
Chapter 6
Water Uptake and Water Supply

6.1 Introduction

The water uptake and the water supply do not directly affect the mineral absorption
of plants. However, many connections exist between the management of minerals
and water. The most evident of those connections are the following.

• Water plays an important part with the transport of minerals in the root environ-
ment, thus, from surroundings to the root surface, and it is also important for the
nutrient transport in the plant.

• The water management is also important with the vertical transport of salts in the
root zone and with this for the leaching of residual salts and nutrients from the
root zone to the deep ground water or surrounding surface water. Thus, it plays
an important part in the operational efficiency of the management of minerals in
greenhouse soils and substrates.

• The additions of nutrients in the greenhouse industry occur mainly with top dress-
ings by fertigation, which means a combined addition of water and nutrients.

• Water often contain minerals, which partly can be estimated as residual salts,
like Na and Cl, but for another part is appreciated as nutrients, like Ca, Mg, and
SO4, which directly affect the addition of nutrients in fertilization programmes.
However, last group will be denoted as residuals when the concentrations in the
irrigation water exceed those of the uptake concentrations.

• The ratio between the uptake of nutrients and water, denoted as uptake concen-
tration, is used as a basis for nutrient supply. Despite, that the uptake concentra-
tion has no real physiological basis in the nutrition of plants, it offers valuable
information. This because of the experience that the variations in the uptake con-
centrations are less than those of the absolute values of nutrient uptakes (Savvas
and Lenz, 1995).

The factors mentioned are more than enough reasons to add a chapter about water
supply to this book about plant nutrition. The water supply in the greenhouse indus-
try is solely carried out by artificial irrigation and thus the control of it can easily be
included in the management of the greenhouse. The water use and the water supply
will not entirely be discussed in this chapter, but some guide lines in relation to the
above mentioned factors will be presented.
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6.2 Water Uptake by Plants

Water uptake by plants in greenhouses is entirely studied by Stanghellini (1987).
In this study it was concluded that the transpiration rate is almost proportional to
the leaf area and that in the greenhouse climate the radiation, the ambient temper-
ature and the humidity play a prominent part. To a minor extent the temperature of
the greenhouse cover and of the soil surface also play a part.

On basis of the factors affecting the water absorption of plants, models have been
developed with simple and quickly measurable parameters. The stipulation that the
parameters should be simple and quickly measurable is suggested by a practical
suitability to irrigate on basis of the everyday water absorption of the crop. Nowa-
days, when many crops are grown in substrate systems, these requirements on the
parameters are accentuated, because of the small water storage in the root environ-
ment of these systems and the need to keep this storage on a reasonable level. In
such systems often water is supplied several times per hour and thus, the develop-
ment of a method furnishing quick and preferably secure estimations of the water
uptake are evident. Such estimations are developed by De Graaf (1988) on basis of
the global radiation measured outside the greenhouse, the use of the heating system
in the greenhouse, the air temperature in the greenhouse and the plant size. In for-
mula (6.1) the relationship between the water uptake of the crop and the parameters
mentioned is given.

E = h

m

{
aTgR + b

i=1
�

i=1440
mini(Tt − Ta)

}
(6.1)

In which

E = estimated water uptake of the crop l m−2 day−1

h = actual height or size of the crop
m = minimum height or size of the crop with which the maximum transpiration

can be realized. When h>m a value of 1.0 should be used for the quotient h/m
a = emperical crop specific factor
R = the global radiation measured outside the greenhouse in kJ cm−2 day−1

Tg = the relative light transmission of the greenhouse
b = specific crop factor attributable to heating
mini = the successive minutes during the day that there is a difference between

the ambient temperature in the greenhouse and the heating tubes
Tt = the temperature of the heating tubes
Ta = the ambient temperature in the greenhouse

The water uptake as calculated with the formula presented can be divided into
the part that is used by the plant for transpiration and the part that is used for plant
growth. The last mentioned part is small in comparison with the first mentioned.
In Fig. 6.1 the differences between both parts of the water uptake is shown as has
been found for a tomato crop (Voogt et al., 2006b) for a period in early spring
and a period in summer under Dutch conditions. Another part of water use is the
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Fig. 6.1 Typical daily pattern of the measured total water uptake, transpiration and plant growth
of a tomato crop in g m−2 h−1, as affected by the radiation measured in W m−2 over 5 minutes
intervals, for a day in March (top) and a day in July (down). Both figures represent the averages of
a period of 7 days. Results Voogt et al. (2006b)

evaporation from the soil and substrate surfaces. This only is of interest when soil
and substrate surfaces are uncovered and especially when the whole soil surface
regularly is irrigated, like with sprinkler irrigation and ebb and flow systems. This
evaporation is often included in the measurements of the transpiration of the crop,
because the water evaporated is added with the irrigation. It depends on the manner
of the measurements whether the evaporation is included or excluded in the crop
factor. Mostly the difference between the transpiration and the water use including
the evaporation is small, like demonstrated by De Graaf and van den Ende (1981)
and shown in Fig. 6.2.

