation studies should be 
carried out for longer time than 2 or 3 years to produce a better knowledge of water stress 
effects.

For the above reasons, and based on the successful use of RDI in fruit trees and grapevines 
reviewed herein, the adoption of RDI strategies in water-limited areas should be encouraged.

So, it is of great importance to bear in mind that results depend mainly on cultivar, orchard 
characteristics, environmental conditions, and agronomic practices and to the large vari-
ability in rainfall, climate, and soil types between the various growing regions; thus caution 
must be taken when applying the findings reported by different authors to a particular 
orchard.
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Abstract

Water footprint (WF) is a measure of the amount of water used to produce goods and ser-
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evaporation, in addition to environmental pollution are accelerating [4]. Until the recent past, 
there has been little attention to how water is consumed and polluted in agriculture in New 
Zealand. As a result, the profitability of traditionally irrigated crops reduced [5]. Improved 
understanding of water footprint (WF) differences in cultivars can reduce the pressure on fresh-
water, while still maintaining their profits and sustaining the environment. This can be achieved 
if farmers can start using water sparingly under both modern and heritage crop cultivars [6].

Information on water footprint differences in selected heritage cultivars used by Maori for 
over 200 years is of significant importance because of their social and cultural value to the 
economy [7]. McFarlane stated that these heritage cultivars attract a niche market and provide 
a cultural economy [8]. For instance, the Taewa Maori potato and Kamokamo are a treasured 
heritage used to enforce land rights, values and sustainable development in New Zealand [9]. 
Lately, modern crop cultivars have made a significant advancement in productivity, above 
heritage cultivars. The increased interest in heritage cultivars is restricted by a lack of informa-
tion on their water use. There is need of information on new ways to grow heritage or modern 
crops while leaving more water available for people, plants and animals. Idea of considering 
water use along supply chain can be well explained by the concept of water footprint (WF).

1.1. Definition and significance of water footprint

Water footprint (m3 ton−1) is defined as the volume of water required to produce a given weight 
or volume of specific crop [10]. It is a multidimensional indicator showing water consumption 
volumes by source and polluted volumes by type of pollution where all components of total 
water footprint are specified geographically and temporally. This footprint is an important factor 
in future market access, water conservation and growing international trade in agriculture [11]. 
The study and literature on water footprint expose hidden uses of water resources in produc-
ing a crop product over a complete supply chain (producers to consumers). Discovery of such 
hidden links can form basis for the formulation of new strategies of water governance among 
growers and consumers. The knowledge of water footprint to final consumers, retailers, food 
industries and traders in water—intensive products can make them become agent of change in 
promoting sparing water use. Nevertheless, the water footprint of arable crops has not been suf-
ficiently examined among standard and heritage crop cultivars in New Zealand. In this chapter, 
we discuss the water footprint differences of producing selected heritage and modern potato, oca 
and pumpkin squash cultivars grown under rain-fed and irrigated conditions, in New Zealand; 
and finally what the WF means in the context of the social-economic aspects of growers.

2. Method for assessing the process water footprint of growing 
selected crops

2.1. Site biophysical characteristics and crop management

Water footprint study of the process of growing crops was conducted at Massey University’s 
Pasture and Crop Research Unit, Palmerston North, between November, 2009 and April, 2011. 
Massey University is located at a latitude of 40°22′ 54.02 S, longitude 175°36′ 22.80 E, and an 
altitude of 36 m a.s.l. The soil type is Manawatu sandy loam with Olsen P at 36 mg/L; K at 0.22 
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mg/100 g, available N at 106 kg ha−1 and anaerobically mineralised N kg−1 at 76.8 mg at the 
beginning of the experiment. Climatic data for the site is in Figure 1.

The study crops were managed at both supplementary irrigation and rain-fed conditions. 
There were four cultivars of potato (Solanum tuberosum L., Solanum andigena Juz & Buk.), two 
of oca (Oxalis tuberosa Mol.) and two of pumpkin squash (Curcubita pepo Linn and Cucurbuta 
maxima Duchesne) in each water regime. Rainfall treatment measured green water (rain 
water) while supplementary irrigation measured both green and blue water footprint (water 
from river, sea or ocean or ground) [12]. The four-selected potato cultivars included two mod-
ern cultivars (Agria and Moonlight (S. tuberosum L.)) and two heritage cultivars (Moe Moe 
(S. tuberosum L.) and Tutaekuri (S. andigena Juz & Buk.)). The two selected pumpkin squash 
cultivars included buttercup squash, Ebisu (C. maxima Duchesne, a modern cultivar) and 
Kamokamo (C. pepo Linn, a heritage cultivar), while two unnamed oca cultivars with dark 
orange and scarlet coloured tubers were used.

All crop husbandry practices were followed in potato, oca (3.3 plants m−2) and pumpkin 
squash (2.2 plants m−2). Potatoes and oca received 12 N:5.2 P:14 K:6 S + 2 Mg + 5 Ca, using 
500 kg ha−1 Nitrophoska Blue TE at planting, followed by 100 kg N ha−1 of urea 21 days later. 
The pumpkin squash received 12 N:5.2 P:14 K:6 S + 2 Mg + 5 Ca, using 700 kg ha−1 Nitrophoska 
Blue TE at planting, followed by 66 kg N ha−1, when the vines started running. Pests and 
diseases were also controlled accordingly [13].

2.2. Irrigation and crop water use measurement

In order to measure the actual water use, a soil water balance was used to determine the soil 
moisture deficit (SMD) on a daily basis during the growth of the crops [14]. The potential 
evapotranspiration (ETp) in the soil water balance was computed using the FAO 56 Penman-
Monteith method [15, 16]. The crop coefficient factors used in the computation were for potato, 
because this was the most sensitive crop to water use [17]. NIWA/Ag Research in Palmerston 
North provided daily weather data for running the soil water balance model. The soil water 
balance model helped to scheduling irrigation centering on refilling 25 mm of the soil moisture 
deficit when it reaches 30 mm. It was made sure that approximately half the readily available 
water was supplied. An equation of actual crop evapotranspiration (ETc) was used as in Eq. (1) 
[15]. Soil moisture was monitored using time-domain reflectometer (TDR) to determine soil 
moisture change (∆S) [13] and surface runoff (Ro) was negligible.

   ET  c   = P + I −  D  p   −  R  o   + ∆S  (1)

Consumptive water use (CWU) for the entire growing cycle, for irrigation and rain-fed treat-
ments, were referred to as blue and green components, respectively. The CWU was determined 
according to Hoekstra [10], as in Eq. (2), where  ∑ ETcblue  and  ∑ ETcgreen  is the accumulation of actual 
water use (evapotranspiration) over the complete growing cycle for irrigated and rain-fed crops, 
respectively. Factor of 10 was required to convert water depths of mm into volume in m3 ha−1 [10].

   
 CWU  blue+green   = 10 × ∑ ETcblue + ETcgreen

     
CWUgreen = 10 × ∑ ETgreen

    (2)
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Figure 1. Soil moisture change in heritage and modern potato, oca and pumpkin squash cultivars under irrigation and 
rain-fed conditions.
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2.3. Determination of water footprint differences of cultivars of selected crops

Water footprint (m3 t ha−1) was determined as the ratio of actual crop water use (m3 ha−1) to 
the total yield or total biomass yield (t ha−1) [10]. Total water footprint was the sum of blue, 
green and grey water footprint. Blue and green water footprint (m3 t ha−1) was a ratio of blue 
and green crop water use (mm), to the total yield or total biomass yield (t ha−1), respectively 
[18]. Grey water footprint (m3 t ha−1) was determined as a ratio of total volume of water (m3) 
required diluting nitrogen that reached the ground water, per ton of produce [19]. Grey water 
footprint was estimated by multiplying the leaching fraction by the nitrogen application 
(kg ha−1) and dividing the difference between the permissible limit and the natural concen-
tration of nitrogen in the receiving water body. The study assumed a natural water nitrate 
concentration of 5.6 mg l−1 and the permissible limit of 11.3 mg l−1 [20]. Leaching fraction was 
assumed at 10% [18, 21]. This study compared the water footprint based on actual crop yield 
and crop water use, in order to remove the disparity of over-estimation, once hypothetical 
crop and crop water requirements are used [22, 23].

2.4. Social-economic analysis of the selected crop cultivar

An economic assessment of Taewa against modern potato varieties in relation to irrigation 
investments was done using the net present value (NPV) method. Net present value is an 
investment analysis also referred as a total of present value of a single project cashflow of the 
same unit [24]. In order to get NPV, fixed and annual operating costs and expected returns 
were estimated based on a 5-ha small scale irrigation using a Trail Travel Irrigator to obtain 
the economic implications of the system on crop production. The data in the study on market-
able fresh tuber or marketable fruit yield were used to analyse the economics of Taewa and 
water footprint. Crop water use and total yield from the three crops were pooled, in order to 
determine their comparative water footprint differences.

3. Results

3.1. Crop water use and yield summary

Total consumptive water use (blue plus green water) for oca, potato and pumpkin squash in 
rain-fed and irrigation ranged from 5061 to 6824, 3470 to 5685 and 2551 to 4132 m3 ha−1, respec-
tively. Consumptive water use (m3 ha−1) was greatest in oca and lowest in pumpkin squash, 
while potatoes were intermediate, despite variation within cultivars. The modern and heritage 
crops differed in their relationship between their maximum water requirement and actual 
evapotranspiration, thus crop coefficient (kc) and maturity (Figure 2). Taewa and Kamokamo 
used more water compared to modern cultivars (Table 1). Green water was approximately 62, 
65, 58 and 70% of consumptive water use, under irrigated modern potato, Taewa, pumpkin 
squash and oca, respectively. Blue water for oca and potato was 2000 m3 ha−1, while pumpkin 
squash received 1750 m3 ha−1, applied to meet at least 100% of the crop’s water requirement.

Grey water also significantly differed between cultivars with the highest in potato and oca. An 
equivalency of diluting requirement to the grey water for the applied N in potato or oca and 
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pumpkin squash was 425 and 398 m3 ha−1, respectively (Table 1). An increase in N rate applica-
tion raised the grey water in potato and oca compared to pumpkin squash. The actual crop water 
use for rain-fed crop in oca, potato and pumpkin squash was 74.9, 65.1 and 69% of the irrigated 
crop, respectively (Table 1). The total consumptive water use (m3 ha−1) was greatest in oca and 
lowest in pumpkin squash, while potato was intermediate, despite variation within cultivars. 
Heritage crops (Maori potato, Kamokamo) used more water because of its long growing season.

Differences in yields were observed to be influenced by water regime and crop cultivars among 
the eight selected crop cultivars. With exception of Tutaekuri, average yields continuously 
increased from rain-fed (16.7–67.7 t ha−1) to irrigated conditions (23.2–78 t ha−1). Kamokamo 
had the greatest yields while dark orange had the lowest yields under both water regimes. 
Average yields for other crops’ varieties such as Agria, Moonlight and Moe Moe were simi-
lar but greatly lower than Kamokamo. Out of the crop cultivars, oca varieties and Tutaekuri 
proved to have lowest yield levels. Agria, Moonlight and Moe Moe also demonstrated an 
ability of partitioning more dry matter to economic yields basing on its harvest index (HI). In 
summary, the heritage crop cultivars extremely partition more to biomass unlike most of the 
modern cultivars which partition more to economic yields (Table 1).

3.2. Water footprint differences of cultivars of selected heritage and modern crops

3.2.1. Blue, green and grey water footprint on total yield

The green, blue and grey water footprint components varied with both crop cultivars and water 
regimes as presented in Tables 2 and 3 and Figure 2. The total water footprint of consumptive 

Figure 2. Blue, green and grey water footprint on total yield of potato, oca and pumpkin squash crop cultivars under 
irrigation and rain-fed condition in New Zealand, 2010. Error bar represents LSD0.05.
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water use (blue plus green water footprint or pure green water footprint) of total yield ranges 
was high in irrigated field and low in rain-fed field (Table 2). Figure 1 evidently show that the 
blue water footprint in rain-fed crop was zero while the green water footprint of total yield and 
total biomass yield related to rain-fed environment were high compared to the green water 
footprint of the irrigated field.

In the irrigated crops, the blue water footprint comprised 27–39% while the grey water foot-
print made up to 6–9% of the total water footprint of total yield (Figure 2). The total water 
footprint of consumptive water use increased with irrigation in Moe Moe, Tutaekuri, Ebisu, 
Kamokamo and scarlet oca whilst Agria, Moonlight and dark orange oca decreased total 

Water regime/
cultivars

Planting 
date

Harvesting 
date

Total 
yield 
(t ha−1)

Total 
biomass 
(t ha−1)

Consumptive water use (m3 ha−1) Grey water 
(m3 ha−1)

Green 
water

Blue 
water

Total CWU

Irrigation

Agria 10-11-10 17-05-10 51.7 58.7 3326.6 2000 5326.6 424.8

Moonlight 10-11-10 17-05-10 59.4 76.6 3255.6 2000 5255.6 424.8

Moemoe 10-11-10 17-05-10 52.6 76.1 3685.2 2000 5685.2 424.8

Tutaekuri 10-11-10 17-05-10 27.6 54.7 3670.2 2000 5670.2 424.8

Buttercup 09-12-10 29-03-10 54.7 97.7 2325.8 1750 4075.8 398.2

Kamokamo 09-12-10 31-03-10 78.0 149.1 2382.0 1750 4132.0 398.2

Dark O 10-11-10 22-06-10 23.2 55.8 4742.2 2000 6742.2 424.8

Scarlet 10-11-10 22-06-10 25.5 69.5 4824.2 2002 6824.2 424.8

Rain-fed

Agria 10-11-10 17-05-10 34.0 43.3 3470.6 — 3470.6 424.8

Moonlight 10-11-10 17-05-10 39.7 52.1 3513.0 — 3513.0 424.8

Moemoe 10-11-10 17-05-10 40.1 60.0 3950.0 — 3950.0 424.8

Tutaekuri 10-11-10 17-05-10 30.0 52.8 3933.0 — 3933.0 424.8

Buttercup 09-12-10 29-03-10 47.4 89.6 2551.0 — 2551.0 398.2

Kamokamo 09-12-10 31-0310 67.7 142.7 2603.8 — 2603.8 398.2

Dark O 10-11-10 22-06-10 16.7 42.0 5094.2 — 5094.2 424.8

Scarlet 10-11-10 22-06-10 21.2 50.7 5061.0 — 5061.0 424.8

Significance

Cultivars <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 —

Water regime <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

LSD0.05

Cultivar 10.7 6.23 — — — —

Water regime 5.4 18.9 — — — —

Table 1. Date of planting and harvesting, harvestable yield, total biomass yield and consumptive water use for heritage 
and modern potato, oca and pumpkin squash crop cultivars in New Zealand, 2010.
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pumpkin squash was 425 and 398 m3 ha−1, respectively (Table 1). An increase in N rate applica-
tion raised the grey water in potato and oca compared to pumpkin squash. The actual crop water 
use for rain-fed crop in oca, potato and pumpkin squash was 74.9, 65.1 and 69% of the irrigated 
crop, respectively (Table 1). The total consumptive water use (m3 ha−1) was greatest in oca and 
lowest in pumpkin squash, while potato was intermediate, despite variation within cultivars. 
Heritage crops (Maori potato, Kamokamo) used more water because of its long growing season.

Differences in yields were observed to be influenced by water regime and crop cultivars among 
the eight selected crop cultivars. With exception of Tutaekuri, average yields continuously 
increased from rain-fed (16.7–67.7 t ha−1) to irrigated conditions (23.2–78 t ha−1). Kamokamo 
had the greatest yields while dark orange had the lowest yields under both water regimes. 
Average yields for other crops’ varieties such as Agria, Moonlight and Moe Moe were simi-
lar but greatly lower than Kamokamo. Out of the crop cultivars, oca varieties and Tutaekuri 
proved to have lowest yield levels. Agria, Moonlight and Moe Moe also demonstrated an 
ability of partitioning more dry matter to economic yields basing on its harvest index (HI). In 
summary, the heritage crop cultivars extremely partition more to biomass unlike most of the 
modern cultivars which partition more to economic yields (Table 1).

3.2. Water footprint differences of cultivars of selected heritage and modern crops

3.2.1. Blue, green and grey water footprint on total yield

The green, blue and grey water footprint components varied with both crop cultivars and water 
regimes as presented in Tables 2 and 3 and Figure 2. The total water footprint of consumptive 

Figure 2. Blue, green and grey water footprint on total yield of potato, oca and pumpkin squash crop cultivars under 
irrigation and rain-fed condition in New Zealand, 2010. Error bar represents LSD0.05.
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water use (blue plus green water footprint or pure green water footprint) of total yield ranges 
was high in irrigated field and low in rain-fed field (Table 2). Figure 1 evidently show that the 
blue water footprint in rain-fed crop was zero while the green water footprint of total yield and 
total biomass yield related to rain-fed environment were high compared to the green water 
footprint of the irrigated field.

In the irrigated crops, the blue water footprint comprised 27–39% while the grey water foot-
print made up to 6–9% of the total water footprint of total yield (Figure 2). The total water 
footprint of consumptive water use increased with irrigation in Moe Moe, Tutaekuri, Ebisu, 
Kamokamo and scarlet oca whilst Agria, Moonlight and dark orange oca decreased total 

Water regime/
cultivars

Planting 
date

Harvesting 
date

Total 
yield 
(t ha−1)

Total 
biomass 
(t ha−1)

Consumptive water use (m3 ha−1) Grey water 
(m3 ha−1)

Green 
water

Blue 
water

Total CWU
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Moonlight 10-11-10 17-05-10 59.4 76.6 3255.6 2000 5255.6 424.8

Moemoe 10-11-10 17-05-10 52.6 76.1 3685.2 2000 5685.2 424.8

Tutaekuri 10-11-10 17-05-10 27.6 54.7 3670.2 2000 5670.2 424.8

Buttercup 09-12-10 29-03-10 54.7 97.7 2325.8 1750 4075.8 398.2

Kamokamo 09-12-10 31-03-10 78.0 149.1 2382.0 1750 4132.0 398.2
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Moonlight 10-11-10 17-05-10 39.7 52.1 3513.0 — 3513.0 424.8
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Tutaekuri 10-11-10 17-05-10 30.0 52.8 3933.0 — 3933.0 424.8

Buttercup 09-12-10 29-03-10 47.4 89.6 2551.0 — 2551.0 398.2

Kamokamo 09-12-10 31-0310 67.7 142.7 2603.8 — 2603.8 398.2

Dark O 10-11-10 22-06-10 16.7 42.0 5094.2 — 5094.2 424.8

Scarlet 10-11-10 22-06-10 21.2 50.7 5061.0 — 5061.0 424.8

Significance

Cultivars <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 —

Water regime <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

LSD0.05

Cultivar 10.7 6.23 — — — —

Water regime 5.4 18.9 — — — —

Table 1. Date of planting and harvesting, harvestable yield, total biomass yield and consumptive water use for heritage 
and modern potato, oca and pumpkin squash crop cultivars in New Zealand, 2010.
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Water regime/
cultivar

Green water 
footprint (m3 ton−1)

Blue water footprint 
(m3 ton−1)

Grey water footprint 
(m3 ton−1)

Total water footprint 
(m3 ton−1)

Irrigation

Agria 65.5 39.4 8.4 113.3

Moonlight 55.8 34.3 7.3 97.4

Moemoe 70.1 38.0 8.1 116.2

Tutaekuri 139.8 76.2 16.2 232.2

Buttercup 42.8 32.2 7.3 82.3

Kamokamo 33.8 24.8 5.7 64.3

Dark orange 223.2 94.1 19.9 337.3

Scarlet 190.3 78.9 16.8 285.9

Rain-fed

Agria 106.5 — 13.03 119.5

Moonlight 90.4 — 10.92 101.3

Moemoe 99.4 — 10.69 111.1

Tutaekuri 144.6 — 15.62 160.2

Buttercup 55.6 — 8.68 64.3

Kamokamo 44.3 — 6.78 51.1

Dark orange 331.8 — 27.67 359.5

Scarlet 244.8 — 20.55 265.4

Significance

Cultivars p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

Water regime p < 0.0001 p < 0.0001 p < 0.001 Ns

LSD0.05

Cultivar 44.3 10.7 4.10 54.6

Water regime 15.5 3.7 2.02 27.3

Table 2. Total water footprint of heritage and modern potato, oca and pumpkin squash crop cultivars on total yield basis 
in New Zealand, 2010.

water footprint of consumptive water use with irrigation (Table 2). The dilution requirement 
for the applied nitrogen in potato, oca and pumpkin squash, had the equivalency of 424.8 
and 398.2 m3 ha−1, grey water footprint, respectively (Table 1). The green, blue and grey water 
footprint reflected the inverse trend observed in total yield and total biomass yield above. All 
water footprint components above were largest in dark orange oca and smallest in pumpkin 
squash, Kamokamo (Figure 2).

3.2.2. Total water footprint of total yield and total biomass yield

Total water footprint of potato, oca and pumpkin squash on total yield and total biomass 
yield basis varied with crop cultivars. The total water footprint on total yield basis ranged 
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from 64.3 to 337.3 m3 ton−1 under irrigation and from 47.3 to 343.6 m3 ton−1 under rain-fed con-
dition (Table 2). The total water footprint on total biomass yield basis was between 31.3 and 
143 m3 ton−1 under irrigation, and 22.7 to 153.6 m3 ton−1 under rain-fed (Table 3). Regardless 
of a remarkable crop water use increase with irrigation, the total water footprint on total yield 
and total biomass yield basis under irrigation and rain-fed regimes were much different.

Figure 3 shows that dark orange oca had the largest average total water footprint of total 
yield and total biomass while pumpkin squash, Kamokamo had the least. The total water 
footprint on total yield exceeded total water footprint on total biomass basis in all crop 

Water regime/
cultivar

Green water 
footprint (m3 ton−1)

Blue water footprint 
(m3 ton−1)

Grey water footprint 
(m3 ton−1)

Total water footprint 
(m3 ton−1)

Irrigation

Agria 57.5 34.6 7.3 99.4

Moonlight 43.7 26.8 5.7 76.3

Moemoe 48.8 26.5 5.6 80.9

Tutaekuri 68.2 37.2 7.9 113.2

Buttercup 23.8 17.9 4.1 45.9

Kamokamo 16.5 12.1 2.8 31.4

Dark orange 94.6 39.9 8.5 143.0

Scarlet 71.4 29.6 6.3 107.3

Rain-fed

Agria 82.9 — 10.2 93.1

Moonlight 69.2 — 8.4 77.6

Moemoe 66.5 — 7.1 73.6

Tutaekuri 79.8 — 8.6 88.4

Buttercup 30.2 — 4.7 34.9

Kamokamo 19.7 — 3.0 22.7

Dark orange 141.8 — 11.8 153.6

Scarlet 105.2 — 8.8 114.0

Significance

Cultivars p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

Water regime p < 0.01 p < 0.0001 p < 0.01 Ns

LSD0.05

Cultivar 25.57 5.08 2.32 30.48

Water regime 12.78 2.54 1.16 15.24

Table 3. Total water footprint of heritage and modern potato, oca and pumpkin squash crop cultivars on total biomass 
basis in New Zealand, 2010.
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Cultivar 44.3 10.7 4.10 54.6

Water regime 15.5 3.7 2.02 27.3

Table 2. Total water footprint of heritage and modern potato, oca and pumpkin squash crop cultivars on total yield basis 
in New Zealand, 2010.

water footprint of consumptive water use with irrigation (Table 2). The dilution requirement 
for the applied nitrogen in potato, oca and pumpkin squash, had the equivalency of 424.8 
and 398.2 m3 ha−1, grey water footprint, respectively (Table 1). The green, blue and grey water 
footprint reflected the inverse trend observed in total yield and total biomass yield above. All 
water footprint components above were largest in dark orange oca and smallest in pumpkin 
squash, Kamokamo (Figure 2).

3.2.2. Total water footprint of total yield and total biomass yield

Total water footprint of potato, oca and pumpkin squash on total yield and total biomass 
yield basis varied with crop cultivars. The total water footprint on total yield basis ranged 
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from 64.3 to 337.3 m3 ton−1 under irrigation and from 47.3 to 343.6 m3 ton−1 under rain-fed con-
dition (Table 2). The total water footprint on total biomass yield basis was between 31.3 and 
143 m3 ton−1 under irrigation, and 22.7 to 153.6 m3 ton−1 under rain-fed (Table 3). Regardless 
of a remarkable crop water use increase with irrigation, the total water footprint on total yield 
and total biomass yield basis under irrigation and rain-fed regimes were much different.

Figure 3 shows that dark orange oca had the largest average total water footprint of total 
yield and total biomass while pumpkin squash, Kamokamo had the least. The total water 
footprint on total yield exceeded total water footprint on total biomass basis in all crop 
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Kamokamo 19.7 — 3.0 22.7
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Table 3. Total water footprint of heritage and modern potato, oca and pumpkin squash crop cultivars on total biomass 
basis in New Zealand, 2010.

Water Footprint Differences of Producing Cultivars of Selected Crops in New Zealand
http://dx.doi.org/10.5772/intechopen.77509

95



Figure 3. Average water footprint of total yield and total biomass in oca, potato and pumpkin squash cultivars. Error 
bar represents LSD0.05.

cultivars (Figure 3, Tables 2 and 3). The pumpkin squash cultivars and Moonlight were not 
much different on total water footprint of total yield but were considerable different to Moe 
Moe, Agria, Tutaekuri and oca cultivars. Tutaekuri had the greatest total water footprint of 
total yield and total biomass among potato cultivars though extremely lower to oca cultivars. 
Nevertheless, the total biomass water footprint for Tutaekuri was not much different from 
Agria. Moonlight and Moe Moe were second from pumpkin squash in low water footprint of 
total biomass (Table 3 and Figure 3).

3.3. Social-economic of the selected crop cultivars

Gross revenue on investment income; present value per ha from irrigation in 1st year; net pres-
ent value was highest in Moe Moe among potato cultivars. Moe Moe also displayed shortest 
repayment period. The high market value and its intermediary yield response to full irrigation 
and low N-assisted Moe Moe to have high economic value among the selected potato cultivars. 
Agria, despite its highest yield response to full irrigation and nitrogen, ended up being the 
least economic crop enterprise. Agria gross revenue on investment income was NZ$8740; pres-
ent value per ha from irrigation in the 1st year was NZ$7159; net present value was NZ41,764.5; 
and its repayment period was longer (0.92 years) than other enterprises. Low market value in 
Agria compared to Taewa contributed to its lowest economic status. An intermediary economic 
value was reported in Tutaekuri which had intermediary gross revenue on investment income; 
present value; net present value and intermediary repayment period. Tutaekuri outperformed 
modern potatoes in economic terms regardless of its low yield response to irrigation and N just 
because of its novelty value and reduced water and nitrogen fertiliser requirement.

4. Discussion

4.1. Consumptive water use and yield differences of cultivars of selected crops

Modern and heritage crops differ in their relationship between their maximum water require-
ment and actual evapotranspiration, thus crop coefficient (kc), in addition to maturity. Figure 1 
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shows how the crop coefficient (or growing stages) overlapped during the growing season 
between different crops leading to different water use. Application of one irrigation schedule 
in crops with different kc would result in over-irrigating pumpkin squash. Thus, irrigation 
scheduling (timing) based on soil water monitoring rather than some approximate modelling 
approach can significantly improve the water management [25], that is, the total water foot-
print. Differences in growth stages and date to maturity might contribute to great differences 
in crop water requirement and water footprint among the selected crops cultivars [15]. From 
the study, it is definite that Taewa and oca have the longest duration of growth to maturity 
compared to the other selected crop cultivars [13].

Most of heritage crop cultivars used more water than modern cultivars. Likely, the large bio-
mass and longer growth cycle in heritage crop cultivars (Kamokamo, Tutaekuri, oca and Moe 
Moe) made them use more water than modern cultivars. This study considered actual evapo-
transpiration and other discharges in determining the water footprint, as suggested by Maes 
[23]. In this case, the water requirement was not equal to the actual total consumptive water 
use, thus remedying the over-estimation. This is in contrast to water footprint determination 
in other studies, where hypothetical crop yield and evapotranspiration were used [26]. Apart 
from, expected enormous variability in crop water use within the area in future, the current 
results provide a great benchmark of heritage and modern crop water requirement and water 
footprint for the studied area.

4.2. Water footprint differences of cultivars of selected heritage and modern potato, 
pumpkin squash and oca

Water footprint components differ with crop type or cultivars and water regimes as also 
reported in energy crops [27]. Pumpkin squash, Kamokamo, was the most efficient crop cul-
tivar, while dark orange oca was the least efficient crop. Equivalency in water footprint could 
be noticed between pumpkin squash cultivar and Moonlight. Nevertheless, both were five 
times slighter than water footprint of oca. Likewise, Moonlight, Agria and Moe Moe equaled 
in water footprint. Tutaekuri has largest water footprint almost double that of other potato 
cultivars. There more benefits to grow Tutaekuri and pumpkin squash cultivars under rain-
fed than under irrigated conditions. If not, there is no gain in growing oca under irrigation, 
excluding in the case of a likely premium price, which would offset low water productivity, 
compared to potato and pumpkin squash.

The average water footprint of growing potato reported in this study (ranging from 46 m3 
ton−1 to 335 m3 ton−1) were greater than that for the Netherlands and almost equal to USA 
and Brazil, except for Tutaekuri, which was equal to the water footprint of growing potato in 
Zimbabwe [27]. The water footprint of 72 m3 ton−1 was reported in Netherlands, 111 m3 ton−1 
in USA, 106 m3 ton−1 in Brazil and 225 m3 ton−1 in Zimbabwe [27] for producing potatoes. 
Besides, our study demonstrates that water footprint of growing potato and pumpkin squash 
in New Zealand is either average, or smaller than that of crops with smallest water footprint 
in referred regions. Oca was found to have largest total water footprint. However, oca aver-
age water footprint in this study is within the range of smallest water footprint reported in 
Netherlands, USA, Brazil and Zimbabwe among sugar beet, sugarcane and maize [27].

