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4.1 INTRODUCTION

Irrigation is the process of delivering water to plants so as to meet their needs for
several important resources. It is known that providing too little or too much water can
reduce crop productivity or, when extreme, can lead to plant death. Improper water
management can also lead to excessive run-off. While providing water is certainly a
major facet of irrigation, various other materials that are dissolved in the water are
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118 Chapter 4 Irrigation in Soilless Production

also provided to the plant at the same time. These include an array of nutrients as well
as oxygen.

Although fertilization is not a specific aspect of this chapter, it should be noted
that in soilless plant production, soluble fertilizers are frequently dissolved in the
irrigation water using injection equipment. When the irrigation scheme includes soluble
fertilizers dissolved in the irrigation water at various concentrations, this is called
‘fertigation’. The substances in the water may also include pesticides and oxygen.
In many soilless systems, fertigation is the preferred approach to supplying nutrients,
especially where the substrate is not capable of holding (bonding) nutrient ions (i.e. due
to low CEC). Specific technologies involved in combining fertilizers with irrigation
water are covered elsewhere in the book (Chap. 5). In this chapter, we assume that this
type of irrigation is being practised. So here, the terms ‘fertigation’ and ‘irrigation’
are used interchangeably.

In general, the plant’s fresh weight typically consists of more than 90 per cent
water and less than 10 per cent everything else. There are, of course, many excep-
tions reflecting organ function and plant adaptation to the native environment. When
comparing the amount of water held in fresh matter of a particular plant with the total
amount of water that the plant has taken into the roots, only a small percentage (about
1 per cent) of the total water actually ends up as fresh matter (Raviv and Blom, 2001).
The rest of the water is transpired and most of this water use is necessary as part of
the plant’s need to cool itself.

The total amount of water that flows through a particular plant system is generally
called ‘the transpiration stream’. Despite what the name implies, this includes all the
water that enters the roots and thus also accounts for the fraction of water that ends up
tied up in biomass. While transpiration cools the leaves, this flux of the transpiration
stream has several other consequences that are very important. One of these is the
fact that when this flux is positive, it has to match an equivalent flux in the root zone
of liquid moving towards the roots. This liquid, called the root zone solution, carries
with it nutrients and gasses, and the motion of this liquid is driven by the transpiration
stream of the plant.

It should be noted that dissolved elements can move by either diffusion or bulk
(mass) flow. Diffusion is the process whereby an element moves due to a gradient in
concentration of that element. Bulk flow (or mass flow) is when the liquid in which the
material is dissolved carries the element to another location. Diffusion is a relatively
slow process so that movement of an element over 1 cm distance can take hours or
days (depending on the magnitude of the gradient); bulk flow can carry elements over
this distance in a matter of seconds or less. The biggest implication for this is that when
the transpiration stream is actively moving water, or when water is applied through
irrigation, bulk flow of nutrients and oxygen is carrying these elements towards the
root surface.

Of all resources that the plant needs, water is needed in greatest quantities and
needs to be plentiful and readily available so as to sustain a transpiration stream that
is actively carrying the nutrients needed for plant growth or production to the surface
of the roots.
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4.1.1 WATER MOVEMENT IN PLANTS

Plants are able to capture light energy and use it to transform water and CO2 into a
useful chemical form (carbohydrates) through the photosynthetic reactions that occur
in the leaves. In addition to light, the plant also requires water and carbon dioxide
for this process to take place. While water is mainly absorbed by the plants through
its roots, CO2 enters the plant through pores in the leaves called ‘stomata’. These
pores must be open for the CO2 to enter and, as a consequence, water vapour inside
the leaves is able to escape into the atmosphere. This movement of water into the
atmosphere is called ‘transpiration’ and this process drives the movement of water
from the soil, through the plant, into the atmosphere.

At the leaf surface there is a relatively still, thin layer of air surrounding the leaf,
called the ‘boundary layer’. Even with wind or air current flowing past the leaf, this
boundary layer persists, but becomes thinner as air movement increases. The movement
of water from the stomata through this boundary layer is driven by diffusion (which
is relatively slow) and only works if the water molecules are then carried away by air
currents (a type of bulk flow which can be relatively fast). If the air surrounding the
leaf is saturated with moisture (i.e. RH>95 per cent), then water movement is slow
since the diffusion gradients are small.

Most of the evaporation process at the leaves occurs through the stomata. The plant
has the ability to control the degree to which the stomata are open and this mechanism
allows the plant to exert control over the amount of water evaporated from the leaves.
It should be noted that the surfaces of the plant are generally covered with a waxy layer
(cuticle) which limits water loss. This water loss is generally negligible compared to
the rate of water loss through the stomata. However, young leaves may not have a
substantial cuticle and water loss control through these leaves is not as effective. The
total rate of water loss through evaporation is slightly less than (but very close to)
the rate of water uptake from the root zone. The total water loss from plants is also
affected by the number of stomata that are present on the foliage. Thus, the more leaf
area the plant has, the greater the potential rate of transpiration.

The potential rate of removal of water by plants from the root zone is driven by the
following factors: temperature, light, relative humidity, wind speed, leaf area, and the
degree to which the plant’s stomata are open. The potential amount of water removal
is a matter of integrating this rate over time. Various irrigation control strategies
(described below) use this information as part of the control strategy.

4.1.2 WATER POTENTIAL

The hydraulic forces of water within both plants and substrate play an important
role in how water is managed. These forces can generally be expressed in terms of
energy potentials such as matric, osmotic, and gravimetric potentials. When dealing
with irrigation issues, such potentials are expressed as negative numbers with units of
kilopascal (kPa). ‘Matric Potential’ or ‘moisture potential’ are synonymous; they have
positive values in conditions of positive pressure and negative values for suction. In
contrast, we use the term moisture ‘tension’ as being the absolute force of suction.
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As a consequence, ‘high tension’ in substrates means ‘dry conditions’. In relation to
the types of values that are typically recorded in soilless production, a relatively dry
condition in most substrates corresponds to a moisture tension between 10 and 20 kPa
(or a matric potential between −10 and −20 kPa). In general, all irrigation practices
that explicitly attempt to avoid water stress in soilless production are confined to the
range of 0–8 kPa of tension. In some substrates, such as stone wool, the range is much
narrower, with the onset of water stress problems occurring if the production system
is allowed to exceed 5 kPa. In contrast, the types of tensions encountered in field
soils may well range as high as 75 kPa; in such systems, we rarely see tensions below
10 kPa, except during or just after an irrigation event.

Matric potential results from the interaction of water and solid materials. It can
be thought of as the pressure that would need to be exerted to remove water from
a substrate. For example, we understand that a sponge can hold water and we need
to squeeze it (impose a pressure) to make the sponge release the water. If we could
maintain a constant pressure on the sponge, at some point no more water would be
released while some would be retained in the sponge. Matric potential is holding the
remainder of the water in the sponge against the squeezing pressure.

Gravimetric potential is related to the height of water above some point of reference.
This force of gravity translates to approximately 1 kPa per 10 cm of water column
(note that the horizontal size of the layer has no influence on this). For example, take
a sponge saturated with water, stand it on one end, and allow it to drain. At some
point, water will stop draining from it. If the height of the sponge is 10 cm, then the
gravimetric potential at the top of the sponge would be 1 kPa.

Something is holding water in that sponge and that force can be measured as
matric potential. Since energy needs to be balanced and we know that the gravimetric
potential of the 10 cm sponge is 1 kPa, then the matric potential must be −1 kPa so
that there is a net of 0 kPa.

Solute or osmotic potential, �s, is related to salinity (and thus electrical conductiv-
ity) and can be described mathematically with the formula:

�s = −RT�ns/vw�

where R = gas constant, T = temperature, ns = number of moles of solutes, and
vw = volume of water. Note that the ns/vw portion is a concentration, so solute potential
is directly related to the concentration of salt in the substrate solution. In the root
zone, this can increase through the addition of salts or through the removal of water.
This second process can occur in plant systems whenever water is removed from the
growing substrate at a greater rate than the solutes within it. The empirical relationship
between electrical conductivity (EC, in dS m−1) and osmotic potential (kPa) of

�s = −36EC

has been suggested to estimate how salinity, at levels that plant growth will occur,
accounts for the contribution to the overall potential (Richards, 1954). So, as the con-
centration of solutes in a solution and the EC increases, the solute potential decreases.

Understanding the concept of potential energy can provide insight to how manage-
ment practices affect plant water status. Water will move passively from a state of high
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energy to a relatively lower energy state, and the difference of these two energy states
is related to the rate of water movement. So, increasing the gradient will increase the
movement of water down that gradient. When an irrigation event occurs, the matric
potential of the substrate increases and the water therein is of higher energy. This
facilitates water movement into the roots that might be present since the water in them
contains solutes and is lower in energy. If the water that is applied happens to contain
a large amount of solutes, which reduces its energy potential, the gradient is reduced
and the ‘ease’ that water can move into the roots decreases.

The moisture content of any substrate is also affected by the various physical
characteristics of the substrate (particle size distribution, particle surface properties,
pore space, etc.), each affecting the various potentials. For any substrate, there is a
relationship between the moisture tension and the moisture content. This relationship
can be thought of as a ‘signature’ for a particular substrate.

This curve has various names such as ‘moisture release curve’, ‘moisture retention
curve’, and so on; the diagram (Fig. 4.1) shows the relationship between moisture
tension and moisture content and indicates a container capacity of 75 per cent for the
substrate UC mix (see Chap. 3 for other examples of this curve). In addition to the
various potentials, there are also forces due to gravity that affect the moisture status
of the root zone, and Fig. 4.1 can be used to interpret how a root zone might behave
with regard to moisture dynamics by considering the typical root zone as consisting of
multiple layers of substrate ‘stacked’ on top of each other and each affecting the layers
above and below, as the water is held in place by internal forces (capillary forces),
with the weight of the water in all the layers below a particular layer pulling down
on the water in the layers above. Thus the top layers have more weight pulling on
them than the bottom layer so that the moisture tension varies with depth. With field
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FIGURE 4.1 Moisture release curve of UC mix. The moisture content at saturation is 76.5 per cent
and the unavailable portion is 24 per cent (Kiehl et al., 1992).
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soils, these variations are relatively small per cm depth, but with soilless substrates
the moisture tension changes dramatically with centimetres of depth.

With the moisture release curve (Fig. 4.1), it is possible to estimate the water
content of such a containerized root zone immediately after an irrigation event. Taking
into account the gravimetric potential, when a steady state is reached at the bottom
of the root zone of a container with a depth of 20 cm, it will have a moisture tension
of 0 kPa while the top of the root zone will be at 2 kPa (= 20 cm depth). Reading off
the curve shows that moisture content at the bottom will be 75 per cent, while the
substrate at the top will be at about 50 per cent. The differences are even greater as
the dry-down progresses. Many growers typically think that the entire root zone is the
same, but that is clearly not the case and it can be deceptive since the top layer (which
the grower can readily observe) is always drier than the bottom layer.

