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\ : | CHAPTER I
| ' INTRODUCTION‘ |
L1 Background -
The ability to control greenhouse environments has resutted in the production of
: y
consistet;tly “high quality tomato crops by expert growers. " The use of hydroponic
' growing systems has especially enhanced the opportunity for plant growth control.
Hydroponics invoives growing crop‘s in a solution culture, or in a soiliess Imcdium such as
rockwool or perlite which has a high holdfng capacity for both air and water. The main
advantage of growing hydroponically is that the plant roots obtain minerals only from 1!;e
solution supplied to tliem; therefore, l;ess énergy and growth are required to oi:utain the
nutrients -‘compared to plants grown in soil. Another advantage of hydroponics tha} there
" is less chance, whet.a compared to growing in a soil, for plant roots to get infected by a
disease.
In order to obtain high quality hydroponic crops, icey tests and\decis\iOns must be
conducted and made on a daily bas'i‘s throughout the entire crop production. A key test in
this study was defined as a measurable variable that was relaied to a controllable factor.

The variables could have different recommended values from one growth stage to another.

At all times, however, controlling the key test variables were critical to the growth of the

highest quality crop.



Identif).ring the key tests as well as their obtimum ranges are not gufﬁcian in
themselves to produce high yields of high quality fruit. Quite often the test res..ult may
not fall wi.lhin the required optimum range. Many growers have insufﬁéient knowledge
of the kinds of adjus\tments_ that are needed to correct such test result. Alsb, sometimes
there will l';-e more tljan one unacceptable result from different tests ét wl;ich time,the_
- grower will need to decide on the most critical ones and deal with them accordingly.
Because the gleéision proce;s is continuous, occurring dgily (and somet:imes hour(ly) over
many months, all growers, regardless of their size and experience, make a Isigniﬁcant |
number of décis’ions’ﬂuoughoul the entire tomato production.h Consequently, the chance
for mistakes is highly ;;robable. Thus, there is a treméndous opportunity for an integrate_d
decision model that would guide the grower through tests that n;aeﬁ to bt;: conducted,
decisions that need to be ma&e, and practices that need to be perfog‘med on a timely basis.

Such a model should reduce the chance for mistakes and save growers time and effort,

thus making them more efﬁ&fent and more able to produce high yield, high quality fruit.

B -~



The general objective of this research was to de\{elop.gn integrated decision model
for a hydrbponii: tomato grower that would prioritize by probability the necessary actions
‘to produce high yield, high quality tomate fruit. This was done by achieving alhe
-fol:lowing specific objectives: SR

- . ’

1) Identify the necessary key tests to produce high yield, high ?uality fruit,
2) Identify the acbeptablq optimum ranges for the resuits of each test.‘h
‘3) Identify the appropria:te action-required based on the results of the test. -
4) Prioritize the neéessary actions using the utility theory of decision analysis.

5) Develop a computer decision model to carry out objectives 1 - 4,

6) . Validate the computer decision model with experts recommendations.
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CHAPTERII

| ~ HYDROPONIC GROWTH STUDIES-EXPERIENTIAL

2.1 Introduction

The first objective of this study in developing a hydrop_onic deci;i_on model was to
identify key tests and actions ;v_:cessary for iJroducing hlgh yield, high quality tomato
fruit. The first two acti\./ilies of this research were to attend a week-end grower school by
CropKi;'lg, Inc., Medina, Ohio, and to do a tomato crop growing experience in a
gre;énhouse, using hydroponic techniques. ’This chapter explains the CropKing school
and the experién‘tial study procedures. For the experiental study, the list of equipment

used during the experiment is given. '‘Also, the results of the experiential study are

presented.

23 Greenhouse Growing Intensive C

When this research started, the researcher was a novice grower without any
experience or background on growirig greenhouse crops. In order to cover as much

information as possible and to gain as much knowledge as possible about the growing

LI

"4

process, a two day intensive course on growing hydroponic tomatoes wag taken.
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The course was offered ‘by CropKing, Iné., Meina, Ohio! one of the most
_ , : A ¢

_ prominent' companies nationwide in the area 6f hydropor{ics. The key subjects covered in
the school included the different factors affecting successful production throughout the
growing stages of a tomatc; crop. It especially indluf!ed the cultural éractices necessary-to
produce a high quality, high yielding crop. The classification of the hydroponic tomato

" production into five growing stages was learned from the CropKing school and l.]SCd
throughout this research. 'Ihé widely experienced horticulturist of CropKing who
instructed the course, continuéd to be.a key source of information for producing a high

quality crop throughout the experiential phase of this study. : S

An experiential production experiment was carried out in the Select-A-Shade
(SA‘éj‘igfeenhouse located at the Ohio ;\gricullural Research and Development Center
. -(OARDC) in Wooster, Ohio. The greenhouse was desigﬁed at the OARﬁé to study

energy requirerents and to control solar radiation. The greenhouse floor area was 7.3m’.