The advantage of the model presented affords the possibility of ad hoc applica-
tions by introduction of crop specific factors. Examples of crop specific factors are
listed in Table 6.1. Most of these values are related to the global radiation measured
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outside the greenhouse. Therefore, the values are adjusted with light transmission
of the greenhouse construction. These adjusted values will be used and the light
transmission of the concerned greenhouse will be fit in the calculations, like done in
formula (6.1). For the crop factor “b” attributed to the heating a value of 0.22 10−4

was found for tomato under Dutch growing conditions (De Graaf, 1988), while these
factor also was used for cucumber (De Graaf and Esmeijer, 1998).

The minimum plant height with which the maximum transpiration is realised,
the factor m also will be known. This is a factor represented for the leaf area
index (LAI), being an important factor in plant transpiration (Stanghellini, 1987).
For practical application a plant is estimated as being mature with respect to the
transpiration when LAI >3 (Voogt et al., 2006a). However, the LAI cannot be mea-
sured under growing conditions and therefore, is often estimated by the plant size.
The actual plant size is related to the minimum size with maximum transpiration
capacity. This value m in formula (6.1) is related to a certain plant height. For a row
crop like tomato m is estimated on a height of 1.5 m. For crops with a high planting

Table 6.1 Crop type factor “a” {M(a)} measured in a greenhouse with a light transmission (TrR)
and related to global radiation measurements outside the greenhouse. The data are recalculated to
a full light transmission in the greenhouse {C(a)}

Crop M(a) TrR C(a) Source

Tomato 1.78 0.65 2.74 De Graaf (1988); De Graaf (1993)
Sweet pepper 1.70 0.65 2.62 De Graaf (1988)
Cucumber 2.00 0.65 3.08 De Graaf and Esmeijer (1998)
Radish 1.54 0.65 2.37 Sonneveld (1995)
Radish 1.83 0.65 2.82 Van der Burg (1994)
Chrysanthmum 2.28 0.65 3.51 De Graaf (1988)
Rose1 – – 3.40 Baas and Van Rijssel (2006)
Cymbidium 0.6 0.72 0.83 Voogt and Van Winkel (2008)
Alstroemeria 1.1 0.75 1.46 Voogt and Van Winkel (2005)

1Related to the radiation inside the greenhouse.
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density, like chrysanthemum, a height of 0.25 m was suggested (De Graaf, 1993).
However, Voogt et al. (2000) mentioned a height of 0.4 m for this crop in a more
recent publication.

De Graaf (1988) supposed that addition of the results of measurements of the
stoma resistance and the vapour pressure deficit should improve the estimation of
the crop transpiration, like suggested by Stanghellini (1987) and Marcelis (1987).
Therefore, Baas and Van Rijssel (2006) studied in an experiment the effect of differ-
ent factors on the transpiration of a full grown rose crop. They measured the global
radiation inside the greenhouse, the energy from heating under the canopy and the
vapour pressure deficit (VPDair and VPDlaef-air). They concluded that the transpira-
tion can be estimated from the global radiation and the contribution of the heating
and that the addition of the VPDair or VPDlaef-air did not improve the estimation of
the transpiration.

In modern greenhouses often artificial lighting and screening is applied. The
screen can be a thermal screen used for energy saving which for the greater part
transmit the light, or a full screen used for day length adjustment which exclude all
radiation. In both cases the global radiation (R) must be corrected according to the
screening time intervals and a specific reduction factor for the radiation of the actual
screens. This factor (st in formula 6.2) is zero for the full screen. In case of artificial
lighting the effective radiation also is taken into account. Therefore, the estimation
of the transpiration by the model presented in formula (6.1) is modified. Voogt et al.
(2006a) presented a formula for these adjustments, like shown in formula (6.2).

E = h

m

[
a

{
Tg

(
k=1
�

k=1440

mink

1440
R + m=1

�
m=1440

minm

1440
stR

)
+ n=1

�
n=1440

minn

1440
Ra

}

+b
i=1
�

i=1440
mini(Tt − Ta)

] (6.2)

In which:

mink = time that no screen in the greenhouse is used in min day–1

minm = time that only the thermal screen in the greenhouse is used in min
day–1

minn = time that the artificial lighting is in operation in min day–1

st = the relative light transmission of the screen in the greenhouse
Ra = effective radiation from artificial lighting during operation in kJ cm−2

day−1 as calculated from formula (6.2a)
The other parameters as indicated with formula (6.1).