The moisture release curve also illustrates some general points about irrigating.
The wettest condition (i.e. after a thorough irrigation) is represented on the curve at
lower tensions. The general shape for most potting substrates is similar, but they doAU1

vary enough to affect final set-point recommendations for use in making irrigation
decisions. As water is removed from the substrate by the plant (and by evaporation),
the status progresses along the curve to higher tensions (lower water content). The
pattern is approximately asymptotic to some volumetric water content with increasing
high tensions. Most plants will show wilting when they are subjected to moisture
content that approaches the levels represented by this line. Thus, in the literature, the
water that remains in the substrate at this point is termed ‘unavailable water’, while the
difference between container capacity and this level is called ‘available water’. Also,
the term ‘easily available water’ is generally used to refer to water released between
1 and 5 kPa, while the range 5–10 kPa is generally referred to as ‘water buffering
capacity’. During rewetting, typically a much faster process than dry-down in soilless
substrates, the pattern is always similar, even if slightly different (a phenomenon
called ‘hysteresis’). However, with regard to the precision needed to make irrigation
decisions, this aspect can be ignored.

4.1.3 THE ROOT ZONE

Within this book, we use the term ‘root zone’ to represent the space (generally
filled with substrate) which has been made available in a production system to be
occupied by plant roots. There may be areas within the root zone where few roots are
present because of adverse conditions at various times or because the plant has not yet
filled the root zone with roots. In root zones that are designed and assembled well,
such ‘voids’ are present only in early phases of plant production; in poorly designed
systems and in systems where irrigation is not controlled well, there may be many
such pockets. But even in the most uniform systems, there will be areas with fewer
roots. This heterogeneity in root distribution can cause problems.

One factor contributing to this heterogeneity is that root growth is typically
geotropic, meaning that they grow downwards. In constrained root systems where the
bottom is an impervious layer with access to oxygen through drainage holes, there
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will generally be more roots there. In the areas in the root zone where many roots are
present, water can be removed at a more rapid rate than in areas where fewer roots are
present. At the same time, water is removed through evaporation from the parts of the
root zone that are exposed directly to the atmosphere. The result is that the removal
of water is not uniform throughout the entire root zone.

One important facet in soilless production is a substrate characteristic known as
‘hydraulic conductivity’. This refers to the rate at which water can move within the
root zone. As discussed elsewhere in this book (Chap. 3), hydraulic conductivity is
generally much higher in soilless media than soil-based media. For all substrates,
there is a huge difference between the hydraulic conductivity when the substrate
is moist, compared to when it is dry. With regard to irrigation schemes, it is the
unsaturated hydraulic conductivity (UHC, i.e. the value when moisture is present, but
not saturating) that is of particular relevance. The higher the UHC, the faster water will
move laterally during, and immediately after, an irrigation event. With drip irrigation
systems, this rate dictates the flow rate of the emitters that should be used (if UHC is
low, then emitters must be used that have a low flow rate).

It should be noted that if the rate at which water moves in the root zone is slow,
then it may be possible for the plants to extract some of the dissolved elements
at a rate higher than can be replenished with future waterings. This can result in
problems with nutrient deficiency as well as oxygen deficiency. For this reason, soilless
production systems always consist of substrates that have higher unsaturated hydraulic
conductivity than soil.

In intermittent irrigation approaches there may be the risk of drying out portions
of the root zone to the extent that the hydraulic conductivity is so poor that water
being applied to the top or bottom of the root zone cannot distribute itself throughout
the root zone during the interval between irrigation events. The regions in the root
zone that are most prone to drying out are those that have a lot of roots. Thus, when
this happens, it becomes very difficult to rewet the entire root zone uniformly and
especially those areas where the roots are most prevalent. This can lead to situations
where the plant appears to be water stressed despite the fact that the container is heavy
with water. In such instances, the plant is responding to the fact that there is little
water around the roots and as this is further depleted, the low hydraulic conductivity
makes replenishing the substrate surrounding the roots a slow process. This can be
particularly problematic if the plants are exposed to high temperature, high light levels,
and dry winds, representing a need for urgent action. The best approach to dealing
with such an emergency is to apply water to the plant directly to provide water for
cooling and increase the humidity to reduce the water loss rate. At the same time, the
root zone may need to be irrigated several times within a few hours so as to attempt
to elevate the hydraulic conductivity throughout the root zone and to replenish oxygen
through bulk flow.

If pockets of the root zone are allowed to dry out, then this can result in root death
in those pockets. Also, as the water is removed preferentially from such areas, the
concentration of solutes increases to the point where some of them may be toxic to
the plant. Historically, the main technique for preventing such problems has been to
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provide an excess amount of water (i.e. more water than the root zone can hold) and
to apply the water slowly so that it has time to distribute itself laterally in the root
zone even as it slowly leaches from the bottom of the root zone.

There is a facet to irrigation that is particularly counter-intuitive. There is a
widespread knowledge that oxygen starvation can occur and that flooding can cause
this, so that some practitioners associate the application of excessive amounts of water
with oxygen starvation. Many irrigators are careful to not irrigate too often, but do
try to keep the root zone as moist as possible; and it is exactly this scenario that is
likely to result in oxygen deficiency. When new water is applied, it carries into the
root zone dissolved oxygen and this mass flow of oxygen can resolve the problem
very quickly. But if that oxygen is consumed by the plant at a faster rate than water
use and this stagnant water is not replaced, then oxygen starvation can occur, leading
to poor growth and plant diseases.

4.1.4 WATER QUALITY

As mentioned above, water quality is an important consideration in irrigation,
and especially with regard to recirculation. Since this can have a dramatic effect on
irrigation practices, it is important to explain some of the details that are particularly
important with regard to irrigation.

Pure water consists of just H2O. There are no water sources in commercial soilless
production that are pure. All have some minerals and/or salts dissolved in the water.
For the practitioner, it is important to know that materials dissolved in the water do
not change the clarity of the water although the colour may change. To the naked eye,
salty water appears just as clear as pure water. If the water appears cloudy, then it is
said to be turbid and this is due to materials that are suspended but not dissolved in the
water. It is very important to understand the difference here, because the particles that
cause turbidity can typically be filtered out of the water, while dissolved materials will
pass through fine filters unimpeded. Extraction of dissolved materials is accomplished
with membranes (which might also be called ‘filters’ by some).

Water is typically evaluated for EC, pH and alkalinity. EC, or electrical conductivity,
is a measure of the amount of salt that is dissolved in the water. There are various salts
that could be involved – some are harmful; some may not be toxic, but are undesirable;
while others are nutrients that the plant uses as part of its metabolism. Virtually all
water sources will contain some of each of these types of materials. As with virtually
all environmental variables, there is a response curve for each such material for any
plant.

Such a curve generally has a range where the plant will have inadequate amounts
(deficiencies), a range where the plant can tolerate the material, and a range of
concentrations where the plant will respond in a negative way, possibly showing foliar
damage (Fig. 4.2).

EC, generally measured in units of dS m−1, is typically seen in soilless production
from 0 to 5 dS m−1. Historically, growers have been advised to keep the EC below
3 dS m−1 to assure rapid growth of plants. Clearly this is impossible if the source water
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FIGURE 4.2 A nutrient response curve. At low concentrations, small increases in availability results
in large changes in growth (A). Further increases in nutrient concentrations have smaller affects as nutrient
levels approach optimal levels (B). At some point, additional amounts do not increase growth. This is the
range of luxury consumption (C). At high levels, toxicity is reached and growth diminishes. Eventually,
plant death occurs (D) (adapted from Nelson (2003). Greenhouse Operation and Management (6th edn).
Upper Saddle River, NJ: Prentice Hall.

already is high in dissolved salts and the addition of nutrients will raise the EC to
greater than 3 dS m−1. If the source water has too high an EC, then the only options the
grower has is to remove some of the salts, blend with low-EC water such as stored rain
water, or to grow plants that can tolerate the elevated salt content. It should be noted
that with development of complex hydroponic systems that include recirculation, it
has become apparent that higher levels of EC might be feasible (see Chap. 9).

AU2

pH is a measure of the hydrogen ion concentration, describing the extent that the
fluid is an acid or a base. Water is said to be ‘neutral’ if it has a pH of 7. For soilless
production, however, this term is deceptive because for virtually all crops in such
production systems, water that has a pH significantly lower than 7.0 is necessary. In
soilless production, a range of irrigation solution pH of between 5.6 and 6.8 is required.
For some crops, even lower pH levels have been found to be ideal. In general, pH
levels of the solution around the roots should not be below 5 or above 7.

One of the most important aspects of water quality is that water containing extensive
dissolved minerals that may build up in the root zone. This is due to the fact that
plants can preferentially remove water over dissolved minerals. Thus as the water is
extracted from the root zone, they become more concentrated as water is depleted.
At some point, the concentration may reach a point where the material comes out of
solution as mineral deposits. This condition should be avoided.

Alkalinity is a measure of the irrigation water to raise the pH of the root zone
solution. This is measured in units of milliequivalents (meq) or ppm of CaCO3. In
soilless production, low alkalinity (<3 meq) is generally acceptable, while a level
greater than 8 meq is so problematic for growers that such water is not suitable for
crop production. When the source water has alkalinity below 8 meq, it can be used if
treated with acid injection.
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4.2 ROOT ZONE MOISTURE DYNAMICS

The moisture dynamics in the root zone during irrigation are typically much faster
than during the time between irrigation events. There are significant complexities
related to this that affect irrigation decisions.

4.2.1 DURING AN IRRIGATION EVENT

The irrigation event is generally triggered by a human or automated (pre-
programmed) decision-making process. The onset of the event is characterized by the
opening of a valve which leads to water or dilute nutrient solution, flowing under
pressure. An irrigation event lasts a particular period of time (typically minutes) and
the end of the event is specifically controlled to achieve a desired effect. Usually the
objective is to bring the root zone up to full capacity, although deviations from this
mission are possible and discussed below as part of irrigation decisions.

While the focus during irrigation is generally on the delivery of water, dissolved
substances and gasses are also provided to the plant. These other substances may be
present because they were part of the source water or were purposely added to the
irrigation water as part of a crop production strategy.

It is also noteworthy that during the time of an irrigation event, the spatial distribu-
tion of water in the root zone is heterogeneous and dynamic (changing from second
to second). Water moves downwards through the substrate fast (in seconds) and slow
laterally (in minutes or hours). As the water enters the area surrounding the roots, it
carries with it substances that were dissolved in the irrigation solution and substances
that were already in the root zone. Thus the bulk movement of water moves materials
to the root surface.

4.2.2 BETWEEN IRRIGATION EVENTS

Immediately after an irrigation event where the volume of water applied exceeds
the amount needed to achieve container capacity, there is a period of time where water
continues to leach from the root zone (Fig. 4.3). The leachate has to be replaced with
air, which is pulled into the root zone at any point where the substrate is exposed to
air. This action is generally overlooked, but it should be noted that air entering this
way consists of over 21 per cent oxygen, so that this can account for a substantial
amount of oxygen.

Once the leaching has stopped, there is a period of gradual decline in water content
due to evapotranspiration: water being removed by the plant (transpiration) plus evap-
oration of water from the substrate directly to the air. It should be noted that water
moves down an energy gradient. A number of variables affect this gradient between
the leaf and the atmosphere and, consequently, the rate at which this removal occurs.

Nutrient uptake by the roots may be at rates that are not the same as the rate of
water uptake. Thus nutrients could be depleted more rapidly or less rapidly. In the
latter case, this could lead to a concentrating effect which can manifest itself as an
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(B)(A)

(D)(C)

FIGURE 4.3 Overhead irrigation systems: (A) Hand watering, (B) Boom system, (C) Mist system,
(D) Sprinkler system in an outdoor nursery (see also Plate 5).

increase in salinity. An important part of irrigation management is salinity control,
and between irrigations it is very likely that salinity is increasing in the liquid that
surrounds the roots. There may well be times when an irrigation event is needed to
flush out salts that have accumulated in this way.