Seeds of tomato cultivar ‘Carusse’ were sown on February 10, 1994 in small

rockwool cubes of size 1.5". Plants were then transplanted into 3" rockwool cubes on .

March 8, 1994. On April 7, 1994, twenty-seven plants were transplanted into perlite bags

" at a plant density of 2.5 plant/m? with three plants per bag. Groups of three perlite bags



6
were plaéee'on a greenhouse bench (4x3.5ft? ). The exgeﬁmehr was conducted under

Ohio solar light conditions.

The air temperature inside the SAS greenhduse was controlled by the Greenhouse .

Environment Manager 3 (GEM3) computer softwgre developed by the QCOIC! corpany.
-When the air temperature inside the SAS greenhouse fefl below the air temperature set
, points, the QCOM system closed the-rutside ;aent and turned on the unit heaters 1 .and/or
2 depending on Ithe. extent to which the SAS air temperature varied from the air
te;'nperature set points. In this case the recirciilation fan would be on. When the air
temperature inside the SAS was higher than the air temi:erature set pointe; the QCOM
system opened the outside vent of the SAS greenhouse and the recirculation fan would be
-off. If the air temperature was still too high, the pellet roof of the' SAS was used to shade

the greenhouse.

2 3 ‘ n | ! ,- .|b S I
All of the measuring devices were connected to a Kaye Digistrip IIT 48 channel
data logger, from Kaye Instruments, Inc., Bedford, MA. Each measuring sensor was

connected to one of the channels. The data logger recorded the readings in mV, and then

converted the readings into °C for the temperatures, into ppm for theCO,, into % for the
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RH, and into Wm® for short wave rﬁdi@tion. The data were then transferred to an MFE -

tape recorder from which data was loaded into a PC computer.

2.3.5 Dry-Bulb Temperature Measurement A
The dry bulb temp'éfamre inside the' SAS greenhouse was measured by two
different systems. The QCOM control system measured the air temperature every minute
througﬁ a solid state sensor, mogel HP-200A and recorde‘d the average of values every
ISmin. The dry bulb tempem@e was also measured by an aspirated 0.04" stainless steél
type (T) thermocouple. One of the thennBcoﬁple terrninals was attached to the IKaye
" Digistrip 111 and the other one was; placed 1inside an aspirated housirfg made by PRIVA

company. The PRIVA unit was located in the middle of the greenhouse immediately

above the plants.

2.3.6 Root Temperature Measurement

Atype(T) t'hcnndcouple was used to measure the root temperature through;:-ut the
experiment. In the beginning 6f ;hé experiment the thermocouple was inserted inside one
of the 1.5" rockwool cubes to monitor the temperature inside the media where the tomato
'séeds were germfnating. After the plants were U'ansplar;ted into 3" rockwool cubes, the
thermocouple was relocated to the large cube. Finally, after the large cub;s wefe
transplanted .into the perli;e bags, the thermocouples were inserted into the bag to

L] -~ ]

continue monitoring the temperature of the perlite media where the roots were growing.



The measurements of the total short wave radiation were measured by an Eppley
radiometer, model 8-48 from Eppley Laboratory- Inc., Newport, R1. One of the :
radiometers was located outside the SAS greenhouse, and the other one was located in the

middle of the SAS greerl:house above the plant canopy.

238.3 lllc ll tlcl C | l

The relativébhumidity (RH) inside the SAS greenhouse was controlied b‘y the
GEM3 computer software from the QCOM company When the RH inside the SAS

greenhouse fell below the RH set points, the QCOM system turned on a hurmdlf er that

raised the RH to the optimum level.

“\

3.9 Relative Humidity M y

‘ A digital humidity analyzer, model 911 Dew ALL from EG&G Inc., Burlington,

-

MA, was used to measure the dew point temperature inside the SAS greenhouse. The
data acquisition system was programmed to calculate the RH from the dew point

temperature and the dry bulb temperature readings.

¥

2,3.10- CQ, Measurement
_ A CO, analyzer, model Lira 202 from Mine Safety Appliance, fa'ittsburgh, PA,

) . )
was used to measure the CO, concentration inside the SAS. The CO, ‘measurements

were recorded by the Kaye Digistrip III.
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The electrical conductivity (EC) of the feeding solution was measured using an

4

EC meter from the Cole Palmer Company. Also the EC of the tomato growing media

- was measured using the same EC meter. In the beginning of the experiment the growing -

media consisted of small rockwool cubes followed by large reckwool cubes. The large *