Ra can be calculated following installed (used) capacity (De Graaf and Spaans,
1998; De Graaf et al, 2004; Houter, 1996), following formula (6.2a).

Ra = 0.75 P 3.6 ha (6.2a)
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In which:

Ra = as indicated with formula (6.2)
P= installed capacity in W m−2

ha= hours of operation

The formulae presented are based on optimal growing conditions concerning
water supply, plant nutrition and climatic conditions in the greenhouse. However,
some factors not mentioned in the formulae are well known as affecting the water
use of greenhouse crops. The best known are salinity in the root environment and
the CO2 concentration of the air.

With respect of salinity the suppositions are often based on the misunderstanding
that a low osmotic potential (high EC) in the root environment reduces the water
uptake by plants. An abrupt increase of the salinity decreases the water absorption
indeed (Van Ieperen, 1996), but over long periods big differences in water use of
plants grown at different salinities have not necessarily been found, as long as the
transpiration capacity, like for example the leaf area, is not strongly affected by the
salinity. This has been found for tomato as shown in Table 6.2 (Sonneveld, 2000)
and for radish (Sonneveld and Van den Bos, 1995). Despite that the yield of the
tomato was significantly reduced by an increased EC in the root environment as
shown in Table 6.2, the water absorption was not affected. Thus, the well known
wilting after a heavy osmotic shock only occur for a short period and plants quickly
adjust their water adsorption and will not show a further water stress. However,
this does not alter the fact that in many cases a reduced water adsorption has been
observed with increasing salinity (Baas et al., 1995; De Kreij and Van den Berg,
1990; Yaron et al., 1969). This is caused by adaptation of plants to salinity stress,
like a reduction of the leaf area, and not directly by a hindrance of water absorption
(Lagerwerff and Eagle, 1962).

With respect to increased CO2 concentrations it has been found that the tran-
spiration is affected only to a small extent, which under practical conditions was
restricted to some percentages (Nederhof, 1994). Eggplant was most sensitive and
showed periodical a reduction of 15% over certain periods, but over the whole grow-
ing season a reduction of 4% was calculated.

Table 6.2 Water absorption of tomato plants grown at different EC values in a recirculation
nutrient solution. The growing period was from June until September

EC dS m−1 Relative yield Water used l m−2

1.5 99 258
2.5 100 264
3.5 96 276
4.5 89 252

Data from Sonneveld (2000).
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6.3 Variations of Uptake and Supply

Many different irrigation systems are available in the greenhouse industry. They can
be globally distinguished in following groups.

• Systems due to spot or strip irrigation, like drip irrigation systems and mini sprin-
klers. This group is characterized by local wet spots or strips in the greenhouse
where the water is supplied, while the remaining part of the surface stays dry.
The crop is not wetted during irrigation (Van den Ende and De Graaf, 1974).

• Systems with which the whole area of the greenhouse is irrigated, like with high
level sprinkler irrigation, see Picture 6.1. The spray lines with nozzles are placed
in top of the greenhouse. The whole greenhouse area and also the crop canopy
are wetted with any irrigation.

• Circulating systems, in which the water is continuously circulated in a thin layer,
like in (NFT) nutrient film technique systems (Graves, 1983) or in thick layer,
like in deep flow cultures (Maloupa, 2002). The plant grows directly in the water
stream or water layer.

• Ebb and flow systems for plants grown in containers or in pre-shaped blocks.
With these systems the water is supplied in a thin layer for a relatively short
period. During this period, sufficient water is absorbed by the substrate and after-
wards the system is drained. This system is often used for potted plants on tables
and in gullies and for plant propagation on concrete floors.

Picture 6.1 Irrigation by overhead sprinkling in a greenhouse with soil grown chrysanthemum
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The water uptake among individual plants varies strongly, as well as the local
water supply of irrigation systems. This has been shown by studies of Van der Burg
and Hamaker (1987) and of Van Schie et al. (1982) for drip irrigation systems. In the
study of Van der Burg and Hamaker (1987) the water supply and the drainage water
was measured on different spots in a greenhouse grown with tomato on rock wool
slabs during a period from March until September. The spots measured held two
tomato plants and both plants were supplied with a dripper. The average coefficient
of variation of the water supply increased during the season from 4.8 till 13.2%,
while the coefficient of variation of the water uptake was not increased during the
season and on average amounted to 10.2%. Because the measured spots held two
plants and thus, also two drippers, follow that for a single dripper or plant the coef-
ficient of variation increases with a factor

√
2. This resulted in a value for the coef-

ficient of variation from 6.8 till 18.7% for the water supply and 14.4% for the water
uptake. The drainage water is affected by the variation of the uptake by the plant as
well as by the variation of the supply. Those variations are independently and thus,
the variation of the drainage water will be calculated as following formula (6.3).