An average of 12, 10, 11, 20, 7, 5, 35 and 28 l of water (in virtual water content form) would 
be required to produce 100 g of Agria, Moonlight, Moe Moe, Tutaekuri, Buttercup squash, 
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Figure 3. Average water footprint of total yield and total biomass in oca, potato and pumpkin squash cultivars. Error 
bar represents LSD0.05.

cultivars (Figure 3, Tables 2 and 3). The pumpkin squash cultivars and Moonlight were not 
much different on total water footprint of total yield but were considerable different to Moe 
Moe, Agria, Tutaekuri and oca cultivars. Tutaekuri had the greatest total water footprint of 
total yield and total biomass among potato cultivars though extremely lower to oca cultivars. 
Nevertheless, the total biomass water footprint for Tutaekuri was not much different from 
Agria. Moonlight and Moe Moe were second from pumpkin squash in low water footprint of 
total biomass (Table 3 and Figure 3).

3.3. Social-economic of the selected crop cultivars

Gross revenue on investment income; present value per ha from irrigation in 1st year; net pres-
ent value was highest in Moe Moe among potato cultivars. Moe Moe also displayed shortest 
repayment period. The high market value and its intermediary yield response to full irrigation 
and low N-assisted Moe Moe to have high economic value among the selected potato cultivars. 
Agria, despite its highest yield response to full irrigation and nitrogen, ended up being the 
least economic crop enterprise. Agria gross revenue on investment income was NZ$8740; pres-
ent value per ha from irrigation in the 1st year was NZ$7159; net present value was NZ41,764.5; 
and its repayment period was longer (0.92 years) than other enterprises. Low market value in 
Agria compared to Taewa contributed to its lowest economic status. An intermediary economic 
value was reported in Tutaekuri which had intermediary gross revenue on investment income; 
present value; net present value and intermediary repayment period. Tutaekuri outperformed 
modern potatoes in economic terms regardless of its low yield response to irrigation and N just 
because of its novelty value and reduced water and nitrogen fertiliser requirement.

4. Discussion

4.1. Consumptive water use and yield differences of cultivars of selected crops

Modern and heritage crops differ in their relationship between their maximum water require-
ment and actual evapotranspiration, thus crop coefficient (kc), in addition to maturity. Figure 1 
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shows how the crop coefficient (or growing stages) overlapped during the growing season 
between different crops leading to different water use. Application of one irrigation schedule 
in crops with different kc would result in over-irrigating pumpkin squash. Thus, irrigation 
scheduling (timing) based on soil water monitoring rather than some approximate modelling 
approach can significantly improve the water management [25], that is, the total water foot-
print. Differences in growth stages and date to maturity might contribute to great differences 
in crop water requirement and water footprint among the selected crops cultivars [15]. From 
the study, it is definite that Taewa and oca have the longest duration of growth to maturity 
compared to the other selected crop cultivars [13].

Most of heritage crop cultivars used more water than modern cultivars. Likely, the large bio-
mass and longer growth cycle in heritage crop cultivars (Kamokamo, Tutaekuri, oca and Moe 
Moe) made them use more water than modern cultivars. This study considered actual evapo-
transpiration and other discharges in determining the water footprint, as suggested by Maes 
[23]. In this case, the water requirement was not equal to the actual total consumptive water 
use, thus remedying the over-estimation. This is in contrast to water footprint determination 
in other studies, where hypothetical crop yield and evapotranspiration were used [26]. Apart 
from, expected enormous variability in crop water use within the area in future, the current 
results provide a great benchmark of heritage and modern crop water requirement and water 
footprint for the studied area.

4.2. Water footprint differences of cultivars of selected heritage and modern potato, 
pumpkin squash and oca

Water footprint components differ with crop type or cultivars and water regimes as also 
reported in energy crops [27]. Pumpkin squash, Kamokamo, was the most efficient crop cul-
tivar, while dark orange oca was the least efficient crop. Equivalency in water footprint could 
be noticed between pumpkin squash cultivar and Moonlight. Nevertheless, both were five 
times slighter than water footprint of oca. Likewise, Moonlight, Agria and Moe Moe equaled 
in water footprint. Tutaekuri has largest water footprint almost double that of other potato 
cultivars. There more benefits to grow Tutaekuri and pumpkin squash cultivars under rain-
fed than under irrigated conditions. If not, there is no gain in growing oca under irrigation, 
excluding in the case of a likely premium price, which would offset low water productivity, 
compared to potato and pumpkin squash.

The average water footprint of growing potato reported in this study (ranging from 46 m3 
ton−1 to 335 m3 ton−1) were greater than that for the Netherlands and almost equal to USA 
and Brazil, except for Tutaekuri, which was equal to the water footprint of growing potato in 
Zimbabwe [27]. The water footprint of 72 m3 ton−1 was reported in Netherlands, 111 m3 ton−1 
in USA, 106 m3 ton−1 in Brazil and 225 m3 ton−1 in Zimbabwe [27] for producing potatoes. 
Besides, our study demonstrates that water footprint of growing potato and pumpkin squash 
in New Zealand is either average, or smaller than that of crops with smallest water footprint 
in referred regions. Oca was found to have largest total water footprint. However, oca aver-
age water footprint in this study is within the range of smallest water footprint reported in 
Netherlands, USA, Brazil and Zimbabwe among sugar beet, sugarcane and maize [27].

An average of 12, 10, 11, 20, 7, 5, 35 and 28 l of water (in virtual water content form) would 
be required to produce 100 g of Agria, Moonlight, Moe Moe, Tutaekuri, Buttercup squash, 
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Kamokamo, dark orange and scarlet oca, respectively. Efficient crop water management and 
crop cultivar choice might contribute to lower virtual water content of producing potato and 
pumpkin squash than 25 l/100 g for potato tuber [28] and 23.8 l/100 g for pumpkin [22], which 
were reported as average global and Indian virtual water content, respectively. On the other 
hand, oca virtual water content is still falling outside the 25 l/100 g for potato tuber. These 
disparities in water footprint are within or above those reported in the 1995–2006 global water 
footprint of pumpkin squash (336 m3 ton−1) and potato (287 m3 ton−1) [12].

The results suggest that there are great disparities in virtual water content and water footprint 
within global averages, which may be due to climate, cultivars and methodological differ-
ences, when estimating crop water use [22, 28]. This study used actual water use and actual 
yield, as suggested by Maes [22], while the study referred to used hypothetical crop yields 
and water use [26]. On the other hand, the virtual water content and water footprint in this 
study, outweigh the global water footprint put forward by Mekonnen [12]. The reason for 
such disparities with this study is that most referred global water footprint studies theoreti-
cally estimated crop water use while this study practically recorded the actual water used. 
The theoretically estimated water use might have been over-estimated while our study might 
sparely use the water resulting into lower water footprint. It is globally agreed that smart and 
efficient practices in agriculture, selection of efficient crop cultivars in water use and good 
weather patterns do assist in reducing water footprint of producing various crops.

Irrigation increases total water use compared to rain-fed agriculture. In this study blue water 
raised total crop water use by 34, 48 and 59%, in oca, potato and pumpkin squash cultivars, respec-
tively. Consequently, blue water clearly increased the total water footprint. Total water footprint 
increased by 5, 45, 28, 25 and 8% in irrigated Moe Moe, Tutaekuri, Buttercup squash, Kamokamo 
and Scarlet oca. However, irrigation reduced total water footprint in Agria, Moonlight and dark 
orange oca by 6, 4 and 7%. The earlier trends were reported in wheat whereas the later was 
reported in sugarcane and soybean, respectively [12]. For crop varieties which positively respond 
to irrigation, the intervention is indispensable to reduce the total water footprint, by improving 
the economic yields. Nevertheless, this is contrary to like Moe Moe, Tutaekuri, Buttercup squash, 
Kamokamo and scarlet because the intervention raised the actual evapotranspiration nearly to 
potential evapotranspiration resulting into reduced water footprint, even with improved yield. 
The findings emphasise that irrigation is very important for crop yield quality and yield enhance-
ment as well as reduced water footprint where rainfall is limited. Apart from differences in water 
footprint influenced by crop varieties and differences and crops, water footprint also extensively 
differ in their water footprint at different irrigation management.

Irrigation scheduling method would influence the water footprint of producing various 
crops—however, this is dependent on crop cultivars. Partial irrigation reduced water foot-
print in Tutaekuri while full irrigation reduced water footprint in Moe Moe and Agria. The 
differences about crop varieties response to different irrigation schedules are very significant 
because they indicate disparity of water use among crop varieties. This result is very useful 
in selection for crop varieties that are sparing in water use or drought tolerant and breeding 
for water use efficiency.

Hedley proved that the water footprint of modern potato production is slighter small than 
that of maize and pasture [29]. Hedley report registered water footprint of 308 and 325 m3 ton−1 
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in potato 622 and 654 m3 ton−1 in maize and 2651 and 2667 m3 ton−1 in pasture at varied rate 
irrigation and uniform rate irrigation, respectively. It is noted that the total water footprint 
of growing potato by Hedley et al. [29, 30], was higher than those reported by Hoekstra [31] 
and the water footprint for this study, except for Tutaekuri. Similarly, the study under this 
report vividly shows that water footprint differed between full irrigation and rain-fed that 
ranged from 95 to 111 m3 ton−1 (modern potato); 110–220 m3 ton−1 (Taewa) in 2009/2010. In 
2010/2011 the water footprint for water regimes ranged from 163 to 586 m3 ton−1 (full irriga-
tion), 173–406 m3 ton−1 (partial irrigation) and 198–505 m3 ton−1 (rain-fed). The lowest water 
footprint was found in Agria and the highest in Tutaekuri. From this discussion and Figure 3, 
it is well illustrated that water management within different crop cultivars influences levels 
of water footprint. Apart from differences in water footprint caused by varieties differences, 
water footprint may also extensively differ in their water footprint due to pests’ infestation. 
Farmers need to keep fields weed free to reduce pests and diseases incidences.

Pests and diseases affect water footprint of producing selected crop cultivars because they 
reduce yields without affecting water input. In case of this study, water footprint of Taewa 
between seasons differed due to pests’ infestation. As weather variations between seasons 
Water footprint was greatly higher in 2011 than in 2010 (Figure 3). Potato psyllid infestation 
influenced the increase in water footprint in 2011. However, the water footprint of producing 
potato without psyllid infestation, in 2009/2010, was smaller than the global water footprint 
(160 m3 ton−1) for producing potato. Potato infested with psyllid in 2010/2011 behaved differ-
ently, only a well-managed full irrigation regime of modern potato and Moe Moe, obtained 
a water footprint approaching the global water footprint of 160 m3 ton−1. A combination of 
proper management of irrigation under pests’ infestation can help to reduce water footprint.

The water footprint indicator suggests there are numerous disparities, with global aver-
ages and within country or seasons, arising from irrigation management and methodologi-
cal differences when estimating crop water use, climate variability, cultivars and pest and 
disease infestation [22, 28]. However, the water footprint for crops grown in New Zealand 
can be reduced through good management [12]. For instance, pumpkin squash (especially 
Kamokamo) had the lowest water footprint, compared to oca, potato, maize and pasture in 
New Zealand, and compared well with small water footprint crops such as sugar beet and 
sugarcane, at the global level [26]. This observation suggests that some heritage crop cultivars 
can compare with (or outperform) modern cultivars in relation to water footprint, when the 
crop husbandry is appropriate.

4.3. Social-economics of the selected crop cultivars

A premium that farmers get at market on crop cultivar has higher influence on smallholder 
farmer’s social-economic status than sole yield and sole irrigation response factors. In our 
case, fully irrigated Moe Moe and partially irrigated Tutaekuri production systems, were eco-
nomically viable due to their high value at market. The novel value of most heritage crops are 
value which have been based on social preferences based on their superiority flavour, texture 
and colour. Fully irrigated Moe Moe and partially irrigated Tutaekuri production systems, 
with low N, would be profitable investments for Taewa growers because they have high value 
and low N use. For growers to maintain these economic benefits they should be advised to 
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Kamokamo, dark orange and scarlet oca, respectively. Efficient crop water management and 
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potential evapotranspiration resulting into reduced water footprint, even with improved yield. 
The findings emphasise that irrigation is very important for crop yield quality and yield enhance-
ment as well as reduced water footprint where rainfall is limited. Apart from differences in water 
footprint influenced by crop varieties and differences and crops, water footprint also extensively 
differ in their water footprint at different irrigation management.

Irrigation scheduling method would influence the water footprint of producing various 
crops—however, this is dependent on crop cultivars. Partial irrigation reduced water foot-
print in Tutaekuri while full irrigation reduced water footprint in Moe Moe and Agria. The 
differences about crop varieties response to different irrigation schedules are very significant 
because they indicate disparity of water use among crop varieties. This result is very useful 
in selection for crop varieties that are sparing in water use or drought tolerant and breeding 
for water use efficiency.

Hedley proved that the water footprint of modern potato production is slighter small than 
that of maize and pasture [29]. Hedley report registered water footprint of 308 and 325 m3 ton−1 
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irrigation and uniform rate irrigation, respectively. It is noted that the total water footprint 
of growing potato by Hedley et al. [29, 30], was higher than those reported by Hoekstra [31] 
and the water footprint for this study, except for Tutaekuri. Similarly, the study under this 
report vividly shows that water footprint differed between full irrigation and rain-fed that 
ranged from 95 to 111 m3 ton−1 (modern potato); 110–220 m3 ton−1 (Taewa) in 2009/2010. In 
2010/2011 the water footprint for water regimes ranged from 163 to 586 m3 ton−1 (full irriga-
tion), 173–406 m3 ton−1 (partial irrigation) and 198–505 m3 ton−1 (rain-fed). The lowest water 
footprint was found in Agria and the highest in Tutaekuri. From this discussion and Figure 3, 
it is well illustrated that water management within different crop cultivars influences levels 
of water footprint. Apart from differences in water footprint caused by varieties differences, 
water footprint may also extensively differ in their water footprint due to pests’ infestation. 
Farmers need to keep fields weed free to reduce pests and diseases incidences.

Pests and diseases affect water footprint of producing selected crop cultivars because they 
reduce yields without affecting water input. In case of this study, water footprint of Taewa 
between seasons differed due to pests’ infestation. As weather variations between seasons 
Water footprint was greatly higher in 2011 than in 2010 (Figure 3). Potato psyllid infestation 
influenced the increase in water footprint in 2011. However, the water footprint of producing 
potato without psyllid infestation, in 2009/2010, was smaller than the global water footprint 
(160 m3 ton−1) for producing potato. Potato infested with psyllid in 2010/2011 behaved differ-
ently, only a well-managed full irrigation regime of modern potato and Moe Moe, obtained 
a water footprint approaching the global water footprint of 160 m3 ton−1. A combination of 
proper management of irrigation under pests’ infestation can help to reduce water footprint.

The water footprint indicator suggests there are numerous disparities, with global aver-
ages and within country or seasons, arising from irrigation management and methodologi-
cal differences when estimating crop water use, climate variability, cultivars and pest and 
disease infestation [22, 28]. However, the water footprint for crops grown in New Zealand 
can be reduced through good management [12]. For instance, pumpkin squash (especially 
Kamokamo) had the lowest water footprint, compared to oca, potato, maize and pasture in 
New Zealand, and compared well with small water footprint crops such as sugar beet and 
sugarcane, at the global level [26]. This observation suggests that some heritage crop cultivars 
can compare with (or outperform) modern cultivars in relation to water footprint, when the 
crop husbandry is appropriate.

4.3. Social-economics of the selected crop cultivars

A premium that farmers get at market on crop cultivar has higher influence on smallholder 
farmer’s social-economic status than sole yield and sole irrigation response factors. In our 
case, fully irrigated Moe Moe and partially irrigated Tutaekuri production systems, were eco-
nomically viable due to their high value at market. The novel value of most heritage crops are 
value which have been based on social preferences based on their superiority flavour, texture 
and colour. Fully irrigated Moe Moe and partially irrigated Tutaekuri production systems, 
with low N, would be profitable investments for Taewa growers because they have high value 
and low N use. For growers to maintain these economic benefits they should be advised to 
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produce Tutaekuri under partial irrigation and low high N, and Moe Moe under full irriga-
tion with low N. It is not advisable for growers to produce Agria under partial irrigation and 
low N, because this production system has negative NPV. Economic water productivity is 
expected to be high in Taewa because of the premiums at market. Premiums, socially and 
economically forces production of Taewa among the highest producer but low valued. It is 
evidenced that issue of water footprint requires financial attachment to attract farmers.

5. Conclusion and recommendations

In the field, water regimes differently influence crop production and the value of water 
footprint for both heritage and modern crop cultivars, depending on the crop water use 
characteristics and field management. Pumpkin squash, Kamokamo, has a low water foot-
print, since it genetically uses water more sparingly, compared to all the other crop cultivars 
studied. In spite of this, the yield response to irrigation is highest in modern potato, while 
Kamokamo is comparable to Moe Moe and Buttercup squash and dark orange oca. It can be 
concluded that pumpkin squash requires only a small amount of water, in order to produce 
total fruit yield compared to potatoes and oca. Potatoes, except Tutaekuri, are more respon-
sive to irrigation compared to pumpkin squash and oca. The yields and water footprint of 
heritage potato is greatly affected by cultivars used and water regimes, unlike the case of oca. 
It can be concluded that there are water footprint differences between cultivars of different 
crops and within crops in New Zealand. Knowledge of these water footprint differences can 
assist growers to manage their crops and water resources sparingly. It is therefore recom-
mended that growers should be properly selecting crops and crop varieties according to 
their water availability, market price, properly schedule irrigation and nitrogen application 
as well as pests and disease control in order to reduce water footprint of growing their crops 
at field level.

It is recommended that farmers should strive to reduce water footprint either by avoidance of 
using two much of other inputs or by replacement of inefficient technologies by very efficient 
technologies as detailed below:

1. Farmers should be advised to strive to reduce grey water footprint in their fields. Grey 
water footprint would be decreased if application of chemical fertilisers, pesticides and 
herbicides to the field is avoided or reduced or by following efficient ways of using fertilis-
ers as well as applying better application techniques or use of organic fertilisers and proper 
timing of fertiliser and irrigation application.

2. Farmers should also be advised to decrease green water footprint and blue water footprint. 
The green and blue water footprints would be greatly lessened by enhancing green and blue 
water productivity. Our study indicates that application of less water through smart irriga-
tion scheduling (replacing full irrigation by partial irrigation) and selection of water efficient 
crop cultivars (replacing heavy water users by efficient water users) would help to maximise 
water productivity (striving for higher yield per cubic of water used for production) thereby 
reducing both green and blue water footprint.

Irrigation in Agroecosystems100

3. Agricultural Extension Officers need to be guided to assist farmers in defining their tar-
get of best agricultural technology practices for reducing water footprint and formulat-
ing targets to be achieved in order to contribute to reduction of water footprint. Where 
possible farmers should be assisted to monitor and measure their water footprint in their 
environment. This can be achieved by setting environmental and social safeguards plan 
that would help to reduce risk of water footprint by investing in reasonable water use, 
better-quality catchment water management and sustainable water use.

4. Governments should formulate policies that include goal of sustainable usage of water 
resources. The policies should promote smart agriculture: that is, efficient irrigation (drip 
irrigation), conservation agriculture, system of rice intensification (SRI), crops that are effi-
cient in water use and organic fertilisers.
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produce Tutaekuri under partial irrigation and low high N, and Moe Moe under full irriga-
tion with low N. It is not advisable for growers to produce Agria under partial irrigation and 
low N, because this production system has negative NPV. Economic water productivity is 
expected to be high in Taewa because of the premiums at market. Premiums, socially and 
economically forces production of Taewa among the highest producer but low valued. It is 
evidenced that issue of water footprint requires financial attachment to attract farmers.

5. Conclusion and recommendations

In the field, water regimes differently influence crop production and the value of water 
footprint for both heritage and modern crop cultivars, depending on the crop water use 
characteristics and field management. Pumpkin squash, Kamokamo, has a low water foot-
print, since it genetically uses water more sparingly, compared to all the other crop cultivars 
studied. In spite of this, the yield response to irrigation is highest in modern potato, while 
Kamokamo is comparable to Moe Moe and Buttercup squash and dark orange oca. It can be 
concluded that pumpkin squash requires only a small amount of water, in order to produce 
total fruit yield compared to potatoes and oca. Potatoes, except Tutaekuri, are more respon-
sive to irrigation compared to pumpkin squash and oca. The yields and water footprint of 
heritage potato is greatly affected by cultivars used and water regimes, unlike the case of oca. 
It can be concluded that there are water footprint differences between cultivars of different 
crops and within crops in New Zealand. Knowledge of these water footprint differences can 
assist growers to manage their crops and water resources sparingly. It is therefore recom-
mended that growers should be properly selecting crops and crop varieties according to 
their water availability, market price, properly schedule irrigation and nitrogen application 
as well as pests and disease control in order to reduce water footprint of growing their crops 
at field level.

It is recommended that farmers should strive to reduce water footprint either by avoidance of 
using two much of other inputs or by replacement of inefficient technologies by very efficient 
technologies as detailed below:

1. Farmers should be advised to strive to reduce grey water footprint in their fields. Grey 
water footprint would be decreased if application of chemical fertilisers, pesticides and 
herbicides to the field is avoided or reduced or by following efficient ways of using fertilis-
ers as well as applying better application techniques or use of organic fertilisers and proper 
timing of fertiliser and irrigation application.

2. Farmers should also be advised to decrease green water footprint and blue water footprint. 
The green and blue water footprints would be greatly lessened by enhancing green and blue 
water productivity. Our study indicates that application of less water through smart irriga-
tion scheduling (replacing full irrigation by partial irrigation) and selection of water efficient 
crop cultivars (replacing heavy water users by efficient water users) would help to maximise 
water productivity (striving for higher yield per cubic of water used for production) thereby 
reducing both green and blue water footprint.
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3. Agricultural Extension Officers need to be guided to assist farmers in defining their tar-
get of best agricultural technology practices for reducing water footprint and formulat-
ing targets to be achieved in order to contribute to reduction of water footprint. Where 
possible farmers should be assisted to monitor and measure their water footprint in their 
environment. This can be achieved by setting environmental and social safeguards plan 
that would help to reduce risk of water footprint by investing in reasonable water use, 
better-quality catchment water management and sustainable water use.

4. Governments should formulate policies that include goal of sustainable usage of water 
resources. The policies should promote smart agriculture: that is, efficient irrigation (drip 
irrigation), conservation agriculture, system of rice intensification (SRI), crops that are effi-
cient in water use and organic fertilisers.

Author details

Isaac R. Fandika1,2*, Peter D. Kemp1, James P. Millner1 and Davie Horne1

*Address all correspondence to: fandikai@yahoo.co.uk; fandika68@gmail.com

1 Institute of Natural Resources, Massey University, Palmerston North, New Zealand

2 Kasinthula Agricultural Research Station, Department of Agricultural Research Services, 
Chikwawa, Malawi

References

[1] Hooijdonk B, Behboudian H. Strategies to save water and manage export apple pro-
duction during seasons of high crop demand and low water availabilty. The Orchards. 
2004:64-67

[2] Fowler A. Potential climate change impacts on water resources in the Auckland Region—
New Zealand. Climate Research. 1999;11:221-245

[3] Halloy SRP, Mark AF, Dickson KJM. Management of New Zealand's terrestrial bidiver-
sity as a complex adaptive system. Complext International; 200:8

[4] Francis GS, Trimmer LA, Tregurtha CS, Williams PH, Butler RC. Winter nitrate leaching 
losses from three land uses in the Pukekohe area of New Zealand. New Zealand Journal 
of Agricultural Research. 2003;46:215-224

[5] MAF. Ministry of Agriculture and Forestry Technical Paper N0:04/01. 2000

[6] Howell T. Enhancing water use efficiency in irrigated agriculture. Agronmy Journal. 2001; 
93:281-289

[7] Roskruge N. Taewa Maori; their Management, Social Importance and Commercial 
Viability. A Research Report Presented in Partial Fulfillment of the Requirements of 

Water Footprint Differences of Producing Cultivars of Selected Crops in New Zealand
http://dx.doi.org/10.5772/intechopen.77509

101



the Diploma in Maori Resource Development, Institute of Natural Resources, Massey 
University. New Zealand: Palmerston North; 1999

[8] McFarlane TR. The Contribution of Taewa (Maori Potato) Production to Maori Sustain-
able Development. Master of Applied Science Dissertation, Lincoln 7647. New Zealand: 
Lincoln University; 2007

[9] Harris GF, Niha PP. Maori potato. Working Paper. The Open Polytechnic of New Zealand. 
1999

[10] Hoekstra AY, Chapagain AK, Aldaya MM, Melkonnen MM. Water footprint manual—
State of art 2009. In: W. f. Network (Ed.). Enschede, Netherlands: 2009

[11] MAF: The economic value of irrigation in New Zealand. MAF technical Paper No: 04/01. 
2004

[12] Mekonnen MM, Hoekstra AY. The Green, Blue and Grey Water Footprint of Crops and 
Derived Products. Delft, the Netherlands: UNESCO-IHE; 2010

[13] Fandika IR, Kemp PD, Milner JP, Horne D, Roskruge N. Irrigation and nitrogen effects on 
tuber yield and water use efficiency of heritage and modern potato cultivars. Agricultural 
Water Management. 2016;170:148-157

[14] Premrov A, Schulte RPO, Coxon CE, Hackett R, Richards KG. Predicting soil moisture 
conditions for arable free draining soils in Ireland under spring cereal crop production. 
Irish Journal of Agricultural and Food Research. 2010;49:99-113

[15] Allen RG, Pereira LS, Raes D, Smith M. Crop evapotranspiration. Guidelines for com-
puting crop water requirements. In: FAO Irrigation and Drainage Paper. Vol. 56. Rome, 
Italy: Food and Agriculture Organization of the United Nations (FAO), Rome; 1998

[16] Kassam A, Smith M. FAO Methodologies on Crop Water Use and Crop Water Productivity. 
Rome, Italy: Food and Agriculture Oorganisation of the United Nations (FAO); 2001

[17] Shock C, Pereira A, Eldredge E. Irrigation best management practices for potato. American 
Journal of Potato Research. 2007;84(1):29-37

[18] Mekonnen MM, Hoekstra AY. A global and high-resolution assessment of the green, 
blue and grey water footprint of wheat. Hydrology and Earth System Sciences. 2010;14: 
1259-1276

[19] Chapagain AK, Hoekstra AY, Savenije HHG, Gautam R. Water footprint of cotton 
consumption. Value of Water: Research Report Series No. 18. Deft, The Netherlands: 
UNESCO-IHE; 2005

[20] Ministry for the Environment: The State of New Zealand’s Environment. Wellington: 
New Zealand Government; 2005

[21] Chapagain AK, Hoekstra AY, Savenije HHG, Gautam R. The water footprint of cotton 
consumption: An assessment of the impact of worldwide consumption of cotton prod-
ucts on the water resources in the cotton producing countries. Ecological Economics. 
2006;60(1):186-203

Irrigation in Agroecosystems102

[22] Kumar V, Sharad K. Status of virtual water trade from India. Current Science. 2007;93:8

[23] Maes WH. Plant–water relationships and growth strategies of Jatrophacurcas L. saplings 
under different levels of drought stress. Journal of Arid Environments. 2009;73:877-884

[24] FAO. Investment Decisions—Capital Budgeting Marketing and Agribusiness Texts. 
Rome, Italy: Food and Agriculture Organization of the United Nations (FAO); 1997

[25] Ondrasek G. Water scarcity & water stress in agriculture. In: Ahmad P, Wani MR, edi-
tors. Physiological Mechanism and Adaptation Strategies in Plants Under Changing 
Environments I. New York Dordrecht Heidelberg London: Springer; 2014. pp. 75-96

[26] Gerbens-Leenes PW, Hoekstra AY, van der Meer T. The water footprint of energy from 
biomass: A quantitative assessment and consequences of an increasing share of bio-
energy in energy supply. Ecological Economics. 2009;68(4):1052-1060

[27] Gerbens-Leenesa W, Hoekstraa AY, Meerb TH. The water footprint of bioenergy. Pro ceedings of 
the National Academy of Sciences of the United States of America. 2009;106:10219-10223

[28] Hoekstra A, Chapagain A. Water footprints of nations: Water use by people as a function 
of their consumption pattern. Water Resources Management. 2007;21(1):35-48

[29] Hedley CB, Yule IJ, Bradbury S, Scotter D, Vogeler I, Sinton S. Water use efficiency indi-
cators for variable rate irrigation in variable soils. In: Proceedings of the 13th Annual 
Symposium on Precision Agriculture in Australasia; 10-11th September 2009; University 
of New England, Armidale, NSW Australia. 2009

[30] Hedley CB, Yule IJ, Tuohy M, Vogeler I. Key performance indicators for variable rate irri-
gation implementation on variable soils. In: Proceedings of ASABE Annual International 
Meeting; June 21–June 24; Grand Sierra Resort and Casino, Reno, Nevada. 2009

[31] Hoekstra AY. Virtual water: An introduction. In: Proceedings of the International Expert 
Meeting on Virtual Water Trade. The Netherlands: IHE Delft; 2003

Water Footprint Differences of Producing Cultivars of Selected Crops in New Zealand
http://dx.doi.org/10.5772/intechopen.77509

103



the Diploma in Maori Resource Development, Institute of Natural Resources, Massey 
University. New Zealand: Palmerston North; 1999