E

- cubes were later transpla;med into perlité ‘bags. Since the EC of the solution inside the

growing media is very critical for proper growth of the plants, the EC was checked daily

by sampling from all the rockwool cubes, and then from all the perlite bags. If the EC
value did not fall within the acceptable EC range for the given growing stage, a proper

measure of adjustment was carried out as will be described in the next section.

o If the EC 'of the feeding solution was lower than the specified optimum level then '
fertilizer concentrate was added ‘carefully to the nutrient solution i;l order to bring the
EC up to the desired level. The amount of concentrate added was recorded for the
following solution preparation. |

¢ If the EC of the feeding solution was t0o high, the solution was diluted by carefully
adding water to the feeding solution. The amount of water added was recorded for
the following solution preparation'.

e [f the EC in the cubes or perlite bags was too high, then the EC level of the feeding

solution was checked first and adjinétqd if necessary. If the EC level of the feeding
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solution was correct, the volume of irrigation was incréased to leach the growing

" . .
media and eliminate the accumulated concentrates. During the leaching process,

samples were taken from the growing media to check whether the desired EC level
"

was reached.

The pH of the feeding solution was measured using a pH meter from the Cole

Palmer Company. Also the pH of the tomato growing media was measured using the

same pH meter. Since the pH of the solution inside the growing media is vlery‘ critical for
proper growth of the plants,- the pH was chet;kéd regularly by sampling from all the
rockwool cubes and then from all the periite ba!gs. If the pH value did no‘t fall withiﬁ the
accepiable pH range for th; given growing stage, a proper measure of adjustment was

carried out as will be described in the next section.

o If the pH of the feeding solution ‘was lower than the specified optimum level,

.

potassium hydroxide (KOH) solution was added carefully to the feggmg solution.

The amount of KOH added was recorded for the followi'ng solution prepgration. .: :
o If the pH of the feeding solution was too high, then sulphu;ic acid (H,SO,) was added

carefully to the feeding solution. The amount of the acid added was recorded for the

following solution preparation.



. : _ .

o If the pH in the cubes or perlite bags was too high, the pH level of the feeding
solution was checked and adjusted if necessary. . If the pH level of the feeding
solution was correct, the volume of irrigation was increased to leach the growing

media with the pH corrected solution. During the leaching process, samples were

taken from the grow‘;ng media to check whether the desired pH level was reached.

Wz{ter analysis was done regularly in the Research Extension Analytical |
Laboratory (REAL lab), located at the OARDC in-Wooster, OH. The amount of each

macro- and micro-nutrient element needed for the feeding solution was determined based

-t

on the lab results.

A sample from the'feediné solution was also taken regularly for a macro- and
micro-nutrient anal}'si.s that was conducted in the REAL lab: A tomato leaf analysis was
conducted regu!ar!y't;) check the macro- .'andlmig_ro-nutrient disn'illmtion in the tor;';ato
-plant. The sample was taken from /tl}g,,lcéf e;nd petiole below the highest cluster with
green,‘golf-ball-sizcd fruit. The sample position was very critical bec:ause, if Fhe sample
was taken from above the right positionl then some of the nutrients like Calcium would

R \
not fall within the expected range. Also, samples were not to be taken from a place near
the base of the plant, as this could indicate the presence of some nutrients that coula be

missing from the current nutrient solution: Missing ntitrients were most apparent in an

analysis of a relatively new leaflet.

-
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Two different mitrient programs were used throughout the expeﬁmeqt. The first
nutrient program, ca;l]ed the normal brc;grmn, started immediately_ after the seeds were
sown and continﬁed until blossoms appeare;;l on the second clustelz The second program,
-callé;d the bo-osted program, was pﬁt into effect aﬁe; the appeara;1cé of the second' cluster

and' continued to th:e conglusion of the experiment. Table 2.1 shows the composition ‘of

th(_:: macro- and micro-nutrients applied during the first and the second programs.

Tablc;. 2.1 The Macro and Micro Nutrients Composition of* the
Feeding Solution for Experiential Studies of Tomato

Growth
. N Element ppm for the normal | ppm for the boosted
T R program* program**

-} Nitrogen (N) . 200 ) 275

Phosphorous (P) 50 50
) Potassium (K) - 350 440;

Calcium (Ca) . X 185 225

Magnesium (Mg) 45 .60
Iron (Fe) 1.05 1.05
Manganese (Mn) 0.75 0.75
' Zinc (Zn) ' 0.33 0.33

R | Copper (Cu) ~ - 0.1 0.1 ”

‘ Boron(B) = 0.35 ‘ 0.35
“ Molybdenum (Mo) ' 0.04 0.04

%

»

* Normal program: Started immediately after the seeds were sown and continued until
, .. blossoms appeared on the second cluster. |
** Boosted program: Started from the appearance of blossoms in the second cluster and
continued to the conclusion of the experiment

o



2.3.16_Irrisation Control

Drip irrigation was used for _irrigaling the tomato plants inside the SAS
greenhouse.  Irrigation scheduling was controlled by the GEM3 computer software
developed by the QCOl';f company. The GEM3 software was programmed to control a
timing .devicc, called a timed irrigation commander, based ‘on a predetermined irrigation
cycle. The timed irrigation commander was connected to a water pump immersed in a
feed.ing tgnk which supplicd.the feeding solulion)vto the irrigation tubes and then to the
perlite bags through drip emitters.