Sensors that monitor soil moisture may also be able to monitor EC. Time domain
reflectometry (TDR) may be able to measure EC in substrates, but these sensors are
affected by organic matter content. In addition, when EC is high, the TDR signal
is also affected so that these measurements are difficult to make. Decagon Devices
(Pullman, Washington) released a sensor in 2006 that measures substrate moisture,
temperature, and EC. Oki and Lieth (2004) used a suction lysimeter with an embedded
EC cell to measure substrate solution EC.

4.2.3 PRIOR TO AN IRRIGATION EVENT

One of the most notable characteristics evidenced by moisture release curves of
soilless substrates is that the dry-down process is not linear with regard to moisture
tension and moisture content. Thus as water is depleted past some threshold (5 kPa
for UC mix, Fig. 4.1), the tensions increase more and more rapidly with each unit
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of water depleted. This acceleration forces irrigation managers to schedule irrigations
well in advance of critical high-tension conditions.

If the plant is not able to adequately control water loss as the moisture tension rises
towards a critical point, then the plant will begin to dehydrate. This typically results
in a loss of turgor pressure in the leaves, resulting in the visible symptoms of wilting
leaves and flagging stem tips. Within a very short time, the leaves loose the ability
to cool themselves since the amount of water evaporating from them is inadequate to
meet the cooling demand of the tissue. If this persists, then the temperature of the leaf
will rise in the presence of high light, possibly resulting in temperatures high enough
to cause damage to cells in the leaf. Plants have the capacity to adapt somewhat to this.
If a plant experiences such high tensions frequently, then it adapts to close stomata at
lower moisture tensions so as to avoid wilting.

Effective irrigation practices are needed to prevent this from happening. For CO2

to enter the leaves, the stomata must be open. As a consequence, however, water also
passes through these openings. So, irrigation management that keeps stomata open
will also maximize productivity. Closed stomata lead to reduced photosynthesis and
thus to lower biomass production.

It is important to note that other deleterious processes are occurring before wilting
is observed. Leaf and stem expansion are among the processes most sensitive to water
stress (Hsiao, 1990). Maximizing turgor pressure within young cells is necessary to
maximize cell enlargement and stem and leaf growth. Water stress at very low levels
can reduce plant growth. And with less water moving in the transpiration stream of the
plant, there are also fewer mineral nutrients moving within the plant to the sites where
they are needed. In addition, there is less water available for the essential metabolic
processes within the plant, resulting in suboptimal growth.

While the exact same phenomena and processes occur in soil-based and soilless
systems, there are some significant differences. In general, plants growing in soil-
based systems are subjected to slower movement of water in the root zone, so that the
plant has to grow much larger root systems to mine a larger soil volume for water in
order to meet its transpiration demand. The smaller root systems in soilless systems
require greater attention by the irrigation manager as the plant has less protection from
catastrophic irrigation system failure. Also, with smaller root systems, the plant may
be less capable of responding to climatic extremes that increase water demand.

4.3 IRRIGATION OBJECTIVES AND DESIGN

CHARACTERISTICS

An optimally designed irrigation system will deliver water to the plants to maximize
water use efficiency (WUE). This means that water is provided in time just as the
plants require it and in a manner so that all the delivered water is utilized by the plants
and none is wasted. This requires that the delivery and control systems are properly
designed for the application that they are to service.
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Irrigation delivery systems are always designed to optimize various specific char-
acteristics. This includes system capacity as well as system uniformity. The degree
to which these characteristics are optimized has a greater impact on how irrigation is
controlled rather than on the water utilization of the crop.

4.3.1 CAPACITY

The capacity of an irrigation system relates to the number of plants that can be
irrigated at any one point in time. This is governed by the maximum rate that water
can be extracted from its source. In some cases, production facilities have to install
tanks to store water, and the capacity of these tanks and the dynamics of how they
are filled and emptied governs the maximum rate of water use during production. For
example, a grower needs 16 000 L/day to maintain the crop. The well that is available
can produce only 1000 L/hr. If an 8000 L water tank is available, it can be filled when
there is no water demand, for example at night. Both the well and the storage tank
will be accessed to provide water for the crop during the day.

Irrigation systems should group plants so that this source capacity is distributed
over time. As such, each irrigation circuit is separate and needs to have its own
decision-making. Most large soilless production operations have considerably more
plants than could be watered with new source water all at once. Each circuit must
be queued (scheduled) for irrigation and care must be taken to only irrigate as many
circuits at any one time as can be supplied by the fertigation equipment (pumps and
injectors).

4.3.2 UNIFORMITY

The grouping of plants is generally done so as to combine plants of similar water and
nutrient use patterns into the same irrigation circuit. Typically there is an expectation
by the grower that the entire crop stays uniform in water and nutrient use and that each
plant reaches the production goal at the same date. Without this temporal and spatial
uniformity, the grower may face economic problems. Since the availability of water
and nutrients directly impacts plant growth, the need for this uniformity dictates that
the irrigation system delivers water in as uniform a manner as possible. This means
that within an irrigation circuit, water is delivered to each plant at nearly the same rate
to provide nearly the same amount of water and nutrients as possible.

Absolute uniformity is generally not economically feasible for any crop (Seginer,
1987). Crop response to water, cost of the irrigation solution, type of irrigation system,
all affect the level of practicability of taking special measures to achieve greater
uniformity (e.g. pressure compensation at each emitter, re-spacing plants as they grow,
etc.). For any situation, there is a level of uniformity that will result in the greatest
level of economic feasibility (Chen and Wallender, 1984; Seginer, 1987).

Precise evaluation of irrigation system uniformity is difficult. There are a number of
sources of variation that can be considered and measured. For any one irrigation system,
the distribution of water from an irrigation system after the system is fully pressurized
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is typically different from the distribution during the time that it is pressurizing. While
many practitioners consider the latter to be insignificantly short, in practice, it is almost
always a significant percentage of the duration of the irrigation event.

Uniformity in an irrigation system is generally measured by sampling within the
system. This can be done by placing a container at each emitter to collect the water
that is delivered for the duration of an irrigation event. The water collected can be
measured to determine the amount of water delivered and delivery rate to each emitter.
Uniformity has been quantified in two differing approaches: (1) by summing the abso-
lute difference of each rate from the mean and (2) by calculating variances or standard
deviations. Both methods are equally effective for optimization purposes (Seginer,
1987), although the first of these is somewhat easier for practitioners, while the second
is easier to implement in mathematical treatments of the problem. Also, if the unifor-
mity measure is used within economic analyses, then it is important to note that the
use of variance tends to give disproportionately greater weight to larger deviations.

Thus for a specific set of data collected as above, a ‘Coefficient of Uniformity’ (U)
can be calculated as a percentage value:

U = 100× �1�0− sum��xmean −xi��/�n ×xmean��

where xi is the individual amount of water collected at a particular location, xmean

is the mean of these values, and n is the total number of these samples (Lieth and
Burger, 1993). The alternative would be

U = 100× �1�0− �sum��xmean −xi�
2��1/2/�n ×xmean�	

Other methods have also been presented, but, as Seginer (1987) points out, the high
degree of correlation between the methods suggests that the choice of method is not
particularly important. Seginer concludes that while both approaches are useful under
various conditions, the second of these two methods should generally be used.

The duration of a uniformity test can have an effect on the outcome. Water delivery
to the plants close to the irrigation valve begins very quickly after the valve has
opened, while the emitter farthest away from the valve begins delivering water later
and at a lower rate due to pressure loss over the length of the flow of water. Thus,
while conducting such tests, it is important to operate the system for durations that
are similar to the durations that will be used in practice. Some emitters are pressure
compensated and will minimize or eliminate fluctuations in flow rate due to pressure
variations.

It should be noted that subirrigation systems are difficult, if not impossible, to assess
for uniformity. Some practitioners have the notion that subirrigation systems are highly
uniform, but this is not necessarily true. Subirrigation systems must be completely
in level to be absolutely uniform. At the same time, the ability to drain the systemAU3

in a timely manner is very important to prevent the stagnation problems described
above. Ebb-and-flood tables and trays with channels moulded into the bottoms to
facilitate water flow and distribution can achieve this in a way that still allows the
system to be filled uniformly and drained fairly rapidly. Other subirrigation systems
(troughs, flooded floors, and capillary mats) typically are not uniform since the bases
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of the plants sit at different levels along a drainage gradient. The troughs and flooded
floors need to be sloped to provide drainage. Capillary mats installed on long, sloping
benches can be problematic. If the height difference from one end of the bench to the
other is large, it may create a pressure head in the mat adequate to suck nearly all
water out of the root zones of plants sitting at the highest part of the bench.

The only type of system that has the potential to be completely uniform is liquid
culture where the roots are always submerged or wetted and have access to water at
very low tensions at all times.

4.4 IRRIGATION DELIVERY SYSTEMS

All irrigation systems consist of tubing and/or pipe to transport the irrigation solution
from the source to the individual plants or to a group of plants. Generally the irrigation
solution is prepared from water which is under pressure, and injectors are used to
inject various soluble fertilizers into the water. Mixing or blending tanks assure that
the dissolved materials are distributed uniformly within the water and filters remove
any insoluble materials. Pumps and pressure tanks may be used to increase or stabilize
the pressure at which the solution arrives at the valve to the irrigation circuit. More
detail on such systems and their design can be found in Chap. 5.

In all irrigation systems, the flow of water requires some form of pressurization to
facilitate moving the water. The higher the pressure, the more rapidly the liquid can
flow in the system. Friction within the pipes imposes resistance to flow, causing the
pressure to drop over the length of the pipe. The diameter of the pipe has a significant
effect on this phenomenon, with pipes of smaller diameter having greater pressure
drop along the length of pipe. Tables are available that indicate the pressure drop for
various lengths of pipes of various diameters and materials. It is important to properly
design irrigation systems so that all of the parts (main lines, valves, pressure regulators,
laterals, and emitters) are correctly sized to deliver water at the desired pressure and
flow rate.

When a valve is opened in a system where the irrigation water is under pressure,
this allows the irrigation solution to flow. While there is active flow in the system,
there will be a pressure gradient with the highest pressure at the source and the
lowest pressure values at the emitters. Any one irrigation circuit must be designed
so that this pressure at each emitter is above the minimum specified value for that
emitter. If too many emitters are included, then some emitters experience inadequate
pressure and consequently deliver little or no water, while other emitters (closer to the
valve) experience higher pressure and thus deliver water at a higher rate. If the total
potential rate of flow out of all emitters is less than the capacity of the system, pressure
regulators, or pressure compensating emitters, can be used to assure that each plant
receives water as designed. But if the total rate of water delivery through all emitters
in the circuit is greater than that the source can provide, then there is no way that this
problem can be solved without increasing the source pressure or installing pipes of
larger diameter to increase the flow rate within the system. Under such a circumstance,
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replacing all of the emitters with ones that have a lower delivery rate (e.g. slower drip)
would be a solution. Obviously, the duration of operation of the irrigation circuit would
have to increase to assure that each plant receives the appropriate amount of irrigation
solution. Another solution would be to reduce the number of emitters serviced by a
valve.