sd =
√

s2
s + s2

u (6.3)

In which

sd = the standard deviation of the drainage water
ss = the standard deviation of the water supply
su = the standard deviation of the water uptake of the plant

Results of such calculations derived from the data in Fig. 6.3 are summarized in
Table 6.3. Under practical conditions it can be supposed for example that a plant can
use water from the plants left and right besides to compensate a possible shortage.
In this case the coefficient of variation will be divided by a factor

√
3 resulting from

an average reaction of 3 plants together. Furthermore, plants will not suffer from
drought, thus the drainage always will be ≥ 0. This will be approximated with a
confidence limit of for example 1% (P ≤ 0.01), which means that on average not
more than one on a hundred plants will suffer from drought. This agrees with a stan-
dard normal distributed unit T of 2.33. In this way the drainage will be calculated in
relation to the water uptake by formula (6.4).

d ≥ T
sd√
pn

(6.4)

In which

T = standard normal distributed unit agreeing with a determined confidence
limit

d = the quantity of drainage water, required as oversupply
pn = the number of plants that can equalize the water mutually and the value

mostly will vary between 1 and 3
sd = standard deviation of the drainage water as given in formula (6.3)
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Fig. 6.3 Variation in water
supply of drippers, water
uptake by tomato plants
grown in rock wool and
drainage water as has been
found on 32 sites in a
greenhouse. The quantities
are expressed as l m−2. Data
derived from Van der Burg
and Hamaker (1987)

In this formula sd will be calculated from formula (6.3) in which ss will be found
by iteration, when the water uptake is determined. Calculations of the required
drainage with formula (6.4) were carried out for a water uptake of 2 l, a vcu =
10% and pn values 1−3. The required oversupply can be expressed on the supply,
like shown in Fig. 6.4, and this fraction is independent of the level of the supply.
In Fig. 6.4 it is presented as the “inequality fraction”. The value strongly increases
with the coefficient of variation of the irrigation system, especially in the single plant
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Table 6.3 Average values and variation, standard deviation (s) and coefficient of variation (cv),
calculated from the data in Fig. 6.3 for the data measured at the spots of two plants and as estimated
for a single plant. The water quantities are given as l m−2 and l plant−1 for the two plant spots and
single plant situation, respectively

Spots of two plants Single plant

Parameter Supply Uptake Drainage Supply Uptake Drainage

Average 6.1 3.9 2.2 3.1 1.9 1.1
s 0.40 0.32 0.57 0.28 0.23 0.40
cv 6.6 8.4 26.7 9.3 11.9 37.4
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Fig. 6.4 Inequality fraction
as affected by the coefficient
of variation of the drip system
and the number of plants that
mutually can profit from the
water supplied. The
confidence limit for the
drainage water ≥ 0 is put on
P = 0.01 and the coefficient
of variation of the water
uptake of the plant is put on
10%. See also the text

situation and soon reaches a value of 40%. This agrees well with experiences under
practical conditions, because the coefficient of variation of drippers easily increases
to values over 20% (Van Schie et al., 1982). The plant factor (pn) depends on factors
like the growing conditions and the plant age. Plants need time to adjust their root
system on the water supply. For example, in the situation of a row crop with one
nozzle per plant, in the beginning each plant is dependent of the water supply of
the one nozzle placed near the plant. Later on when the root system extends, mutual
utilization of the water supplied by three or possible more nozzles can be supposed.

Variation in the water supply does not occur just with drip irrigation systems, but
also were found with sprinkler irrigation systems. Sonneveld (1995) reported work
of Heemskerk, in which the distribution of the water supply by sprinkler irrigation
systems were measured on small sites with areas of 0.2 × 0.25 m. The coefficient of
variation of the precipitation in the sites was 22%. In later measurements coefficients
of variation for the water release of sprinkler installation up to 20% were common
practice (Heemskerk et al., 1997). Thus, also with sprinkler irrigation systems an
ample water supply is necessary to equalize effects of dry spots. Calculations in
a model with an unequal distribution of the water supply of a sprinkler irrigation
system for a chrysanthemum crop learned that with a coefficient of variation of the
sprinkler irrigation system of 27% an overdose of water 22% is necessary to supply
all plants sufficiently with water (Assinck and Heinen, 2001). This resulted to a
leaching fraction of 20% of the water supplied, which is in good agreement with
experiences in practice (Sonneveld, 1993b). A different option in the calculations
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Table 6.4 Chemical composition of precipitated materials from drippers of different greenhouse
holdings. Loss on ignition in % of the dry matter and elements as mol kg− 1 dried material. Where –
is given the element was no substantial part of the precipitated materials

Sample nr Loss on ignition Ca P Fe Al Si S

1 42 – 2.7 3.6 – 0.4 –
2 21 – 0.2 0.4 0.4 7.6 –
3 26 5.6 5.4 – – – –
4 17 5.6 – – – – 5.8

of Assinck and Heinen was the addition of so much water, that nearly no leaching
occur, with as a consequence that part of the plants suffer from drought. Last option
mostly is not accepted for economic reasons in the greenhouse industry.