[8] McFarlane TR. The Contribution of Taewa (Maori Potato) Production to Maori Sustain-
able Development. Master of Applied Science Dissertation, Lincoln 7647. New Zealand: 
Lincoln University; 2007

[9] Harris GF, Niha PP. Maori potato. Working Paper. The Open Polytechnic of New Zealand. 
1999

[10] Hoekstra AY, Chapagain AK, Aldaya MM, Melkonnen MM. Water footprint manual—
State of art 2009. In: W. f. Network (Ed.). Enschede, Netherlands: 2009

[11] MAF: The economic value of irrigation in New Zealand. MAF technical Paper No: 04/01. 
2004

[12] Mekonnen MM, Hoekstra AY. The Green, Blue and Grey Water Footprint of Crops and 
Derived Products. Delft, the Netherlands: UNESCO-IHE; 2010

[13] Fandika IR, Kemp PD, Milner JP, Horne D, Roskruge N. Irrigation and nitrogen effects on 
tuber yield and water use efficiency of heritage and modern potato cultivars. Agricultural 
Water Management. 2016;170:148-157

[14] Premrov A, Schulte RPO, Coxon CE, Hackett R, Richards KG. Predicting soil moisture 
conditions for arable free draining soils in Ireland under spring cereal crop production. 
Irish Journal of Agricultural and Food Research. 2010;49:99-113

[15] Allen RG, Pereira LS, Raes D, Smith M. Crop evapotranspiration. Guidelines for com-
puting crop water requirements. In: FAO Irrigation and Drainage Paper. Vol. 56. Rome, 
Italy: Food and Agriculture Organization of the United Nations (FAO), Rome; 1998

[16] Kassam A, Smith M. FAO Methodologies on Crop Water Use and Crop Water Productivity. 
Rome, Italy: Food and Agriculture Oorganisation of the United Nations (FAO); 2001

[17] Shock C, Pereira A, Eldredge E. Irrigation best management practices for potato. American 
Journal of Potato Research. 2007;84(1):29-37

[18] Mekonnen MM, Hoekstra AY. A global and high-resolution assessment of the green, 
blue and grey water footprint of wheat. Hydrology and Earth System Sciences. 2010;14: 
1259-1276

[19] Chapagain AK, Hoekstra AY, Savenije HHG, Gautam R. Water footprint of cotton 
consumption. Value of Water: Research Report Series No. 18. Deft, The Netherlands: 
UNESCO-IHE; 2005

[20] Ministry for the Environment: The State of New Zealand’s Environment. Wellington: 
New Zealand Government; 2005

[21] Chapagain AK, Hoekstra AY, Savenije HHG, Gautam R. The water footprint of cotton 
consumption: An assessment of the impact of worldwide consumption of cotton prod-
ucts on the water resources in the cotton producing countries. Ecological Economics. 
2006;60(1):186-203

Irrigation in Agroecosystems102

[22] Kumar V, Sharad K. Status of virtual water trade from India. Current Science. 2007;93:8

[23] Maes WH. Plant–water relationships and growth strategies of Jatrophacurcas L. saplings 
under different levels of drought stress. Journal of Arid Environments. 2009;73:877-884

[24] FAO. Investment Decisions—Capital Budgeting Marketing and Agribusiness Texts. 
Rome, Italy: Food and Agriculture Organization of the United Nations (FAO); 1997

[25] Ondrasek G. Water scarcity & water stress in agriculture. In: Ahmad P, Wani MR, edi-
tors. Physiological Mechanism and Adaptation Strategies in Plants Under Changing 
Environments I. New York Dordrecht Heidelberg London: Springer; 2014. pp. 75-96

[26] Gerbens-Leenes PW, Hoekstra AY, van der Meer T. The water footprint of energy from 
biomass: A quantitative assessment and consequences of an increasing share of bio-
energy in energy supply. Ecological Economics. 2009;68(4):1052-1060

[27] Gerbens-Leenesa W, Hoekstraa AY, Meerb TH. The water footprint of bioenergy. Pro ceedings of 
the National Academy of Sciences of the United States of America. 2009;106:10219-10223

[28] Hoekstra A, Chapagain A. Water footprints of nations: Water use by people as a function 
of their consumption pattern. Water Resources Management. 2007;21(1):35-48

[29] Hedley CB, Yule IJ, Bradbury S, Scotter D, Vogeler I, Sinton S. Water use efficiency indi-
cators for variable rate irrigation in variable soils. In: Proceedings of the 13th Annual 
Symposium on Precision Agriculture in Australasia; 10-11th September 2009; University 
of New England, Armidale, NSW Australia. 2009

[30] Hedley CB, Yule IJ, Tuohy M, Vogeler I. Key performance indicators for variable rate irri-
gation implementation on variable soils. In: Proceedings of ASABE Annual International 
Meeting; June 21–June 24; Grand Sierra Resort and Casino, Reno, Nevada. 2009

[31] Hoekstra AY. Virtual water: An introduction. In: Proceedings of the International Expert 
Meeting on Virtual Water Trade. The Netherlands: IHE Delft; 2003

Water Footprint Differences of Producing Cultivars of Selected Crops in New Zealand
http://dx.doi.org/10.5772/intechopen.77509

103



Chapter 7

Water Quality in Irrigated Paddy Systems

Jian Liu, Hongbin Liu, Ruliang Liu,
MG Mostofa Amin, Limei Zhai, Haiming Lu,
Hongyuan Wang, Xubo Zhang, Yitao Zhang,
Ying Zhao and Xiaodong Ding

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77339

Provisional chapter

Water Quality in Irrigated Paddy Systems

Jian Liu, Hongbin Liu, Ruliang Liu,
MG Mostofa Amin, Limei Zhai, Haiming Lu,
Hongyuan Wang, Xubo Zhang, Yitao Zhang,
Ying Zhao and Xiaodong Ding

Additional information is available at the end of the chapter

Abstract

Irrigated paddy rice (Oryza sativa L.) is a staple food for roughly half of the world’s popula-
tion. Concerns over water quality have arisen in recent decades, particularly in China, which
is the largest rice-producing country in the world and has the most intensive use of nutrients
and water in rice production. On the one hand, the poor water quality has constrained the
use of water for irrigation to paddy systems in many areas of the world. On the other hand,
nutrient losses from paddy production systems contribute to contamination and eutrophi-
cation of freshwater bodies. Here, we review rice production, water requirement, water
quality issues, and management options to minimize nutrient losses from paddy systems.
We conclude that management of nutrient source, rate, timing, and placement should be
combined with the management of irrigation and drainage water to reduce nitrogen and
phosphorus losses from paddies. More research is needed to identify cost-effective monitor-
ing approaches and mitigation options, and relevant extension and policy should be
enforced to achieve water quality goals. The review is preliminarily based on China’s
scenario, but it would also provide valuable information for other rice-producing countries.

Keywords: water quality, paddy, irrigation, water management, nutrient management

1. Introduction

Rice (Oryza sativa L.) is a staple food for roughly 50% of the world’s population. Globally, rice
is planted on a total of 155 million hectares of land, and annual rice production amounts to up
to 480 million metric tons [1]. Nearly 90% of the rice is produced in Asian countries. The top
seven rice-producing countries, i.e., China (30%), India (22%), Indonesia (8%), Bangladesh (7%),
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Vietnam (6%), Thailand (4%), and Myanmar (3%), collectively account for 80% of the world’s
total rice production (Figure 1).

Worldwide, agriculture accounts for 70% of all water consumption, far more than the 20%
for industry and the 10% for domestic use (http://www.worldometers.info/water/). As water is
needed throughout the rice-growing season, paddy fields altogether consume up to 90% of the
total water used for irrigation in Asia [3]. Therefore, paddy water management is crucial to save
water resources in the context of water quantity. Meanwhile, there have been frequent reports on
environmental and ecological concerns related to paddy production. In particular, water quality
issues have received increasing attention. Rice is commonly grown in regions close to inland
streams and lakes, which is a double-bladed sword. On the one hand, such a landscape arrange-
ment resulting from long-term human adaptation to the environment allows the most conve-
nient and economic use of water resources in agricultural production. On the other hand, it
generates risks of eutrophication in the streams and lakes where the ecological systems are
sensitive to nutrients. Indeed, several previous studies identified phosphorus losses from paddy
production systems as an important cause of eutrophication in the local, enclosed lakes in China
(e.g., [4, 5]). This is because such regions are commonly characterized by enhanced, extensive
hydrological networks between paddy fields and between the fields and their adjacent water

Figure 1. Rice production of world top 10 countries in 2016 (based on data from www.statista.com; [2]).
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bodies, which elevate the risk of nutrient runoff from paddy fields to the waters. In the context of
water quality, both nutrient and water management are of great importance.

In this chapter, we reviewed water quality issues related to paddy rice production and discussed
the potential strategies to reduce nutrient losses to the water environment. As China is the largest
rice-producing country in the world, we focused the review and discussion on China’s scenario.
Even so, we included information from other countries whenever it was relevant.

2. Rice production in China

In China, rice is the first major food crop, owning a total planting area of 30 million hectares. The
rice production of 207 million metric tons is equivalent to 34% of the total grain crop production
[6]. Rice production is mainly concentrated in three geophysical regions: Yangtze River Basin
(covering provinces of Hunan, Jiangxi, Jiangsu, Hubei, Sichuan, Anhui, Yunnan, Zhejiang, Chon-
gqing, Guizhou, and Shanghai), Southeast Coastal Plains (Guangxi, Guangdong, Fujian, Hainan,
Hong Kong, Macao, and Taiwan), and Northeast Plains (Heilongjiang, Jilin, and Liaoning;
Figure 2). Specifically, the Yangtze River Basin accounts for 65% of China’s total rice planting

Figure 2. Major rice-producing regions in China [7].
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area, followed by the Southeast Coastal Plains (16%), the Northeast Plains (15%), and other
regions (4%; Figure 3). Due to its nature of requiring large amounts of water throughout the
growing season, over 80% of the rice planting areas are located in Southern China where annual
precipitation ranges from 1000 to >2000 mm. Notably, the rice planting areas make up over 10%
of the total provincial areas inHunan, Jiangxi, Jiangsu, Hubei, Anhui, Shanghai, and Guangdong.
In line with the patterns of planting areas, the Yangtze River Basin dominates the national rice
production (65%), which is followed by the Northeast Plains (16%), the Southeast Coastal Plains
(14%), and other regions (5%; Figure 3). In 2016, the top five rice-producing provinces, i.e., Hunan,

Figure 3. Annual precipitation, precipitation water volume, rice planting area, and rice production by provinces of China
in 2016 [8, 9].
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Heilongjiang, Jiangxi, Jiangsu, and Hubei, produced 51% of China’s total rice. In combination,
these five provinces receive a total of 180 billionm3 of precipitated water in paddy fields, which is
49% of the precipitated water received by all paddy fields.

Across the world, rice cropping systems vary from monoculture (e.g., northern China)
to double (e.g., southern China) and triple cropping (e.g., India and Bangladesh) depending
on climatic conditions. In most areas of China, the rice-growing season starts in spring with
steeping paddy fields and the transplantation of rice seedlings and ends in the fall with
the draining of the fields and harvesting rice grains. Despite large variabilities in paddy
management by regional and local conventions as well as available technologies, rice culti-
vation is commonly characterized by the flooding of the paddy fields during most of the
growing season along with intensive irrigation and fertilization. Flooding the rice fields is
essential for most rice varieties to maintain good growth and achieve high yields. Figure 4
presents typical management schedules for paddy rice in Hubei Province, Yangtze River
Basin, China. Due to favorable climatic conditions, the vast area of this province allows a
double-cropping system represented as the rotation of rice with winter wheat (Triticum
aestivum L.) or oilseed rape (Brassica napus L.). The rice-growing season starts in late May
with irrigation to steep field for a few days, followed by plowing and basal fertilization prior
to transplanting rice seedlings. During the process of transplanting rice in early June and
harvesting of rice in late September, there are often a couple of fertilizer top dressings to
meet rice’s need of nitrogen. There are also a number of irrigation and drainage operations to
maintain appropriate depths of ponding water.

Figure 4. Typical management schedules for paddy rice in Hubei Province, Yangtze River basin, China.
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3. Water requirement of rice

Water requirement of rice crop is influenced significantly by environmental conditions such as
climate. For example, in Bangladesh, with a tropical climate all over the country, more than
2000 liters of water is required to produce every kilogram of rice dry substance. In China,
where rice production areas span from the cold Northeast to the subtropic and tropic South,
such water requirement ranges from 400 to 1500 liters. Based on a 30-year meteorological data,
statistics of crop growth stages, crop water requirement, and net irrigation requirement, Liu
et al. [10] estimated the requirement of water and irrigation for the rice across China, using
the FAO Penman-Monteith equation and crop coefficient method. Across the three major rice-
producing regions, the rice crop requires 250–950 mm of water, which is greater than the
200–620 mm required for corn (Zea mays L.), wheat, or cotton (Gossypium spp.) crops. Likewise,
rice requirement for irrigation (usually 70–500mm) is alsogreater than the other crops (0–350mm).

Region Province Crop Water
requirement (mm)

Net irrigation
requirement (mm)

Yangtze River Basin (middle
and lower portion)

Hunan, Jiangxi, Jiangsu,
Hubei, Anhui, Zhejiang,
Shanghai

Early rice 400–580 80–300

Middle rice 500–800 150–420

Late rice 500–650 150–400

Spring corn 250–550 0–200

Summer corn 330–450 100–200

Cotton 450–620 50–300

Yangtze River Basin (upper
portion)

Yunnan, Guizhou, Sichuan,
Chongqing

Early rice 350–700 100–500

Middle rice 550–950 100–500

Late rice 400–700 100–350

Spring corn 300–500 10–250

Summer corn 300–450 20–100

Winter wheat 200–600 100–350

Southern
Coastal Plains

Guangxi, Guangdong,
Fujian, Hainan

Early rice 400–580 70–300

Middle rice 450–570 90–250

Late rice 600–700 100–450

Spring corn 200–400 0–120

Summer corn 250–420 50–150

Cotton 450–520 30–180

Northeast Plains Heilongjiang, Jilin, Liaoning Middle rice 250–750 80–450

Spring corn 200–500 10–220

Spring wheat 250–450 100–300

Table 1. Water requirement and irrigation requirement of the rice crop in comparison to other crops in China (adapted
from [10]).
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It should be noted that rice water requirement and net irrigation requirement vary widely both
between regions and within regions (Table 1), reflecting the spatial and temporal variability of
water needs by the crop. Furthermore, water requirement and irrigation requirement also differ
with rice varieties and growing seasons. Typically, middle rice and late rice need more irrigation
water than early rice, due to their prolonged growing seasons.

4. Water quality issues in paddy systems

Water quality problems evolve at both sides of the paddy systems, i.e., inputs of contam-
inants with irrigation water and exports of nutrients to the surrounding water environ-
ment. In the case of contaminant inputs with irrigation water, wastewater or reclaimed
wastewater irrigation has generated particular concerns [11–14]. In a recent review on
the impacts of wastewater irrigation, Amin et al. [11] concluded that even though waste-
water is a valuable source of nutrients, it may contribute many emerging contaminants to
the water environment. Indeed, wastewater may contain an array of contaminants such as
heavy metals, pathogens, and organic contaminants, along with nutrients (e.g., those listed
in Table 2). As a result, there is a potential risk of contamination of both shallow ground-
water and surface water associated with wastewater irrigation [14]. In a field study, Cao
and Hu [12] found that irrigation with copper-rich wastewater increased soil copper con-
centration in the surface soil layer (0–10 cm) by sixfold and reduced rice yield by 18–25%
as compared with the control with normal irrigation water. Accumulation of copper in the
surface soil greatly elevated the potential risks of copper pollution through surface runoff.
Elsewhere, however, Kang et al. [13] found no adverse effects of reclaimed wastewater on
both rice grains and the paddy fields after appropriate treatments of the wastewater. These
results point to the importance of monitoring and treatment of wastewater before use for
irrigation.

In the case of nutrient exports to the surrounding water environment, the issue of water quality
is closely related to water and nutrient turnover and management in the paddy systems. Budget
of water in paddy systems involves water inputs in the forms of rainfall and irrigation and water
outputs through evapotranspiration, runoff, and deep percolation (Figure 5). Rainfall is a

Nutrients Unit Range Contaminants Unit Range

Total nitrogen mg/L 20–70 Total solid mg/L 390–1230

Total phosphorus mg/L 4–12 Total dissolved solid mg/L 270–860

Total organic carbon mg/L 80–260 Total suspended solid mg/L 120–400

Biochemical oxygen demand mg/L 110–350

Chemical oxygen demand mg/L 250–800

Total coliform Counts/100 mL 106–109

Fecal coliform Counts/100mL 103–107

Table 2. Typical nutrients and contaminants in untreated domestic wastewater (based on [15]).
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common, major water input to paddy fields. However, irrigation is usually needed to maintain
an appropriate depth of ponding water enclosed by a constructed field berm (Figure 5). In
addition to evapotranspiration, surface runoff is a major water output from paddy fields. Along
with runoff water, phosphorus and nitrogen applied to rice or those in the soil materials are
exported from paddy fields. Runoff occurs when the depth of the field ponding water is greater
than the height of field berm. Runoff can be generated following small rainfall events when
ponding water has been already substantial but more frequently during rainfall storms [16, 17].
Paddy soils are often heavily textured and have a plow pan beneath the surface soil (particularly
for long-term cultivated paddy fields). Therefore, the amount of water percolating to the subsoil
and out of the root zone is relatively small as compared to surface runoff. Nonetheless, Qiu et al.
[18] reported that nitrate-nitrogen concentrations could reach 30–50 mg/L in the leachate from
some paddy soils within 1–2 days after fertilizer applications. Due to the flooding nature of
paddy fields, the surface soil is often water saturated with a predictably small change in soil
water content throughout the paddy growing periods. The anaerobic condition may lead to an
elevation of dissolved phosphorus concentrations in runoff water because when iron cation is
transformed from iron3+ to iron2+ under anaerobic conditions, the phosphorous ions bound by
iron3+ is dissolved. Moreover, artificial drainage that is made to prepare the field (Figure 4) forms
a direct pathway for nutrient transport to surrounding water environments. Finally, paddy
irrigation with nutrient-rich water (such as domestic wastewater; Table 2) can also greatly ele-
vate risks of nutrient losses to the water environments.

Phosphorus and nitrogen applied to paddies with fertilizers and manures contribute to both
short-term and long-term nutrient losses to the water environments. In a 3-year field study
on the hydromorphic paddy soil, for example, Liu et al. [19] found that annual total phos-
phorus loss in surface runoff ranged from 0.63 kg/ha in the unfertilized rice-wheat rotation
to 0.96–2.86 kg/ha when rice and wheat were fertilized with 50–230 kg phosphorus per
hectare. In the same study, they found relatively smaller total phosphorus losses from the

Figure 5. Water budget in rice production.
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common, major water input to paddy fields. However, irrigation is usually needed to maintain
an appropriate depth of ponding water enclosed by a constructed field berm (Figure 5). In
addition to evapotranspiration, surface runoff is a major water output from paddy fields. Along
with runoff water, phosphorus and nitrogen applied to rice or those in the soil materials are
exported from paddy fields. Runoff occurs when the depth of the field ponding water is greater
than the height of field berm. Runoff can be generated following small rainfall events when
ponding water has been already substantial but more frequently during rainfall storms [16, 17].
Paddy soils are often heavily textured and have a plow pan beneath the surface soil (particularly
for long-term cultivated paddy fields). Therefore, the amount of water percolating to the subsoil
and out of the root zone is relatively small as compared to surface runoff. Nonetheless, Qiu et al.
[18] reported that nitrate-nitrogen concentrations could reach 30–50 mg/L in the leachate from
some paddy soils within 1–2 days after fertilizer applications. Due to the flooding nature of
paddy fields, the surface soil is often water saturated with a predictably small change in soil
water content throughout the paddy growing periods. The anaerobic condition may lead to an
elevation of dissolved phosphorus concentrations in runoff water because when iron cation is
transformed from iron3+ to iron2+ under anaerobic conditions, the phosphorous ions bound by
iron3+ is dissolved. Moreover, artificial drainage that is made to prepare the field (Figure 4) forms
a direct pathway for nutrient transport to surrounding water environments. Finally, paddy
irrigation with nutrient-rich water (such as domestic wastewater; Table 2) can also greatly ele-
vate risks of nutrient losses to the water environments.

Phosphorus and nitrogen applied to paddies with fertilizers and manures contribute to both
short-term and long-term nutrient losses to the water environments. In a 3-year field study
on the hydromorphic paddy soil, for example, Liu et al. [19] found that annual total phos-
phorus loss in surface runoff ranged from 0.63 kg/ha in the unfertilized rice-wheat rotation
to 0.96–2.86 kg/ha when rice and wheat were fertilized with 50–230 kg phosphorus per
hectare. In the same study, they found relatively smaller total phosphorus losses from the

Figure 5. Water budget in rice production.
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degleyed paddy soil that ranged from 0.41 kg/ha in the control group to 0.70–1.49 kg/ha in
the treatments with 50–230 kg phosphorus per hectare. Although the differences in magni-
tude of phosphorus losses in the two soils could result from different soil characteristics and
rainfall patterns, both revealed increased phosphorus losses with greater phosphorus fertil-
izer application rates (Table 3). Furthermore, Liu et al. [19] found that the time interval
between fertilizer application and the subsequent first large runoff event played a critical
role in determining the annual phosphorus losses. Phosphorus losses greatly increased with
decreasing time interval. The finding was supported by Guo et al. [20] who claimed that
about 40% of total phosphorus loss from a rice-wheat rotation occurred within 10 days after
fertilizer application to paddies.

In addition to “incidental” nutrient losses, overuse of fertilizers or manure also constitutes
long-term risks of nutrient losses. A number of studies have demonstrated evidential buildup
of soil phosphorus status and elevated degree of phosphorus saturation due to long-term
phosphorus applications at rates exceeding crop needs [21–23]. In turn, phosphorus losses in
surface runoff and leaching have been found to increase with elevated soil phosphorus status
or degree of phosphorus saturation [22, 24]. This has been widely referred as legacy phospho-
rus issues [25]. Even though most of the research on this topic has been conducted on dryland
soils, a few studies have reported that long-term excessive application of nutrients could
enhance environmental pollution risk in paddy fields [4, 26]. In double cropping systems
where flooded rice is planted in rotation with drained dryland crop, we can expect nutrient
surplus from both rice and dryland crop-growing seasons [27]. It should be noted that China
has the most intensive nutrient use in paddy systems among the world’s top 10 rice-producing
countries (Table 4). Therefore, there is a special need of better water and nutrient management
to minimize nutrient losses from paddy systems.

Country Average yield (Mg/ha) Nitrogen (kg/ha) Phosphorus (kg/ha) Potassium (kg/ha)

China 6.2# 145 26.2 33.2

India 2.7 68 10.5 7.5

Indonesia 4.1 105 9.6 11.6

Bangladesh 3.2 72 6.5 8.3

Vietnam 4.1 115 19.6 34.9

Thailand 2.4 62 14.4 14.1

Myanmar 3.2 35 5.2 3.3

Philippines 3.0 51 6.5 9.1

Brazil 3.0 40 21.8 24.9

Japan 5.8 78 40.2 59.7

#: Estimation of rice yield in China is made by the authors of this chapter.

Table 4. Rice yield and nutrient applications to rice in world’s major rice-producing countries (data adapted from [28]).
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5. Monitoring of water quality in paddy systems

In China, the approach for monitoring water quality in paddy systems has become standard-
ized over the past 2 decades [12, 19, 29]. In the field, research plots are separated with plastic
films down to 0.9 m in the soil profile and with soil berms up to 0.2 m on the soil surface to
prevent flow of surface and shallow subsurface water between the plots (Figure 6). Soil berm is
a common practice to maintain field ponding water for rice production. During the rice-
growing season, irrigation water is applied to individual plots through polyvinyl chloride pipe
inlets when needed. During the non-rice crop-growing season in a double-cropping system,
irrigation is usually not applied. Excessive ponding water is drained through shallow open
ditches. Outside each plot on the opposite side of the irrigation water inlet, a cement pond is
constructed to collect runoff water from every plot. Two water outlets of polyvinyl chloride
pipe are installed on the wall of the cement pond, at depths of approximately 10 cm above and
10 cm below the soil surface, for collecting runoff water during the rice-and wheat-growing
seasons, respectively. The runoff water collected in the pond is measured for volume and
sampled for analyses of nutrients and sediments. Usually, one sample is taken after every
regular runoff event and multiple samples during a large runoff event (i.e., rain storms).

Even though the approach described earlier is widely used such as in a national program to
estimate nutrient losses from paddy systems across China, there has been an increasing
interest in seeking alternative, simplified monitoring approaches. One potential approach is
to monitor nutrient concentrations in the field ponding water. Liu et al. [19] found that
concentrations of both total phosphorus and dissolved reactive phosphorus in surface runoff
were significantly correlated with their concentrations in the field ponding water (r2 = 0.83–
0.88, p < 0.0001). In a follow-up study, Hua et al. [27] monitored different forms of phosphorus
concentrations in field ponding water of five paddy soils over 2 years. They found that 2 weeks
after fertilizer application is a critical period for phosphorus loss from paddies, which
supported findings of others [19, 20]. Despite the large potential of monitoring field ponding
water to save a lot of work associated with constructing runoff collection facilities, it should be

Figure 6. Monitoring of water quality in paddy systems: Research plots and field ponding water on the left and runoff
collection facility on the right.
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degleyed paddy soil that ranged from 0.41 kg/ha in the control group to 0.70–1.49 kg/ha in
the treatments with 50–230 kg phosphorus per hectare. Although the differences in magni-
tude of phosphorus losses in the two soils could result from different soil characteristics and
rainfall patterns, both revealed increased phosphorus losses with greater phosphorus fertil-
izer application rates (Table 3). Furthermore, Liu et al. [19] found that the time interval
between fertilizer application and the subsequent first large runoff event played a critical
role in determining the annual phosphorus losses. Phosphorus losses greatly increased with
decreasing time interval. The finding was supported by Guo et al. [20] who claimed that
about 40% of total phosphorus loss from a rice-wheat rotation occurred within 10 days after
fertilizer application to paddies.

In addition to “incidental” nutrient losses, overuse of fertilizers or manure also constitutes
long-term risks of nutrient losses. A number of studies have demonstrated evidential buildup
of soil phosphorus status and elevated degree of phosphorus saturation due to long-term
phosphorus applications at rates exceeding crop needs [21–23]. In turn, phosphorus losses in
surface runoff and leaching have been found to increase with elevated soil phosphorus status
or degree of phosphorus saturation [22, 24]. This has been widely referred as legacy phospho-
rus issues [25]. Even though most of the research on this topic has been conducted on dryland
soils, a few studies have reported that long-term excessive application of nutrients could
enhance environmental pollution risk in paddy fields [4, 26]. In double cropping systems
where flooded rice is planted in rotation with drained dryland crop, we can expect nutrient
surplus from both rice and dryland crop-growing seasons [27]. It should be noted that China
has the most intensive nutrient use in paddy systems among the world’s top 10 rice-producing
countries (Table 4). Therefore, there is a special need of better water and nutrient management
to minimize nutrient losses from paddy systems.

Country Average yield (Mg/ha) Nitrogen (kg/ha) Phosphorus (kg/ha) Potassium (kg/ha)

China 6.2# 145 26.2 33.2

India 2.7 68 10.5 7.5

Indonesia 4.1 105 9.6 11.6

Bangladesh 3.2 72 6.5 8.3

Vietnam 4.1 115 19.6 34.9

Thailand 2.4 62 14.4 14.1

Myanmar 3.2 35 5.2 3.3

Philippines 3.0 51 6.5 9.1

Brazil 3.0 40 21.8 24.9

Japan 5.8 78 40.2 59.7

#: Estimation of rice yield in China is made by the authors of this chapter.

Table 4. Rice yield and nutrient applications to rice in world’s major rice-producing countries (data adapted from [28]).
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5. Monitoring of water quality in paddy systems

In China, the approach for monitoring water quality in paddy systems has become standard-
ized over the past 2 decades [12, 19, 29]. In the field, research plots are separated with plastic
films down to 0.9 m in the soil profile and with soil berms up to 0.2 m on the soil surface to
prevent flow of surface and shallow subsurface water between the plots (Figure 6). Soil berm is
a common practice to maintain field ponding water for rice production. During the rice-
growing season, irrigation water is applied to individual plots through polyvinyl chloride pipe
inlets when needed. During the non-rice crop-growing season in a double-cropping system,
irrigation is usually not applied. Excessive ponding water is drained through shallow open
ditches. Outside each plot on the opposite side of the irrigation water inlet, a cement pond is
constructed to collect runoff water from every plot. Two water outlets of polyvinyl chloride
pipe are installed on the wall of the cement pond, at depths of approximately 10 cm above and
10 cm below the soil surface, for collecting runoff water during the rice-and wheat-growing
seasons, respectively. The runoff water collected in the pond is measured for volume and
sampled for analyses of nutrients and sediments. Usually, one sample is taken after every
regular runoff event and multiple samples during a large runoff event (i.e., rain storms).

Even though the approach described earlier is widely used such as in a national program to
estimate nutrient losses from paddy systems across China, there has been an increasing
interest in seeking alternative, simplified monitoring approaches. One potential approach is
to monitor nutrient concentrations in the field ponding water. Liu et al. [19] found that
concentrations of both total phosphorus and dissolved reactive phosphorus in surface runoff
were significantly correlated with their concentrations in the field ponding water (r2 = 0.83–
0.88, p < 0.0001). In a follow-up study, Hua et al. [27] monitored different forms of phosphorus
concentrations in field ponding water of five paddy soils over 2 years. They found that 2 weeks
after fertilizer application is a critical period for phosphorus loss from paddies, which
supported findings of others [19, 20]. Despite the large potential of monitoring field ponding
water to save a lot of work associated with constructing runoff collection facilities, it should be

Figure 6. Monitoring of water quality in paddy systems: Research plots and field ponding water on the left and runoff
collection facility on the right.
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noted that this approach would not give information on runoff volume, and it is not practical
for dryland crops. Further research is needed with respect to achieving cost-effective monitor-
ing methodologies.