In commercial soilless production, one of the most important crop production factors
is uniformity. This is particularly important if the entire crop needs to be shipped
(harvested) at once. Since the availability of water and fertilizer is a major factor for
growth, variations in available water and nutrients will result in variation in the size
and quality of the plants. For this reason, the uniform delivery of irrigation water is
important in many such systems. Minimizing the pressure drop within the system,
and especially the variation in pressure among the emitters, maximizes irrigation
uniformity.

The most common errors in commercial production consist of having irrigation
circuits too large (attempting to irrigate too many plants through one control valve)
and minimizing the plumbing costs by using the smallest diameter pipe that is feasible.
Generally, this is an economic decision designed to minimize installation costs. How-
ever, a price will be paid during the years of operation. If each circuit is large, then
it may be impossible to irrigate all plants during a hot dry day because of inadequate
flow rates. By having many smaller circuits, it is possible to make better use of the
available pumping capacity, while providing better uniformity.

Various types of irrigation systems are in use in soilless production in greenhouses
or nurseries. These include various approaches to delivering the water to the plant:
overhead systems (which apply irrigation solution ‘over the top’ of the foliage), drip
or microspray systems that apply water to the substrate surface (which keep the foliage
from getting wet), and subsurface systems (which apply water to the base of the root
zone and rely on capillary action or flooding to bring water into the root zone from
below).

4.4.1 OVERHEAD SYSTEMS

Overhead irrigation systems (Fig. 4.3) deliver water to the space above and sur-
rounding the foliage of the plants with the expectation that this water will disperse
through the canopy of the plant to the top of the root zone. While some water will
evaporate in the process, effecting some cooling, much will penetrate the canopy and
end up at the top of the root zone. If the plants are grown in pots or other containers
spaced on the ground or bench, these systems are very inefficient and have a low
WUE. Most of the water applied will not reach the substrate surface, wetting the
bench, floor, or ground, and will become unused run-off.

Overhead irrigation systems are widely used in commercial nurseries because they
tend to be relatively inexpensive to install and can irrigate large areas. However, if
materials are dissolved in the water (fertilizer), then this method can result in unsightly
residues on flowers and leaves. This is generally only a problem for ornamental plants
and many times such residues can be washed off with clear water irrigation or with
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rain. Water on the foliage may also cause disease problems if water droplets stay long
enough to allow germination and growth of fungi and bacteria. Such situations are
most likely to occur when relative humidity is high (e.g. at night or during rainy or
foggy weather).

While it is frequently undesirable to wet the foliage, overhead irrigation can be
used to cool plants directly on hot days by wetting the plants and allowing the water
to evaporate. This type of water application is called ‘syringing’ and is generally done
with clear water and scheduled to allow the foliage to dry completely before the night
so as to avoid disease problems.

There are several specific types of overhead irrigation systems that are of use in
soilless plant production.

4.4.1.1 Sprinkler Systems

Overhead sprinkler irrigation (Fig. 4.3D) is one of the least expensive water distri-
bution method since each emitter serves many plants. With potted plants, the major
drawback to this type of irrigation is the large quantity of wasted irrigation solution
due to water that misses the root zone. Also, making such systems uniform requires
that the circular distribution patterns of each sprinkler head be overlapped extensively;
even with that precaution in the design, it is very difficult to create a uniform distribu-
tion pattern. Thus in such systems, extensive over-irrigation of many plants is needed
to assure that those plants in the locations receiving the least amount of water get an
adequate amount of irrigation solution.

Sprinkler heads may throw a stream of water while rotating in a circular pattern
(e.g. gear driven, or impulse sprinklers) or spray water in all directions simultaneously
(spray heads) through a particular nozzle design. They are available in full-circle or
partial-circle patterns and at various rates of water delivery. Sprinkler systems lend
themselves to automated control of irrigation in potted outdoor nursery production.

4.4.1.2 Mist and Fog Systems

While mist and fog systems also dispense water into the air surrounding the plants,
these systems are primarily cooling or humidification systems and are generally not
designed to deliver water to the root zone. On propagation benches where cuttings are
rooting, mist systems can provide adequate water to meet the plants’ irrigation needs,
but this is largely due to the fact that the transpiration rate is significantly reduced and
care needs to be taken to supplement the water to the newly forming roots if the mist
system does not deliver enough water to wet the root zone. Mist systems (Fig. 4.3C)
generally produce smaller water droplets than sprinkler systems. Their objective is
to wet the foliage, either for cooling the crop or to prevent or reduce transpiration
(as in the rooting of cuttings). Fog systems are also not irrigation systems. The water
droplets are even smaller than with mist and the objective of a fog system is to be a
cooling or humidification system by evaporating water droplets in the air before they
reach the plants. Both fog and mist systems must be controlled very precisely to avoid
disease and algae problems. They must be used in concert with ventilation to remove
the moist air before more water can be dispensed.
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Controlling irrigation in greenhouses with mist systems requires more care since it
is possible for the grower or installed sensors to be deceived by water in the air, on
the foliage, and on the root zone surface. In this setting, sensor-based irrigation that
measures the moisture in the root zone is very useful to determine when the root zone
is becoming too dry since this can easily happen when everything that can be seen
is completely wet. It should be noted that sensor inputs into model-based irrigation
control systems may also be deceived by the plethora of water surrounding the plants.
Properly managed fog systems should not result in wet surfaces.

4.4.1.3 Boom Systems

A boom system (Fig. 4.3B) consists of a machine which travels above the plants
on rails, dispensing irrigation solution to the plants below through nozzles that are
mounted on a boom suspended over the plants. In protected cultivation, the travel of
such a device is always linear. In some cases, the nozzles generate a spray similar to
a sprinkler system, while in other cases, water is allowed to flow in a stream to plants
below. In the latter case, the plants need to be positioned very precisely under the path
of the boom and the substrate needs to have adequate bulk density and consistency so
that the water stream does not wash it out of the pot or knock plants over.

Some boom systems can be programmed to modify the delivery rate of the irrigation
solution along the path and to even skip over sections. In many nurseries, boom
systems are installed so that each section of plants, or perhaps an entire greenhouse
consisting of many benches of plants, has a dedicated boom. Such systems can operate
fully automated.

Control of such systems commonly is through manual operation, especially if
intervention is needed to start and stop the irrigation. The duration of the irrigation
event for each plant is dictated by the travel speed of the boom.

Boom systems allow for uniform overhead irrigation and customized delivery to
each plant. The main drawback is the installation expense and (perhaps) the need
for manual intervention (labour costs). In highly automated (and capital intensive)
moving-tray systems, it is possible to mount one boom permanently and have the trays
with the plants move underneath.

4.4.2 SURFACE SYSTEMS

Surface systems (Fig. 4.4) come in a wide range of schemes, delivering water
directly to the top surface of the root zone with minimal wetting of the foliage.

4.4.2.1 Hand-Watering

Irrigating by hand with a hose and wand affords the possibility of customizing
the delivery of water to the top of the plant (Fig. 4.3A) or to just the root zone of
each plant. Some sort of diffuser is generally used to prevent washing substrate out of
the pot and to disperse the water over the entire top surface of the root zone. Potted
plants should have adequate headspace at the top of the root zone since enough water
needs to be placed there quickly to allow replenishment of a considerable amount of
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(A) (B)

(D) (E)

(C)

(F)

FIGURE 4.4 Surface irrigation systems: (A) Spaghetti system, (B) Micro-spray emitter, (C) Drip
irrigation monitoring, (D) Perimeter micro-spray irrigation, (E) Drip tape and (F) Custom-spaced in-line
emitters (see also Plate 6).

readily available water (perhaps as much as 50 per cent of the container volume).
Hand watering also dictates that the infiltration rate must be fast enough to accept
water quickly while the pot is being watered, but not so fast as to have the applied
water run through the pot without being retained.

Hand-watered plants should always be watered to bring each pot to container
capacity. Partial irrigation can cause a portion of the root zone to dry out. With most
container mixes, it is difficult to know whether the substrate has become completely
rewetted. Water draining out of the bottom of a pot is not necessarily a good indicator
as to whether the substrate has been uniformly rewetted to container capacity, since in
porous substrates, water can rush (channel) through the root-zone and not be uniformly
adsorbed by the substrate.

Although hand watering can be very effective, this is entirely dependent on the
competency of the irrigator and very experienced and knowledgeable ones are rare.
More typically hand watering is the most inefficient method of irrigation. The applica-
tions are usually made based on the schedule of the irrigator and not necessarily when
it is best for the plants. The volumes of water applied and application rates are usually
much greater and faster than the substrate can accept the water. Water continues to
flow between containers, so it is applied where it is not effective. This results in a
very low WUE and a significant amount of runoff containing nutrients.
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4.4.2.2 Drip Irrigation Systems

Drip irrigation systems (Fig. 4.4A) deliver a spray, drip, or slow flow of irrigation
solution directly to the top of the root zone. While some of these types of systems
do not technically ‘drip’, they all have water flowing from an emitter at a relatively
slow rate.

Drip systems deliver water directly to the base of each individual plant so slowly
as to allow water to move laterally in the root zone before water starts coming out the
bottom of the root zone. Water that is applied too fast will channel straight through
the substrate and out the drainage holes, where it is lost from the root zone. Other
ways to facilitate getting water to all parts of the root zone include the use of more
emitters per plant or pot or to use emitters which deliver a spray of water (Fig. 4.4B).

Drip systems should always be equipped with filters to prevent clogging and
pressure-regulators to assure proper pressure (25–40 psi). Fluctuations in pressure can
result in erratic delivery volumes and poor system uniformity. Also, excessive pressure
(e.g. during surges when valves are opened or closed or due to water hammer at the
end of an irrigation cycle) can blow out or destroy emitters.

Since this type of irrigation places an emitter at each plant, considerably more
supply pipe and/or tubing is needed than with other irrigation systems. Near the plants,
this pipe is generally made of a soft plastic (typically polyethylene) to allow emitters
to be attached directly to them or with drip tubes.

Tube or ‘spaghetti’ systems (Fig. 4.4A) are those which use smaller diameter tubes
that are connected to laterals to deliver water to each plant. Spaghetti systems can be
used with or without emitters. In fact, some emitters actually function only as weights
attached at the end of a tube. The tube itself has a small inner diameter, slowing the
flow of water. Each tube must be exactly the same length since the flow rate from
the tube varies with its length. Another function of the weight is to diffuse the water
emerging from the tube. Some such emitters have also been developed which allow
the tube to be shut off when not in use.

In a spaghetti system, the rate of water delivered to each pot will depend on
the distance of the end of each tube from the main valve with the further away
from the valve, the lower the delivery rate at the emitter. Furthermore, this rate will
vary with pressure fluctuation. Pressure-compensating emitters or emitters with small
diameter orifices can be used to make such systems more uniform. However, the use
of pressure-compensating emitters is necessary to maximize uniformity and WUE.

Drip systems allow the highest degree of precision and uniformity but the substantial
acquisition costs, installation labour, and maintenance costs mean that they may not
be feasible for smaller pots. Drip systems can easily be monitored by measuring the
performance of a particular emitter at a representative position within the irrigation
circuit (Fig. 4.4C)

In-line systems have emitters embedded at regular distances directly in tubing. These
can either be in the form of drip tape (Fig. 4.4E), tubing that has emitters embedded
at regular intervals, or tubing to which emitters are attached directly (Fig. 4.4F). Such
a system is precise in how it places water near the plants, but it reduces the flexibility
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a grower has in spacing options. For example, pipe which has drippers built in at
specific intervals dictates the spacing for the crop.