Besides the variation inherent in the design and the technical lay-out of the irri-
gation system, the unequal water distribution is strongly aggravated by clogging of
drippers and nozzles. This clogging often is caused by precipitation of constituents
from the primary water used and from the fertilizers added or from the growth of
micro organisms. In an investigation the composition of precipitated materials was
analysed from drippers of different greenhouse holdings in The Netherlands (De
Bes, 1986). In the precipitated material substantial quantities of ortho-P, Ca, Fe, Al,
Si, S and organic material were found, as follows from the data listed in Table 6.4.
The origin of some constituent can be explained by the addition of fertilizers, like
P and Ca. A combination of these elements easily precipitates at higher pH (> 6.5)
values. Fe, Al and Si are highly represented in dust and clay particles, but Ca, Fe
and Si are often available in primary water and can be a precipitate also from this
origin. Organic matter can occur in the primary water, especially in surface water.
This soluble organic matter will precipitate by changes of the pH or by addition of
cations with the fertigation practices. In well water organic matter easily can occur
by the development of bacteria. The growth of some specific species is strongly pro-
moted by high methane concentrations sometimes found in this type of water (De
Kreij et al., 2003). The bacterial slime build up in such cases also is traced as the
cause for clogging and is determined in the analysis as organic material.

Logic components that occur in the precipitates in are Ca3(PO4)2 or CaHPO4
with possible equivalent compounds of Fe or Al, furthermore H4SiO4, Fe(OH)3,
Al(OH)3 and CaSO4, are likely. All compounds possible will precipitate together
with crystalline water, which will be part of the loss on ignition determined. Sample
nr 3 in Table 6.4 for example, clearly shows a precipitate of CaHPO4 and sample nr
4 a precipitate of CaSO4. The other samples existed of more complex components.

6.4 Water Quality

The quality of the irrigation water with respect to the mineral composition affects
the water supply. When the concentration of any mineral is higher than the uptake
concentration, the residual salt accumulates in the root environment and will be
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Picture 6.2 A basin for storage of rain water

leached by extra water supply. Na and Cl are the ions often abundantly present in
water, but sparingly absorbed by most greenhouse crops. Therefore, these ions often
determine the leaching requirements. However, in specific cases other ions, like Ca,
Mg or SO4 also can control the need of leaching. In Table 7.13 some examples of
the composition of irrigation water are listed in comparison with the uptake concen-
trations of minerals of two greenhouse crops.

Approximate concentrations for irrigation water with which it is possible to grow
greenhouse crops without salt accumulation in the root environment are listed by
Sonneveld (1993a). A review of such data is presented in Table 6.5. The precise
concentrations acceptable for specific crops vary, because of the great differences
in the uptake concentrations. For most crops Na is more critical than Cl, because of
the lower uptake of this element by most crops. From data presented by Sonneveld
(2000) for Na and Cl at low concentrations in the root environment (< 5 mmol l−1)

Table 6.5 Limits for ion
concentrations in primary
irrigation water whereby no
accumulation of the ions
mentioned occurs in the root
environment

Minerals in the water Limits

Na mmol l−1 0.2–1.0
Cl 0.3–1.5
Ca 0.7–2.0
Mg 0.3–0.7
SO4 0.5–1.5
Mn μmol l−1 5–15
B 10–20
Zn 3–5