6. Mitigation options to improve water quality in paddy systems

In China, paddy systems are attributed to an important cause for local and regional water
eutrophication (e.g., [4, 5]). Both its wide distribution and intensive nutrient and water inputs
point to the need for improved management to minimize its impacts on water quality. A
number of studies have emphasized the importance of adopting “4R” nutrient stewardship,
i.e., Right source, Right rate, Right timing, and Right placement in paddy systems (e.g., those
summarized in Table 5). For example, Fujisawa et al. [30] proposed the use of thermoplastic
resin-coated fertilizers that allow the application of the fertilizers at full rates to rice seedlings
and thereafter the release of nutrients in line with crop needs. Liu [31] found that adopting this
technology could substantially increase nitrogen use efficiency by the rice crop as compared to
the urea fertilizer and conventional management practices. The technology decreased peak
nitrogen concentrations in field ponding water by 85–91%, postponed the appearance of peak
concentrations by a week, and reduced total nitrogen (nitrate nitrogen plus ammonium nitro-
gen) losses in leachate by 36–55%. As discussed earlier, overuse of fertilizers should be avoided
because the nutrient surplus contributes to both short-term and long-term nutrient losses. Liu
et al. [19] and Hua et al. [27] pointed out that phosphorus fertilizer applications to paddy
systems should be at rates balancing crop phosphorus removal, and that phosphorus needs to
be managed for both rice and the non-rice crop in a rotation to minimize phosphorus losses in
the rice-growing season. Fertilizer rate management should go hand in hand with manage-
ment of fertilizer application timing. Planning fertilizer timing based on local/regional weather
patterns and real-time weather forecast to avoid coincidence with rainfall storms is an impor-
tant timing management approach [19, 20]. In the regions where the coincidence of fertilizer
application and rainfall storm is difficult to avoid, one of the optional management practices

Category Mitigation options References

Nutrient
management

Use slow-release fertilizer and apply all fertilizers at the seedling stage Fujisawa et al. [30]; Liu et al. [31]

Reduce fertilizer application rate Liu et al. [19]; Hua et al. [27]

Avoid fertilizer application during rainstorm period; split and reduce
basal fertilizer dose

Guo et al. [20]; Liu et al. [31]; Liu
et al. [19]

Apply fertilizer as side bars Yang and Yang [32]

Water
management

Alternate drying and wetting Peng et al. [33]

Control irrigation and drainage water volume Zhang et al. [5]; Gao et al. (2017)

Control irrigation water quality

Table 5. Mitigation options to improve water quality in paddy systems.
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might be to split fertilizer to multiple doses and reduce the dose of basal fertilizers [31].
Furthermore, Yang and Yang [32] suggested applying fertilizers as side bars close to paddy
roots, which could significantly increase nutrient use efficiency and reduce losses as compared
with broadcasting the fertilizers.

Water management is also of great importance to reduce nutrient losses from paddy fields to
surrounding water bodies. In a field study in China’s Taihu Lake Region, Peng et al. [33]
found that adopting an alternate drying and wetting technology reduced total phosphorus
losses by up to 52% in surface runoff and 55% in subsurface drainage across an array of
nutrient management practices, as compared to the conventional irrigation and drainage
management. Zhang et al. [5] proposed a “zero-drainage water management” approach,
which used natural field drying to replace conventional surface drainage based on the
physiological water need for rice growth. They found that a combination of improved
irrigation and field drying based on rainfall forecasting eliminated all drainage and phos-
phorus export from paddy fields (0.65 kg/ha under conventional management), while suc-
cessfully meeting the physiological water requirement of plant growth. Elsewhere, Gao et al.
[34] also found that appropriate control of irrigation and drainage could significantly reduce
nitrogen and phosphorus concentrations in the field ponding water. Furthermore, when
irrigation water is rich in nutrients such as in the scenario of wastewater irrigation [15],
control of irrigation water quality is necessary to reduce paddy nutrient release to the water
environments. Potentially, nutrient management practices and water management practices
should be combined to achieve most desirable water quality outcomes and a sustainable
agroecosystem.

7. Conclusions

Grand challenges exist in improving water quality in paddy systems. China is the largest
rice-producing country in the world and also has the most intensive use of nutrients and
water in rice production. Challenges to minimize the impacts of paddy nutrient losses on
the water environment in China are even greater than anywhere else. Past research related
to paddy systems has proved the importance of nutrient and water management on
improving water quality. A combination of management in nutrient source, rate, timing
and placement, and management in irrigation and drainage of water shows a great
potential to reduce nitrogen and phosphorus losses from paddy fields. Even so, more
research is needed to identify cost-effective monitoring approaches and mitigation
options. Furthermore, extension and policy enforcement is needed beyond research to
achieve water quality goals. Nonetheless, it should be noted that management of paddy
water quality needs to be placed in a larger context of environmental protection. Our
ongoing work has estimated that nutrient loss from paddy fields is smaller than that from
intensively managed non-paddies such as vegetable fields. In some regions with high
nutrient concentrations in surface water, paddy fields have even smaller nutrient losses
in surface runoff than the nutrient inputs to the fields through irrigated and precipitated
water.
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roots, which could significantly increase nutrient use efficiency and reduce losses as compared
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nitrogen and phosphorus concentrations in the field ponding water. Furthermore, when
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potential to reduce nitrogen and phosphorus losses from paddy fields. Even so, more
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Abstract

Adequate water provision to roots is essential to warrant sustainable harvests of agri-
cultural crops globally. However, water applied in excess or in deficit may result in the 
development of many fungal and bacterial plant diseases, which compromise produce 
yield and quality. Leaf wetness duration, soil water tension and related water variables 
impact several aspects of different plant disease cycles, such as the sporulation, sur-
vival of pathogen propagules, their dispersal to new hosts, germination and infection. 
Irrigation is thus arguably the most important cultural practice in the management of 
plant diseases, especially in the context of the quest of a more sustainable, less chemi-
cally dependent agriculture. The technology of water application and method of irriga-
tion have been profusely studied as to their direct relation to plant diseases. Irrigation 
management has a strong impact on the disease severity and epidemic progress rates of 
many plant pathosystems, ranging from leaf blights to vascular wilts. In addition, plant 
virus vector population levels and vector dispersal are also affected by the method of 
irrigation. This chapter reviews experimental data on the effect of different irrigation 
configurations and management systems on some representative plant diseases.

Keywords: bacteria, nematode, oomycetes, fungi, virus, leaf wetness, pathogen 
propagule, dispersion, water

1. Introduction

Plant diseases are one of the main constraints for agricultural production, leading to great loses 
annually all around the globe [1]. Plant pathology evolved along with agriculture, starting with 
the earliest farmers competing against plant pathogens with religious, supernatural or other 
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development of many fungal and bacterial plant diseases, which compromise produce 
yield and quality. Leaf wetness duration, soil water tension and related water variables 
impact several aspects of different plant disease cycles, such as the sporulation, sur-
vival of pathogen propagules, their dispersal to new hosts, germination and infection. 
Irrigation is thus arguably the most important cultural practice in the management of 
plant diseases, especially in the context of the quest of a more sustainable, less chemi-
cally dependent agriculture. The technology of water application and method of irriga-
tion have been profusely studied as to their direct relation to plant diseases. Irrigation 
management has a strong impact on the disease severity and epidemic progress rates of 
many plant pathosystems, ranging from leaf blights to vascular wilts. In addition, plant 
virus vector population levels and vector dispersal are also affected by the method of 
irrigation. This chapter reviews experimental data on the effect of different irrigation 
configurations and management systems on some representative plant diseases.

Keywords: bacteria, nematode, oomycetes, fungi, virus, leaf wetness, pathogen 
propagule, dispersion, water

1. Introduction

Plant diseases are one of the main constraints for agricultural production, leading to great loses 
annually all around the globe [1]. Plant pathology evolved along with agriculture, starting with 
the earliest farmers competing against plant pathogens with religious, supernatural or other 
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practices [2] to come to the modern era, where science is used to track the conditions which 
favors pathogens and consequently allows growers to how to avoid them on a rational basis.

The irrigation efficiency not only ensures the most efficient crop growth, but it is also essential 
for high-quality production of seeds, food, textiles and other produce with increasing percep-
tion of the economical and environmental impacts. It is estimated that 30–40% of the world 
food production is from irrigated agriculture [3, 4]. Its importance can be exemplified by 
reports on potato production which indicate that variations as low as 10% of the potato water 
need result in significant yield losses, either from water deficiency, leading to deformation 
and reduced tuber size, or excess, which increases the intensity of many diseases [5].

Choice of the irrigation system in itself, regardless of the volume of the water supply, affects 
plant development as well as disease onset, pathogen dispersal and rates of disease prog-
ress. For example, furrow irrigation which requires large amounts of water, usually demands 
higher rates of nitrogen fertilization which can predispose the plant to many diseases; in addi-
tion, soil borne pathogens easily spread in the irrigation furrows following water flow [6]. 
In areas infested with Ralstonia solanacearum, the furrow and some drip irrigation systems 
increased tomato wilt incidence and reduced yield, while conventional overhead sprinkler 
irrigation had much lower disease levels and higher yields [7, 8].

Drip irrigation, in addition to a more efficient water use, is usually recommended to avoid 
wetting of aerial plant parts and generally results in less foliar diseases [9]. On the other hand, 
the direct (mechanical) and indirect (environmental) effects of delivering irrigation water 
droplets onto the leaf surfaces have been demonstrated to significantly reduce powdery mil-
dews on Cucurbitaceae [10], Fabaceae [11] and Solanaceae [12] while also depressing virus 
vector movement [13]. These two situations indicate that diseases vary as to their response to 
irrigation. Therefore, a precise determination of the disease frequency and intensity in a given 
area must be done before choosing the most adequate irrigation method.

The sprinkle irrigation systems usually allow for better water distribution to the crop, at rea-
sonable economic costs. It is generally more efficient than furrow irrigation, but it promotes 
foliar wetting, required for many pathosystems, and is favorable to propagule dispersion, 
especially of bacterial and most fungal spores.

In addition to the choice of the irrigation method, other factors must be taken into consider-
ation, such as irrigation timing. Most fungal plant pathogens produce spores during night-
time, being dispersed after dawn. Consequently, morning irrigations are prone to dislodge 
and disperse spores, also offering humidity and free water for germination at the leaf surface. 
Some fungal pathogens may form spores or propagules later in the day and are thus favored 
by afternoon irrigations, while night irrigation will reduce spore dispersion, as reported for 
Phytophthora infestans [14].

With exception of the members of the Erysiphales (Ascomycota), fungi and bacteria need free 
water on the leaf surface to initiate infectious processes. In fact, the leaf wetness duration has 
been considered the most determinant microclimatic variable for disease establishment and 
progress, and it is one of the main variables monitored in disease prediction systems [15].
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The pathogen success in establishing itself in the aerial plant parts is highly dependent on the 
duration of foliar wetting, which is directly affected by irrigation timing and other factors [16]. 
If the moisture provided by irrigation is enough to retain free water in the plant surface for 
the minimum time required for infection, it will lead to more intense disease epidemics. For 
many years, we have observed that processing tomato in Central Brazil display significantly 
lower incidence of diseases caused by Phytophthora infestans, Septoria solani, Xanthomonas spp. 
and Alternaria spp. under drip when compared to sprinkle irrigation.

In addition to water availability, the evaporation process must be considered. Evaporation 
is affected directly by relative humidity, air temperature, wind speed, air vapor pressure 
[4] and plant tissue position. For example, within Israeli climatic conditions, sprinkler-
irrigated tomato leaves take from 5 min (external leaves, strong wind, 36°C, 16% RH) to 4 h 
(internal leaves, no wind, no direct sun, 17°C, 16% RH) to dry. In the latter climatic condi-
tions, the leaves may remain wet until dew formation at nighttime, completing a total 20 h 
of total humidity [17]. A similar phenomenon occurs in the dry season (April–September) 
in Central Brazil, when almost all processing tomato and potato crops are grown. Both 
crops are hosts of late blight (caused by the oomycete Phytophthora infestans) and early 
blight (caused by the true fungus, Alternaria solani). These pathogens have different resis-
tance levels to dryness and widely different temperature requirements, serving as illustra-
tive models for the discussion on infection and the influence of the leaf microenvironment 
on disease severity.

The way plant pathogens relate to irrigation and water availability depends on a diverse 
number of characteristics intrinsic of each group of microorganisms. In the present review, 
diseases and their respective causal agents were grouped according to their primary niche in 
the plant, either diseases of aerial plant parts or as crown and root diseases. Other divisions 
were made below for clarifying the effect of the water on each plant part or phase of the 
disease cycle. Oomycetes, for example, are very well adapted to the availability of free water, 
while other fungi, as the Erysiphaceae, (the powdery mildews) have a negative interaction 
resulting in damage of conidia when overhead irrigation is used. Bacteria are also highly 
dependent on water to prevent desiccation (which usually causes sharp decrease on their 
populations) and then to allow multiplication until they reach the threshold numbers neces-
sary for invasion and infection. Fungi with a gelatinous matrix also respond differently when 
compared to other fungal groups: For instance, aerial transport by wind does not play an 
essential role for these organisms, whereas sprinkler irrigation typically  provides the main 
dispersal method.

2. Diseases of the aerial plant parts

Fungi, oomycetes, virus and bacteria infect aerial parts of susceptible host plant (leaves, stem, 
flowers and fruits) resulting in diseases responsible for losses due to direct damage to the 
commercial produce or to yield reduction as a consequence of impaired photosynthesis and 
loss of photoassimilates.
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foliar wetting, required for many pathosystems, and is favorable to propagule dispersion, 
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time, being dispersed after dawn. Consequently, morning irrigations are prone to dislodge 
and disperse spores, also offering humidity and free water for germination at the leaf surface. 
Some fungal pathogens may form spores or propagules later in the day and are thus favored 
by afternoon irrigations, while night irrigation will reduce spore dispersion, as reported for 
Phytophthora infestans [14].

With exception of the members of the Erysiphales (Ascomycota), fungi and bacteria need free 
water on the leaf surface to initiate infectious processes. In fact, the leaf wetness duration has 
been considered the most determinant microclimatic variable for disease establishment and 
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on disease severity.

The way plant pathogens relate to irrigation and water availability depends on a diverse 
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while other fungi, as the Erysiphaceae, (the powdery mildews) have a negative interaction 
resulting in damage of conidia when overhead irrigation is used. Bacteria are also highly 
dependent on water to prevent desiccation (which usually causes sharp decrease on their 
populations) and then to allow multiplication until they reach the threshold numbers neces-
sary for invasion and infection. Fungi with a gelatinous matrix also respond differently when 
compared to other fungal groups: For instance, aerial transport by wind does not play an 
essential role for these organisms, whereas sprinkler irrigation typically  provides the main 
dispersal method.

2. Diseases of the aerial plant parts
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These pathogens, different from the soil-habitant ones, must be resilient to adverse environ-
mental conditions such as dehydration, large temperature fluctuations, nutrient scarcity in an 
epiphytic phase, incidence of UV light, among other physical, chemical or biological harmful 
factors [18].

While wind plays a critical role on the dispersion of plant pathogens, irrigation water and 
rain, provide conditions for spore germination, avoiding desiccation of fungal and bacterial 
cells or, in some instances, damaging propagules sensible to water.

Many reports have indicated that more frequent sprinkle irrigations increase disease inci-
dence of several foliar diseases [6, 14]. The understanding of the dynamics of each patho-
system is therefore mandatory for choosing the method of irrigation to be implemented in a 
given situation.

While oomycetes, fungi, bacteria and viruses all infect aerial parts of plants and are affected 
by irrigation, the latter is indirectly influenced because water affects insects and other vectors 
which transmit them.

2.1. Oomycetes

The oomycetes, long treated as fungi and studied by mycologists due to their morphologi-
cal, functional and ecological similarities with the Fungi Kingdom actually belong to the 
Chromista Kingdom and are more closely related to algae than to fungi [19]. They include 
Phytophthora wilts and blights, the downy mildews caused by the Peronosporales, the white 
rusts (genus Albugo) and root, crown and fruit rots by the genus Pythium and Phytophthora.

In general, oomycetes are greatly dependent on high humidity levels for all stages of the life 
cycle, including sporangia formation [20], and especially so for the indirect germination of 
sporangia in the form of zoospores, a process of great epidemiological consequence which 
requires not only high humidity levels, but actual free water [21]. High relative humidity (RH) 
can be achieved in several ways, including the method of application of irrigation water, high 
plant density and reduced plant spacing [22]. Shtienberg [23] also warned about the use of 
polyethylene mulch as a means to increase irrigation efficiency by reducing water evaporation.

Irrigation may also be responsible for the short or long-distance introduction of oomycete 
inoculum into new growing areas, which was reported for the first time in 1921 [24]. Ranging 
from 6 to 45 days, the survival of plant pathogen propagules on irrigation water varies accord-
ingly to the pathogen species, other abiotic conditions (temperature, pH, etc.) and especially 
with the propagule type [25, 26].

Free water on leaves, generally reported as leaf wetness duration, is a combined consequence 
of rains, irrigation events and microclimatic conditions prevailing in the plant canopy. Due 
to the strong dependence of oomycetes to leaf wetness, the ones infecting aerial plant parts 
can be controlled by the choice of irrigation method in favor of the systems that reduce leaf 
wetness. This has been shown for Peronospora sparsa, the causal agent of the blackberry downy 
mildew [22]. Mildew severities of 97% were recorded in the sprinkler overhead irrigation, 
compared to less than 10% in the drip system. Greater severity was associated with larger 
periods of time of leaf wetness durations, in the sprinkler irrigated treatment.
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Other oomycetes can be controlled by drip irrigation, as for Phytophthora infestans infecting 
greenhouse-grown tomatoes [27], or even in tomato field crops, planted in the dry season in 
the Brazilian Midwest (unpublished). P. infestans requires 2 to 6 h of leaf wetness (depending 
on temperature); nevertheless, high humidity levels inside the greenhouse (due evaporation) 
may favor disease development, stimulating spore germination [23, 28].

2.2. Gelatinous matrix fungi

Fungus is one of the most diverse Kingdoms, with many species pathogenic to plants. Most 
fungi do not require water for spore dispersion, being easily dispersed in the dry air. However, 
numerous fungi, including important plant pathogens, are dependent on water splash for 
the dissemination. Commonly, this kind of fungi produces conidia associated to a gelatinous 
matrix in asexual sporulation structures such as picnidium (Ascochyta, Phoma, Septoria) or 
acervulus (Colletotrichum).

If one fungus species requires water splash for dispersion, again the type of irrigation has a 
strong effect on such group of pathogens. The size and amount of the water drops may alter 
its capacity of spore dispersion, since smaller drops are unlikely to dislocate and disseminate 
spore from one spot to another [29].

An example of the effect of irrigation method on fungi dissemination are the high severities 
of gummy stem blight (Didymella bryoniae) and anthracnose (Colletotrichum gloeosporioides f. 
sp. cucurbitae) of watermelon irrigated by overhead sprinkler, which presented reduced pro-
ductivity and fruit quality. When shifting overhead to furrow irrigation, both diseases were 
drastically reduced [6]. These changes were associated with strong reductions of the foliar 
and fruit wetness periods, resulting in less dispersion and germination of spores. The same 
pattern was seen for anthracnose (Colletotrichum acutatum) in strawberry, when drip irriga-
tion leads to very low disease incidence, postponing disease onset, and, therefore, reduc-
ing loses [30]. The same pattern has been observed for sweet pepper anthracnose, caused by 
Colletotrichum spp. (unpublished) and Septoria lycopersici on tomato [31]. For the septoria leaf 
spot, disease progress rates varied widely in the sprinkler, microsprinkler, drip and furrow 
irrigated plots, and severity increased most in treatments that kept leaves wet the longest.

The concept of leaf wetness is also an issue for Glomerella cingulata in apple. This pathogen 
requires high RH (>99%) and foliar wetness duration of 2.76 h, for significant germination of 
conidia. Additionally, the spore release from the acervuli and subsequent dispersal need rain 
or irrigation water for the splash-dispersal effect. Therefore, in the absence of these condi-
tions, lesions are sparse and do not spread, even within a single host plant [15].

2.3. Dry propagule fungi

Several species in the Fungi Kingdom reproduce asexually by producing dry conidia, with no 
gelatinous matrix, and may or may not be affected by irrigation management.

Powdery mildew, for example, caused by a number of species on the Erysiphaceae (Ascomycota), 
can infect several hosts, and is characterized by the presence of a whitish growth (mycelium, 
conidiophores and conidia), mainly in the adaxial leaf surface. Still fairly dependent on 
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These pathogens, different from the soil-habitant ones, must be resilient to adverse environ-
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polyethylene mulch as a means to increase irrigation efficiency by reducing water evaporation.
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inoculum into new growing areas, which was reported for the first time in 1921 [24]. Ranging 
from 6 to 45 days, the survival of plant pathogen propagules on irrigation water varies accord-
ingly to the pathogen species, other abiotic conditions (temperature, pH, etc.) and especially 
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Free water on leaves, generally reported as leaf wetness duration, is a combined consequence 
of rains, irrigation events and microclimatic conditions prevailing in the plant canopy. Due 
to the strong dependence of oomycetes to leaf wetness, the ones infecting aerial plant parts 
can be controlled by the choice of irrigation method in favor of the systems that reduce leaf 
wetness. This has been shown for Peronospora sparsa, the causal agent of the blackberry downy 
mildew [22]. Mildew severities of 97% were recorded in the sprinkler overhead irrigation, 
compared to less than 10% in the drip system. Greater severity was associated with larger 
periods of time of leaf wetness durations, in the sprinkler irrigated treatment.
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humidity as several other pathogens, its development may increase until a maximum of 80% 
RH as reported for Uncinula necator in grapevine [32]. Nonetheless, different from other fungal 
diseases, sprinkler irrigation is harmful for powdery mildews disease progress. The mechani-
cal impact of water droplets harms the fungal structures, hindering disease progress. This phe-
nomenon was previously found by Ruppel et al. [33] who observed lower disease incidence 
on sprinkler-irrigated sugar beet fields when compared to furrow irrigated ones. The effect of 
free water in powdery mildew conidia was analyzed by Shomari and Kennedy [34] in conidia 
of Oidium anacardii, a pathogen of cashew, by immersion of infected leaves in water, exhibiting 
a significant reduction on spore germination after an immersion period of 4 h. This interaction 
with conidia is only seen before germination: after that phase, leaf wetness does not influence 
any further on the host tissue colonization.

Other examples of the irrigation effects over powdery mildew may be seen with Leveillula tau-
rica in tomato, which displays a critical increase of incidence when the crop is drip-irrigated, 
due to the absence of free water on leaves [27]. On pumpkin, powdery mildew is progres-
sively reduced with increasing water volumes applied by the conventional overhead sprin-
kler irrigation system [10].

Conversely, Alternaria solani, the causal agent of tomato and potato early blight, does not 
suffer any negative effects of sprinkler irrigation. In fact, A. solani, as the great majority of 
plant pathogens that form dry propagules, benefits from the increased leaf wetness duration 
delivered by irrigation systems that wet aerial plant parts. Processes such as spore production 
and germination rates are favored. Reduced amounts of water may not markedly affect the 
development of Alternaria diseases, since its dark, thick-walled, multicellular spores are resil-
ient to desiccation. In addition, germination of A. solani can take place with the only source of 
moisture deriving from nighttime dew, without need for irrigations [6].

Fusarium head blights (Fusarium graminearum, F. culmorum, F. avenaceum) of maize, wheat 
and other Poaceae, are economically devastating diseases not only for the direct losses of 
reduced grain yield but also for the accumulation of mycotoxins in the produce. Timing of 
irrigation is determinant for avoiding the occurrence of these diseases, and water should 
be avoided before anthesis and early grain fill periods [35]. Irrigation or rain water stimu-
lates spore production, dispersion and germination of the Fusarium and of its sexual form 
(Gibberella zeae). High humidity levels (>94%) are also a requirement for most of the disease 
cycle phases [36, 37].

2.4. Bacteria

Bacteria, single-celled prokaryotes (1–2 μm in size) which reproduce by binary fission, are 
natural inhabitants on the rhizosphere or plant surfaces where they are mostly harmless as 
residents or epiphytes. The plant pathogenic ones will cause problems to a susceptible host 
only when conditions are favorable for their establishment, infection and multiplication. 
These conditions include high humidity and poor air circulation around plants. A film of 
free water on the leaf surface is the right condition for bacterial multiplication. Since they 
are microscopic, their presence is noticed only in large quantities, such as colonies in labora-
tory culture media or as viscous substances oozing from plant vessels and biofilms, or upon 
manifestation of symptoms of the diseases they induce.
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As for the diseases caused by oomycetes and true fungi, bacterial diseases in plants may occur 
in the aerial plant parts, including leaves and fruits, causing several symptoms such as can-
kers, pustules, blights, spots and specks. The symptomatology may vary with plant variety, 
host age and climatic conditions [38].

Bacterial diseases are strongly affected by irrigation. Water, because it is necessary for the 
epidemiological processes of dispersal, infection and colonization, is considered one of the 
most, if not the most, important inputs that move bacterial disease expression on most crops.

Leaf wetness is essential for bacterial infection and colonization of aerial parts of the plants. 
Bacteria penetrate through wounds or natural openings such as stomata and hydathodes. 
From diseased plants, bacterial cells are dispersed within and among fields through aerosols, 
insects, windblown soil and sand particles, movement of plant propagules and water flow.

For instance, bacterial spot (Xanthomonas euvesicatoria) is a recurrent disease that can dev-
astate pepper fields whenever warm, wet weather is present. The pathogen is seed borne 
and is responsible for the formation of leaf spots that harbors large number of bacterial cells. 
Upon impacting on lesions, droplets from rain or overhead irrigation disperse bacterial cells 
through many micro-droplets from infected plants to neighboring healthy plants, especially 
under windy conditions. In addition, when foliage is wet, farm operations allow bacterial 
cells from infected plants to be carried to healthy plants within or between field areas [39].

In this example, which applies to many other bacterial spot diseases, switching from over-
head to drip irrigation will warrant necessary moisture accessible to the roots while keeping 
the foliage dry. It is necessary to keep in mind that, as discussed elsewhere in this chapter, 
other diseases and pests might be favored by one particular kind of irrigation. An overall 
analysis of the crop management is necessary for the decision-making process, in a way to 
cope with different diseases and obtain desirable yields.

2.5. Viruses

Viruses are intracellular pathogens not capable of reproducing outside a living cell but pos-
sessing the genetic means for the manipulation of the host replication machinery for such 
action.

Vectors of plant viruses have a major role on the epidemics of plant virus because they are 
needed for the transportation and introduction of the virus particles into the host plant cell 
[40]. Most plant viruses can be transmitted by one of several groups of insects. A minority 
may also be vectored by other organisms such as mites, nematodes and pseudofungi (as those 
from kingdom Protozoa) [41, 42]. Nematodes that disseminate plant viruses will be addressed 
below. In some cases, diseases of complex etiology combine damages from the nematode with 
the virus, compounding losses.

Irrigation water does not affect the several viral pre-infection stages that are found within the 
fungi and bacteria life cycles. When lacking or in excess, water and irrigation may cause phys-
iological host changes, which may accentuate or attenuate symptoms or alter the relationship 
of the vector with the virus and the host plant [43]. In some cases, the virus may protect its 
host from severe drought by avoiding irreversible wilt, as reported by Xu et al. [44]. Another 
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humidity as several other pathogens, its development may increase until a maximum of 80% 
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head to drip irrigation will warrant necessary moisture accessible to the roots while keeping 
the foliage dry. It is necessary to keep in mind that, as discussed elsewhere in this chapter, 
other diseases and pests might be favored by one particular kind of irrigation. An overall 
analysis of the crop management is necessary for the decision-making process, in a way to 
cope with different diseases and obtain desirable yields.
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Viruses are intracellular pathogens not capable of reproducing outside a living cell but pos-
sessing the genetic means for the manipulation of the host replication machinery for such 
action.

Vectors of plant viruses have a major role on the epidemics of plant virus because they are 
needed for the transportation and introduction of the virus particles into the host plant cell 
[40]. Most plant viruses can be transmitted by one of several groups of insects. A minority 
may also be vectored by other organisms such as mites, nematodes and pseudofungi (as those 
from kingdom Protozoa) [41, 42]. Nematodes that disseminate plant viruses will be addressed 
below. In some cases, diseases of complex etiology combine damages from the nematode with 
the virus, compounding losses.

Irrigation water does not affect the several viral pre-infection stages that are found within the 
fungi and bacteria life cycles. When lacking or in excess, water and irrigation may cause phys-
iological host changes, which may accentuate or attenuate symptoms or alter the relationship 
of the vector with the virus and the host plant [43]. In some cases, the virus may protect its 
host from severe drought by avoiding irreversible wilt, as reported by Xu et al. [44]. Another 
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similar example is during the infection of wheat by the Barley yellow dwarf virus; when the host 
is stressed from severe drought, the survival of the infected plant is increased, and it offers a 
more favorable growth for the aphid vector, Rhopalosiphum padi [45]. Turnip plants suffering 
from water deficiency stress can increase the transmission of Cauliflower mosaic virus (CaMV) 
by 34%, while the transmission of the Turnip mosaic virus may be increased by 100%. The 
increase in transmission was not related to higher virus tittering but for a rapid response by 
CaMV in producing transmissible morphs [43].