Drip irrigation systems are also used in conjunction with bag or slab crop production
systems using various materials such as stone wool. In such production systems, the
irrigation system delivers a slow drip to the substrate and this water moves relatively
quickly through the substrate to the base of the bag, pot, or tray. Holes or slits cut into
the base of the container allow water to drain, but some puddling inside the container
is unavoidable (and by design) assuring that the substrate does not dry out as long as
irrigation occurs frequently. Irrigation control in such systems is typically by timer,
but it is also possible to have one bag mounted in a tray that is designed to trigger
irrigation whenever the water content in this tray drops below a certain level.

4.4.2.3 Perimeter and Microspray

Similar to overhead sprinkler systems, irrigation systems can also be constructed
to deliver a spray directly to the base of the plants (Fig. 4.4D). Such systems are
sometimes characterized as drip system due to the relatively slow rate of deliver of
water. In cut flower production, this type of system generally is installed around the
perimeter of a bench of plants growing in a raised bed of substrate or amended soil.

4.4.3 SUBSURFACE

Subsurface systems (Fig. 4.5) bring irrigation solution into the root zone from
below. These systems include capillary mats (Fig. 4.5A), troughs (Fig. 4.5B), flooded
trays, benches (Fig. 4.5C), and floors (Fig. 4.5D). When irrigating with these, the
bottom of the substrate of the root zone is put in contact with water, and capillary
action in the growing medium carries the water into and throughout the root-zone.
Substrates that have poor unsaturated hydraulic conductivity will not distribute water
adequately above the level to which the base of the root zone is flooded. Thus with
subirrigation, it is imperative that (1) root zones cannot be allowed to dry out to any
extent and (2) only shallow root zones (<10 cm) can be used unless the substrate is
specifically designed to have high water-holding capacity at the top of pots of greater
depth.

While there are advantages to using subirrigation, all such methods share a draw-
back: there is a tendency for salts to build up in the upper portion of the root zone.
This occurs because irrigation solution (containing water and fertilizer salts) enters
at the bottom. While some is taken up by the plant, water evaporating from the soil
surface will leave salts behind, concentrating them at that surface. Monitoring of salt
concentrations and leaching by occasional irrigation from above is essential with sub-
surface irrigation, unless the source water has very low EC and the crop is grown for
a relatively short time.

4.4.3.1 Capillary Mats

Capillary action can be used by setting the pots on a wet fibrous mat and allowing
irrigation solution applied to the mat to be absorbed into the bottom of the pot
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(A) (B)

(C) (D)

FIGURE 4.5 Subirrigation Systems: (A) Capillary mat, (B) Trough system, (C) Flooded tray or table,
(D) Flooded floor system (see also Plate 7).

(Fig. 4.5A). The mat must be on a level, waterproof surface and the base of the pots
must have holes so that the potting medium can come into contact with the mat. The
basic idea is to saturate the mat with irrigation solution and to keep the rooting medium
in every pot at the same moisture tension (and thus the same moisture content).

Improper levelling can result in problem with capillary mat systems. If the bench
has just a 10 cm drop over the length, then the plants at the lower level will have
moisture tensions 1 kPa lower than those of higher levels. For typical container media
(e.g. represented in Fig. 4.1), this can result in substantial differences in water content
along the length of the bench, resulting in lack of uniformity.

Mats are available with a layer of perforated plastic film which is designed to
inhibit evaporation and algae growth and to reduce the incidence of roots growing into
the mat.

The edges of the mat should not be draped over the edge of the bench, since the
wicking action will cause water to be drawn off the mat and lost as run-off.

Three sides of the perimeter of the bench can have the edge of the mat and
water-tight plastic under the mat slightly elevated (1/2 to 1′′), so that all run-off occurs
at the end opposite to the water supply (Fig. 4.5A). If water is applied to the mat
slowly, then the water movement across the bench will be through the mat and run-off
from the bench will be slow until the mat is saturated. If water is applied rapidly,
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then water will travel through, as well as on top of, the mat. In closed systems, the
drained water is recycled and hence can be applied very frequently. In this case, fast
application is possible. If the edges of the mat are not elevated slightly, then water may
run off the bench, near the source, long before the remainder of the mat is saturated.
Some growers also elevate the edge on the fourth side during the irrigation, and then
raise the water level above the surface of the mat. Once all plants have absorbed water,
the excess water is allowed to drain off by lowering one edge or folding down a flap
of the mat.

A manufactured mat product is available that integrates tubing within the fibrous
portion between two plastic layers. The tubing is connected to the laterals of an
irrigation system and facilitates the distribution of water throughout the mat.

4.4.3.2 Troughs

Irrigation troughs consist of flat-bottomed metal or plastic channels, mounted at a
slight slope. Pots are set into such channels or the troughs can be filled with substrate
(Fig. 4.5B). Irrigation solution is applied at the elevated end and allowed to run
slowly down the length of the trough. Warping or twisting of the trough results in
poor distribution causing water to miss pots. While it may be tempting to line the
trough with matting material, this will essentially convert the trough to a capillary
mat system. The configuration of the pots within the trough, particularly the location
of holes in the base of the pot, is very important since water has to migrate to these
holes. Water which reaches these holes is drawn into the pots via capillary action.
During an irrigation event, water runs in the channel continuously, much of it may
miss pots entirely. Unless this water is recycled, it represents a large amount of wasted
water.

4.4.3.3 Flooded Trays or Benches

Flooded trays or benches (also called ‘ebb-and-flood’, ‘ebb-and-flow’, or ‘flood-
flow’ systems) are designed to be flooded with irrigation solution for 5–10 min, sub-
merging the bottom of the pots. Each of the pots should be submerged to the same
depth and for the same length of time to achieve maximum uniformity. Modern trays
are equipped with grooves (Fig. 4.5C) to facilitate drainage and to move water rapidly
to all parts of the tray at the start of an irrigation event.

A typical irrigation cycle starts by flooding the bench or tray. The duration of this
phase is dependent on the rate at which water comes onto the tray and the size of
the tray. Care should be taken that water coming onto the tray does not push pots
over. The water level in the tray is raised so that the bottom 2–5 cm of each pot is
submerged. The optimal level would be one where the holes in base of all of the pots
are submerged simultaneously at the start and the water level is maintained to keep
the pots in water throughout the flooding period. The depth to which the water must
be raised is also dictated by the hydraulic conductivity of the substrate. The lower the
unsaturated hydraulic conductivity, the deeper the water must be and the longer the
duration that the plant must be allowed to stand in this water. The duration needs to
be long enough to allow water to be drawn up into the top portions of the root zone
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by capillary action. It should be noted that during this time a significant portion of
the root zone is above container capacity. As the tray is drained, the excess water
in the pots also leaves the pots. This can have significant consequences if some pots
are infected with water-borne pathogens since these pathogens are then distributed
to the table or tray and subsequently delivered to all nearby pots with the next
irrigation. The duration should be minimized to avoid predisposing the roots to disease
infection.

Usually there will be a lot of water which needs to be drained from such a system.
This water can be either recycled in a separate recycling system or pumped directly
onto the next bench. There is, however, a risk that pathogens from diseased plants,
or from plant material lying on the bench, may be transmitted from bench to bench
if the irrigation solution is not disinfected between applications. This also means that
growers must typically be more diligent about roguing infected plants and proper
sanitation of benches.

4.4.3.4 Flooded Floors

Subirrigation can be carried out on an even larger scale by lining large sections
of the floor with concrete or plastic, contoured so as to allow all water to drain into
a central drain (Fig. 4.5D). Water supply lines and drainage pipe are incorporated
directly into the concrete. Low walls (curbing or rubber bumpers) are used to section
the system into functional circuits. Operation is the same as with flooded tables.

Proper design and construction is critical since even small improper variations in
grade can have extensive consequences that are virtually impossible to repair. Flooded
floors are on a slope to allow drainage. Incorporation of sloped channels into a perfectly
level pad (i.e. akin to trays) would be prohibitively expensive and/or weaken the
concrete pad to where it could easily crack. Also, since the surface is shaped by human
hands, the concrete is likely to have some areas where puddles will form. Drainage
grooves need to be cut to drain these. Otherwise the plants in these areas will be
at saturation much longer than others and the continual moisture can cause disease
problems.

Another potential problem is that on most soils it is very difficult to pour a large
pad of concrete without some cracking occurring in the concrete some time after it has
been put into use. It is extremely important during the design phase to verify how large
a pad can be poured so that the floor will not crack later. Once a crack has occurred,
allowing water to seep through it will exacerbate the situation. Driving forklifts or other
heavy equipment onto the pad may also contribute to cracking. Obviously, flooded
floors should be designed by an experienced engineer and installed by an experienced
concrete contractor, only after the soil has been tested and properly prepared, so thatAU4

the concrete pad will not be susceptible to cracking.
Sanitation on flooded floors is very important, since workers can carry pathogens

on the soles of their shoes directly into the irrigation system. Once disease symptoms
appear in one area, it is likely that workers walking on the floor will already have
transmitted the problem throughout the nursery.
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4.5 IRRIGATION SYSTEM CONTROL METHODS

For all irrigation systems, decisions must be made when to irrigate and for how
long. With regard to irrigation, we refer to irrigation ‘events’ and ‘schemes’. An irri-
gation event is a single application of water or nutrient solution. With soilless growing
systems, an irrigation event lasts a period of time, ranging from a few seconds to
several minutes (rarely longer than one hour unless the irrigation scheme is continu-
ous). Irrigation schemes are management strategies developed to attain specific crop
production goals utilizing various delivery and monitoring methods and refer to the
overall plan of managing the irrigation water for the duration of the crop.

4.5.1 OCCASIONAL IRRIGATION

Conventional irrigation schemes can best be termed ‘occasional’ irrigation. Many
times in the horticulture literature, irrigation is described as being on an ‘as needed’
basis. This vague terminology refers to the use of occasional irrigation such that the
root zone does not dry out to an extent that might result in ‘water stress’. In this
approach, the objective is to deliver water at intervals dictated by the plants’ removal
of water from the root zone, but applications usually occur based on the timing of the
observations of the irrigation manager and secondarily on the plant’s need.

In general, this involves an interval of time between irrigation events that ranges
from a few hours to several days. This irrigation scheme generally involves bringing
the root zone to full capacity of water (i.e. the ‘water holding capacity’) and then
providing additional water which will result in a percentage of the applied water
leaching from the root zone.

4.5.2 PULSE IRRIGATION

Typical overhead irrigation systems apply water at rates greater than that can be
absorbed and held by the substrate. This can generate substantial amounts of run-off.
‘Pulse Irrigation’ is an approach that utilizes more frequent irrigations with shorter
durations. The objective of ‘pulse’ irrigation is to match the application rate of the
irrigation system with the absorption rates of the substrate (Zur, 1976). By applying the
water in cycles of a short duration irrigation followed by a ‘rest’ period, the substrate
is allowed to absorb water that is applied before additional water is added (Lamack
and Niemiera, 1993).