During the germination stage, a warm nutrient solution (pH corrected 5.5 to 5.8)
(with an EC of 1800 pmhosa‘cmj was applied on the top of the rockwool cubes. The
irrigation emitters were calibrated to give 56.7 gm/plant/hr during the daylight hours in
~ the beginning Mof the experiment, th;:n 113.4 gm/plant/hr durihg the day-light hotirs after
the plants were established in the bags. Bgginning at the vegetative phase, the feedin"g

level . was sometimes increased to 141.8 #nd 155.9 gm/plant/hr, depending on the growth -

“ Siagé and the lighting coryﬁfi - This was determined by regularly checking the -

moisture of the bags. .
At the beginning of the experiment, the emitters were placed directly on the
- rockwool cubes. After the cubes were transplanted into the perlite bags, the emitters were .

relocated Eo the pertite bags.



2317 Cultural Practices
The following cultural practices-were carried out regularly once the rockwool

cubes was transpfanted to the perlite bags:

1. Suckering started once side shoots came out.

[N

2. Pollinating, using an electric pollinator started when the first flower opened.
3. 'Supporting the plant started w_hcn the plants were transplanted into the bags.
" 4, Clipping, cluster pruning, and leaf pruning was done as needed according td

* CropKing recommendations.

2!! E + lolG ] B lI
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_ J: , Tﬁroughout the experiential crop growing experiment, a pumber of analyses were

[
!

coniducted to carefully monitor the growth of the tomato érop, and to correct any nutrient
or disease problem as needed. The experience and results of the analyses were a key
source in formulating Growth Activity Functions (GAF) used in the decision model. The

“GAFs are explained fater in the dissertation.-

1241 Leaf Analysis Resplts
* Regularly conducted leaf analyses showed the macro- and micro-nutrient

+composition in the tomato plant. The analyses were conducted at the Research Extension

i ;}nalytical Laboratory (REAL) at the Ohio Agricultural Ohio Agricultural Research and
g | . ' .

.I Development Center (OARDC). | The first leaf analysis was conducted during the
* vegetative stage on March 30, 1994 when a yellowish coloring was observed on the edge

.' Jy‘:»f some upper leaves. The results of the analysis indicated a high level ofK, a deficiency

{
I

S
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in Ca, and a low level of Mg (Figure 2.1). There were sufficient levels of the remaining
macro- and micro-nutrients. Following this leaf analysis, the normal nutrient program
suggested by CropKing was used. Figure 2.2 shows the results of the next leaf analysis

during early fruiting stage conducted on April 18, 1994 where both the Mg and K levels

became sufficient and the Ca level remained insufficient. . ‘\

o+

Level 3: Fligh  Level 4: Excess

I‘ Level 0: Deficient Level 1: Low  Level 2; Sufficient

Level

Element

Figure 2.1 Leaf Analysis Results on March 30, 1994
(Vegetative Stage) of Experiential Studies *
of Tomato Growth

There were two causes identified for the Ca deficiency in the plants.” Some of the
plants were infected with crown root rot disease and the leaf samples were taken at an

inappropriate location. The disease problem was corrected using the chemical Benlate
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and the sampling problem was corrected by taking the samples of the leaf and petiole
below the highest cluster with green golf-ball sized fruit as instructed by the REAL lab.
The correction of both problems is clearly demonstrated in Figure 2.3 with a leaf analysis

during mature fruiting stage on August 30, 1994 indicating sufficient levels of all macro-

and micro-nutrients.

T

I .
| Level 0: Deficient  Level |: Low Level Z; Sufficient Level 3: High  Level 4: Excess

| ’
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Figure 2.2 Leaf Analysis Results on April 18, 1994
s (Early Fruiting Stage) of Expericatial
Studies of Tomato Growth . $
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Figure 2.3 Leaf Analysis Results on August 30, 1994
(Mature Fruiting Stage) of Experiential
Studies of Tomato Growth
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2.4.2 Water Analysis Results
The water used in the nutrient solution throughout the experiment was analyzed
monthly at the REAL lab. Table 2.2 shows the water analysis results for three
consecutive months where the composition of the macro- and micro-nutrients of the
feeding solution were determined based on these results. The pH for the water for the last

two months shown was 8.1 and 7.2 respectively and the EC for the water for the same

two months was 670 and 660 p mhos/cm respectively.