Data after Sonneveld (1993a).
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for Na a range can be given from virtually 0.0 mmol l−1 for a rose crop until
1.8 mmol l−1 for a winter grown radish crop. The value of 1.8 mmol l−1 for winter
grown radish is quite exceptional and connected with the low water uptake under
Dutch climate conditions in winter. For most crops the uptake of Na and Cl is sig-
nificantly increased at higher concentrations in the root environment, with exception
of crops with a very low uptake, like rose. The uptake does not only differ among
crops, but can differ also for cultivars, like shown in Fig. 6.5 for the uptake of Cl
with alstroemeria (Sonneveld, 1988). The uptake also will be affected by the con-
centration of other ions. This is shown by the results of an iris crop grown on pumice
and irrigated with water of a NaCl concentration of 8 mmol l−1 (De Kreij and Van
der Burg, 1998). Some data of this experiment are summarized in Table 6.6. The
uptake of Na and Cl is much higher at a low fertilization level than at a standard fer-
tilization, especially the transport of Na to the shoot is increased at low fertilization.
The uptake concentration for Na was doubled, but as a result of the low fertiliza-
tion the growth of the crop was strongly reduced. Comparable data are shown in
Table 7.7 with bouvardia. The higher fertilization level reduced the Na uptake and
thereby the toxic effect of the high sodium uptake. Often such effects merely are
attributable to K uptake, which strongly aggravates or reduces the Na uptake with
low or high K concentrations in the root environment, respectively; see also Satti
et al. (1996). Comparable data has been found by changing of the Cl/NO3 ratio with
rock wool grown tomatoes (Voogt and Sonneveld, 2004), shown in Fig. 6.6. High
Cl/NO3 ratio went in hands with a low NO3 concentration in the root environment,
which strongly aggravated the uptake of Cl. Thus, extra uptake of Na and Cl can
be realised by specific interventions in the fertilization. However, such interven-
tions need very close control on the nutrient status in the root environment, because
strong interventions in the nutrient status in the root environment easily induce yield
reduction. Therefore, under practical growing conditions seldom uptake concentra-
tions can be realised much higher than those presented in Table 6.5.

The salinity status of a soil during cultivation often is strongly related to the
water supply, like shown for a cucumber crop in Fig. 6.7. The EC of the saturation
extract is followed during a whole growing season, together with the water supply.
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Table 6.6 Effects of the fertilization level on the uptake of Na and Cl by an iris crop, grown in
pumice with irrigation water of a NaCl concentration of 8 mmol l−1

Shoot Bulb Uptake concentration

Fertilization level Na Cl Na Cl Na Cl

Low 292 314 322 181 1.99 1.49
Standard 87 270 260 149 0.89 1.26

After De Kreij and Van der Burg (1998).
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a greenhouse with soil grown cucumber. After Sonneveld (1969)

At start in winter a base fertilization is given and the water supply is low in that
period. The EC in the root environment increases further on during the first period,
because of sparingly water supply and salt accumulation from the deeper soil layers.
In spring when the ample water supply is started the EC decreases by leaching of
salts, because the water supply was 5–6 l m −2 day−1, while the transpiration on
average will be estimated on 2–3 l m−2 day−1. The EC decreases only until a certain
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required level and is maintained on that level later on by regular top dressings with
nutrients. In substrate systems salt accumulation will occur quickly, because of the
restricted root volume. Nice examples of salt accumulation are shown by Savvas et
al. (2005a) in a closed hydroponics system grown with cucumber for 120 days. The
NaCl concentration in the primary water used were 0.8, 5, 10 and 15 mmol l−1 and
after 120 days the concentrations in the drainage water were accumulated to about
8, 30, 45 and 55 mmol l−1, respectively. The uptake concentration of Na and Cl
increased significantly, but the high concentrations in the root environment ensure a
substantial yield reduction of 12% per unit EC value measured in the drainage water
(Savvas et al., 2005b). Such data underlines the need of leaching of salts by extra
water supply during cultivation in substrate systems.

The leaching requirements will be calculated with formula (7.4). This formula is
mainly based on the ion concentration in the primary water and this in the drainage
water, supposing that the concentration added with the fertilizer application is under
control and relatively low. Formula (7.4) can be applied for a specific salt as well
for the EC as a measure for the total salt concentration. The concentration of the
drainage water used in this formula reflects the concentration accepted as the maxi-
mum concentration in the drainage water or in the soil solution that leaves the root
zone. The accumulation of salts depends much on the growing system, whereby the
irrigation system plays a substantial part. With an overhead sprinkler system the
whole area is irrigated and the salts will be washed down to deeper soil layers, or to
a possible drainage system by which it is transported to the deep ground water and
the surrounding surface water, respectively. With spot or strip irrigation part of the
salts accumulate on the dry spots or paths during cultivation and at the end of the
cropping period an unequal distribution of salts will occur. Local accumulations in
the top layers between drippers also can occur in substrates when the surface of the
substrate is not covered and furthermore, the accumulation follows its path to the
drainage (Van Noordwijk and Raats, 1980). But even when substrates are wrapped
in plastic bags, local accumulations can be substantial and will be highest in the end
of the growing season (Van der Burg and Sonneveld, 1987). The measurements of
the EC of the nutrient solution extracted from rock wool slabs in greenhouses under
such conditions varied between values of about 2.5 and 8.0 dS m−1. Salt accumu-
lations in the root zone belong to growing systems under practical conditions in
greenhouses, it is more or less impossible to prevent it and it is strongly promoted
by a local supply of the irrigation water (Heinen, 1997), like also shown in Fig. 6.8
(Voogt and Van Winkel, 2009). The salt accumulation shows a contradictory pattern
with the moisture content and the EC in the 1:2 volume extract varies from about
0.5 till 4.0 dS m−1, which can be calculated to 2.4–13.3 in the soil solution. It can
be expected that the differences in soils generally will be of the same size as found
with substrates.