Irrigations that are normally applied in a single relatively long duration application
are divided into several shorter intervals or ‘pulses.’ For example, an irrigation duration
of 40 min may be divided into four individual 10-min intervals separated by a period
of 50 min. Pulsing may result in a shorter total irrigation duration that may translate
into water savings and reductions in run-off. Using the previous example, the pulses
might be reduced to 8 min and still provide adequate water to the plants (Levin et al.,
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1979; Fare et al., 1994). On the other hand, dividing water applications over time
lengthens the periods of high water availability. This usually results with increased
transpiration rate but also with increased water use efficiency of the marketable part
of the crop (Fernández et al., 2005; Katsoulas et al., 2006).

With pulse irrigation, there is a danger of pockets within the root zone drying out.
For instance, if the roots within the root zone are much denser in a particular layer
within the root zone, then this layer will dry out more rapidly. If the pulse is too short
to replenish this zone completely, then over time this zone will become hydrophobic
and prevent water movement into this substrate. Furthermore, this barrier to flow may
prevent water from flowing to other areas of the root zone, which then also dry out.
Generally these pockets are not visible to the grower, so that the grower will not
recognize this until the killed roots allow entry of pathogens into the plants, causing
plant diseases to appear. It is generally best to avoid pulse irrigation unless (1) the roots
are distributed uniformly throughout the root zone and (2) the unsaturated hydraulic
conductivity of the substrate is such that water still moves rapidly within the root zone
when it is somewhat dry.

4.5.3 HIGH FREQUENCY IRRIGATION

In some types of soilless production systems irrigation, events may occur several
times per day and perhaps per hour and each or at least some of the irrigations result in
bringing the root zone to its full water-holding capacity. In such situations, the system
is dependant on the bulk flow of water, nutrients, and oxygen. This approach can only
be used in systems where the substrate allows complete drainage of all excess water
between irrigation events.

4.5.4 CONTINUOUS IRRIGATION

A number of soilless production systems are best referred to as ‘continuously
irrigated’ systems. In such systems, there is no irrigation per se, but rather the root
zone is managed in a manner that the roots are constantly submerged and bulk flow is
imposed on a continual basis either by moving the water with pumps or by bubbling
air into the water to induce water currents. This irrigation approach is appropriate in
systems where the root zone consists of substrates that have little or no water-holding
capacity, or possibly have no substrate at all. NFT (Nutrient Film Technique) (Hurd,
1978) and other ‘water culture’ systems are of this type. Another system of this type
is aeroponics where the irrigation solution is continually sprayed onto the roots (Zobel
et al., 1976; Soffer, 1986; Soffer et al., 1991).

Continuous irrigation can also be applied in the form of micro-irrigation. In this
case, water is applied at a rate that coincides with the transpiration, so roots are never
submerged in water. In this case, an additional amount of water is applied periodically
so as to discharge accumulated salts.
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4.6 IRRIGATION DECISIONS

Irrigation control involves two facets: making the decision to irrigate and imple-
menting the decision through a particular irrigation-control approach. The main irri-
gation decisions are (1) when to initiate the irrigation event (how frequently to open
a valve) and (2) how much irrigation solution to deliver during the irrigation event
(duration of irrigation events).

4.6.1 IRRIGATION FREQUENCY

To optimize productivity, plants must never be subjected to conditions that cause
stress and reduce plant growth. Plants should never be allowed to run out of readily
available water since this may delay the crop, cause death of root, tissue, or even the
entire plant. Also, many substrates, particularly those which include peat, are difficult
to re-wet once they have dried out.

The decision to irrigate is linked to the water use of the plant as well as various
other circumstances. Irrigations that substantially increase the humidity should be
done so that the relative humidity does not stay near 100 per cent for more than 4 h.
In situations where the irrigation is likely to be followed by a period where there is no
ventilation (e.g. late afternoon, evening, or cloudy conditions), relative humidity can
rise to levels where condensation will occur. Since the leaves and greenhouse glazing
are generally slightly cooler than the air in the greenhouse, those are the surfaces
where condensation will occur first. For many plant species, liquid water on the foliage
should not be allowed to remain for any extended period of time since this is likely to
allow disease organisms to proliferate, infect the plants, and result in disease problems.

Another consideration is the availability of water pressure in the supply lines. In
most production systems, the water supply capacity is limited so that not all irrigation
circuits can be irrigated at the same time. If all plants need to be irrigated during a
short period of time (as may happen on hot dry summer days), it may be necessary
to use pulse irrigation during the day to minimize water stress effects, followed by
irrigation events later in the day that are more complete.

In automated irrigation control systems, two parameters need to be explicitly set to
prevent the system from irrigating too frequently or too infrequently:

Maximum duration between irrigation events – this parameter identifies the longest
tolerable interval between irrigations (in hours or days). It is needed to prevent damage
to plants due to failure of other control decisions or equipment. System failures can
happen in various ways: the solenoid valve leaks and allows enough water to get to
the pot that is being monitored (the representative plant) so that it never dries out.
This flow rate would be inadequate for the entire crop; so, many plants would die AU5

without use of this parameter. Failure can also occur if water gets into the electronics
associated with sensors causing faulty measurements.

Minimum duration between irrigation events – this parameter sets the shortest
allowed interval between irrigations (in minutes, hours, or days). This parameter is
needed to prevent crop damage in case the sensor fails so that the controller continually
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sees a signal that represents a dry condition that does not change. This could occur
if the emitter to the representative plant has been inadvertently pulled out of the pot.
It could also be caused by a signal problem with the sensor or controller or a break in
the cable between them.

4.6.2 DURATION OF IRRIGATION EVENT

Deciding on the duration of an irrigation event is not always straightforward since
it is a factor of the uniformity of the crop, the uniformity of the distribution system,
the capacity of each root zone, and the expected level of depletion at the start of an
irrigation event. Typically within a crop, plants that are exposed to more sunlight or air
movement or to low VPD deplete more water. Also, the plants that are closest to the
irrigation valve may receive the highest rate of water application if the irrigation system
has low distribution uniformity. The degree of uniformity of the irrigation system will
influence the length of time between the opening of the irrigation valve and the time
when the last plant to get water begins to receive it. In large irrigation circuits, this
can take tens of seconds or longer. Typically, the plants furthest from the irrigation
valve will see the slowest water application. Plants in this area that are large and have
plenty of light and air movement will require the longest time before the substrate
reaches container capacity.

The duration of an irrigation event is mainly dictated by the amount of water
that needs to be supplied to the plant, plus any amount of leachate that is needed.
The percentage of leachate in relation to the total amount of water applied is called
the ‘leaching fraction’. In conventional irrigation approaches, the leaching fraction
can range from 0 to 20 per cent under well-controlled conditions. In rare instances,
greater percentages are targeted. Leaching fraction can be measured in real-time using,
for example an electronic tipping bucket located beneath the drainage holes of a
representative plant.

The leaching fraction is typically a function of the degree to which salt-build-up is
likely to be a problem. If the source water is somewhat saline and fertilizer salts are
added to this water, then the salinity may well rise to a level where it is problematic
to the plants. If this is the case, then the amount of leaching should be relatively
high. Leaching may be desirable in cases where the water used for irrigation is low
in quality, as it will ensure that salts that may accumulate are moved out of the root
zone. If the water is of high quality and fertigation results in little build-up of salts in
the root zone, then the leachate volume can be minimized. The leaching fraction can
be calculated by dividing the EC of the irrigation water by the maximum tolerable
EC of the leachate (Marshall et al., 1996). That is, if the EC of the irrigation water
is one-fifth of the EC of the maximum desired EC of the leachate, then the leaching
fraction should be one-fifth of the volume applied.

The plants that are the last to receive water are typically also the last to reach
container capacity. It is these plants that should also be used to determine the desired
leaching fraction. By measuring the leachate volume and timing the duration required
to achieve the minimal amount of leaching, it is possible to identify the length of time
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to add to the irrigation duration to achieve a minimum leaching fraction. It should be
noted that the volume of the leaching fraction from each plant will be highly variable
due to factors such as the nonuniformity of the delivery system and various differences
among the plants.

4.7 APPROACHES TO MAKING IRRIGATION DECISIONS

There are several approaches to making irrigation decisions in the nursery: (1)
look-and-feel, (2) gravimetric, (3) timer-based, (4) sensor-based, and (5) model-based
methods. Some of these methods involve explicit considerations of the plants while
others may not and are based on approximations of information about the plants.

4.7.1 ‘LOOK AND FEEL’ METHOD

The look-and-feel method involves close inspection of the plant, paying particular
attention to the colour of the substrate surface, the occurrence of flagging foliage, or
slight colour changes in the foliage which occur in some crops just prior to wilting.
In containerized production, this might be accompanied with lifting up one or two
pots to gauge their weight or sticking a finger into the growing medium to attempt to
feel whether a significant amount of water has been removed from the pot. Doing this
accurately requires a substantial amount of experience of relating these ‘human sensor
readings’ to moisture content and moisture tension, and is very difficult to do reliably
and consistently.

While this approach can be fine-tuned to be superior to a time-based approach, there
are numerous problems. One is that human touch is not a particularly good measure of
moisture content. As long as there is any amount of readily available water, moisture
can be felt by the skin surface. The absence of moisture is generally felt only at
fairly dry conditions that are suboptimal for plant growth. In general, moisture levels
much greater than those coinciding with water stress should be maintained for optimal
growth. Thus, if irrigation is based solely on the appearance of the plant or the feel
of the soil, the plants will be consistently subject to stress. As the plants adapt to this
stress, it will become less noticeable while still being suboptimal for growth.

Judging the weight of pots by lifting a few representative pots is a better approach
than looking at or feeling the substrate. However, it is subject to problems if the
grower is not aware of the moisture release characteristics of the medium and has
not learned how various water contents relate to how heavy the pot feels. Also, when
doing this, the grower has to somehow subtract the weight of the plant and substrate.
The fresh weight of the plant also varies dramatically with its water status and as it
grows (A quick check can be done by irrigating a pot to container capacity. Then the
weight of that pot can be compared to other pots. The difference would be the amount
of water that had been retained in the irrigated pot.)

Many practitioners (and some scientists) consider the concept of ‘water stress’ to
be an important consideration in irrigation management. However, it should be noted
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that this term has no specific, quantitative definition and thus means different things
to different persons. It is purely a qualitative term. Many persons feel that ‘water
stress’ represents a condition in the plants that results in the appearance of observable
symptoms (e.g. wilting). However, it has been shown that such conditions always lead
to reductions in plant growth. Even cacti, which are known to be extremely resistant
to water stress, only grow at appreciable rates if ample water is present. In fact,
the reduction in productivity can be observed even under conditions that might not
qualify as ‘water stress’. Thus the term ‘water stress’ is relatively useless in irrigation
management, except to say that if water stress is occurring, then there has been a
failure in either the irrigation system or the irrigation scheme. In general, ‘water stress’
should not be the deciding factor for starting an irrigation event; doing so assures that
the irrigation event will always come too late.

4.7.2 GRAVIMETRIC METHOD

It is possible to use weighing as a tool in irrigation scheduling. Generally, weight
changes due to plant growth are much smaller and less rapid than weight changes due
to loss of water from the pot. Recording the weight of the container after the previous
irrigation can enable the irrigation control system to determine the amount of water
lost since that irrigation. Thus, it is possible to weigh the pot day-to-day and determine
the cumulative amount of water that has been lost to ET. Since the container volume
and water-holding capacity of media are known, it is possible to approximately track
water use. There are, however, possibilities for inaccuracies. For example, as the roots
fill in the pot, they take over some of the space which would otherwise be occupied
by water. Thus, the volume of readily available water decreases as the plant grows.
In root-bound plants (where the root mass has filled most of the root zone) this loss
can be substantial.