The main effect of irrigation on plant virus diseases concerns its effects on the vectors. 
Irrigation may affect the vectors, by altering its feeding habits, the efficiency of virus acquisi-
tion from an infected host, and, especially, by physically removing or disturbing the feeding 
of the insect. This latter effect is most noticeable by the application of water by sprinkler 
irrigation, which can reduce the population when compared to other irrigation methods in 
experimental plots [46]. These findings were confirmed not only for whiteflies (Bemisia tabaci) 
[27, 47] but also for Myzus persicae [48], each of which are important vectors of numerous plant 
viruses worldwide.

3. Crown and root diseases

Crown and root diseases are caused by soilborne pathogens and usually result in great losses 
since control measures are more difficult because the “enemy” is protected by the soil layers. 
Frequently, soilborne pathogens lead to the abandonment of an infested field or make the 
whole farm improper for the cultivation of particular crops. These soil pathogens belong to 
different taxa in the fungi, oomycetes, bacteria and nematodes, and infect roots and crowns. 
They spend most of their life cycle in soil, with high resilience to changes in the physical 
environment and enhanced competitive skills. They are generally facultative pathogens, with 
good saprophytic activity. The dispersal of these pathogens is mostly associated to soil move-
ment, adhered to implements and machines, even though spores of some may be dispersed 
by wind and water [49]. In tropical and subtropical conditions, these pathogens are favored, 
given the lesser oscillations in the soil physical parameters [50]. Soil is considered an environ-
ment that favors organisms which use water for movement, as the flagellate zoospores from 
oomycetes, flagellate bacterial cells, and nematodes that move in water films. Evidently, all 
these organisms may be passively transported even faster, and further, in flows of water.

The way irrigation methods affect crown and root diseases, and their causal agents vary 
accordingly to the group of microorganisms and other characteristics, such as the capacity 
for facultative anaerobiosis (in flooded or water-logged soil), which is conducive to soft rots 
caused by pectolytic bacteria.

Nematodes, mostly soilborne pathogens, are highly affected by water availability, typically 
by the aid of water for active movement in the root zone. Also, water allows for the passive 
movement following the water flow on soil, as when furrow irrigation is used.

In the following sections, the same group of pathogens addressed previously is discussed for 
the development root and crown diseases.
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3.1. Oomycetes in soil

Many of the previously addressed factors in topic 2.1 can be applied for oomycetes causing 
disease in lower plant parts. The dependence on water still exists, although, different from the 
aerial organs, soil tends to be more stable for physical factors in general, and for temperature 
and humidity in particular, while it is a generally more competitive environment.

As for various pathogens, the epidemiology of a given oomycete is bound to irrigation or 
rainfall intensity and frequency. Phytophthora capsici, for example, during seasons of intense 
rainfall, causes much faster epidemics than when in conditions of moderate rainfall or irriga-
tion [51].

Soil oomycetes are in general highly adapted to survive in soil, with varying times of survival 
accordingly to temperature and a few other abiotic factors. Irrigation water plays an espe-
cially important role on the dispersal of oomycetes, due to their flagellate zoospores. “True 
fungi” (those in the Kingdom Fungi) do not have flagellate spores, and so are less efficiently 
dispersed by soil water.

As discussed earlier, irrigation water and free soil water aid pathogens that are immovable, 
as non-flagellate bacteria which go with the water flux, but also for zoospores of oomycetes, 
flagellate spores that may dislocate in water [50]. Zoospores are also capable of host plant 
detection, allowing chemotaxis to the host and a quick attachment to the host tissue and the 
initiation of the infection process. Phytophthora parasitica, a pathogen of citrus, is one of those 
organisms that uses water for dispersal: irrigation spreads this pathogen not only within one 
field, but to an entire region, affecting growers that use the same water source [52]. The same 
pattern is found for Phytophthora capsici, in bell pepper, tomato and squash fields: for this 
pathogen, furrow irrigation has been shown to carry sporangia and zoospores to long dis-
tances. The number of infected plants along an irrigation line is attributed to the collection 
of secondary inoculum produced by the first infected plants [53]. Phytophthora capsici and P. 
parasitica were readily dispersed in furrow irrigation water up to 70 m from the point sources 
of inoculum in Solanaceae and Cucurbitaceae [54], and the mere reduction of furrow irriga-
tion frequencies drastically reduced Phytophthora wilt on squash [53] and sweet pepper [55].

Frequent irrigations saturate soils and keep humidity for long periods of time, favoring prop-
agule dispersal. Bowers et al. [56] and Ansani and Matsuoka [57] showed that in warm condi-
tions (15–25°C), P. capsici resists for several days, even buried at several depths in the soil. In 
addition, soil moisture may render some hosts more predisposed to oomycete infection [58]. 
However, this has not been confirmed for all oomycete pathosystems, as for P. capsici in bell 
pepper [59]. Constant soil moisture at saturation or low saturation levels is not as positive for 
disease development as fluctuations of soil moisture [60]. Therefore, a lesser number of irriga-
tion events are usually a form of disease control. For Pythium aphanidermatum in petunia, low 
and constant irrigation reduced plant infection, in contrast with constantly saturated soils or 
soils submitted to a cycling of wetting and drying [61].

Different irrigation methods may increase or reduce diseases caused by oomycetes in soil. 
Gencoglan et al. [62] showed that drip irrigation was the most efficient system to avoid  
P. capsici, with only 1.7% of incidence, versus 3.1% and 3.2% for furrow and sprinkler 
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tion from an infected host, and, especially, by physically removing or disturbing the feeding 
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irrigation, which can reduce the population when compared to other irrigation methods in 
experimental plots [46]. These findings were confirmed not only for whiteflies (Bemisia tabaci) 
[27, 47] but also for Myzus persicae [48], each of which are important vectors of numerous plant 
viruses worldwide.

3. Crown and root diseases

Crown and root diseases are caused by soilborne pathogens and usually result in great losses 
since control measures are more difficult because the “enemy” is protected by the soil layers. 
Frequently, soilborne pathogens lead to the abandonment of an infested field or make the 
whole farm improper for the cultivation of particular crops. These soil pathogens belong to 
different taxa in the fungi, oomycetes, bacteria and nematodes, and infect roots and crowns. 
They spend most of their life cycle in soil, with high resilience to changes in the physical 
environment and enhanced competitive skills. They are generally facultative pathogens, with 
good saprophytic activity. The dispersal of these pathogens is mostly associated to soil move-
ment, adhered to implements and machines, even though spores of some may be dispersed 
by wind and water [49]. In tropical and subtropical conditions, these pathogens are favored, 
given the lesser oscillations in the soil physical parameters [50]. Soil is considered an environ-
ment that favors organisms which use water for movement, as the flagellate zoospores from 
oomycetes, flagellate bacterial cells, and nematodes that move in water films. Evidently, all 
these organisms may be passively transported even faster, and further, in flows of water.

The way irrigation methods affect crown and root diseases, and their causal agents vary 
accordingly to the group of microorganisms and other characteristics, such as the capacity 
for facultative anaerobiosis (in flooded or water-logged soil), which is conducive to soft rots 
caused by pectolytic bacteria.

Nematodes, mostly soilborne pathogens, are highly affected by water availability, typically 
by the aid of water for active movement in the root zone. Also, water allows for the passive 
movement following the water flow on soil, as when furrow irrigation is used.

In the following sections, the same group of pathogens addressed previously is discussed for 
the development root and crown diseases.
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and humidity in particular, while it is a generally more competitive environment.

As for various pathogens, the epidemiology of a given oomycete is bound to irrigation or 
rainfall intensity and frequency. Phytophthora capsici, for example, during seasons of intense 
rainfall, causes much faster epidemics than when in conditions of moderate rainfall or irriga-
tion [51].

Soil oomycetes are in general highly adapted to survive in soil, with varying times of survival 
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fungi” (those in the Kingdom Fungi) do not have flagellate spores, and so are less efficiently 
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flagellate spores that may dislocate in water [50]. Zoospores are also capable of host plant 
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irrigations, respectively, and lastly and most prejudicial, basin irrigation, which caused 93.9% 
dead plants. Several authors have confirmed that drip irrigation is the most efficient irrigation 
method for oomycete control [63, 64].

3.2. Fungi in soil

True fungi in soil must not only survive humidity and temperature fluctuations but also the 
competitive environment that prevails in the rhizosphere. The effect of irrigation is different 
from what is commonly seen on above soil plant organs, and here, diseases may be favored by 
drip irrigation due to the large availability of water next to the host roots and crowns.

Some plant pathogenic soil fungi have a complex relationship with the host, and infection 
may be hampered at low soil moisture, while high soil moisture may reduce symptom expres-
sion and improve yields. For example, the most effective management strategy to reduce 
Verticillium wilt, without decrease of dry matter production, is to irrigate at water deficit 
levels to the host during the vegetative stage and at 90% of soil capacity during the production 
phase (unpublished).

Accumulation of water in soil due to irrigation is increased when field soil is compacted 
(e.g., as a consequence of intensive agrotechnical operations) and/or native pedosphere 
properties (e.g., texture heavier soils). Several pathogenic soil fungi are favored by this 
condition of reduced aeration, such as Fusarium oxysporum pv. solani, F. oxysporum pv. 
phaseoli, Rhizoctonia spp. and S. sclerotiorum [65]. For Rhizoctonia infections causing root 
dieback in Pinus nurseries, excessive water interacts negatively with the host due to lack of 
root aeration, reducing growth and favoring the fungal infection. The ensuing root decay 
and water accumulation further stimulates the development of other secondary plant 
pathogens [66].

Irrigation may also aid on the propagule dispersion and disease development. For example, 
Fusarium root rot (Fusarium solani f. sp. phaseoli) in beans is greatly reduced when sprin-
kler irrigation is used, contrarily to the negative effects of furrow or drip irrigations on 
the disease [67]. For Sclerotinia minor, the causal agent of lettuce drop, drip irrigation has 
a suppressive effect on the pathogen, while furrow increases substantially the sclerotial 
population. Irrigation not only provided humidity but also lowered the soil temperature, 
with furrow irrigation allowing the establishment of a more suitable temperature (18°C) for 
the fungus [68].

As several other group of pathogens, fungi can also enter a new area by means of irrigation 
water. Previous studies on V. dahliae in irrigated olives showed a great dispersion of propa-
gules [69] while its survival is also remarkable, with reports of up to 15,000 propagules of per 
liter of water in ponds used for irrigation [70].

3.3. Bacteria in soil

Soil-associated bacteria are highly influenced by soil moisture. For most plant pathogenic 
bacteria, high humidity favors disease onset and development. Incidentally, bacterial wilt 
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(Ralstonia solanacearum) was first known as the “moisture disease” of potatoes, before the 
causal agent was identified [71]. In fact, the disease is prevalent during the wet summers, 
when high temperatures and high humidity are combined in a perfect condition for bacterial 
multiplication.

When comparing irrigation methods on bacterial wilt, Marouelli et al. [7] found that disease 
was significantly higher when processing tomato in Central Brazil was drip-irrigated, with 
an average of 42.5% wilted plants, 65 days after seedling transplant, in comparison with 5.0% 
incidence with sprinkle irrigation. Frequency of drip irrigation did not affect bacterial wilt 
incidence. It is believed that drip irrigation maintains the plant rhizosphere close to field 
capacity, thus favoring the disease, contrasting with the sprinkle irrigation, which provides 
periods of dry and wet conditions. Furrow irrigation was not studied, but it would most 
probably have an effect similar to the drip irrigation, or even more pronounced, if dispersion 
of the pathogen in the furrow is taken into account.

Contrasting with bacterial wilt, potatoes are affected by common scab, induced by Streptomyces 
spp. In this case, however, low soil humidity during tuber growth phase favors scab forma-
tion, what makes irrigation management recognized as one of the most efficient scab control 
measures. According to Wharton et al. [72], keeping soil moisture near field capacity for a few 
weeks at the beginning of tuberization substantially inhibits pathogen infection and disease 
development. The most likely explanation for this phenomenon is that the maintenance of 
high soil moisture is a condition that favors a more varied and competitive microbiota in the 
host rhizosphere, to the detriment of Streptomyces species.

Overall, because plant pathogenic bacteria may be viable in water for long periods of time, 
irrigation deserves special attention for two important epidemiological processes: survival 
and dispersal [73].

3.4. Nematodes

Nematodes infect root systems of a great number of plants species and are one of the most dif-
ficult plant pathogens to control. Some parasitize upper plant organs, causing galls or lesions 
on leaves and seeds. However, most nematodes are root pathogens that not only act as plant 
parasites, but also facilitate infections by other soil pathogens, that penetrate through lesions 
caused by the nematodes on the root systems.

Nematode populations usually keep a steady growth if a susceptible host is available, soil 
texture is ideal and irrigation is not excessive (reducing oxygen availability), or restricted 
(preventing movement), as reported for Meloidogyne enterolobii in guava [74].

The influence of water in this group of plant pathogens is mostly related to dissemination 
and movement in soil. Soil moisture, depending on the nematode species is essential to 
allow movement of juveniles and adults from colloid to colloid on water films around soil 
particles.

In addition to active movement, eggs, juveniles and adult nematodes can be carried passively 
by irrigation water to short or long distances. Nematode spreads through large field areas, if 
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irrigations, respectively, and lastly and most prejudicial, basin irrigation, which caused 93.9% 
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Fusarium root rot (Fusarium solani f. sp. phaseoli) in beans is greatly reduced when sprin-
kler irrigation is used, contrarily to the negative effects of furrow or drip irrigations on 
the disease [67]. For Sclerotinia minor, the causal agent of lettuce drop, drip irrigation has 
a suppressive effect on the pathogen, while furrow increases substantially the sclerotial 
population. Irrigation not only provided humidity but also lowered the soil temperature, 
with furrow irrigation allowing the establishment of a more suitable temperature (18°C) for 
the fungus [68].

As several other group of pathogens, fungi can also enter a new area by means of irrigation 
water. Previous studies on V. dahliae in irrigated olives showed a great dispersion of propa-
gules [69] while its survival is also remarkable, with reports of up to 15,000 propagules of per 
liter of water in ponds used for irrigation [70].
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Soil-associated bacteria are highly influenced by soil moisture. For most plant pathogenic 
bacteria, high humidity favors disease onset and development. Incidentally, bacterial wilt 
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causal agent was identified [71]. In fact, the disease is prevalent during the wet summers, 
when high temperatures and high humidity are combined in a perfect condition for bacterial 
multiplication.

When comparing irrigation methods on bacterial wilt, Marouelli et al. [7] found that disease 
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incidence with sprinkle irrigation. Frequency of drip irrigation did not affect bacterial wilt 
incidence. It is believed that drip irrigation maintains the plant rhizosphere close to field 
capacity, thus favoring the disease, contrasting with the sprinkle irrigation, which provides 
periods of dry and wet conditions. Furrow irrigation was not studied, but it would most 
probably have an effect similar to the drip irrigation, or even more pronounced, if dispersion 
of the pathogen in the furrow is taken into account.
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spp. In this case, however, low soil humidity during tuber growth phase favors scab forma-
tion, what makes irrigation management recognized as one of the most efficient scab control 
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weeks at the beginning of tuberization substantially inhibits pathogen infection and disease 
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host rhizosphere, to the detriment of Streptomyces species.

Overall, because plant pathogenic bacteria may be viable in water for long periods of time, 
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and dispersal [73].

3.4. Nematodes

Nematodes infect root systems of a great number of plants species and are one of the most dif-
ficult plant pathogens to control. Some parasitize upper plant organs, causing galls or lesions 
on leaves and seeds. However, most nematodes are root pathogens that not only act as plant 
parasites, but also facilitate infections by other soil pathogens, that penetrate through lesions 
caused by the nematodes on the root systems.

Nematode populations usually keep a steady growth if a susceptible host is available, soil 
texture is ideal and irrigation is not excessive (reducing oxygen availability), or restricted 
(preventing movement), as reported for Meloidogyne enterolobii in guava [74].

The influence of water in this group of plant pathogens is mostly related to dissemination 
and movement in soil. Soil moisture, depending on the nematode species is essential to 
allow movement of juveniles and adults from colloid to colloid on water films around soil 
particles.

In addition to active movement, eggs, juveniles and adult nematodes can be carried passively 
by irrigation water to short or long distances. Nematode spreads through large field areas, if 
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water is collected from the same infested source [75]. Also, intensive irrigation is conducive 
to high nematode population levels, due to its effect on soil texture remodeling, altering abi-
otic conditions as aeration and particle arrangement creating new niches for protection [76]. 
Nematode locomotion depends on water, as studied for the J2 of Meloidogyne incognita, which 
could not travel against the water flow, limiting itself to resist the flow, trying to remain static. 
In sand substrate tests, when water percolated, the nematode moved with the water flow, 
resulting in the distribution of the nematode along irrigated areas [77].

Nematodes are already plant parasites per se but can also act as vectors for viruses as Xiphinema 
index (and other species) capable of transmitting Grapevine fanleaf virus into grapes [78]. Two 
nematode orders are known as vectors of plant viruses, Dorylaimida and Triplonchida [79]. 
For these nematode vectors, and several other species, soil is not required to be saturated, 
if humidity is kept at “normal levels” the parasite can survive and still act as a vector even 
4 years in the absence of its hosts [80]. Also, X. index can be disseminated by contaminated 
irrigation water [81]. In some cases, these parasites are highly resistant to dehydration, in a 
survival strategy termed anhydrobiosis. Anhydrobiosis has been observed in many nema-
todes, such as among Pratylenchus (the lesion nematodes), one of the most important plant 
pathogenic nematode genera [82].

Differences among irrigation methods have not been very well explored for this group of 
plant pathogens. However, taking into consideration the effect of water flow and irrigation on 
the nematode’s movement and displacement, drip irrigation could result in lesser dispersal 
and consequently, less infected plants in the fields.

4. Conclusion

The response of plant pathogens (fungi, oomycetes, bacteria, nematodes, viruses) to the range of 
irrigations methods and management configurations varies widely and must be addressed for 
each particular plant-pathogen system (Figure 1). Among furrow, overhead sprinkler, micro-
sprinkler, and drip irrigation, there are a variety of management choices that may strongly affect 
propagule dispersion, induction of germination, biofilm formation, penetration and survival 
of each specific group of pathogens. For the oomycetes and bacteria associated to aerial plant 
organs, due to their strong dependency on free water and high humidity, drip irrigation might 
be the appropriate choice. Among the true fungi, the effects of the irrigation system and man-
agement differ, and species of dry and wet spores respond distinctly to each individual method. 
In some groups, such as the Erysiphales, free water may hamper disease progress. Nematodes 
and oomycetes need free water in the soil to be actively distributed in the crop. Viruses, accom-
panying their vectors, can be controlled by sprinkle irrigation water, which disrupts the contact 
of the insect with the plant. The knowledge of the causal agent and of the disease epidemiologi-
cal components is essential when deciding the type of irrigation, frequency and water volume 
to be applied to manage one particular plant disease and is key to achieve good yields and high 
product quality.

Irrigation in Agroecosystems134

Conflict of interest

The authors state no conflict of interest.

Author details

Adalberto C. Café-Filho1*, Carlos Alberto Lopes2 and Maurício Rossato1

*Address all correspondence to: cafefilh@unb.br

1 University of Brasília, Brasília, Brazil

2 Embrapa Vegetable Crops, Brasília, Brazil

Figure 1. Schematic representation of irrigation methods which benefit disease development according to the plant 
pathogen group and affected plant organ. Furrow irrigation is conducive for oomycetes when aerial plant parts are in 
contact to the ground, as in processing tomato fields. Exceptions may exist for all groups.

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

135



water is collected from the same infested source [75]. Also, intensive irrigation is conducive 
to high nematode population levels, due to its effect on soil texture remodeling, altering abi-
otic conditions as aeration and particle arrangement creating new niches for protection [76]. 
Nematode locomotion depends on water, as studied for the J2 of Meloidogyne incognita, which 
could not travel against the water flow, limiting itself to resist the flow, trying to remain static. 
In sand substrate tests, when water percolated, the nematode moved with the water flow, 
resulting in the distribution of the nematode along irrigated areas [77].

Nematodes are already plant parasites per se but can also act as vectors for viruses as Xiphinema 
index (and other species) capable of transmitting Grapevine fanleaf virus into grapes [78]. Two 
nematode orders are known as vectors of plant viruses, Dorylaimida and Triplonchida [79]. 
For these nematode vectors, and several other species, soil is not required to be saturated, 
if humidity is kept at “normal levels” the parasite can survive and still act as a vector even 
4 years in the absence of its hosts [80]. Also, X. index can be disseminated by contaminated 
irrigation water [81]. In some cases, these parasites are highly resistant to dehydration, in a 
survival strategy termed anhydrobiosis. Anhydrobiosis has been observed in many nema-
todes, such as among Pratylenchus (the lesion nematodes), one of the most important plant 
pathogenic nematode genera [82].

Differences among irrigation methods have not been very well explored for this group of 
plant pathogens. However, taking into consideration the effect of water flow and irrigation on 
the nematode’s movement and displacement, drip irrigation could result in lesser dispersal 
and consequently, less infected plants in the fields.

4. Conclusion

The response of plant pathogens (fungi, oomycetes, bacteria, nematodes, viruses) to the range of 
irrigations methods and management configurations varies widely and must be addressed for 
each particular plant-pathogen system (Figure 1). Among furrow, overhead sprinkler, micro-
sprinkler, and drip irrigation, there are a variety of management choices that may strongly affect 
propagule dispersion, induction of germination, biofilm formation, penetration and survival 
of each specific group of pathogens. For the oomycetes and bacteria associated to aerial plant 
organs, due to their strong dependency on free water and high humidity, drip irrigation might 
be the appropriate choice. Among the true fungi, the effects of the irrigation system and man-
agement differ, and species of dry and wet spores respond distinctly to each individual method. 
In some groups, such as the Erysiphales, free water may hamper disease progress. Nematodes 
and oomycetes need free water in the soil to be actively distributed in the crop. Viruses, accom-
panying their vectors, can be controlled by sprinkle irrigation water, which disrupts the contact 
of the insect with the plant. The knowledge of the causal agent and of the disease epidemiologi-
cal components is essential when deciding the type of irrigation, frequency and water volume 
to be applied to manage one particular plant disease and is key to achieve good yields and high 
product quality.

Irrigation in Agroecosystems134

Conflict of interest

The authors state no conflict of interest.

Author details

Adalberto C. Café-Filho1*, Carlos Alberto Lopes2 and Maurício Rossato1

*Address all correspondence to: cafefilh@unb.br

1 University of Brasília, Brasília, Brazil

2 Embrapa Vegetable Crops, Brasília, Brazil

Figure 1. Schematic representation of irrigation methods which benefit disease development according to the plant 
pathogen group and affected plant organ. Furrow irrigation is conducive for oomycetes when aerial plant parts are in 
contact to the ground, as in processing tomato fields. Exceptions may exist for all groups.

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

135



References

[1] Oerke E-C. Crop losses to pests. The Journal of Agricultural Science. 2006;144(1):31-43

[2] Martinelli F, Scalenghe R, Davino S, Panno S, Scuderi G, Ruisi P, et al. Advanced meth-
ods of plant disease detection. A review. Agronomy for Sustainable Development. 2015; 
35(1):1-25

[3] Martinelli. Feeding the World: An Economic History of Agriculture 1800-2000. Princeton, 
NJ, USA: Princeton University Press; 2005

[4] Ondrasek G. Water scarcity & water stress in agriculture. In: Ahmad P, Wani M, editors. 
Physiological Mechanism and Adaptation Strategies in Plants under Changing Environ-
ments. New York, NY: Springer; 2014. pp. 77-96

[5] King B, Stark J. Potato Irrigation Management for On-Farm Potato Research. Potato 
Research and Extension Proposals for Cooperative Action. Moscow, ID, USA: University 
of Idaho, College of Agriculture; 1997. pp. 88-95

[6] Lopes C, Marouelli W, Café Filho A. Associação da irrigação com doenças de hortaliças. 
Revisão Anual de Patologia de Plantas. 2006;14:151-179

[7] Marouelli WA, Lopes CA, Silva WL. Incidência de murcha-bacteriana em tomate para  
processamento industrial sob irrigação por gotejamento e aspersão. Horticultura Bra-
sileira. 2005;23(2):320-323

[8] Cabral RN, Marouelli WA, Da Costa Lage DA, Lapidus GÁ, Café Filho AC. Incidência da 
Murcha Bacteriana em Tomateiro Orgânico sob Diferentes Sistemas de Irrigação, Níveis 
de Água e Coberturas de Solo. Cadernos de Agroecologia. 2011;6:1-2

[9] Bhat RG, Subbarao V. Cultural control. In: Maloy OC, Murray TD, editors. Encyclopedia 
of Plant Pathology 1. New York, NY, USA: John Wiley & Sons; 2001. pp. 274-279

[10] Coelho M, Cafe Filho A, Lopes C, Marouelli W. Severidade de oidio em abobora hibrida 
sob diferentes laminas de irrigacao e niveis de nitrogenio. Fitopatologia Brasileira. 2000; 
25:157-160

[11] Oliveira CaDS, Marouelli WA, Santos J, Giordano L. Produção de escleródios de Sclero-
tinia sclerotiorum e severidade de oídio em cultivares de ervilha sob diferentes lâminas 
de água. Horticultura Brasileira. 2000;18(1):16-20

[12] Lage D, Marouelli W, Cafe-Filho A. Tomato powdery mildew may be significantly 
reduced by choice and management of irrigation system in the Brazilian middle west. 
Phytopathology. 2011;101(6):S97

[13] Michereff Filho M, Marouelli W, Gravina C, Resende F, Da Silva P, Nagata A. Influência 
de práticas culturais na infestação de pragas em tomateiro orgânico. Brasília, DF, Brazil: 
Embrapa Hortaliças; 2014. p. 32

Irrigation in Agroecosystems136

[14] Rotem J, Palti J. Irrigation and plant diseases. Annual Review of Phytopathology. 1969; 
7(1):267-288

[15] Lee KJ, Kang JY, Lee DY, Jang SW, Lee S, Lee B-W, et al. Use of an empirical model to 
estimate leaf wetness duration for operation of a disease warning system under a shade 
in a ginseng field. Plant Disease. 2016;100(1):25-31

[16] Wang B, Li B-H, Dong X-L, Wang C-X, Zhang Z-F. Effects of temperature, wetness dura-
tion, and moisture on the conidial germination, infection, and disease incubation period 
of Glomerella cingulata. Plant Disease. 2015;99(2):249-256

[17] Rotem J, Cohen Y. The effect of temperature on the pathogen and on the development 
of blue mold disease in tobacco inoculated with Peronospora tabacina. Phytopathology. 
1970;60(1):54-57

[18] Vorholt JA. Microbial life in the phyllosphere. Nature Reviews Microbiology. 2012; 
10(12):828

[19] Wang Q, Sun H, Huang J. Re-analyses of “algal” genes suggest a complex evolutionary 
history of oomycetes. Frontiers in Plant Science. 2017;8:1540

[20] Sanogo S, Ji P. Water management in relation to control of Phytophthora capsici in veg-
etable crops. Agricultural Water Management. 2013;129:113-119

[21] Ploetz R, Heine G, Haynes J, Watson M. An investigation of biological attributes that may 
contribute to the importance of Phytophthora capsici as a vegetable pathogen in Florida. 
Annals of Applied Biology. 2002;140(1):61-67

[22] O'neill T, Pye D, Locke T. The effect of fungicides, irrigation and plant density on the 
development of Peronospora sparsa, the cause of downy mildew in rose and blackberry. 
Annals of Applied Biology. 2002;140(2):207-214

[23] Shtienberg D, Elad Y, Bornstein M, Ziv G, Grava A, Cohen S. Polyethylene mulch modi-
fies greenhouse microclimate and reduces infection of Phytophthora infestans in tomato 
and Pseudoperonospora cubensis in cucumber. Phytopathology. 2010;100(1):97-104

[24] Bewley W, Buddin W. On the fungus flora of glasshouse water supplies in relation to 
plant disease. Annals of Applied Biology. 1921;8(1):10-19

[25] Shokes F, Mccarter S. Occurrence, dissemination, and survival of plant pathogens in 
surface irrigation ponds in southern Georgia. Phytopathology. 1979;69(5):510-516

[26] Roberts P, Urs R, French-Monar R, Hoffine M, Seijo T, Mcgovern R. Survival and recov-
ery of Phytophthora capsici and oomycetes in tailwater and soil from vegetable fields in 
Florida. Annals of Applied Biology. 2005;146(3):351-359

[27] Marouelli WA, Lage DaDC, Gravina CS, Michereff Filho M, Souza RBD. Sprinkler and 
drip irrigation in the organic tomato for single crops and when intercropped with cori-
ander. Revista Ciência Agronômica. 2013;44(4):825-833

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

137



References

[1] Oerke E-C. Crop losses to pests. The Journal of Agricultural Science. 2006;144(1):31-43

[2] Martinelli F, Scalenghe R, Davino S, Panno S, Scuderi G, Ruisi P, et al. Advanced meth-
ods of plant disease detection. A review. Agronomy for Sustainable Development. 2015; 
35(1):1-25

[3] Martinelli. Feeding the World: An Economic History of Agriculture 1800-2000. Princeton, 
NJ, USA: Princeton University Press; 2005

[4] Ondrasek G. Water scarcity & water stress in agriculture. In: Ahmad P, Wani M, editors. 
Physiological Mechanism and Adaptation Strategies in Plants under Changing Environ-
ments. New York, NY: Springer; 2014. pp. 77-96

[5] King B, Stark J. Potato Irrigation Management for On-Farm Potato Research. Potato 
Research and Extension Proposals for Cooperative Action. Moscow, ID, USA: University 
of Idaho, College of Agriculture; 1997. pp. 88-95