The leaching requirements as mentioned before and calculated with formula (7.4)
are operative for soil as well substrate growing. The management during crop cul-
tivation is already discussed in Section 7.9, but can differ for substrate and soil
growing. The main difference between soil and substrate is the root volume in which
the plant is grown. The small volumes used in substrate growing on the one hand
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Fig. 6.8 The two dimensional pattern of EC (1:2 volume extract) and volumetric moisture content
distribution in the soil profile with tomato irrigated with drip irrigation, determined longitudinal
and in soil layers of 12.5 cm depth, determined halfway and at the end of a long term tomato
cropping (after Voogt and Van Winkel, 2009)

accentuate the need of leaching during cultivation, but on the other hand it opens
excellent possibilities to control the salinity status.

Beside the leaching requirements during cultivation to prevent too high salt accu-
mulations in the rooting zone, for soil grown crops leaching of accumulated salts
can be necessary before starting a new crop. The need for this leaching not only
depends on the accumulated salt concentration, but also on the consecutive crops.
When a crop ends with a very unequal distribution of salts in the soil profile and
the next crop covers the whole area of the greenhouse with a high planting density,
an intensive flooding is necessary to prevent an unequal start of the next crop. This
for instance is the case in crop rotations of fruit vegetables followed by leafy veg-
etables, radish and a lot flower crops. When in crop rotation comparable crops are
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succeeding, like fruit vegetable in rows, at the start a somewhat higher salinity status
of the soil is often desirable and a heavy flooding is not necessary.

The flooding of soils is based on the replacement of the soil solution by fresh
water and movement of the actual soil solution out of the root zone. The quantity
of water required to that purpose depends on the depth of the root zone, the water
holding capacity of the soil and the dispersion factor. This dispersion factor depends
on the soil type and is high for soils with a course granule structure, like clayey soils.
The quantity of water necessary for leaching can be calculated by the formula (6.5).

wvl = wvf fdd (6.5)
In which

wvl = water necessary for flooding in mm
wvf = volume fraction of water of the soil at field capacity as defined in formula

(3.6)
fd = dispersion factor
d = depth of the soil layer that will be washed out in mm

The Dutch advisory service maintained for the soils used in the greenhouse
industry dispersion coefficients varying from 1.25 to 2.0 for sandy and clayey soils,
respectively. Some results of their calculations used as recommendations for grow-
ers are summarized in Table 6.7 (Van den Bos et al., 1999).

In some well water under anaerobic conditions soluble Fe is present as bivalent
Fe ions, which can be harmful to plants. This bivalent Fe easily oxidizes to trivalent
Fe, when the water comes into contact with O2. This process can be simply quick-
ened by aeration or chemical oxidation systems (Ten Cate, 1978). The trivalent Fe
precipitate as Fe(OH)3. The chemical reaction is presented in formula (6.6).

Table 6.7 Water quantities required for leaching (wvl) of a greenhouse soil over a depth of
250 mm, dependent on soil type, volume fraction of water at field capacity (wvf) and dispersion
factor (fd)

Soil type % clay % organic matter wvf fd wvl

Sand <7 <3 0.18 1.25 60
Sand <7 3–5 0.23 1.25 75
Sand <7 5–7 0.28 1.25 90
Sand <7 7–10 0.32 1.25 100
Sand <7 10–20 0.35 1.25 120
Loamy sand <7 <5 0.36 1.25 120
Loamy sand <7 5–10 0.44 1.25 140
Loam <17 <5 0.26 1.25 90
Loam <17 5–10 0.32 1.25 110
Loam <17 >10 0.35 1.25 120
Clayey loam >17 <20 0.44 1.75 200
Clay >17 >20 0.52 2.00 230
Clayey peat – – 0.60 1.25 200

Van den Bos et al. (1999).
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4Fe2+ + O2 + 18H2O → 4Fe(OH)3 ↓ +8H30+ (6.6)

With the oxidation H3O ions are released, as follows from formula (6.6). This
can be responsible for a strong decrease of the pH in the water under treatment,
followed by a retardation of the oxidation process. Therefore it is important that the
pH of the water is sufficiently buffered, to react with the released H3O ions. The
pH buffer when available in well water mainly exists of HCO3. When the Fe is oxi-
dized, a good filtration is necessary to separate the precipitated Fe from the water.
In Fig. 6.9 effects of irrigation water with overhead spraying on plants are shown in
relation to the HCO3 concentration and the soluble Fe concentration in the irriga-
tion water (Van den Ende, 1970). Despites, soluble Fe is not highly toxic to plants,
it has different drawbacks when the concentrations pass certain thresholds. Summa-
rizing, following situations will occur, when the irrigation water contain substantial
concentrations of soluble Fe.