Devices specifically designed for use with irrigation control are available. These
are, however, not commonly used as they require frequent adjustments and tend to be
inaccurate for indicating how much readily available water remains. Most growers find
the labour needed for this approach not to be cost-effective. Still, with proper care, a
load cell is a very good research tool (Graaf et al., 2004; Wallach and Raviv, 2005).

4.7.3 TIME-BASED METHOD

The simplest and least costly approach to automation of irrigation is to use timers
to turn irrigation systems on and off. This approach is feasible since soilless media,
although having high water holding capacity, typically have high infiltration rates and
high porosity allowing excess water to readily drain away. Under these circumstances,
it is possible to apply irrigation solution on a fixed schedule, so watering always occurs
sooner and for longer than is presumably needed by the crop. While this generates
wasted irrigation solution, many growers currently consider this a small price to pay
for the insurance that the plants will always be watered and fertilized adequately. This
price, however, is likely to rise steeply as economics, environmental considerations,
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government regulations, and public pressure force growers to eliminate this waste.
The combination of time-based irrigation and a closed irrigation system is, therefore,
a natural solution.

A purely time-based approach can also lead to suboptimal moisture conditions in
the root zone if the substrate cannot provide adequate oxygen for the roots under
saturated conditions. This can easily happen especially if the substrate depth is shallow
and the plants use water relatively slowly.

Timed irrigation is easily done with the use of electrical or electronic timers
specifically designed for controlling irrigation valves. Adjustments to irrigation timing
should be made to reflect changes in climate or season or other factors that would
affect plant water use. Timers can also be used where the decision to irrigate is made
by other methods (e.g. look-and-feel or sensors) and a manually started timer is then
used to control the duration of the irrigation.

4.7.4 SENSOR-BASED METHODS

Sensors can be used to register some facet of the environment surrounding the crop
and to use the resulting signal as part of irrigation decisions. ‘Sensor-based’ irrigation
control involves a sensor to directly measure some aspect of the moisture content of
the root zone or water demand of the plant.

It is possible to use sensors to measure the moisture content (or related
characteristics) in the root zone and then use this information to control moisture levels
there. A number of different sensor types exist. Currently the most feasible sensor for
this is the tensiometer, due to its relatively low cost among the sensors which are not
affected by salts (fertilizer) in the irrigation solution. Generally, the sensors that are
used in this type of irrigation attempt to measure moisture content of the substrate of
the root zone.

4.7.4.1 Tensiometers

A tensiometer is a device which measures moisture tension or matric potential. It
consists of a tube fitted with a porous ceramic tip on one end and a pressure/suction
gauge on the other end. In automated systems, the gauge is supplemented with or
replaced by a transducer to convert the tension (suction) to an electrical signal that can
be sensed by a computer or electronic controller. The tube is filled with water and the
device is sealed and inserted in the substrate so that the ceramic tip is in the middle
of the root zone. Tensiometers may be installed oriented vertically, horizontally, or
to any other angle. Considerations in determining the angle include the effect of
the water column within the tensiometer on the pressure measurement, the ability of
applied water to channel along the tensiometer, and the size of the container or pot.
Tensiometers with ‘high-flow’ ceramic tips respond rapidly to changes in moisture
and are thus better suited for use in soilless substrates than tensiometers designed for
use in soils.

The basic operation is to have one tensiometer coincide with each irrigation valve.
This sensor needs to be in the root zone of a plant in a location that is representative
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of the whole crop. The irrigation system should be designed and operated to apply
irrigation water as uniformly as feasible. One approach to using tensiometers in irri-
gation control is to use the signal to merely override irrigation systems (using the rain
detection cut-out circuit) to prevent timer-controlled solenoid valves from coming on
unless a specific level of dryness has been reached. Another approach involves two
set-points: (1) a high-tension set-point, representing the level of dryness (e.g. where
80 per cent of the readily available water has been removed) when irrigation is ini-
tiated, and (2) a low-tension set-point representing the set-point at which an ongoing
irrigation event will stop. These set-points are used as follows.

As the tension in the root zone rise with water depletion, the tensiometer is mon-
itored. Once the high-tension set-point is reached, the irrigation is initiated (in large-
scale operations, this will mean that this particular irrigation circuit is scheduled for
irrigation by placing it in an irrigation queue). Once the irrigation is in progress, the
tensions will drop (usually over seconds or minutes) as water is applied. Hopefully
the hydraulic conductivity and application method adequately disperses water laterally
in the root zone. The rate of water application should be slow enough to allow this
to occur and also to allow the tensiometer to follow the changes in moisture condi-
tion. Applications may be applied in pulses to match substrate infiltration and water
application rates. When the low-tension set-point is reached, the irrigation is stopped
(or allowed to continue for a specific length of time to obtain the desired leaching
fraction).

Kiehl et al. (1992) investigated the use of tensiometers in UC mix and found that
in potted plant production in this substrate, much of the readily available water in
the substrate is exhausted by the time the dry-down has reached 7 kPa. At this point,
extraction of a little more water sends the tension over 10 kPa. They observed that
at tensions over 10 kPa, a plant that is accustomed to fairly moist conditions will
start showing signs of wilting. Unless irrigation occurs at that point, the plant will be
exposed to damaging conditions as the substrate dries out further. Thus it is generally
wise to irrigate when the tension is around 5 kPa; after that the urgency increases with
increasing tensions. They also investigated a number of scenarios involving lower
levels of high tension set-points and found that the an irrigation regime that involves
a significant draw-down to about 5 kPa is best when working with UC Mix. In later
work, Raviv et al. (2001) found that UC Mix, despite having relatively good aeration,AU6

does subject the plants to oxygen deficiency if the tension is not allowed to rise so as
to deplete some of the water in the root zone.

Kiehl et al. (1992) also investigated the suitability of various low-tension set-points.
They found that a low-tension set-point fairly close to the high-tension set-point
(attempting to maintain relatively constant non-saturating moisture conditions at all
times) was not conducive to optimal growth, even if such an approach allowed them
to nearly eliminate all run-off from the crop. They also found that a low leaching
percentage (close to 0 per cent) could be achieved with much lower low-tension set-
points of 0.5–1 kPa. While low- and high-tension set-points of 1 and 5 kPa, respectively,
appear to be suitable for UC mix or other similar potting mixes, other substratesAU7
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(e.g. peat, coir, stone wool and perlite) would require lower set-points. It has not been
shown whether tensiometer-based irrigation control is feasible with these systems.

The system parameters described earlier in the chapter for irrigation control are all
pertinent when using tensiometers to control irrigation. As described above, high- and
low-tension set-points can be used to trigger irrigation and to determine when to stop
an irrigation. As described earlier, various scheduling overrides based on time or other
factors should be included as safety features. Such systems can also include alarms
that alert growers that something is potentially wrong and that human intervention is
necessary to resolve a conflict. For example, with tensiometers in soilless substrates, a
high-tension alarm should be implemented so that the operator can be made aware of
tensions that have risen to levels that represent dangerous conditions. This can happen
if the irrigation system fails (due to, e.g. defective pump, solenoid valve, or emitter in
representative pot). It could also signal defective signal wiring (depending on design
of signal wiring/processing). It might also be an indicator that the tensiometer has
been removed from the root zone and is drying out.

There may be other reasons for overriding sensor-based irrigation control. The
grower may have other motives for the crop that would suggest more or less frequent
irrigation. For instance, if plants are relatively small and are not able to remove water
from the entire root zone, then the substrate solution immediately around the roots
may become depleted of nutrients and oxygen without becoming depleted of water.
Under these conditions, the grower should schedule extra irrigations so as to provide
the plants with needed oxygen or fertilizers.

4.7.4.2 Electrical Conductance Sensors

In field soils, a common type of moisture sensor is one that has electrodes separated
by some distance. The main problem with these types of sensors is that the conductance
of pure water is quite different from water that has salts dissolved in it. Commercial
plant production implies explicitly that there will be fertilizer salts in the root zone.
If the salinity is relatively constant, then these types of sensors may be feasible as part
of sensor-based irrigation control. However, if there will be times where irrigation is
with just clear water or when salinity of the root zone solution fluctuates separate from
moisture status, then this type of sensor is not ideal for controlling irrigation.

The electrodes can be imbedded in a material such as ceramic, gypsum, or other
porous material to minimize problems associated with salinity. In gypsum block sen-
sors, for example, the water within the block is saturated with Ca2+ and SO4

2− ions
making it less sensitive to changes in the salinity of the water in the substrate. How-
ever, this solubility means that the blocks slowly dissolve and have a finite life. Soil
Moisture Equipment Corp. (Santa Barbara, CA), for example, rates the life of their
gypsum block at 2–5 years.

The sensor needs to be in good contact with the substrate to facilitate water move-
ment between the substrate and the gypsum as moisture conditions change. If the
structure of the substrate is inconsistent, as moisture content changes, the contact with
the substrate may be affected. Imbedding the gypsum blocks into a granular matrix
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(e.g. Watermark, Irrometer Co., Riverside, CA) reduces this effect and improves pre-
cision, although not to the level of other sensors such as tensiometers.

Since the movement between the gypsum block and the substrate is usually very
slow, so is the response of these types of sensors to changes in moisture conditions
(Munoz-Carpena et al., 2005). For example, after a rapid change in moisture content
due to irrigation, a gypsum block may take up to an hour to equilibrate to the change.

Implementation of this type of sensor (specifically granular matrix sensors) can be
to sense an alarm or a high set-point. For example, a system can be set to initiate an
irrigation event upon reaching a high set-point (dry) condition and an application of a
set duration would deliver water to the crop. Since these sensors are slow to respond
to changes, a timed application is required.

It should be noted that electrical resistance sensors can be implemented very inex-
pensively. Thus if precision, salinity, or rapid responsiveness are not issues, then this
type of sensor can work well.

4.7.4.3 Dielectric Capacitance (TDR, FD)

Methods to measure the moisture content of substrate by measuring dielectric capac-
itance or dielectric permittivity of substrates have recently become more prevalent,
since they are fast (fractions of seconds) and some methods also have the capability
to measure salinity (EC) of the substrate (Dalton et al., 1984). Time domain reflec-
tometry (TDR) utilizes parallel metal rods (wave guides) to carry an electromagnetic
pulse into the substrate. An oscilloscope is used to analyse the electrical pulse as it
enters the substrate, travels the length of the wave guides, and then returns. The shape
of the waveform can be analysed to determine the moisture content and salinity of
the substrate. The time that it takes for the pulse to travel down the waveguides is
related to water content, and the dissipation of the signal is indicative of the electrical
conductivity of the substrate (Dalton and Poss, 1990).

The TDR probes have either two or three parallel bare metal rods ranging in length
from 10 to 50 cm, are relatively inexpensive (∼$50–$100), and are very robust due
to their simplicity. The cost of the electronics to generate the electromagnetic pulse
and to detect and analyse the signal, however, can cost ∼$5000 for research grade
equipment. Variations in sensors include coiling the waveguides to reduce the overall
length of the probes (Nissen et al., 1998) and embedding in gypsum to measure matric
potential (Persson et al., 2006).