[6] Lopes C, Marouelli W, Café Filho A. Associação da irrigação com doenças de hortaliças. 
Revisão Anual de Patologia de Plantas. 2006;14:151-179

[7] Marouelli WA, Lopes CA, Silva WL. Incidência de murcha-bacteriana em tomate para  
processamento industrial sob irrigação por gotejamento e aspersão. Horticultura Bra-
sileira. 2005;23(2):320-323

[8] Cabral RN, Marouelli WA, Da Costa Lage DA, Lapidus GÁ, Café Filho AC. Incidência da 
Murcha Bacteriana em Tomateiro Orgânico sob Diferentes Sistemas de Irrigação, Níveis 
de Água e Coberturas de Solo. Cadernos de Agroecologia. 2011;6:1-2

[9] Bhat RG, Subbarao V. Cultural control. In: Maloy OC, Murray TD, editors. Encyclopedia 
of Plant Pathology 1. New York, NY, USA: John Wiley & Sons; 2001. pp. 274-279

[10] Coelho M, Cafe Filho A, Lopes C, Marouelli W. Severidade de oidio em abobora hibrida 
sob diferentes laminas de irrigacao e niveis de nitrogenio. Fitopatologia Brasileira. 2000; 
25:157-160

[11] Oliveira CaDS, Marouelli WA, Santos J, Giordano L. Produção de escleródios de Sclero-
tinia sclerotiorum e severidade de oídio em cultivares de ervilha sob diferentes lâminas 
de água. Horticultura Brasileira. 2000;18(1):16-20

[12] Lage D, Marouelli W, Cafe-Filho A. Tomato powdery mildew may be significantly 
reduced by choice and management of irrigation system in the Brazilian middle west. 
Phytopathology. 2011;101(6):S97

[13] Michereff Filho M, Marouelli W, Gravina C, Resende F, Da Silva P, Nagata A. Influência 
de práticas culturais na infestação de pragas em tomateiro orgânico. Brasília, DF, Brazil: 
Embrapa Hortaliças; 2014. p. 32

Irrigation in Agroecosystems136

[14] Rotem J, Palti J. Irrigation and plant diseases. Annual Review of Phytopathology. 1969; 
7(1):267-288

[15] Lee KJ, Kang JY, Lee DY, Jang SW, Lee S, Lee B-W, et al. Use of an empirical model to 
estimate leaf wetness duration for operation of a disease warning system under a shade 
in a ginseng field. Plant Disease. 2016;100(1):25-31

[16] Wang B, Li B-H, Dong X-L, Wang C-X, Zhang Z-F. Effects of temperature, wetness dura-
tion, and moisture on the conidial germination, infection, and disease incubation period 
of Glomerella cingulata. Plant Disease. 2015;99(2):249-256

[17] Rotem J, Cohen Y. The effect of temperature on the pathogen and on the development 
of blue mold disease in tobacco inoculated with Peronospora tabacina. Phytopathology. 
1970;60(1):54-57

[18] Vorholt JA. Microbial life in the phyllosphere. Nature Reviews Microbiology. 2012; 
10(12):828

[19] Wang Q, Sun H, Huang J. Re-analyses of “algal” genes suggest a complex evolutionary 
history of oomycetes. Frontiers in Plant Science. 2017;8:1540

[20] Sanogo S, Ji P. Water management in relation to control of Phytophthora capsici in veg-
etable crops. Agricultural Water Management. 2013;129:113-119

[21] Ploetz R, Heine G, Haynes J, Watson M. An investigation of biological attributes that may 
contribute to the importance of Phytophthora capsici as a vegetable pathogen in Florida. 
Annals of Applied Biology. 2002;140(1):61-67

[22] O'neill T, Pye D, Locke T. The effect of fungicides, irrigation and plant density on the 
development of Peronospora sparsa, the cause of downy mildew in rose and blackberry. 
Annals of Applied Biology. 2002;140(2):207-214

[23] Shtienberg D, Elad Y, Bornstein M, Ziv G, Grava A, Cohen S. Polyethylene mulch modi-
fies greenhouse microclimate and reduces infection of Phytophthora infestans in tomato 
and Pseudoperonospora cubensis in cucumber. Phytopathology. 2010;100(1):97-104

[24] Bewley W, Buddin W. On the fungus flora of glasshouse water supplies in relation to 
plant disease. Annals of Applied Biology. 1921;8(1):10-19

[25] Shokes F, Mccarter S. Occurrence, dissemination, and survival of plant pathogens in 
surface irrigation ponds in southern Georgia. Phytopathology. 1979;69(5):510-516

[26] Roberts P, Urs R, French-Monar R, Hoffine M, Seijo T, Mcgovern R. Survival and recov-
ery of Phytophthora capsici and oomycetes in tailwater and soil from vegetable fields in 
Florida. Annals of Applied Biology. 2005;146(3):351-359

[27] Marouelli WA, Lage DaDC, Gravina CS, Michereff Filho M, Souza RBD. Sprinkler and 
drip irrigation in the organic tomato for single crops and when intercropped with cori-
ander. Revista Ciência Agronômica. 2013;44(4):825-833

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

137



[28] Becktell M, Daughtrey M, Fry W. Temperature and leaf wetness requirements for patho-gen 
establishment, incubation period, and sporulation of Phytophthora infestans on Petu-nia ×  
hybrida. Plant Disease. 2005;89(9):975-979

[29] Gregory P, Guthrie E, Bunce ME. Experiments on splash dispersal of fungus spores. Micro- 
biology. 1959;20(2):328-354

[30] Coelho MV, Palma FR, Cafe-Filho AC. Management of strawberry anthracnose by choice 
of irrigation system, mulching material and host resistance. International Journal of Pest 
Management. 2008;54(4):347-354

[31] Cabral RN, Marouelli WA, Lage DA, Café-Filho AC. Septoria leaf spot in organic toma-
toes under diverse irrigation systems and water management strategies. Horticultura 
Brasileira. 2013;31(3):392-400

[32] Carroll J, Wilcox W. Effects of humidity on the development of grapevine powdery mildew. 
Phytopathology. 2003;93(9):1137-1144

[33] Ruppel E, Harrison M, Nielson AK. Occurrence and cause of bacterial vascular necrosis 
and soft rot of sugarbeet in Washington. Plant Disease Reporter. 1975;59(10):837-840

[34] Shomari S, Kennedy R. Survival of Oidium anacardii on cashew (Anacardium occidentale) 
in southern Tanzania. Plant Pathology. 1999;48(4):505-513

[35] Wegulo SN, Baenziger PS, Nopsa JH, Bockus WW, Hallen-Adams H. Management of 
fusarium head blight of wheat and barley. Crop Protection. 2015;73:100-107

[36] Fernando WG, Miller J, Seaman W, Seifert K, Paulitz T. Daily and seasonal dynamics 
of airborne spores of Fusarium graminearum and other Fusarium species sampled over 
wheat plots. Canadian Journal of Botany. 2000;78(4):497-505

[37] Rossi V, Scandolara A, Battilani P. Effect of environmental conditions on spore produc-
tion by Fusarium verticillioides, the causal agent of maize ear rot. European Journal of 
Plant Pathology. 2009;123(2):159-169

[38] Pusey P. The role of water in epiphytic colonization and infection of pomaceous flowers 
by Erwinia amylovora. Phytopathology. 2000;90(12):1352-1357

[39] Pernezny KL, Roberts PD, Murphy JF, Goldberg NP. Compendium of Pepper Diseases. 
St. Paul, MN, USA: The American Phytopathlogical Society; 2003. p. 64

[40] Irwin ME, Kampmeier GE, Weisser WW. Aphid movement: Process and consequences. 
In: Emden HF, Harrington R, editors. Aphids as Crops Pests. Wallingford,UK: CAB 
International; 2007. p. 714

[41] Bragard C, Caciagli P, Lemaire O, Lopez-Moya J, Macfarlane S, Peters D, et al. Status and 
prospects of plant virus control through interference with vector transmission. Annual 
Review of Phytopathology. 2013;51:177-201

Irrigation in Agroecosystems138

[42] Katis NI, Tsitsipis JA, Stevens M, Powell G. Transmission of plant viruses. In: Emden 
HF, Harrington R, editors. Aphids as Crops Pests. Wallingford,UK: CAB International; 
2007. p. 714

[43] Van Munster M, Yvon M, Vile D, Dader B, Fereres A, Blanc S. Water deficit enhances the 
transmission of plant viruses by insect vectors. PLoS One. 2017;12(5):e0174398

[44] Xu P, Chen F, Mannas JP, Feldman T, Sumner LW, Roossinck MJ. Virus infection im-
proves drought tolerance. New Phytologist. 2008;180(4):911-921

[45] Davis TS, Bosque-Pérez NA, Foote NE, Magney T, Eigenbrode SD. Environmentally 
dependent host–pathogen and vector–pathogen interactions in the barley yellow dwarf 
virus pathosystem. Journal of Applied Ecology. 2015;52(5):1392-1401

[46] Gencsoylu I, Sezgin F. Sprinkler irrigation as a management practice for Bemisia tabaci 
(Homoptera: Aleyrodidae) in cotton fields. The Great Lakes Entomologist. 2003;36(3 
and 4):2

[47] Castle S, Henneberry T, Toscano N. Suppression of Bemisia tabaci (Homoptera: Aleyro-
didae) infestations in cantaloupe and cotton with sprinkler irrigation. Crop Protection. 
1996;15(7):657-663

[48] Parihar SBS, Name S. Influence of irrigation methods on the aphid, Myzus persicae 
(Sulzer). Insect Environment. 1999;5(1):25-26

[49] Hillocks RJ, Waller JM. Soilborne diseases and their importance in tropical agriculture. 
In: Soilborne Diseases of Tropical Crops. Wallingford, UK: CAB International; 1997. 
pp. 3-16

[50] Correia KC, Michereff SJ. Fundamentos e desafios do manejo de doenças radiculares 
causadas por fungos. In: Lopes UP, Michereff SJ, editors. Desafios do manejo de doen-
ças radiculares causadas por fungos. Recife, Brazil: Universidade Federal Rural de 
Pernambuco; 2018. pp. 1-16

[51] Ristaino J, Hord M, Gumpertz M. Population densities of Phytophthora capsici in field 
soils in relation to drip irrigation, rainfall, and disease incidence. Plant Disease. 1992; 
76:1017-1024

[52] Thomson S, Allen R. Mechanisms of survival of zoospores of Phytophthora parasitica in 
irrigation water. Phytopathology. 1976;66(10):1198-1202

[53] Café-Filho A, Duniway J, Davis R. Effects of the frequency of furrow irrigation on root 
and fruit rots of squash caused by Phytophthora capsici. Plant Disease. 1995;79(1):44-48

[54] Duniway J. Dispersal of Phytophthora capsici and P. parasitica in furrow-irrigated rows of 
bell pepper, tomato and squash. Plant Pathology. 1995;44(6):1025-1032

[55] Café-Filho A, Duniway J. Effects of furrow irrigation schedules and host genotype on 
Phytophthora root rot of pepper. Plant Disease (USA). 1995;79(1):39-43

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

139



[28] Becktell M, Daughtrey M, Fry W. Temperature and leaf wetness requirements for patho-gen 
establishment, incubation period, and sporulation of Phytophthora infestans on Petu-nia ×  
hybrida. Plant Disease. 2005;89(9):975-979

[29] Gregory P, Guthrie E, Bunce ME. Experiments on splash dispersal of fungus spores. Micro- 
biology. 1959;20(2):328-354

[30] Coelho MV, Palma FR, Cafe-Filho AC. Management of strawberry anthracnose by choice 
of irrigation system, mulching material and host resistance. International Journal of Pest 
Management. 2008;54(4):347-354

[31] Cabral RN, Marouelli WA, Lage DA, Café-Filho AC. Septoria leaf spot in organic toma-
toes under diverse irrigation systems and water management strategies. Horticultura 
Brasileira. 2013;31(3):392-400

[32] Carroll J, Wilcox W. Effects of humidity on the development of grapevine powdery mildew. 
Phytopathology. 2003;93(9):1137-1144

[33] Ruppel E, Harrison M, Nielson AK. Occurrence and cause of bacterial vascular necrosis 
and soft rot of sugarbeet in Washington. Plant Disease Reporter. 1975;59(10):837-840

[34] Shomari S, Kennedy R. Survival of Oidium anacardii on cashew (Anacardium occidentale) 
in southern Tanzania. Plant Pathology. 1999;48(4):505-513

[35] Wegulo SN, Baenziger PS, Nopsa JH, Bockus WW, Hallen-Adams H. Management of 
fusarium head blight of wheat and barley. Crop Protection. 2015;73:100-107

[36] Fernando WG, Miller J, Seaman W, Seifert K, Paulitz T. Daily and seasonal dynamics 
of airborne spores of Fusarium graminearum and other Fusarium species sampled over 
wheat plots. Canadian Journal of Botany. 2000;78(4):497-505

[37] Rossi V, Scandolara A, Battilani P. Effect of environmental conditions on spore produc-
tion by Fusarium verticillioides, the causal agent of maize ear rot. European Journal of 
Plant Pathology. 2009;123(2):159-169

[38] Pusey P. The role of water in epiphytic colonization and infection of pomaceous flowers 
by Erwinia amylovora. Phytopathology. 2000;90(12):1352-1357

[39] Pernezny KL, Roberts PD, Murphy JF, Goldberg NP. Compendium of Pepper Diseases. 
St. Paul, MN, USA: The American Phytopathlogical Society; 2003. p. 64

[40] Irwin ME, Kampmeier GE, Weisser WW. Aphid movement: Process and consequences. 
In: Emden HF, Harrington R, editors. Aphids as Crops Pests. Wallingford,UK: CAB 
International; 2007. p. 714

[41] Bragard C, Caciagli P, Lemaire O, Lopez-Moya J, Macfarlane S, Peters D, et al. Status and 
prospects of plant virus control through interference with vector transmission. Annual 
Review of Phytopathology. 2013;51:177-201

Irrigation in Agroecosystems138

[42] Katis NI, Tsitsipis JA, Stevens M, Powell G. Transmission of plant viruses. In: Emden 
HF, Harrington R, editors. Aphids as Crops Pests. Wallingford,UK: CAB International; 
2007. p. 714

[43] Van Munster M, Yvon M, Vile D, Dader B, Fereres A, Blanc S. Water deficit enhances the 
transmission of plant viruses by insect vectors. PLoS One. 2017;12(5):e0174398

[44] Xu P, Chen F, Mannas JP, Feldman T, Sumner LW, Roossinck MJ. Virus infection im-
proves drought tolerance. New Phytologist. 2008;180(4):911-921

[45] Davis TS, Bosque-Pérez NA, Foote NE, Magney T, Eigenbrode SD. Environmentally 
dependent host–pathogen and vector–pathogen interactions in the barley yellow dwarf 
virus pathosystem. Journal of Applied Ecology. 2015;52(5):1392-1401

[46] Gencsoylu I, Sezgin F. Sprinkler irrigation as a management practice for Bemisia tabaci 
(Homoptera: Aleyrodidae) in cotton fields. The Great Lakes Entomologist. 2003;36(3 
and 4):2

[47] Castle S, Henneberry T, Toscano N. Suppression of Bemisia tabaci (Homoptera: Aleyro-
didae) infestations in cantaloupe and cotton with sprinkler irrigation. Crop Protection. 
1996;15(7):657-663

[48] Parihar SBS, Name S. Influence of irrigation methods on the aphid, Myzus persicae 
(Sulzer). Insect Environment. 1999;5(1):25-26

[49] Hillocks RJ, Waller JM. Soilborne diseases and their importance in tropical agriculture. 
In: Soilborne Diseases of Tropical Crops. Wallingford, UK: CAB International; 1997. 
pp. 3-16

[50] Correia KC, Michereff SJ. Fundamentos e desafios do manejo de doenças radiculares 
causadas por fungos. In: Lopes UP, Michereff SJ, editors. Desafios do manejo de doen-
ças radiculares causadas por fungos. Recife, Brazil: Universidade Federal Rural de 
Pernambuco; 2018. pp. 1-16

[51] Ristaino J, Hord M, Gumpertz M. Population densities of Phytophthora capsici in field 
soils in relation to drip irrigation, rainfall, and disease incidence. Plant Disease. 1992; 
76:1017-1024

[52] Thomson S, Allen R. Mechanisms of survival of zoospores of Phytophthora parasitica in 
irrigation water. Phytopathology. 1976;66(10):1198-1202

[53] Café-Filho A, Duniway J, Davis R. Effects of the frequency of furrow irrigation on root 
and fruit rots of squash caused by Phytophthora capsici. Plant Disease. 1995;79(1):44-48

[54] Duniway J. Dispersal of Phytophthora capsici and P. parasitica in furrow-irrigated rows of 
bell pepper, tomato and squash. Plant Pathology. 1995;44(6):1025-1032

[55] Café-Filho A, Duniway J. Effects of furrow irrigation schedules and host genotype on 
Phytophthora root rot of pepper. Plant Disease (USA). 1995;79(1):39-43

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

139



[56] Bowers J, Papavizas G, Johnston S. Effect of soil temperature and soil-water matric 
potential on the survival of Phytophthora capsici in natural soil. Plant Disease. 1990;74(10): 
771-777

[57] Ansani CV, Matsuoka K. Survival of Phytophthora capsici Leonian in soil. Fitopatologia 
Brasileira. 1983;8:269-276

[58] Kuan T, Erwin D. Predisposition effect of water saturation of soil on Phytophthora root 
rot of alfalfa. Phytopathology. 1980;70(10):981-986

[59] Sanogo S. Predispositional effect of soil water saturation on infection of Chile pepper by 
Phytophthora capsici. Hortscience. 2006;41(1):172-175

[60] Hord M, Ristaino J. Effect of the matric component of soil water potential on infection of 
pepper seedlings in soil infested with oospores of Phytophthora capsici. Phytopathology. 
1992;82(7):792-798

[61] Wheeler WD, Williams-Woodward J, Thomas PA, Van Iersel M, Chappell MR. Impact of 
substrate volumetric water on Pythium aphanidermatum infection in Petunia × hybrida: A 
case study on the use of automated irrigation in phytopathology studies. Plant Health 
Progress. 2017;18(2):120-125

[62] Gencoglan C, Akinci IE, Akinci S, Gencoglan S, Ucan K. Effect of different irrigation 
methods on yield of red hot pepper and plant mortality caused by Phytophthora capsici 
Leon. Journal of Environmental Biology. 2005;26(4):741-746

[63] Rista L, Sillon M, Fornasero L. Effect of different irrigation strategies on the mortal-
ity of pepper by Phytophthora capsici Leonian in greenhouses. Horticultura Argentina. 
1995;14(37):44-51

[64] Sanogo S, Carpenter J. Incidence of Phytophthora blight and Verticillium wilt within Chile 
pepper fields in New Mexico. Plant Disease. 2006;90(3):291-296

[65] Tu J, Tan C. Effect of soil compaction on growth, yield and root rots of white beans in 
clay loam and sandy loam soil. Soil Biology and Biochemistry. 1991;23(3):233-238

[66] Lilja A, Heiskanen J, Heinonen R. Effects of irrigation on uninucleate Rhizoctonia on 
nursery seedlings of Pinus syivestris and Picea abies grown in peat growth medium. 
Scandinavian Journal of Forest Research. 1998;13(1-4):184-188

[67] Naseri B, Shobeiri SS, Tabande L. The intensity of a bean Fusarium root rot epidemic is 
dependent on planting strategies. Journal of Phytopathology. 2016;164(3):147-154

[68] Bell A, Liu L, Reidy B, Davis R, Subbarao K. Mechanisms of subsurface drip irrigation-
mediated suppression of lettuce drop caused by Sclerotinia minor. Phytopathology. 
1998;88(3):252-259

[69] García-Cabello S, Pérez-Rodríguez M, Blanco-López M, López-Escudero F. Distribution 
of Verticillium dahliae through watering systems in widely irrigated olive growing areas 
in Andalucia (southern Spain). European Journal of Plant Pathology. 2012;133(4):877-885

Irrigation in Agroecosystems140

[70] Rodriguez-Jurado D, Bejarano-Alcazar J. Dispersión de Verticillium dahliae en el agua 
utilizada para riego de olivares en Andalucía. Boletín de Sanidad Vegetal Plagas. 2007;33: 
547-562

[71] Kelman A. The bacterial wilt caused by pseudomonas solanacearum–A literature review 
and bibliography. North Carolina Agricultural Experiment Station Technical Bulletin. 
1953;99:194

[72] Wharton PS, Driscoll J, Douches D, Hammerschmidt R, Kirk W. Common scab of potato. 
Michigan State University Extension Bull. 2007. e2990

[73] Lamichhane J, Bartoli C. Plant pathogenic bacteria in open irrigation systems: What risk 
for crop health? Plant Pathology. 2015;64(4):757-766

[74] Almeida EJ, Santos JM, Martins AB. Flutuação populacional de Meloidogyne enterolobii 
em pomar de goiabeira (Psidium guajava). Nematologia Brasileira. 2010:164-168

[75] Hong C, Moorman G. Plant pathogens in irrigation water: Challenges and opportunities. 
Critical Reviews in Plant Sciences. 2005;24(3):189-208

[76] Prot J-C, Van Gundy S. Effect of soil texture and the clay component on migration of 
Meloidogyne incognita second-stage juveniles. Journal of Nematology. 1981;13(2):213

[77] Fujimoto T, Hasegawa S, Otobe K, Mizukubo T. The effect of soil water flow and soil prop-
erties on the motility of second-stage juveniles of the root-knot nematode (Meloidogyne 
incognita). Soil Biology and Biochemistry. 2010;42(7):1065-1072

[78] Alfaro A, Goheen A. Transmission of strains of grapevine fanleaf virus by Xiphinema 
index. Plant Disease Reporter. 1974;58(6):549-552

[79] Brown D, Robertson W, Trudgill D. Transmission of viruses by plant nematodes. Annual 
Review of Phytopathology. 1995;33(1):223-249

[80] Demangeat G, Voisin R, Minot J-C, Bosselut N, Fuchs M, Esmenjaud D. Survival of 
Xiphinema index in vineyard soil and retention of grapevine fanleaf virus over extended 
time in the absence of host plants. Phytopathology. 2005;95(10):1151-1156

[81] Hugo H, Malan AM. Occurrence and control of plant-parasitic nematodes in irrigation 
water–A review. South African Journal of Enology and Viticulture. 2016;31(2):169-180

[82] Mcsorley R. Adaptations of nematodes to environmental extremes. Florida Entomologist. 
2003;86(2):138-142

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

141



[56] Bowers J, Papavizas G, Johnston S. Effect of soil temperature and soil-water matric 
potential on the survival of Phytophthora capsici in natural soil. Plant Disease. 1990;74(10): 
771-777

[57] Ansani CV, Matsuoka K. Survival of Phytophthora capsici Leonian in soil. Fitopatologia 
Brasileira. 1983;8:269-276

[58] Kuan T, Erwin D. Predisposition effect of water saturation of soil on Phytophthora root 
rot of alfalfa. Phytopathology. 1980;70(10):981-986

[59] Sanogo S. Predispositional effect of soil water saturation on infection of Chile pepper by 
Phytophthora capsici. Hortscience. 2006;41(1):172-175

[60] Hord M, Ristaino J. Effect of the matric component of soil water potential on infection of 
pepper seedlings in soil infested with oospores of Phytophthora capsici. Phytopathology. 
1992;82(7):792-798

[61] Wheeler WD, Williams-Woodward J, Thomas PA, Van Iersel M, Chappell MR. Impact of 
substrate volumetric water on Pythium aphanidermatum infection in Petunia × hybrida: A 
case study on the use of automated irrigation in phytopathology studies. Plant Health 
Progress. 2017;18(2):120-125

[62] Gencoglan C, Akinci IE, Akinci S, Gencoglan S, Ucan K. Effect of different irrigation 
methods on yield of red hot pepper and plant mortality caused by Phytophthora capsici 
Leon. Journal of Environmental Biology. 2005;26(4):741-746

[63] Rista L, Sillon M, Fornasero L. Effect of different irrigation strategies on the mortal-
ity of pepper by Phytophthora capsici Leonian in greenhouses. Horticultura Argentina. 
1995;14(37):44-51

[64] Sanogo S, Carpenter J. Incidence of Phytophthora blight and Verticillium wilt within Chile 
pepper fields in New Mexico. Plant Disease. 2006;90(3):291-296

[65] Tu J, Tan C. Effect of soil compaction on growth, yield and root rots of white beans in 
clay loam and sandy loam soil. Soil Biology and Biochemistry. 1991;23(3):233-238

[66] Lilja A, Heiskanen J, Heinonen R. Effects of irrigation on uninucleate Rhizoctonia on 
nursery seedlings of Pinus syivestris and Picea abies grown in peat growth medium. 
Scandinavian Journal of Forest Research. 1998;13(1-4):184-188

[67] Naseri B, Shobeiri SS, Tabande L. The intensity of a bean Fusarium root rot epidemic is 
dependent on planting strategies. Journal of Phytopathology. 2016;164(3):147-154

[68] Bell A, Liu L, Reidy B, Davis R, Subbarao K. Mechanisms of subsurface drip irrigation-
mediated suppression of lettuce drop caused by Sclerotinia minor. Phytopathology. 
1998;88(3):252-259

[69] García-Cabello S, Pérez-Rodríguez M, Blanco-López M, López-Escudero F. Distribution 
of Verticillium dahliae through watering systems in widely irrigated olive growing areas 
in Andalucia (southern Spain). European Journal of Plant Pathology. 2012;133(4):877-885

Irrigation in Agroecosystems140

[70] Rodriguez-Jurado D, Bejarano-Alcazar J. Dispersión de Verticillium dahliae en el agua 
utilizada para riego de olivares en Andalucía. Boletín de Sanidad Vegetal Plagas. 2007;33: 
547-562

[71] Kelman A. The bacterial wilt caused by pseudomonas solanacearum–A literature review 
and bibliography. North Carolina Agricultural Experiment Station Technical Bulletin. 
1953;99:194

[72] Wharton PS, Driscoll J, Douches D, Hammerschmidt R, Kirk W. Common scab of potato. 
Michigan State University Extension Bull. 2007. e2990

[73] Lamichhane J, Bartoli C. Plant pathogenic bacteria in open irrigation systems: What risk 
for crop health? Plant Pathology. 2015;64(4):757-766

[74] Almeida EJ, Santos JM, Martins AB. Flutuação populacional de Meloidogyne enterolobii 
em pomar de goiabeira (Psidium guajava). Nematologia Brasileira. 2010:164-168

[75] Hong C, Moorman G. Plant pathogens in irrigation water: Challenges and opportunities. 
Critical Reviews in Plant Sciences. 2005;24(3):189-208

[76] Prot J-C, Van Gundy S. Effect of soil texture and the clay component on migration of 
Meloidogyne incognita second-stage juveniles. Journal of Nematology. 1981;13(2):213

[77] Fujimoto T, Hasegawa S, Otobe K, Mizukubo T. The effect of soil water flow and soil prop-
erties on the motility of second-stage juveniles of the root-knot nematode (Meloidogyne 
incognita). Soil Biology and Biochemistry. 2010;42(7):1065-1072

[78] Alfaro A, Goheen A. Transmission of strains of grapevine fanleaf virus by Xiphinema 
index. Plant Disease Reporter. 1974;58(6):549-552

[79] Brown D, Robertson W, Trudgill D. Transmission of viruses by plant nematodes. Annual 
Review of Phytopathology. 1995;33(1):223-249

[80] Demangeat G, Voisin R, Minot J-C, Bosselut N, Fuchs M, Esmenjaud D. Survival of 
Xiphinema index in vineyard soil and retention of grapevine fanleaf virus over extended 
time in the absence of host plants. Phytopathology. 2005;95(10):1151-1156

[81] Hugo H, Malan AM. Occurrence and control of plant-parasitic nematodes in irrigation 
water–A review. South African Journal of Enology and Viticulture. 2016;31(2):169-180

[82] Mcsorley R. Adaptations of nematodes to environmental extremes. Florida Entomologist. 
2003;86(2):138-142

Management of Plant Disease Epidemics with Irrigation Practices
http://dx.doi.org/10.5772/intechopen.78253

141



Chapter 9

Paddy Fields as Artificial and Temporal Wetland

Tsugihiro Watanabe

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80581

Provisional chapter

Paddy Fields as Artificial and Temporal Wetland

Tsugihiro Watanabe

Additional information is available at the end of the chapter

Abstract

Paddy cultivation plays a significant and vital role on rice production. Most of the global
population depends on the 480 million tons of rice produced each year as the basis for
their lives. While about 90% of the world’s 160 million hectares of paddy fields are in
Asian countries, mainly in monsoon regions, paddies are also seen in North America and
Africa, even in dry regions. Most of the paddy fields are flooded naturally or artificially
during rice production period. In the case that paddy fields are kept submerged artifi-
cially, hydraulic structures are required. Irrigated paddy fields produce traditionally
much rice, taking befits of stable water supply and continuous ponding. Paddy fields are
simultaneously performing other functions for local environment, including climate miti-
gation, flood control, groundwater recharge, biodiversity, and ecosystem development.
On the other hand, since paddy fields require much water and modify the original and
natural hydrological regime, they might cause adverse effect on local environment. Much
water supply by irrigation sometimes requires drainage system, which also might alter
local water balance. In this chapter, implication of paddy fields as artificial and temporal
wetland is reviewed comprehensively with various aspects, focusing mainly on their role
for local hydrological environment.