Table 2.2 Irrigation Water Analysis Results for Experiéntial

Studies of Tomato Growth
L
Elemént Value (ppm) on | Value (ppm) on | Value (ppm) on

y 04/18/94 05/16/94 06/06/94
Phosphorous (P) <0.10 <0.10 0.10
Potassium (K) 1.87 3.34 1.80
Calcium (Ca) 73.90 72.00 . 74.70
Magnesium (Mg) 25.60 26.90 26.70
Sodium (Na) 21.20 © o 26.90 34.00
fron (Fe) <0.06 <0.06 <0.06
Manganese (Mn) <001 -~ <0.01 0.01
Zinc (Zn) 0.03 <0.004 - 0.055
Copper (Cu) <0.02 . <0.02 0.08
Boron (B) ) 0.09 ‘ 0.10 0.15
Nitrate-Nitrogen ‘ 1.00 ' < 1.00
Sulphate-Sulfur 21.00 _ 19.00 17.00
Cliloride 55.00 61.00 71.00
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The feeding nutrient solution was analyzed regularly at the REAL lab. The first

column of Table 2.3 shows the concentration of the nutrient solution for the normal

- feeding program as detailed in Tabie 2.1. The second and third columns of Table 2.3

o - :
show the concentrations. of the nutrient sélution for the boosted feeding program on April

“4

28 and May 16, 1994 as detailed in Table 2.1

s

’L—;
T

’\‘r I "F w Y
. . T oLs
Table 2.3 Nutrient Solution Analysis Results for'@)‘(periential

Studies of Tomato Growth _ -

LR

Element Value (ppm) on | Value (ppm) on | Value (ppm) on
04/18/94 04/28/94 05/16/94

Phosphorous (P) . 5240 36.10 29.10
Potassium (K) ¢ 348.04 303.49 218.15
Calcium (Ca) - 195.90 154.30 168.80
Magnesium (Mg) 47.60 42.10 42.30
Sodium (Na) - 4.80 . 11.60 38.60
Iron (Fe) 0.90 11.48 0.42
Manganese (Mn) 0.84 0.69 0.5]
Zinc (Zn) ) . 0.397 0.448 0.297
Copper (Cu) 012 - 0.10 0.09
Boron (B) 0.40 0.29 0.38
Nitrate-Nitrogen 250.00 185.00 165.00
pH 5.8 5.8 5.8
EC (umhos/cm) 2280 1980
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Th;: nutrient solutioﬁ analyses showed twp key results. First, it showed the
composition raiio of the macro- anc! micro-nutrients of the feeding solution for each
analysis and whell_)er these ratios were fed as recommended for both the l;onnal and the
boosted progn"ams. Second, it showed the pH and the EC of the feeding solution,
respectively. Although tﬁe pH and the EC results do not repllesent the kind of daily

results expected for such tests, they confirmed the maintenarice’ of the optimum

. -

recommended levels.

e
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LITERATURE REVIEW

3.1 Introducti L.
T 1
The key tests identified from the CropKing-grower school and the experimental

study included root temperature, electrical conductivity of the feeding solution and pH of

the feeding solution, greenhouse air relative humidity, and greenhouse air temperature.

This section reviews the studies conducted by other researchers in the field on the

identified key tests. It also investigates the significance of those tests in establishing

optimum growing ranges to produce high yield, high quality fruit.

[

\'{he body o{ research done on root temperature (RT) rcveals that it has a
signiﬁca;u influence on plant growth and develop_rﬁent, particularly in terms of dry
weight gain, plant height, root exte;1t and form, leaf expansion and form, flowering, and
fruit.ilng. There have also been several studies done on the iqﬂuence of RT on the

processes of photosynthesis, respiration, water absorption, and transpiration,

21
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Root temperature was even studied as a means of ovércoming the disadvantages
of rt*.:ducing air temperature in greenhouses. Air temperature was reduced to save fuel, but
both growth rates and fruit harvesting we;e delayed. The following summary of key
studies describe the optimum growing rgngés for the RT l;ecessary for ducing a high
quality crop. ‘

Jénes et al (1978) found that tomato crop productivity could be maintained under
reduced night air t‘-emperatureJ(9°C) when roots were warmed up to 24°C." Also, Gosselin
and ‘Trudel (1983) found that maximum tomato growth was obtained at a higher root
temperature when night air temperature was reduced from 21 to 12°C, |