Frequency domain (FD) reflectometry is similar to TDR. However, as TDR mea-
sures changes in time characteristics of the electromagnetic pulse as it travels down the
waveguides, FD analyses changes in the frequency characteristics of the pulse (Lin,
2003). The advantage over TDR is the ability to use much shorter (<10 cm) wave-
guides and is much simpler in implementation as it does not require a complex set of
electronics. The sensors can be connected directly to a datalogger without the need for
the pulse generator as a TDR probe requires. A sensor variant imbeds the waveguide
in a circuit board (fibre reinforced epoxy) material (ECH2O, Decagon Devices, Inc.,
Pullman, WA) that makes them very easy to install and even more durable. As with
TDR, these sensors require no regular maintenance.
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Although there are advantages of TDR and FD such as sensor durability and rapid
measurement, there are drawbacks. These measurement systems need to be calibrated
for each substrate type, as texture, structure, and organic matter content affect the
accuracy of measurements (Baas and Straver, 2001; Morel and Michel, 2004). They
are also affected by high ECs (∼5 dS m−1), as the electromagnetic pulse is unable to
be reflected at the end of the waveguides as the conductance of the substrate increases.

The use of TDR (Murray et al., 2004) and FD systems can be similar to a system
using tensiometers: they can sense when a dry set-point is reached. Since they are
very rapid, they can be use to monitor soil moisture changes, as water is applied to
terminate the irrigation event. A major difference from tensiometers is what is being
measured. Tensiometers, as their name reflects, measure matric tension or potential,
the x-axis on a soil moisture curve (Fig. 4.1). Capacitance sensors, TDR, and FD
measure volumetric water content, which would be the y-axis of the curve.

Various plant-based sensors such as stem flow gauges, dendrometers, leaf thickness
sensors, stem dielectric sensor are used in research related to plant water status, but
are generally not used in commercial production settings or urban horticulture.

4.7.4.4 Pros and Cons of Various Types of Sensor-Based Control

Tensiometers tend to be immune to issues regarding salinity. They respond purely to
moisture tension and thus measure the force that the plants have to overcome to extract
water from the root zone. However, the tensiometer contains water within the tube
which, under high tension conditions, can be pulled out. Thus when high tensions are
allowed to occur (above about 80 kPa depending on the characteristics of the ceramic
tip), the sensor will require service to replace water lost from the tensiometer tube.

Electrical resistance sensors are generally less expensive than tensiometers and
require less service while in use. However, since the sensor reading is affected by salt
content even at normal fertilizer concentrations, such sensors are not suitable for use
in situations where precision is desired.

Dielectric capacitance sensors generally require considerably more electronics to
be feasible as sensors in irrigation control. This means that they cost considerably
more to use than the other sensors. However, with miniaturization and electronic
customization, this is changing and these types of sensors are becoming more cost-
effective in commercial production settings.

4.7.5 MODEL-BASED IRRIGATION

It is possible, through the use of mathematical models, to compute how much
water a crop has used and to then irrigate so as to replace this water. One way to
accomplish this in the greenhouse is to set out a pan of water and track the water level
in it as it evaporates. The evaporation of water from this pan can be related to the
evapotranspiration (ET) of the crop and thus irrigation schemes can be used that are
based on this measurement. Evaporation pans can be obtained for precisely this use.
A device has also been developed that uses this same principle to estimate ET without
using an open pan. It protects that water and automates the measurement process so
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that a data signal is generated which can be used as part of input to a control device.
These type of devices are frequently used in outdoors production of field crops and
orchards.

Another similar approach is to use a reference plant with known water-use char-
acteristics, measure its ET rate by weighing it and tracking its water loss. This is
basically identical with the gravimetric approach, described previously.

In all these cases, calculations have to be made to relate the measured evaporation
rate to the ET of the crop and to also integrate this rate over time so as to determine
a cumulative amount of water that has been lost from the root zone of the plants.
Such calculations are made with mathematical models and methods based on such
calculations are known as model-based irrigation control.

By relating the total volume of water removed from the root zone to the volume
of the root zone, it is possible to calculate when a particular level of depletion has
occurred. As discussed previously, the moisture release curve for the substrate can be
used to identify the level of depletion that should be used to trigger or schedule an
irrigation event, or to elevate the priority of a previously scheduled event.

In general, all model-based irrigation control methods involve the use of inputs
from sensors in the environment. Calculations are typically made by computers, but it
is feasible to program controllers to do this as well, although controllers are generally
limited in the level of complexity that can be implemented.

Greenhouse environmental control computers are used to control many characteris-
tics of the crop environment. Many schemes for irrigating crops have been devised to
use data being recorded by these computers. As scientists develop models for water-
use in crops, the various manufacturers of these computer systems implement these
models in their systems, providing growers with a continually wider array of choices
of model-based irrigation strategies. These methods attempt to relate the amount of
water which has been lost by the plant and from the root zone to one or more envi-
ronmental variable (light, temperature, VPD, and wind speed), so that irrigations can
be scheduled to replace this lost water.

Various methods exist for approximating how much ET has occurred since the last
irrigation. Implementation of these methods in irrigation control in soilless production
is only feasible with computerized irrigation systems, since this estimation requires
extensive computation using sensor data. The most common method for estimating ET
is the Penman–Monteith model (Penman, 1948; Monteith, 1965) although other meth-
ods can also be found in the scientific literature (Sharma, 1985). These approaches
generally involved the above-mentioned four environmental variables as well as a
variable related to the size of the plant’s foliage surface area. It should be noted that
these models were developed for plants growing in an outdoor environment, so that
certain considerations are needed when dealing with protected cultivation. In virtually
all cases, implementation of such models involves simplification so as to remove vari-
ables and parameters that typically are not easy to monitor or evaluate in a practical
situation. Estimations of plant water use are available to assist in irrigation manage-
ment from on-line computer programs such as the California Irrigation Management
Information System (CIMIS, wwwcimis.water.ca.gov). The worldwide standards for
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measuring reference ET are detailed in Allen et al. (1998) and are available on the
web at: http://www.fao.org/docrep/X0490E/X0490E00.htm.

One irrigation control method that focuses on a single environmental parameter
sums light measurements at regular intervals. Once a specified light-sum level is
reached, an irrigation is initiated. The light-sum-levels set-points are refined by the
individual grower for each crop. Another method estimates the vapour pressure deficit
(VPD) of the air and relates this to the rate of ET. VPD essentially measures how
much water can be taken up by the air and, in conjunction with other variables, can be
used to compute the amount of ET over time. However, when implemented without
the use of light, temperature, wind speed, and leaf area, the calculations can only serve
as a rough approximation requiring frequent set-point modifications.

When using a particular method, it is important to understand how calculations are
being made and which variables are being used in the computations. Using a method
that makes ET calculations based on measurements of temperature, light, relative
humidity, and wind speed, such as the Penman–Monteith model, has the greatest
potential for success, but still requires frequent grower intervention as the crop grows,
is harvested, affected by insects and diseases, and so on. As models for plant growth
become available, this need for grower intervention may well decrease.

There are generally circumstances under which any of the irrigation systems and
control strategies are appropriate. However, for any one crop and cropping system,
there is generally one system which is best. The main variables determining which is
best include labour and installation costs as well as the degree to which each is able
to keep the crop at optimal moisture conditions.

4.8 FUTURE RESEARCH DIRECTIONS

In soilless production, growers typically pay much closer individualized attention
to the plants than in field production. Current research into methods that are broadly
termed ‘precision agriculture’ focus on striving towards greater individualized attention
to specific plants or groups of plants. As such, soilless crop production leads the way,
with various implementations already in practice or close to adoption. For example,
wireless irrigation control has already been developed so as to eliminate wiring asso-
ciated with sensors and valves. Some companies are currently developing commercial
products based on this concept. Further innovations are certain to come first to soilless
production agriculture, striving for specific identification of the irrigation and fertility
needs of particular plants to groups of plants using sensor technologies and controlling
delivery of water to each plant on an individualized basis. Further advances can be
anticipated to also control other root zone variable in this way.

Another area where more research and development are needed is in the integration
of more sensors into irrigation control to dynamically account for more variables
that affect plant growth. As such, soilless production could benefit significantly from
a control strategy to simultaneously optimize root zone temperature, oxygen and
nutrient concentrations, salinity, pH, as well as water content. Currently the most
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advanced control strategies use a few environmental variables (estimated integrated
VPD or light) and water content. Ultimately it may be possible to control fertigation
based on all measurable root zone variables. It may, in fact be possible to involved
measurements of non-root-zone variables. For example, one could even integrate
irrigation system hydraulic data (e.g. flow rates or water pressure) so as to optimize
flow characteristics and optimize water pressure at each emitter. Ultimately it may
also be feasible to involve sensor data for various plant processes (e.g. transpiration
rate), as this information can be useful in diagnosing unexpected conditions and plant
problems. For example, if the root zone sensors indicate that there is adequate water,
but the transpiration rate and environmental data suggest that the plant is not using
enough water to compensate for the atmospheric demand, then this will indicate
particular conditions that may well require a change in the irrigation control or another
intervention by the grower.

Another area where research is needed in the future is in queuing irrigation events
subject to sensor input or model calculations. For example, if irrigation for a particular
irrigation circuit is planned when the representative plant reaches 5 kPa of moisture
tension, then in most commercial nurseries it is not feasible to turn on the corresponding
irrigation valve if other plants are already being irrigated due to inadequate capacity.
In general, this is handled through irrigation scheduling. On days when the plants
consume a lot of water, it needs to be anticipated that many plants will be scheduled
for irrigation. As the plants wait in the queue, they continue to consume water so
that the tension continues to rise. Clearly some optimization strategy and research are
needed to identify how to best juggle the rising moisture tension, irrigation capacity,
and risk assessment to minimize financial losses in the event that some plant may end
up seeing water stress.

In the same way, modelling approaches can also be integrated with queuing methods
to provide anticipatory control. Using all the root zone variables, as well as plant and
environment measurements, it should be feasible to forecast when harmful conditions
can be anticipated. With such an approach, models would be used to forecast when an
irrigation will be needed for each group of plants, by accounting for the aforementioned
queuing approach and using simulation modelling to calculate whether the currently
selected high-tension set-point will result in a situation where not all plants can be
irrigated as needed. If that situation occurs, then the control algorithm would either
lower this set-point or reduce the irrigation duration so as to eliminate leaching and
to perhaps do partial irrigations throughout the day to avoid financial losses due to
wilting of plants. Research is needed to develop such models, sensors, and integration
strategies. Engineering research is needed to develop decision-support tools and control
algorithms that encompass these concepts.

Emitters could be developed to do more than just deliver water in a particular
fashion. In addition to pressure regulation, which is already common, emitters could
be developed to include sensor technologies so as to dynamically adjust flow through
the emitter based on sensed root zone conditions. In particular, if a sensor could be
developed to assess hydraulic conductivity of the substrate, then the emitter flow rate
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could be dynamically adjusted to match the ability of the substrate to carry irrigation
water to the root of the plants.

Perhaps the most important facet of future developments in irrigation in soilless
production is to recognize that current approaches are quite primitive in comparison
with what they could be. We know most of the variables that are important as part of
optimal root zone moisture management. Yet the vast majority of commercial soilless
plant production uses nearly none of these tools, relying instead on substrates that can
be over-irrigated without a significant penalty and plants that can tolerate the resulting
conditions. Clearly there is a lot of room for advancement towards optimization,
especially as the cost of electronics and sensors continues to decline.
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