Keywords: paddy field, flooding, multi-function of flooding, irrigation and drainage,
hydrological environment

1. Introduction

Paddy cultivation plays a significant and vital role on rice production. Most of the global
population depends on the 480 million tons of rice produced each year as the basis for their
lives. While about 90% of the world’s 160 million hectares of paddy fields are in Asian
countries, mainly in monsoon regions, paddies are also seen in North America and Africa,
even in dry regions where irrigation has reclaimed dry land for paddy fields.
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Rice, as one of the main staple for human being, is cultivated in various regions of the world
from the wettest areas in the world to the driest deserts, with various conditions of natural
environment including climate, topography, and soil conditions. For example, rice is grown in
the area with more than 5000 mm of rain for one growing season, and with less, almost zero, of
rainfall. The growing season average temperature of rice producing areas varies from more
than 30�C to less than 15�C. Rice cultivation is observed in a higher mountain region with
more than 2500 m above the sea level, as well as in ocean coast even in sea level region [1].

Most of the fields, where rice is produced, are flooded, or submerged by water, naturally or
artificially during rice production period. To keep paddy fields submerged artificially, some
infrastructures like reservoirs or ponds, intake and diversion works and canals are
constructed. The infrastructures, after construction, are operated and maintained generally by
local society, usually with some supports of the government. Rice is produced mostly in the
fields with artificial water management with irrigation and drainage system, than in naturally
flooded fields.

The stable water supply and continuous ponding in the fields are the base for much rice
production. On the other hand, as mentioned above, they need hydraulic structures and the
appropriate operation and management of the structures. The artificial ponding with stable
and much water supply mostly results in better rice growth, while it might change the local
environment both positively and negatively. In the case that the impacts of ponding and
irrigation on the environment are positive, they are to be recognized as their “multi-functions.”
Recently, much water use for rice cultivation and necessity of water saving in paddy irrigation
have been discussed often, and simultaneously the role of flooding in paddy fields has been
highlighted in terms of environmental conservation (for example, see [2–4]).

On the other hand, since rice production area has been reducing in some developed countries
and regions with long history of rice cultivation, like Japan, Taiwan, and Korea, the role of
rice fields and their flooding is to be reevaluated. In this chapter, the irrigated fields for rice are
recognized as artificial and temporal wetland and reviewed comprehensively, focusing mainly
on their role for local hydrological environment.

2. Definition and outline of paddy field in the world

2.1. “Paddy field” as a farmland with rice and flooded water

The words of “paddy field” are usually and widely used for the farmland, where rice is
cultivated, and they generally imply the area flooded, like the definitions of Cambridge
Dictionary as “a field planted with rice growing in water“ [5], Collins English Dictionary as
“a flooded piece of land used for growing rice” [6], and The Free Dictionary as “a field, often
flooded with water, in which rice is grown” [7]. The definition of “paddy field,” however, is
intricate slightly. Fundamentally “paddy”means “rice” especially in the husk. Consequently, a
“paddy field” means a field planted with rice. Some dictionaries describe that only “paddy”
could mean “paddy field,” without any word for indicates the space, like the definition of the
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Oxford Living Dictionary as “A field where rice is grown” [8], and of Merriam-Webster as “wet
land in which rice is grown” [9], while it also show the meaning as “Rice before threshing or in
the husk.”

Since rice is usually grown in level basin flooded with water throughout most of the growing
season, “paddy field” generally means “a field flooded with water for growing rice,” and the
definitions of “paddy field” in most of the current dictionaries include words of “rice” and
“water” or “flood,” as introduced above.

In Japan, the English words “paddy field” is translated to the Japanese word “suiden,” while
there this word “suiden” is used for flooded farm land, which distinguishes “flooded field”
from “upland field” or “hatake” in Japanese. The upland field is not flooded and cultivated for
normal crops like vegetables and flowers. Accordingly, in Japan, it is expressed that some
aquatic crops like lotus and tatami are cultivated in “paddy fields.” This Japanese case is
recognized as an exceptional case. In this chapter, “paddy field” is to be used basically as “a
field planted with rice.”

As mentioned below, actually, in considerable area in the world, rice is produced in fields
without flooding. Then, some parts of paddy fields of the world are not identified as the
“wetland” with water submergence.

2.2. Outline of paddy field in the world

Generally, rice is a major food crop for the people in the world. Especially in the Asia region,
rice is a staple food for about 2.4 billion people, and there the 90% of the world’s rice is
produced and consumed [10].

As summarized above, rice production and paddy fields are developed in a wide range of
environments even in the arid region of the world and during the dry season. The paddy fields
in dry areas sometime show very high and stable yields with much solar radiation.

The paddy fields or the environments of the rice production are classified usually based on the
hydrological characteristics, since they are most essential condition to the production scheme.
The most popular classification includes: (1) irrigated lowland, (2) rain-fed lowland, (3) flood
prone, and (4) upland [1].

The first category “irrigated” paddy fields distributed in lowland are the area, where rice is
grown in fields surrounded by ridges. Its water condition is managed by farmers, generally
maintaining water depth as 5–10 cm. It covers about 90 million ha, as almost half of the world
paddy area. The major portion of this irrigated area is in the Asian region.

The second category “rain-fed lowland” or “lowland rain-fed” is a field, where rice is also
grown in fields with bunds, while they are flooded with rainwater for some period of a
growing season. It covers about 50 million ha. There, water is flooded naturally by rain water,
not fully controlled by the man-made irrigation system. These two types of paddy fields are
usually predominantly puddled, and after it, rice seedlings are transplanted. These two types
of paddy fields produce 75 and 19% of the world’s rice production, as almost 95% of rice is
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The words of “paddy field” are usually and widely used for the farmland, where rice is
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Dictionary as “a field planted with rice growing in water“ [5], Collins English Dictionary as
“a flooded piece of land used for growing rice” [6], and The Free Dictionary as “a field, often
flooded with water, in which rice is grown” [7]. The definition of “paddy field,” however, is
intricate slightly. Fundamentally “paddy”means “rice” especially in the husk. Consequently, a
“paddy field” means a field planted with rice. Some dictionaries describe that only “paddy”
could mean “paddy field,” without any word for indicates the space, like the definition of the
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Oxford Living Dictionary as “A field where rice is grown” [8], and of Merriam-Webster as “wet
land in which rice is grown” [9], while it also show the meaning as “Rice before threshing or in
the husk.”

Since rice is usually grown in level basin flooded with water throughout most of the growing
season, “paddy field” generally means “a field flooded with water for growing rice,” and the
definitions of “paddy field” in most of the current dictionaries include words of “rice” and
“water” or “flood,” as introduced above.

In Japan, the English words “paddy field” is translated to the Japanese word “suiden,” while
there this word “suiden” is used for flooded farm land, which distinguishes “flooded field”
from “upland field” or “hatake” in Japanese. The upland field is not flooded and cultivated for
normal crops like vegetables and flowers. Accordingly, in Japan, it is expressed that some
aquatic crops like lotus and tatami are cultivated in “paddy fields.” This Japanese case is
recognized as an exceptional case. In this chapter, “paddy field” is to be used basically as “a
field planted with rice.”

As mentioned below, actually, in considerable area in the world, rice is produced in fields
without flooding. Then, some parts of paddy fields of the world are not identified as the
“wetland” with water submergence.
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Generally, rice is a major food crop for the people in the world. Especially in the Asia region,
rice is a staple food for about 2.4 billion people, and there the 90% of the world’s rice is
produced and consumed [10].

As summarized above, rice production and paddy fields are developed in a wide range of
environments even in the arid region of the world and during the dry season. The paddy fields
in dry areas sometime show very high and stable yields with much solar radiation.

The paddy fields or the environments of the rice production are classified usually based on the
hydrological characteristics, since they are most essential condition to the production scheme.
The most popular classification includes: (1) irrigated lowland, (2) rain-fed lowland, (3) flood
prone, and (4) upland [1].

The first category “irrigated” paddy fields distributed in lowland are the area, where rice is
grown in fields surrounded by ridges. Its water condition is managed by farmers, generally
maintaining water depth as 5–10 cm. It covers about 90 million ha, as almost half of the world
paddy area. The major portion of this irrigated area is in the Asian region.

The second category “rain-fed lowland” or “lowland rain-fed” is a field, where rice is also
grown in fields with bunds, while they are flooded with rainwater for some period of a
growing season. It covers about 50 million ha. There, water is flooded naturally by rain water,
not fully controlled by the man-made irrigation system. These two types of paddy fields are
usually predominantly puddled, and after it, rice seedlings are transplanted. These two types
of paddy fields produce 75 and 19% of the world’s rice production, as almost 95% of rice is
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produced in the area, of which water condition is fully or partly controlled by humans like
farmers.

In the third category “flood-prone field,” deep-water rice and floating rice are grown in the
uncontrolled flood environments, suffering periodically from excess water and deep flooding,
sometime with deeper flood of 100 cm for some certain part of the growing season. This covers
about 15 million ha.

The last, forth category “upland,” is a field where rice is grown under dryer conditions,
without ponded water, and then it is not surrounded by ridges to keep water and not
equipped with irrigation system. The area of “flood-prone” and “upland” is about 11 and 15
million ha, respectively [1].

2.3. Paddy fields in the dry region

Paddy fields are found even in dry region, where rainfall effective to rice growth is not
expected. They fundamentally cannot be cultivated without irrigation, where consequently
rice is grown in fields with surrounding ridges to keep water. They are generally to maintain
5–10 cm of water, and usually puddled and rice are transplanted. The paddy fields reclaimed
in the arid zones are recognized as the typical artificially created wetland.

Paddy fields in the dry region are irrigated and require much water to maintain flooding, since
ponding water evaporates much into the atmosphere and seeps much into the soil profile that
is generally much sandier compared with the paddy field in the wet regions. Basically in the
dry region or dry condition, water availability is limited, and consequently the development of
paddy production or paddy fields that requires much water is not preferred. Even with this
constraint, actually there are many paddy fields in those conditions. There must be some
reasons for the expansion of them with definite advantages.

First, the people in the dry region like the taste of rice. Second, rice contains much nutrients
compared with wheat and maize as main cereal crop. Calorie per grain weight of rice is larger
than wheat and maize. Protein of rice is less than them, while its quality of rice is better than
others for human health. Maize contains much lipid, while its contents of rice and wheat are
almost the same.

In addition to the advantage of rice in terms of the nutrients of the grain, land productivities of
these crops are quite different. The weight of grains harvested per area of rice is almost 1.5
times of wheat. Furthermore, rice can be cultivated every year continuously in the same field,
and the land used as paddy field can produce stable harvest.

Rice has another advantage of grain including its easiness for cooking and longer preservation.
Although paddy cultivation, however, needs much labor in terms of time and efforts to
maintain the field and its surrounding ridges and to perform water management, its advan-
tages promote expansion of paddy fields even in dry region or condition.

These challenges have created the artificial wetlands in dry region.
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3. Significance of water ponding in paddy fields

3.1. Water management in paddy plot

Rice cultivation has some superiority on food production mentioned above. On the other hand,
paddy fields, where rice is grown, need much water due to its flooding. The main reasons why
paddy fields are flooded is that most rice varieties realize better growth and produce higher
yields in flooded farmland than in dry field.

In most cases, the water layer of some centimeters in a field is established usually after transp-
lanting of rice seedlings and maintained until few weeks before harvesting. The typical water
management of paddy field with standard depth of flooding for each growing stage is shown by
FAO [10], and it is summarized in Table 1with supplemental explanation of GriSP [1].

Actual water management practices on water application and flood depth control are affected
by field conditions including:

1. cultivar of rice,

2. climate and weather,

3. soil profile (water holding capacity, permeability, fertility, etc.),

4. fertilizer and chemicals (pesticide and herbicide),

5. irrigation water availability (timing and quantity),

6. drainage capacity (water conductivity of soil profile, groundwater table, etc.),

7. farm machinery,

8. labor inputs, and

9. other farming techniques.

In the improved paddy field with stable water supply and enough drainage capacity, indepen-
dent water management practices of farmers are implemented, where the farmers can apply
and drain water whenever they want and they introduce advanced techniques and materials.

Table 1. Typical water management of paddy field with standard depth of flooding.
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Under these conditions, the field water condition including flooding period and depth is
controlled considerably. For some periods, they drain water intentionally resulting in no
submergence for some periods, which is to be called intermittent irrigation or flooding [11]. If
this water management is practiced, water movement in the area would be accelerated, and it
affects local hydrological regime.

3.2. Advantages and disadvantages of water ponding in paddy fields

The fact that rice is cultivated under water ponding condition in most cases implies the water
ponding has the advantages even if it requires much water. Main advantages of the water
ponding are listed as follows:

1. stable water supply to rice,

2. suppression of weeds,

3. control of harmful insects,

4. control of temperature of rice and field (warm up and cool down),

5. supply of nutrients and control of fertilizer effects,

6. supply of necessary minerals,

7. avoidance of adverse effects of continuous cultivation,

8. leach out of accumulated salts, and

9. enhanced productivity of soil cultivation or plowing.

Most of these advantages come from stable water ponding on the field and could be poten-
tially replaced with other materials or methods than water except stable “water” supply listed
as No. 1 above.

On the other side, the water ponding induces some adverse effects on rice production and local
environment. They include:

1. soil reduction due to longer submergence resulting in shortage of oxygen and emission of
undesirable gases like hydrogen sulfide and methane,

2. requirement of much works to maintain ponding in the fields,

3. much water requirement for maintaining ponding resulting in water resource development,

4. difficulty on introduction of heavier machineries due to increased soil water contents,

5. growth of undesirable insects like malarial mosquito, and

6. influence on local climate due to much evapotranspiration and modified ground surface
temperature.

Consequently, taking both merits and drawbacks of water ponding into account integrally in
addition to field irrigation and drainage conditions, actual water management in the fields for
each growing stage is performed.
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4. Water management and water requirement of paddy fields

4.1. Water requirements for paddy irrigation

Water ponding in the fields requires much water. Water requirements of paddy fields compose
mainly of transpiration of rice plant, evaporation from ponding water or soil surface, and
percolation into soil profile. In some cases, requirement to reestablish water layer after inten-
tional drainage and to implement flow-through irrigation for saving management labor or for
control of temperature might be included.

For planning and designing the irrigation facilities and the water use plan, water requirement
is basically estimated base on evapotranspiration of rice field. The actual water lost in the field
through other paths, including seepage into the deeper soil profile under the root zone part
and run off or spill out into the drain through the field outlet, is often recognized as the “loss,”
rather than “requirement.”

Table 2 shows the total water requirements for one irrigation season reported by JSIDRE [12].
The total requirements range from 500 mm in Senegal to 3900 mm in Kazakhstan or 4500 mm
in East Africa. This wide range is caused fundamentally by the significant difference in the
seepage rates, which are estimated as none at minimum and more than 30 mm/day at maxi-
mum. The effects of water management on water requirements are to be regarded. Water
requirement of paddy field in dry area is sometimes much and sometimes less than paddy
field in the humid region. For example, as mentioned above, water requirement of paddy field
in Egypt or Kazakhstan is relatively much, where consumption for evapotranspiration is large
with drier climate, while limited water availability constrains increased water use.

Table 2. Water requirement of paddy field per irrigation season [11].
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5. Implication of paddy fields in local hydrological regime

5.1. Impacts of paddy cultivation and fields on local environment

Water ponding for rice production needs much water and also irrigation and drainage system to
supply and withdraw much water to and from the fields. While the system, of course, should
function well for local rice production, it could also perform for improvement of local environ-
ment. It is called as “multi-function” of paddy cultivation or paddy irrigation. The functions are
fundamentally based on (1) widespread establishment of stable and shallow water body for
some specific period, (2) stable water supply, and (3) adjustment of local hydrological regime.

The outcomes of the multifunction include the followings [3]:

1. reduction of flood damage in a region or basin with water storage in the fields and
acceptance of flood water,

2. control of soil erosion with bunds of flat fields,

3. stable groundwater recharge with continuous percolation from water layer on the fields,

4. mitigation of local climatic variability especially drastic temperature changes based on
higher specific heat of water ponded in the field,

5. establishment of conditions for fish cultivation, and

6. establishment of habitats for wildlife including aquatic flora and fauna.

These are the outcomes of paddy fields as the artificial wetlands, which are the land with
surrounding ridges and the infrastructures for irrigation and drainage, as well as their man-
agement institutions and organizations in local society.

While there are many exact cases of the multifunction in the world rice cultivation areas, as the
typical case with the function No. 3, the paddy fields in the Kumamoto Region, Kyushu of
Japan, are to be introduced. The Kumamoto is famous as a “Groundwater City,”where almost
1 million local residents depend their daily lives on the groundwater, which also enables
irrigation and industry in the region. It is the fact that the groundwater is a treasured resource
to support regional activities, and the stable groundwater is recharged by the percolation from
the paddy fields located in the upper basin (see Figure 1). Now, 11 municipalities in the region
share this groundwater.

In 2012, to conserve the hydrological system, the local residents, private sector representatives,
and the local municipal governments established the organization “Kumamoto Groundwater
Foundation.” There, the function of paddy fields for stable groundwater recharge is widely
recognized, and then the conservation of paddy cultivation is one of the main challenges for
sustainable groundwater management. For these challenges and outcomes, the Kumamoto
City received the “Water for Life Award” from the United Nations in 2013.

Paddy fields are providing wild lives with their habitats, as shown as the function No. 6 above.
As one of the examples, the paddy fields in the Kohoku region of Japan, the northern shore of
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the Lake Biwa that is one of the Ramsar sites of Japan, are working as the areas for feeding the
migratory birds Buick Swan. According to the detailed field observation, birds fly only to the
paddy plots with water ponding, after harvesting (see Photo 1) [14].

5.2. Impacts of paddy fields in the dry region: the cases of Egypt and Kazakhstan

In the dry region of the world, paddy fields have been developed extensively. There, paddy
cultivation and irrigation might create local “water rich condition” in regional dry environ-
ment. This impact of the artificial modification on local hydrological regime could be much
larger and critical to the sustainability of cultivation and irrigation development. This is to be
the typical case of the artificial and temporal wetland and suitable opportunity to reevaluate
the implication of paddy fields.

Figure 1. Paddy fields in the Kumamoto region of Japan recognized as water resource for the regional groundwater
(source: Hama et al. [13]).

Photo 1. Buick swans flying onto paddy fields in the Kohoku region of Japan.
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Here, brief overviews of the cases of Egypt and Kazakhstan are introduced including the
summary by GRiSP in the following [1].

Egypt is one of the typical countries that produce rice in dry area. It has a fast growing
population with 82.5 million in 2011 leading to increased food demand. Almost all of water
demand in Egypt is supplied by the Nile River, of which water is used extensively to irrigate
crops including rice. Rice is one of the staple crops in Egypt and consumed 38.6 kg milled rice
per person per year in 2009. Rice is grown in the summer on about 600,000 ha, mainly in the
northern Nile Delta. The yield is quite high, about 9 t/ha in 2000, due to abundant solar energy
and fertile alluvial soils.

The area for rice is officially regulated by the government due to limited water resources, while
farmers prefer cultivating rice for its higher profit. The areas for rice producing located in the
northern Nile Delta have potential risk of soil salinization. Paddy cultivation has been func-
tioning to leach out accumulated salts in the soil profile. Salt leaching in arable soils can be
supported by prevailing sub-surface drainage systems (e.g., [15, 16]).

In Kazakhstan, of which most of the land is classified as steppe or desert with annual average
precipitation of 100–200 mm, wheat is a predominant crop in the northern part, whereas rice,
cotton, fodder, and fruit are produced in the southern part in summer season. Its cropped area
had increased due to rapid land reclamation mainly in the Syr Darya Basin since the 1950s to
the 1980s, and the irrigated land became one of the big food supplying sources of the Soviet
Union and Eastern Europe in that period. While rice occupies only 5–6% of the irrigated area,
its water requirement is about 15% of the total irrigation requirement in that period. Most of
the rice cropping area in Kazakhstan is distributed mainly in the Kzyl-Orda area of the Lower
Syr Darya River Basin and some in the Ili River basin. The present total rice area is about
113,000 ha, which is equivalent to 17% of the total irrigated area. In the irrigated area in
Kazakhstan, the crop rotation system is dominantly practiced with several rotation patterns,
and rice is grown usually in this crop rotation system.

In Kazakhstan, large-scale irrigated agriculture has been developed since the 1960s with crop
rotation including rice. In the irrigation scheme, water is applied only to paddy fields, which
consists about 30% of the total scheme, and paddy fields are continuously ponded. Basically
upland crop is not irrigated directly, while water required in upland fields is supplied through
much percolation from paddy fields. The efficiency of conveyance and distribution is quite low
due to not lined canals running through sandy soil.

Water requirement of paddy fields is around 3000 mm. Seepage from irrigation canals and
deep percolation from paddy fields raise local groundwater table, and it functions as water
source for upland fields surrounding the paddy fields. According to the study of the Tottori
University Group, this water distribution system induces soil salinization (see [17]). In upland
fields, salts accumulate during crop production with upwards water movement, while most of
them are leached out when that field is cultivated with rice and flooded continuously for the
rice growing season.

The large amount of water requirement for the large irrigation schemes, including much loss
from the systems, needs much water diversion from the Syr Darya River, which is the main
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water resource in this dry region. This large quantity of diversion is recognized as the main
reason for serious desiccation of the Aral Sea.

6. Significance of paddy fields in the environment

6.1. Paddy fields in local hydrological regime

Considering the limited availability of water resources, generally, it is reasonable to recognize
that paddy cultivation in dry region is not realistic or acceptable in terms of sustainability of
economics and environment in many cases. Actually, most of the paddy fields are developed in
the humid region with much rainfall and much available water resources. It brings that paddy
fields are suitable to humid condition. This is not wrong, while it simultaneously brings
another question on significance of “suitability.”

The Japanese paddy fields have been reclaimed and developed historically and recently
improved much with large investments for advanced irrigation and drainage system (see [18]).
With advanced farming techniques including the introduction of modern cultivars, nutrients,
chemicals, machineries, and so on, they are proud of higher yield and productivity of rice
production as well as the qualities. It needs, however, much lasting investments and labors to
maintain the systems. They are always facing risks of flood and drought damages, and the cool
and hot weather damages during rice growing season. There, the paddy fields and the system
are maintained by everlasting human activities as hard as possible, which have developed the
infrastructures, institutions, and interconnectedness in the society. This situation has been devel-
oped under the condition of climate and small-scale topography and river system, which are
relatively controllable comparing with the continental conditions. Thinking over these history
and present system, we can ask “Are the paddy fields in Japan suitable to its natural condition?”
Some paddy fields in other regions can produce considerable yield without any hard invest-
ment, while its yield is not so high. This could be recognized as “naturally” suitable.

The point to be recognized here is just that the “suitability” of the paddy fields to the natural,
and climate condition is not to be evaluated absolutely. It needs comprehensive conclusion,
especially assessment in terms of sound hydrological cycle of the region or basin. Paddy
cultivation and fields are to be arranged appropriately in the hydrological regime of the region.
Then, consequently, we might find “suitable” and “sustainable” development of paddy fields
in each region including dry area, which are to be located in right place in the local hydrolog-
ical system.

6.2. Impacts of reduced paddy fields on local environment

In the past few decades, in some developed countries and regions with long history of rice
production, like Japan, Taiwan, and Korea, the area of paddy fields has been reducing, due to
the changes of dieting system according to economic development and globalization, as shown
in Figures 2 and 3. This reduction of paddy area might result in losing their multifunction with
reduced rice production.
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Here, brief overviews of the cases of Egypt and Kazakhstan are introduced including the
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source for upland fields surrounding the paddy fields. According to the study of the Tottori
University Group, this water distribution system induces soil salinization (see [17]). In upland
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With advanced farming techniques including the introduction of modern cultivars, nutrients,
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are maintained by everlasting human activities as hard as possible, which have developed the
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relatively controllable comparing with the continental conditions. Thinking over these history
and present system, we can ask “Are the paddy fields in Japan suitable to its natural condition?”
Some paddy fields in other regions can produce considerable yield without any hard invest-
ment, while its yield is not so high. This could be recognized as “naturally” suitable.

The point to be recognized here is just that the “suitability” of the paddy fields to the natural,
and climate condition is not to be evaluated absolutely. It needs comprehensive conclusion,
especially assessment in terms of sound hydrological cycle of the region or basin. Paddy
cultivation and fields are to be arranged appropriately in the hydrological regime of the region.
Then, consequently, we might find “suitable” and “sustainable” development of paddy fields
in each region including dry area, which are to be located in right place in the local hydrolog-
ical system.

6.2. Impacts of reduced paddy fields on local environment

In the past few decades, in some developed countries and regions with long history of rice
production, like Japan, Taiwan, and Korea, the area of paddy fields has been reducing, due to
the changes of dieting system according to economic development and globalization, as shown
in Figures 2 and 3. This reduction of paddy area might result in losing their multifunction with
reduced rice production.
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The Japanese case of the reduction of paddy field area and its consequences are quickly
reviewed. Japan had tried to establish complete self-sufficiency of rice historically, especially
after the World War II. And then, it is finally realized in the 1960s, after long development
investigation for improvement of paddy cultivation and fields including farming techniques
and infrastructures of it.

Just after the reach to complete self-sufficiency, it had faced to the problem of over production
of rice, which was caused by higher yield of rice, reduction of rice consumption with increased
consumption of other food, including bread, meat as well as vegetables. The government
asked farmers to convert their farm fields from rice to other crops with some portion of their
farming plots, providing some subsidies. The rapid industrialization and urbanization also
require paddy fields in the plain to be transferred to urban use. Consequently, the area of rice
cultivation area has been decreasing as from about 3.3 million ha in 1960 to 1.56 million ha in
2017. It is a drastic reduction (Figure 2). During the same period, the rice consumption per
capita per year of Japan has drastically reduced from about 127 to about 68 kg (Figure 3) [19].

With these changes, it could be easily recognized that the water ponding area, that is temporal
water body or wetland, has reduced to the half of the peak, and the hydrological environment
has been affected. It also means the degradation of multifunction of paddy fields. The wildlife
is losing their habitats, and the biodiversity and the ecosystem developed historically have
been modified.

In Japan, another problem is a reduction of farmers and their successors, which is another
constraint to conserve paddy areas. The reduction of paddy fields means not only reduction of

Figure 2. Changes of paddy cultivation area in Japan (source: [9, 19]).
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rice production but also induces the changes of paddy irrigation system in the basin. The
significance of paddy fields is to be reevaluated and reappreciated in terms of conserving the
natural environment and sustaining the rural society and culture. The Japanese governments
are challenging to revitalize agriculture and communities in rural areas, with some policy for
conserving ecology and environment in rural area. The similar situation of reduced rice
consumption and paddy fields are seen in Korea and Taiwan.

7. Summary: concluding remarks

In this chapter, implication of paddy cultivation and paddy fields is reviewed, focusing on
flooding in the fields including its reasons and consequences.

It is clear that paddy fields, paddy cultivation, and paddy irrigation need much water, land
reclamation and preparation, and system to distribute water. Therefore, they have developed
infrastructure, institution as well as interconnectedness of the farmers and other stakeholders.

Significance of paddy fields as the artificial, temporal/seasonal wetland is to be assessed in
comprehensive manner with aspects of agriculture, eco-environment, and hydrology. Since
they use much water and might alter the local water balance and ecoenvironmental system
with adverse effects, they are to be arranged appropriately in the hydrological and environ-
mental regime of the region. Local communities established with paddy fields are to be
organized continuously as the base for the society and culture and the potential to manage
the future changes of environments.

Figure 3. Changes of rice consumption in Japan (source: [9, 19]).
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In addition, it is urgent to reevaluate the role and implication of paddy cultivation and fields in
the local system under the changing climate.
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Abstract

Traditional meadow irrigation techniques were once widespread throughout Europe and 
served as a method of grassland intensification before the era of mineral fertilization. Close 
to Landau (Palatinate), Germany, there are several hectares of traditionally irrigated water 
meadows that are irrigated twice a year in parts since the medieval age or irrigation has 
been reinitiated since the 1990. In a research project “WasserWiesenWerte”, we analyzed 
the ecological and socio-economic value of meadow irrigation. We compared extensively 
to semi-intensively used meadows with fertilizer application between 0 and 80 kg N/ha per 
year which were either irrigated or nonirrigated. The results were very motivating. Biomass 
production is increased by about one-third with irrigation. At the same time, several spe-
cies groups did not decrease in frequency and diversity in the meadows under irrigation. 
In contrast, some especially rare species seemed to even profit. Ditch structures turned 
out to be especially important refuges for sensible meadow species and added a large 
quantity of additional species to the landscape diversity. We propose that the revitaliza-
tion of traditional irrigation techniques should be considered when extensively managed 
grassland—especially hay meadows—are prone to either intensification or abandonment.

Keywords: biodiversity conservation, ditch structures, extensive grassland 
management, hay meadows, hay quality, land-use intensification,  
traditional meadow irrigation, recreational value, traditional water meadows

1. Introduction

Species rich grasslands are among the most threatened ecosystems in Europe [1–3]. They 
suffer either from abandonment or intensification—both processes lead to species loss [4, 5].  
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However, to sustain future ecosystem services, stability, and high quality living environ-
ments, biodiversity is a crucial good and has to be protected and promoted according to 
the Convention on Biological Diversity treaties setup by the UN [6]. To conserve large scale 
meadow landscapes in a modern world, innovative ideas are needed to combine nature con-
servation and economic aspects [7].