Abdelhafeez et al. (1971) stud?ed the effect of soil and air temperature on growth,
de\felopmenl and water use of tomatoes in two series of trials. In one triai, tomato plants
were grown in a glasshouse without air temperature cont_rol at soil tempera;ures ranging
from 14 to 29°C. In the other trial tomato piants were grown in éhytbtrori glasshouses at
constant air temperatures of 17, 21, and 25°C and at soil temperagures ranging from 12 to
30°C. The experiment started on the first week of April, and the treatments were applied
three weeks after sowing. Growth was reduced at soil ternperatures below 20°C, whereas
the differences between the effects of soil temperatures in the range of 20‘;C to 30°C were
only small and irregular. The authors mentioned that this result agl:ecd with that of
Fujishige and ‘Sugi)'fama (1965), whereas Abdel Rahman et al. (1959b) rep;med a-inear
increa<e of leaf area with increasing soil temp(eratures between 17 and 30°C. An air

temperature of 17°C also reduced growth during this period, compared with 21 and 25°C.
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They also concluded that generative (tﬁe trusses with flowers and fruits)

dechOp:ment was not generally influenced by soil temperature; a low air temperature
(17°C) resulted in a late, but relatively rich flowering. After Me weeks, there were no
open flower;:. in the glasshouse and in the phytotron compartment .with an air temperature
of 17 °C. At air terﬁpe_ramres of 21 and 25°C, the percentage of open flowers in the first
truss was 15 and 50, reépectively.

The authors also'foun_d that during the last three weeks, the total dry-weight }
increase was not affected by the soil temperature and only sﬁghtly by the ?air ;empefa"tﬁre,
being relatively low at 17°C. The)} concluded that there was an increase;l earliness at
higher air temperatures. A greater part of the dry matter produced was used for fruit
o Idevelopmjent, resulting in a strongly reduce;:l: vegetative growth at the highér air
tempt;ratures. Asa con§equeqce, plants at 21 and 25°C sho'yved relatively thinl stemns aﬁd
the yielding capacity was reduced, They added that constant air temperatures of 21°C or
higher forced the tomato plants into su.ch a quick development that a desirable balancé
between vegetative and generative growt}ll was lost. They added that a similar -éﬁ'ect of
air temperature on earliness and capacity was reportedl by Abdelhafeez a:hld Verkerk

} _
(1969). The authors also reported that-at 22°C, the plants apparently could maintain a
favorable water balance during the day ;\rithout stomata} closui'e.
_Hurewitz and Janes (1983) studied the effect of altering the root-zone temperature

on growth, translocation, carbon exchange rate, and leaf starch accumulation in the

tomato. They grew tomato seedlings hydroponically at constant root temperatures
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ranging from 10 to 38.7°C for a 2-week period commencing with the appearance of the

first true leaf,

The tomato plants showed an increase in growth as the root temperatures

increased from 10°C to 30°C. They observed a sharp increase in growth when plants

*

were grown with a yoot-zone temperature of 15.6°C as compared to 12.8°C; Plants
t .

grown at root-zone temperatures of 18.3 °C and below had thicker darker green leaves

with increasing purplish coloraiion on the underside. Their roots wére short, thick, and
buncheci as, opposed-to plants grown at warmcler root zone temperatures (26.1 °C and
above) where roots were long, thin ;cll‘ld profusely branched. The differences in leaf
morphologies were reflected by the higher specific leaf areas (dm’/g dry weight) from
plants grown with a rpot-zone leniperature of 30 °C as opposed to 15.6 °C. They cited
Cooper (1973) as he attrib;uted the effect of root-zone temperatm:e on the growth response
of tomato seedlitigs to the partitioning of dry matter between the root and shoot during
germination and the ﬁrét true leaf development.

The authors also mentioned that an environment which provides i‘or satisfactory
root growth should also benefit the shoot growth. Cool root-zone temperatures are
capable of inhibiting and'wann temperatures are capéble of stimulating plant growth
when air temperatures are. not limiting to grbwth because vital, temperature-dependent
processe's whichr occur in the root also exert control over the sh@t.

*  The authors concluded that root zone temperature had an indirect effect on the
carbon exchange rate since plants grown in hi grher .root zone temperatures up to 30°C had

Al
-



-

-~

25

greater leaf arecas. The higher carbon exchange rate leaves were aassumed to be more ~

. b .
photosynt}letically active than leaves of plants grown at warmer or cooler root-Zone

temperatures. ‘They reported that roots of plants -grown at excessiw_:ly warm root-zone
temperatures (abc:ve 32.2°C did not live if they remained in direct contact with the
nutrient solution. ‘The authors concluded that the Opti}nal :oot-zone ternperaturé for
seedling growth based on fresh and dry weight as well as leaf area was 30°C. .
Gosselin® and Trudel (1984) studied the iqleracticgns between root-zone
te@peralure at}d light levels on growth, development and photosynthcsfs of lycopessicon
esculentum mill. cultivar ‘'Vendor'. They al‘sﬁ related these ﬁndihgs to crop productiviéy
and plant photosynthesis. Six-week old tomato K;;Iants 'we're‘ ‘'subjected to 5 root-zone
;;empei'aturesl. ranging from 12 to 36°C (12, 18, 24, 30, and 36°C, and four Iight levelsina

factorial design. At the end of i_he experimeh_t, fresh and dry weight of shoots and roots

. were determined and the number and the weight of fruits. for each of the first 2 clusters

were recorded,

They observed large increases. in shoot dry weight, leaf area and fruit

. development with soil temperatures ub 10 24°C when plants were grown under high light

* conditions.. Shoot growth and fruit weight were reduced at'a 24°C root temperature under

low light conditions. It was suggested that this may account for flower abscission and

poor fruit set observed in some soil temperature studies conducted in the winter. months.