• Leaf scorching when sprayed over the crop, which especially occur when the Fe
can be insufficiently oxidized. For limits see Fig. 6.9

• Contamination of greenhouse construction, crops and harvested produce when
used for overhead spraying. The limits are denoted in Fig. 6.9

• Clogging of irrigation systems as mentioned in Section 6.3. This occurs with all
Fe soluble in primarily irrigation water and the clogging get worse with increas-
ing concentrations.

See also Section 7.8 about effects of Fe in irrigation water.
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Fig. 6.9 Effects of soluble Fe (μmol l−1) in the irrigation water on crops when used for overhead
spraying in relation to the HCO3 concentration (mmol l−1). After van den Ende (1970)
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6.5 Water Supply

The water supply during crop cultivation ultimately results from three main factors
being:

• The uptake of the crop and the evaporation of the surface as discussed in Section
6.2

• The inequality resulted from differences by the plant uptake as well as by the
distribution of the irrigation system as discussed in Section 6.3

• The leaching requirements determined by the water quality and the accepted salt
accumulation in the root zone, as discussed in Section 6.4 and will be calculated
by formula (7.4)

Thus, the water supply during cultivation can be formulated as follows in formula
(6.7).

Sw = E

(1 − I)(1 − LF)
(6.7)

In which

Sw = water supply
E = estimated transpiration of the crop as denoted in the formulae (6.1) and

(6.2)
I = inequality factor as discussed in Section 6.3 and calculated with the aid of

formula (6.4)
LF = leaching fraction as discussed in Section 6.4

The inequality factor and the leaching fraction are multiplied in formula (6.7),
because both factors are mutually independent.

Despite the reliable relationships found between the water uptake of plants and
the different explaining climatic factors, under practical conditions serious errors
occur, like shown in Fig. 6.10. The reason of such errors will be explained by dif-
ferent minor factors as presented by De Graaf (1995) and inaccuracies and devia-
tions of the models developed. Such errors especially in substrate systems easily can
deregulate the water management, because of the small water storage available in
the root environment. Therefore, for substrate grown crops a system for water sup-
ply has been developed with a feed back on the amount of drainage water (De Graaf,
1988). To this purpose the amount of drainage water will be measured and depen-
dent on the results the estimated water requirement is adjusted. With frequent irri-
gations, like often occur with substrate growing, the length of the interval between
the irrigation periods is adjusted. With less frequent irrigations better the length of
the irrigation period can be adjusted.

For soil grown crops the measurement of the amount of drainage water is for
the greater part impossible. Therefore, for soil grown crops in situ measurements
of the moisture condition of the soil are valuable with the possibilities of adjust-
ment of the results calculated by the models developed. The traditional tensiometer
offers such possibilities. Drawbacks of these apparatus are the difficulties with the
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Fig. 6.10 Water uptakes in relation to the global radiation of rock wool grown tomato during two
days in April. The water uptake was calculated following the model after Voogt et al. (2006b)
and measured with an automatic balance. On the left a good agreement between measured and
calculated uptakes, while on the right this agreement is disturbed

interpretation of the results, the susceptibility for errors and the accidental place-
ment. Last factor is due to placement on a possible dry or wet spot, originated by
irregular distribution of the irrigation water and this of the water uptake by the plant.
These facts emphasize the need for alternative methods to get an acceptable view on
the average situation. Nowadays, electronic measurements become available, like
the WET sensor (Balendonck et al. 2005), based on measurement of a dielectric
constant of the substrate (Hilhorst, 2000). Results of such measurements are promis-
ing, like shown in Fig. 6.11. The WET sensor showed reliable results during a period
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Fig. 6.11 Water contents measured in a loamy sand soil in a greenhouse at three depths with the
WET sensor and the water supplied by irrigation. Data derived from Voogt and Balendonck (2006)
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of 40 days. Although the experience with such systems is restricted, the advantage
of this method is the direct translation of the measured value to the moisture con-
tent of the soil and the slight susceptibility for errors. The drawback of the errors
of the measurement by the placement on an accidental spot, as mentioned for the
tensiometer will be operative too.

The strong development in the electronic measurements and computerized man-
agement in the water use and water supply is a helpful tool in the validation and
calibration of the theoretical models developed for water supply. The frequent mea-
surements in systems in action offer excellent opportunities for the development of
self-learning models. With such models the estimations of factors attributed to the
parameters in existing models can be improved and effects of new parameters can
be estimated (Elings and Voogt, 2008).
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