Since the medieval ages, but especially around 1900, a widespread technique throughout 
Europe to improve hay yields was traditional meadow irrigation [8]. Short-term flooding of 
the meadows via irrigation and drainage ditches twice to three times a year was done to 
use the fertilization effect of the stream water and to achieve an elongation of the vegeta-
tion period [9]. With World War II followed by the need for massive food production and 
the development of mineral fertilizers in 1950, most irrigation systems were abandoned, and 
meadows were transformed to crop land [10]. Today, only a few actively traditionally irri-
gated water meadows exist [9]. A landscape with active traditional meadow irrigation is the 
Queich River Plain East of the city of Landau in Palatinate, Germany. In the research project 
“WasserWiesenWerte”, we studied the economic and ecological values of 18 water meadows 
in contrast to 18 nonirrigated meadows along the Queich river (Palatinate, Germany) as well 
as the socio-economic value of the landscape. We asked the following questions: is it possible 
to reduce the amount of fertilizers applied under irrigation keeping hay yields high and hay 
quality good? Which is the effect of irrigation on biodiversity of plants and animals living 
on meadows? How do species of conservation concern react to traditional irrigation? Does 
landscape attractiveness increase to combine the economic and ecological values with high 
recreational and touristic value? Could this traditional technique of intensification be a way 
out of the dilemma that farmers need to either heavily fertilize or abandon extensive mead-
ows to find economically viable management solutions?

In many parts of Europe remains of former traditional meadow irrigation systems can still be 
found. However, the potential of the technique might be overlooked in many places.

2. Traditional water meadows

2.1. Traditional water meadows in Europe

Traditional irrigation techniques in grasslands were widely used until about the middle of the 
twentieth century [8], this is, when the techniques were replaced with modern systems using 
electric power supply and sprinkler irrigation and liquid manure or mineral fertilization to 
improve economic output of grasslands. Traditional methods of intensification, like tradi-
tional meadow irrigation techniques, are based on gravity and the natural movement of water 
from a river or stream [8, 9]. Meadows are either deliberately inundated by the damming of 
adjacent streams or ditches or the water slowly trickles over the surface of a slope. The time of 
inundation is usually kept short (“flash inundation”). The relief of the irrigated area is crucial 
to allow fast drainage, to avoid adverse effects of stagnant water [8, 11].

The widespread use of traditional meadow irrigation throughout Europe was by far not 
focused to dry areas only [8]. The positive effects found are not only restricted to the water 
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supply but also to soil quality, making available of nutrients, pest control or elongating the 
growing period [9]. From Finland and Sweden in the North to Southern Spain or Sicilia in 
the South as well as from France in the West to Eastern Romania, traditional water meadow 
techniques were applied [8].

There is a large variety of management practices depending on region and natural settings. A 
rough separation of the techniques can be done into practices used in mountainous regions in 
contrast to techniques applied in valley floors and flat areas [8]. The application of traditional 
meadow irrigation in mountainous areas is often especially straightforward as the water is 
directed into ditches that follow the contour lines and the natural inclination of the hillslope 
which is sufficient to avoid stagnant water conditions. Irrigation systems in flat areas often 
were constructed with major effort as the surface level had to be adapted thoroughly. A ditch 
system allowing water division as well as a drainage system has to be constructed.

Traditional meadow irrigation clearly differs from modern sprinkler irrigation. The soil is not 
just wetted from above but soaks thoroughly. Above ground plant parts are often not even 
wet after irrigation, but soil water is effectively filled up to the local water holding capacity. 
The negative effects of large water drops splashing onto the soil surface closing soil pores, 
compacting the soils, and eventually leading to soil erosion—which are often problems under 
sprinkler irrigation—are avoided. Further, large water losses by the evaporation from the 
plant surfaces are reduced. It could be shown that traditional irrigation techniques are leading 
to a renewal of ground water resources [8] and increases water retention in the landscape. The 
potential negative argument traditional irrigation methods would be a waste of water that 
do not necessarily hold, if such secondary effects are included into the evaluation [8, 12, 13].

2.2. Traditional water meadows along the river Queich

While traditional water meadows in the region of Palatinate still covered one-third of the 
whole meadow area in 1936, hardly any traditionally irrigated meadows remained by 1960 
[14]. This was not due to the low effectiveness of the systems, but it was the result of a large 
change in agriculture with abandonment on the one hand and intensification and transforma-
tion to arable land on the other hand. Many small farms were given up, food production on 
arable fields became extremely important during and after World War II, and the mainte-
nance of irrigation systems was labor intensive. Since the introduction of mineral fertilizers 
after 1950, there seemed to be no need to keep on using meadow irrigation techniques as an 
alternative method to improve yields seemed to have been found.

The study region is part of the Upper Rhine Rift Valley located between the cities of Landau 
(49°19′N, 8°12′E) and Germersheim (49°22′N, 8°36′E) in the lower Queich valley. It belongs 
to the FFH habitat directive area “Queichniederung” [15]. The area under flush irrigation 
today has a size of more than 400 ha and is the largest actively traditional irrigated meadow 
landscape in Germany and one of the largest in Europe [9]. In parts (about 90 ha), meadow 
irrigation in the area continued since the medieval age. The larger parts were reactivated since 
1996. The streams responsible for the large scale irrigation system are the river Queich and its 
side streams Fuchsbach and Spiegelbach. They originate from the Palatinate Forest region, a 
mountain range built from acidic sandstone from the Buntsandstein period.
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The negative effects of large water drops splashing onto the soil surface closing soil pores, 
compacting the soils, and eventually leading to soil erosion—which are often problems under 
sprinkler irrigation—are avoided. Further, large water losses by the evaporation from the 
plant surfaces are reduced. It could be shown that traditional irrigation techniques are leading 
to a renewal of ground water resources [8] and increases water retention in the landscape. The 
potential negative argument traditional irrigation methods would be a waste of water that 
do not necessarily hold, if such secondary effects are included into the evaluation [8, 12, 13].

2.2. Traditional water meadows along the river Queich

While traditional water meadows in the region of Palatinate still covered one-third of the 
whole meadow area in 1936, hardly any traditionally irrigated meadows remained by 1960 
[14]. This was not due to the low effectiveness of the systems, but it was the result of a large 
change in agriculture with abandonment on the one hand and intensification and transforma-
tion to arable land on the other hand. Many small farms were given up, food production on 
arable fields became extremely important during and after World War II, and the mainte-
nance of irrigation systems was labor intensive. Since the introduction of mineral fertilizers 
after 1950, there seemed to be no need to keep on using meadow irrigation techniques as an 
alternative method to improve yields seemed to have been found.

The study region is part of the Upper Rhine Rift Valley located between the cities of Landau 
(49°19′N, 8°12′E) and Germersheim (49°22′N, 8°36′E) in the lower Queich valley. It belongs 
to the FFH habitat directive area “Queichniederung” [15]. The area under flush irrigation 
today has a size of more than 400 ha and is the largest actively traditional irrigated meadow 
landscape in Germany and one of the largest in Europe [9]. In parts (about 90 ha), meadow 
irrigation in the area continued since the medieval age. The larger parts were reactivated since 
1996. The streams responsible for the large scale irrigation system are the river Queich and its 
side streams Fuchsbach and Spiegelbach. They originate from the Palatinate Forest region, a 
mountain range built from acidic sandstone from the Buntsandstein period.
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Altogether, there are nine active sluices along the river Queich, one along Fuchsbach and 
two along the Spiegelbach. In the area, a large system of sluices, irrigation ditches, and drain-
age ditches was constructed (Figure 1). Two to three times a year, the irrigation follows the 
meadows downstream. Starting with the first sluice, the water is dammed slowly and flows 
into a main ditch (Figure 2). From here, there are several secondary ditches and even smaller 
distribution ditches to cover the area. Side sluices remain closed at the beginning of the irri-
gation but are opened successively as the water slowly covers the adjacent meadow areas 
(Figure 3). Water soaks slowly into the soil. When a section is well irrigated, the side sluices 
are opened and the water continues to flows to meadows further down the ditch. The first 
irrigation usually transports organic material from the river and the ditch to the sluices. The 
material is removed to guarantee the permeability of the ditch (Figure 3). With the successive 
opening of the side sluices, the water proceeds to wander over the meadows. Every main 
sluice is closed for 2–4 days, depending on the size of the irrigation area. The remaining 
water slowly flows into drainage ditches that drain back into the river. Simultaneously to the 
reopening of the first main sluice, the next main sluice further downstream is closed to use the 
increased water volume to irrigate the next sections. The irrigation follows an exact plan and 
is organized by the adjacent communities and farmer associations. They are based on the land 
owners’ irrigation water rights that origin from ancient times. The sluices are never closed 
completely but allow a steady water flow to not affect the ecology of the stream ecosystem. A 
minimal water level is to be guaranteed. This avoids conflicts with other water users. In very 
dry periods, this may lead to a reduced size of the irrigation as the areas located at the far ends 
of the distribution ditches may not be reached by the water during the irrigation days of the 
respective section [9].

Figure 1. Scheme of the irrigation system found along the river Queich (redrawn and adapted from [8]). See text for 
explanation.
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The majority of the meadows are irrigated twice a year. The first irrigation starts by mid-April 
and ends by mid-May. The second period starts from mid-July and ends by mid-August. 
Historically, autumn irrigation also played an important role. This was done mainly to 
increase the organic debris that was transported with the water on the meadows to be used 
as fertilizers the next spring. Further, it was used as a rodent and mole control agent. Autumn 
irrigation is also known in the area to be effective to reduce the poisonous autumn crocus 
(Colchicum autumnale) in the area. Today, the autumn irrigation is not practiced any more. 
The amount of debris and nutrients that is transported with the river water today is very low, 
thanks to the existence of treatment plants.

Figure 2. Main sluice (near Mörlheim) along the river Queich (right side of the photo). The sluice is closed which allows 
water to flow into a main ditch (upper left side of the photo; photo: Martin Alt).

Figure 3. Irrigated meadows to the left and to the right during spring irrigation. Side sluices are closed until the adjacent 
meadows are irrigated. The water level is not rising high above the surface during irrigation but soaks the soils from the 
sides (photo: Martin Alt).
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3. Ecological, economic, and socio-economic values of traditional 
meadow irrigation

In our research project, the potential value of the traditional meadow irrigation in the Queich 
valley for species conservation and biodiversity, for the farmers’ income, and for the recre-
ational and touristic value were studied. The ecological value was mainly studied by com-
paring irrigated and nonirrigated meadows. All studied meadows were selected along a 
fertilization gradient from 0 to 80 kg N/ha per year. The following parameters were measured:

• Plant diversity and vegetation composition

• Diversity and species composition of several animal groups (butterflies, carabids, grass-
hoppers, snails, and woodlice)

• The activity of soil fauna

• Soil nutrient status, organic substance, and water retention capacity

• The quality and nutrient supply with the irrigation water

• The biomass (hay) production from two cuts over a period of 2 years

• Hay quality

• Additional income of the farmers based on the traditional meadow irrigation.

• Vegetation composition in ditches compared to other edge structures and the quality of 
differently managed forms of ditches

• The attractiveness for visitors of the area

Vegetation composition as well as plant diversity is clearly influenced by irrigation [16, 17]. 
The effect varies from year to year, but there seems to be rather an increase in plant spe-
cies diversity than a decrease [16]. Mineral nitrogen fertilization, in contrast, turned out to 
be clearly negative on species richness though the nitrogen input of the studied meadows 
was low to moderate with up to 80 kg N/ha per year. This is especially relevant, as biomass 
production increased on average by about one-third under irrigation, while only half of this 
effect was measured for the influence of fertilization [18]. This demonstrates that an increase 
in biomass production does not necessarily lead to plant species loss. This well-known effect 
of fertilization induced biomass increase [4] does not necessarily occur if biomass is increased 
due to traditional meadow irrigation. Species composition is changing under irrigation allow-
ing more space for herbs growing in low zones near the ground. Especially, semi-rosette and 
rosette plants increased under irrigation as did legumes [17]. The impact of the ratio of the 
cover of grasses to herbs is not consistent between the datasets. While in earlier datasets, 
grasses seemed to be reduced under irrigation [17], later analyses showed the contrary trend. 
However, the effect to increase grasscover in contrast to herbs is in both datasets higher under 
fertilization than under irrigation.

It is difficult to explain the positive effect on productivity as probably a large number of 
effects sum up and interact. Interestingly, the water retention capacity of soils of irrigated 
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meadows was higher (marginally significant) than of nonirrigated meadows, while fer-
tilization had a significantly negative effect on the water retention (Figure 4). The same 
pattern (positive irrigation effects and negative fertilization effects) is found regarding the 
water content after field sampling determined gravimetrically several weeks after spring 
irrigation (Figure 4). A linear model including irrigation as a fixed factor and amount of N 
fertilization in kg N/ha as a covariate gives the following results: water retention capacity 
[% vol.] (irrigation p = 0.063; N fertilization p = 0.046) and water content of the field samples 
in late spring (irrigation p < 0.001; N fertilization p = 0.093). The capacity to store water 
from precipitation in times without irrigation is therefore higher. As humidity in soils (not 
stagnant conditions) lead to high microbial activity and activity of other soil organisms [18], 
this may explain a continuous supply with nutrients on the water meadows in contrast to 
the other meadows which temporarily suffer from drought. Measured nutrients showed no 
significant pattern as the diversity of soil conditions overlaid the pattern we expect to be 
induced by the management. Fertilization did show a negative effect on soil fauna activity 
in spring but not during autumn sampling [18]. Nutrient supply of nitrogen and phospho-
rus with the irrigation water is probably insignificant, as analyses of the water suggest low 
nutrient input with the irrigation water (Table 1). While nitrate, nitrite, ammonium, and 
phosphate inputs are very low, the input of some minerals especially boron, magnesium, 
and chloride are high. They seem to have their origin in the sewage water from several 
treatment plants along the river as analyses of the outflow of two treatment plants in the 
area suggest (Table 1, bottom lines). As a consequence, soils of irrigated meadows had 
significantly elevated values of magnesium (positive irrigation effect p = 0.013) and boron 
(positive irrigation effect p = 0.019; negative fertilization effects 0.053; Figure 5). Chloride 
in the soils was not measured. Irrigation water pH was high (Table 1) and may contributed 
to decrease acidification processes. Soil pH, however, was not significantly increased under 
irrigation but stabilized. Variance of soil pH between nonirrigated meadows was clearly 
higher in contrast to irrigated meadows.

Figure 4. Water retention capacity and water content after field sampling in the month of May.
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meadows was higher (marginally significant) than of nonirrigated meadows, while fer-
tilization had a significantly negative effect on the water retention (Figure 4). The same 
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in spring but not during autumn sampling [18]. Nutrient supply of nitrogen and phospho-
rus with the irrigation water is probably insignificant, as analyses of the water suggest low 
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Nutrient input—especially of the micro-nutrient boron—may also contribute to the vegeta-
tion shift of irrigated meadows and to the conservation of species richness though biomass 
production is clearly enhanced [19]. For the micro-nutrient boron, there exists only a narrow 
window between deficiency and toxicity and different plant species groups and even geno-
types within the same species tend to react differently to low or elevated boron values [20, 21]. 
Grasses tend to suffer from boron toxicity at lower concentrations as compared to several 
herbal species, especially legumes [20, 22], which could explain the observed vegetation shift 
[16, 17].

Hay quality does not differ significantly between irrigated and nonirrigated meadows [18]. 
The energy content of the hay produced on any of the meadows (irrigated and/or fertilized) 
would not be sufficient to serve as basic food for modern high productivity cattle. However, 
the food is perfect quality hay for horses or extensively raised cattle of older breeds. The qual-
ity mainly reflects the development phase of the vegetation when cut and is little affected by 
the management itself [18].

The elevated productivity lead to significant higher income of the farmers under traditional 
irrigation compared to farmers producing hay on nonirrigated meadows [18]. Astonishingly, 
the use of mineral fertilizers did not increase the income in a significant way. Nonirrigated and 
nonfertilized meadows did not draw any profits and their profitable management depended on 
governmental subsidies within agri-environmental schemes. Irrigation helped to improve the 
profit in most cases to reach a positive balance without the necessity to receive subsidies [18].  

Figure 5. Boron concentration in soils in relation to irrigation and fertilization impact.
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Nutrient input—especially of the micro-nutrient boron—may also contribute to the vegeta-
tion shift of irrigated meadows and to the conservation of species richness though biomass 
production is clearly enhanced [19]. For the micro-nutrient boron, there exists only a narrow 
window between deficiency and toxicity and different plant species groups and even geno-
types within the same species tend to react differently to low or elevated boron values [20, 21]. 
Grasses tend to suffer from boron toxicity at lower concentrations as compared to several 
herbal species, especially legumes [20, 22], which could explain the observed vegetation shift 
[16, 17].

Hay quality does not differ significantly between irrigated and nonirrigated meadows [18]. 
The energy content of the hay produced on any of the meadows (irrigated and/or fertilized) 
would not be sufficient to serve as basic food for modern high productivity cattle. However, 
the food is perfect quality hay for horses or extensively raised cattle of older breeds. The qual-
ity mainly reflects the development phase of the vegetation when cut and is little affected by 
the management itself [18].

The elevated productivity lead to significant higher income of the farmers under traditional 
irrigation compared to farmers producing hay on nonirrigated meadows [18]. Astonishingly, 
the use of mineral fertilizers did not increase the income in a significant way. Nonirrigated and 
nonfertilized meadows did not draw any profits and their profitable management depended on 
governmental subsidies within agri-environmental schemes. Irrigation helped to improve the 
profit in most cases to reach a positive balance without the necessity to receive subsidies [18].  

Figure 5. Boron concentration in soils in relation to irrigation and fertilization impact.
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The hay in the region is primarily produced for horses which are very abundant in the rich 
outskirt of larger industrial areas. The economic analysis comprised a quantitative survey 
with farmers assessing their land-use practices as well as associated costs and revenues.

The composition and diversity of the fauna also responds to irrigation. Irrigation clearly 
changed invertebrate species assemblages of carabids, grasshoppers, and spiders toward 
more moisture-dependent species and probably increased overall diversity at the landscape 
scale [23]. Although irrigated meadows have a higher biomass than nonirrigated ones, effects 
of traditional meadow irrigation on species richness of invertebrates were generally weak 
and taxon-dependent. Irrigation had no significant effect on species richness of butterflies, 
carabids, spiders, and woodlice in lowland meadows [23, 24]. Effects on grasshoppers are 
not clear and differed among years and were either neutral [23] or slightly negative [24]. 
However, irrigation turned out to be important for species of conservation concern. The 
number of endangered carabid species and individuals was two to three times higher in 
irrigated meadows than in nonirrigated ones. Moreover, irrigation increased flower richness 
of the meadows [18], which in turn favored the occurrence of endangered butterfly species 
[18]. Thus, irrigation can have indirect positive effects on invertebrates via the provision of 
important resources. In contrast to irrigation, only weak effects of fertilization were found on 
invertebrate diversity [23]. However, functional diversity of grasshoppers was strongly nega-
tively affected by fertilization [24]. Thereby, even relatively moderate fertilizer inputs (in our 
study system up to 80 kg N/ha per year) reduced functional diversity of grasshoppers, while 
this effect was not obvious when solely considering species richness. Moreover, increasing 
fertilizer applications reduced the number of specialized butterflies, while generalists were 
not affected [18]. To conclude, traditional meadow irrigation is compatible with invertebrate 
biodiversity conservation in European grasslands.

Next to measures at the single meadow or patch scale, traditional meadow irrigation should 
also be evaluated concerning its effect on the landscape scale as species diversity of the land-
scape is mainly influenced by the heterogeneity of different habitats in the area and not just by 
the richness of a single meadow. This became obvious observing species of snails in ditches 
and on the meadows themselves. While the species richness and composition at the meadows 
is low with about 7 species per m2, the species and individual numbers increased to on aver-
age over 15 species in ditches with maximum values of over 20. Here, the snails profited from 
the high heterogeneity of site conditions in the ditches with dry and sunny as well as humid 
or even wet sites in the ditches and similar heterogeneity of organic debris and nutrients that 
were clearly higher in irrigation ditches as compared to drainage ditches. Even two red list 
aquatic snail species could be regularly found in the irrigation ditches. They survive in local 
puddles that remain wet most of the year [18].

Several organisms are mobile and cannot be studied at single meadows. This is the case with 
white storks. Their population development since the reactivation of major parts of the mead-
ows is very well documented [25]. The white storks profit from the irrigation, as they find 
plenty of food during spring, when the juveniles need plenty of food close to their nests 
(Figure 3), and in late summer, when storks prepare to fly south. Many storks raised in the 

Irrigation in Agroecosystems168

area of meadow irrigation emigrate to other regions in previous years, which shows that 
the donor effects [25]. Other bird species might decrease as their nesting sites are flooded. 
However, as there are several areas and patches that are not irrigated, the diversity is obvi-
ously not decreasing as bird observations in the area demonstrate [15].

Similar to the snails, the vegetation composition along ditches was heterogeneous and species 
rich [26]. Overall plant diversity in the ditches contributed one-third of the total species pool. 
This means that about one-third of all the species found in the sampled quadrats were found 
in ditches only. Many species of herbs typically found in extensively used grasslands seemed 
to use the rims of the ditches as refuges from the semi-intensively used meadows and were 
common here, while sometimes only sparsely found in the meadows themselves (Figure 6) 
[26]. Locally, species preferring wet habitat increase overall richness (Figure 7). The quality of 
the ditches for plant diversity varied according to ditch size, sedimentation, and successional 
stage. The larger and deep trapezoid well maintained ditches had highest richness in contrast 
to smaller and strongly overgrown and silted up ditches [26]. However, the large variety of 
differently maintained ditches finally made up the very high overall diversity found in the 
landscape. This is the result of the diverse management techniques and frequencies used by 
the different communities concerned. Commonly, the ditches are mown or mulched once a 
year (usually in late winter) and maintained with excavators once every two to more than 
every 10 years depending on the community and ditch location [26].

The touristic and recreational value was assessed by conducting a travel cost analysis with 
visitors of the meadows in the Queich valley. The touristic and recreational value was esti-
mated to be between 0.38€ and 2.54€ per visit depending on whether the opportunity costs of 
time were taken into account or not. Since most of the visitors were from the direct vicinity of 

Figure 6. Drainage ditch with the defined area for a vegetation analyses (blue line). Ditches play an important role in 
overall biodiversity as they provide various different niches and serve as refuge for sensible plants and animals which 
escape from more intensive meadow management techniques. The corresponding data is published in [26] (photo: 
Melanie Meier).
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The hay in the region is primarily produced for horses which are very abundant in the rich 
outskirt of larger industrial areas. The economic analysis comprised a quantitative survey 
with farmers assessing their land-use practices as well as associated costs and revenues.

The composition and diversity of the fauna also responds to irrigation. Irrigation clearly 
changed invertebrate species assemblages of carabids, grasshoppers, and spiders toward 
more moisture-dependent species and probably increased overall diversity at the landscape 
scale [23]. Although irrigated meadows have a higher biomass than nonirrigated ones, effects 
of traditional meadow irrigation on species richness of invertebrates were generally weak 
and taxon-dependent. Irrigation had no significant effect on species richness of butterflies, 
carabids, spiders, and woodlice in lowland meadows [23, 24]. Effects on grasshoppers are 
not clear and differed among years and were either neutral [23] or slightly negative [24]. 
However, irrigation turned out to be important for species of conservation concern. The 
number of endangered carabid species and individuals was two to three times higher in 
irrigated meadows than in nonirrigated ones. Moreover, irrigation increased flower richness 
of the meadows [18], which in turn favored the occurrence of endangered butterfly species 
[18]. Thus, irrigation can have indirect positive effects on invertebrates via the provision of 
important resources. In contrast to irrigation, only weak effects of fertilization were found on 
invertebrate diversity [23]. However, functional diversity of grasshoppers was strongly nega-
tively affected by fertilization [24]. Thereby, even relatively moderate fertilizer inputs (in our 
study system up to 80 kg N/ha per year) reduced functional diversity of grasshoppers, while 
this effect was not obvious when solely considering species richness. Moreover, increasing 
fertilizer applications reduced the number of specialized butterflies, while generalists were 
not affected [18]. To conclude, traditional meadow irrigation is compatible with invertebrate 
biodiversity conservation in European grasslands.

Next to measures at the single meadow or patch scale, traditional meadow irrigation should 
also be evaluated concerning its effect on the landscape scale as species diversity of the land-
scape is mainly influenced by the heterogeneity of different habitats in the area and not just by 
the richness of a single meadow. This became obvious observing species of snails in ditches 
and on the meadows themselves. While the species richness and composition at the meadows 
is low with about 7 species per m2, the species and individual numbers increased to on aver-
age over 15 species in ditches with maximum values of over 20. Here, the snails profited from 
the high heterogeneity of site conditions in the ditches with dry and sunny as well as humid 
or even wet sites in the ditches and similar heterogeneity of organic debris and nutrients that 
were clearly higher in irrigation ditches as compared to drainage ditches. Even two red list 
aquatic snail species could be regularly found in the irrigation ditches. They survive in local 
puddles that remain wet most of the year [18].

Several organisms are mobile and cannot be studied at single meadows. This is the case with 
white storks. Their population development since the reactivation of major parts of the mead-
ows is very well documented [25]. The white storks profit from the irrigation, as they find 
plenty of food during spring, when the juveniles need plenty of food close to their nests 
(Figure 3), and in late summer, when storks prepare to fly south. Many storks raised in the 
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area of meadow irrigation emigrate to other regions in previous years, which shows that 
the donor effects [25]. Other bird species might decrease as their nesting sites are flooded. 
However, as there are several areas and patches that are not irrigated, the diversity is obvi-
ously not decreasing as bird observations in the area demonstrate [15].

Similar to the snails, the vegetation composition along ditches was heterogeneous and species 
rich [26]. Overall plant diversity in the ditches contributed one-third of the total species pool. 
This means that about one-third of all the species found in the sampled quadrats were found 
in ditches only. Many species of herbs typically found in extensively used grasslands seemed 
to use the rims of the ditches as refuges from the semi-intensively used meadows and were 
common here, while sometimes only sparsely found in the meadows themselves (Figure 6) 
[26]. Locally, species preferring wet habitat increase overall richness (Figure 7). The quality of 
the ditches for plant diversity varied according to ditch size, sedimentation, and successional 
stage. The larger and deep trapezoid well maintained ditches had highest richness in contrast 
to smaller and strongly overgrown and silted up ditches [26]. However, the large variety of 
differently maintained ditches finally made up the very high overall diversity found in the 
landscape. This is the result of the diverse management techniques and frequencies used by 
the different communities concerned. Commonly, the ditches are mown or mulched once a 
year (usually in late winter) and maintained with excavators once every two to more than 
every 10 years depending on the community and ditch location [26].

The touristic and recreational value was assessed by conducting a travel cost analysis with 
visitors of the meadows in the Queich valley. The touristic and recreational value was esti-
mated to be between 0.38€ and 2.54€ per visit depending on whether the opportunity costs of 
time were taken into account or not. Since most of the visitors were from the direct vicinity of 

Figure 6. Drainage ditch with the defined area for a vegetation analyses (blue line). Ditches play an important role in 
overall biodiversity as they provide various different niches and serve as refuge for sensible plants and animals which 
escape from more intensive meadow management techniques. The corresponding data is published in [26] (photo: 
Melanie Meier).
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the meadows, most people did not incur real financial costs to visit the meadows. About 20% 
of the visitors use the meadows more than 100 times per year for recreational purposes. The 
main activities in the meadows are cycling, walking, watching nature, and excursions with 
children. More than 60% of the visitors state that they would have stayed at home if they had 
not had the chance to go to the meadows on the day they were interviewed. This shows the 
substantial value of the meadows for the local population. However, more than 40% of the 
visitors traveled more than 20 minutes, 15% even more than 1 h to visit the meadows. About 
3% of the visitors stayed overnight in the area and came to visit the meadows mainly to watch 
the gathering of the white stork population in spring and early autumn. Next to the storks, 
the beauty of the semi-open landscape as such, the diversity and the traditional irrigation 
infrastructure are mentioned to attract the visitors (Figure 8).

Apart from these mentioned socio-economic values, the value of the cultural heritage can 
be considered to be substantial. In a two-volume book, Leibundgut and Vonderstrass [9] 

Figure 7. Irrigation ditch after first cut in June. Remaining standing water from the last irrigation in may serves as a 
habitat and food source for a large variety of organisms. It clearly contributes to the heterogeneity of the landscape 
(photo: Melanie Meier).
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described the role and the extension of meadow irrigation in Europe. On the European level, 
a group of actors from Switzerland, Germany, Belgium, Austria, the Netherlands, Sweden, 
Great Britain, and France is currently working on an application of irrigated meadows as 
UNESCO world heritage sites. This shows the importance of those irrigated meadows still 
have in some regions. Obviously, meadow irrigation systems are popular and bear witness to 
a century long innovation and tradition. On the other hand, the once widely spread meadow 
irrigation systems are now found only very locally. In the area of the Queich valley, the local 
interest group Queichwiesen comprised of a very diverse group of actors like representatives 
of local administration, environmental NGOs, and farmers jointly pursues the acknowledge-
ment of the irrigation meadows in the world heritage list.

4. Conclusions

Traditional meadow irrigation proved to increase productivity in a very effective and more 
sustainable way than mineral fertilization did. Summarizing our manifold data on flora, 
fauna, and soil characteristics, the management method creates multifunctional habitats and 
production sites. They offer multiple ecosystem services of all four categories defined in the 
Millennium Ecosystem Assessment report by the UN: supporting, provisioning, regulation as 
well as cultural services [27]. We explain this by the positive effect of this management prac-
tice on soil carbon or humus [28] and the related positive effect on soil organisms [29]. Next to 
the multiple services for productivity and biodiversity found at the single meadows, there are 
larger scale services provided at the landscape scale. The heterogeneity of the irrigation, the 
variety of habitats that are created by the ditches (irrigation and drainage), and the mixture 
with other habitats in the region provide a beautiful landscape for animal life and human 
well-being (recreation and tourism).

Figure 8. Beautiful landscape with high recreational and touristic value. The high numbers of storks also attract visitors. 
The active traditional irrigation system also contributes to our cultural heritage (photo: Martin Alt).
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