Théy also suggested that low tomato yields may have resulted from poor 'ligl"n;ti‘ng

conditions. When soil temperature rose above 17°C

/
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Maletta and Janes (1987) studied the interrelation of root and shoot temperatures
on dry matter accumulation and root growth in tomato seedlings. They condﬁgted three
éeparate experiments in which tomato seedlings were grown at root-zone temperatures of
21, 26.5, and 32°C. Each experiment differed in the air temperature (11, 16, or 21°C) of
the growth chamber. Optimum root temperature, as indicated by dry weight, was 26.5°C
except at the lowest air temperature (11°C) where it Was‘ 32°C. Optimum root
temperature, as indicated by root length, was 26.5°C at all air temperatures. The rate of
incre‘a—se in root length was reduced at the lowest air temperature (11°C) and when oot
temperature was at 32°C. Relative g;&ﬁﬂh rate was decreased at 1the lower air
temperatures and when root tefnperaturc was 32°C. Air t'eﬁperaturc had a greater effect .
than rgot Itemperature ;)n relative growth rate except when the root temperature was above
-26.5°é; - o ,

:%The authors also mentioned that their data supports the hypothcsis. that, once the

: 4 .
root sys;'ftcm is established,'air‘temperature may becomf: important fb; conirolling top
. growth %_i:»roces‘ses. They speculated ‘that the adversel effect which the 32°C root -

temperatiurc had on plant growth at 16°C and 21°C air temperature may be related to the

reduced i‘ate of root elongation at that root temperature,

s

“

fTi‘ey also said that root zone heating may be useful in optimizing growth at a
; | - . - .

given eiir temperature.  However, they mentioned that maintaining higher root °
] _ - : :
tem;:w:_rzj;tures~ is unlikely to offset the growth limitations at lower air temperatures except

for ea.fly in the season, and continilous high toot temperatures were detrimental to

i‘ -

i
o
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growth. They added that the inlcrrclalioﬁé;hip of rool and shooé actjvity ultimalély
determines the, outcome of plant growth, so the lcmiacralurc environment of cach
component is important. |

Cornitlon (1988) studied the influcnce of root temperature on tomato growth and
nitrogen nutrition. Young tomato plants werc grown in nutrient sdlution at cbnstam
temperatures of 12 and 22°C. Seeds of tomato were sown on September iO and
germination took place between eight and ten days later. Both treatments of 12 and 22°C
root temperatures wer;: applied bet_wecn the October 19 and November 7.

The author found that the tomato feacted strongly to the change in root
temperature from 22 to 12°C; plant dry weight and water uptake were lvessaihan 70% of
that observed at 22°C. He cited that Cooper in 1973 implied that the increase of r;)ot
tempcran;re acts favorably on the water and nutrients absbrplion. |

The hauthor relaied the change in growth belvirqeh 12 and 22°C to a change in the -
pl'am nitrogen nutrition. NO3 accumulatec!ﬂ in the root, showing that no substantial
change occurred in the nitrate u]:;ta'lce when the root temperature was low. Also, he
mentioned that the root nitrate reductase activityincreased when the temperature ’

decreased because the NO3 accumulated in the root, He cited Gosselin et 4l (1984) as
one who had similar results. *

Kennedy and Peég ( 198_9) studied the effect of root zone temperature on root rot
symptom dévelopmcnt in tomato cul-tivars Counter and Calypso grown in rockwool

culture. Both tomato cultivars were sown in November and grown in blocks and watered

.
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- with a nutricnt solution with pH of 6 and EC of 2500 pmhos/cm. After }hg emergence of

the first truss, plants were placed on 30 cm wrapped rockwool slabs (1 plant/slab).
Vegetative growth was restricted Iundcr low light conditions by increasing the
conductivity of the nuirient solution to 6000 pmhos/cm. The pH and the conductivlity
were monitored daily and maintained at 6000-6506 and 6000 pmhos/cm, Glasshouse air
temperature was m;iintained at 18-20°C during the day and 14-16°C at night.

The plants were inoculated after. developing nine trusses with Phytophri;}a
cryplogea. After three days incubation at an ambient teniperature,'conli;uous block and
slab temperatures of 15 and 25°C were imposed. They concluded that b:th cultivars,

maintained at 15°C, developed acute aerial symptoms and subsequently died. Plants at

the higher temperature remained symptomless for the three month duration: of the

_experiment. They added that the root zone temperatures affected disease development in

two ways: by altering root grov;th in host plants and by reducing inoculum ﬁro@uction by
the pathogen.

Tindall et al. (1990) studied the effect of root zone temperature on‘nutrient uptake
of tomato, T:lwy grew tomatoes in growth cl]mnbers under six root zone temperature

treatments: 10, 15.6, 21.1, 26.7, 32.2, and 37.8°C. The freatments were applied two

- weeks after the seedlings reached 8 cm in height and lasted for two weeks. Ambient air .

temperature was kept at 21.1°C.. All treatments received the same nutrient
concentrations. Light intensity in the chamber was kept at 390 mE m-2 s-2 with a
light/dark period of 14/10 hours. Solution samples were taken at the end of each week 1o

¢
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determine liulricnt uptake. Plant hcight'angl water uptake were measured daily and
solution pH was monitored every other day. The pH of the solution was controlled at 5.8
+ .03. The authors reported that lhcdmajority of macro- and micro-nqtrients showed a
trend in increased uptake from 10 to 25.7°C, with a steady decrease in uptake for all
hutr_icnts at higher temperatures. Tissue analyses showed that low levels of N were found
in the 10 and 37.8°C treatments while all other treatments-had sufficient levels. Both Kl
and Mg had significantly lower levels at the 10, 15.5, and 37.8°C treatments. Also, the

tissue analysis showed that P and K was significantly lower at 10, 15.5, and 37.8°C.

Tissue content of Fe, Mn, and Mo showed no difference among treatments while Zn was

significantly lower (t;;t nbt deficient) at 3?.8°C, B and Cu were significantly lower (but

not deficient) at 10°C. They added that temperatures less than 20°C and above 30°C
probably greatly lmpaxr nutrient absorption and water uptal.ce. They also concluded that
nutrient uptake for each element general‘ly peaked at 26.7°C, R |

" Root dry weight incgeased significantly with increased temperature until 26.7°C
and then steadily decreased. Roots at 10°C sho_wed poor elongation with somewhat
larger diameter roots, but had a smaller number of roots. At 15.5°C, roots were slightly

more elongated but had considerably more density. There was little visible difference

~ between roots at 21.1 and 26.7°C, both being very dense with good elongation. In the

32.2°C  treatment, root density was approximately the same as in the two lower

Ll

" temperature treatments, but with 50% less elongation. Roots at 37.8°C were similar in

+ i
™ .

density and elongation to 10°C, but were very fine with very little branching and dark in
A

& i

~
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color. Shoot dry weight followed the sqmc pattern as the roots. Shoot elongation was
similar at intermediate tempcratures, but sharply reduced at 10 and 37.8°C. The height of
the plants at the conclusion of the experiment was significantly affected by temperature.

The authors believed that this was due to the effect of temperature on physiological

‘(enzymatic) factors of plant growth and on nutrient uptake.

Using regression analysis the authors fqund the opﬁ\n{al temperature for plant
growth, water use, and root respoﬁse to be between 21.1 and 26.7°C. \Thcy also
concluded that the optimum temperature was approximately 25°C for uptake of the
majority of mineral elements and gll measured plant' growth responses (Root and shoot
dry wei;lghlt, rate of shoot growth, plant height, and watcr-use). D

Abu Hadid (_I 991) rfacom‘mendéd. the optimum root temperature during the
germination and seedling phase to be beiween 22 and 25°C. During the vegetative phasé,
he rt;z;:ommelnded .an optimum level between 15 and 18°C. Dul:ing the early and mature

fruiting phase, he recommended the root temperature to be between 16 and 20°C.

CropKing, Inc. (1993) recommended the optimum root temperature range during

“the gnérmination phase to be between 25 and 26.1°C, during the seedling phase to be

between 19 and 20°C, and during the vegetative, early and mature fruiting phases to be

between 21 and 22.2°C, They recommended a minimum root temperature of between
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Scveral studies examined the effect of electrical conductivity (EC) on the growth

and yicld of hydroponic tomatoes llhroughout ll;e different growing stages. All veriﬁcjd
the significance of EC on the production of a high quality crop. |

Cooper (1972) studied tﬁe influence of container volume, selution concentration,

pH, apd acration on dry matter partitioning by tomato plants i‘l'l water culture. Seeds of

cultivar Minibelle were sown on October 7. The author observed that reducing the

solution concentration reduced the proporhq of the total dry matter partitioning in the
Y

roots during the first two weeks of seedling growth, but subsequently increased it slightly. -
He also found that the concentration of the nutrient solution did affect partitioning in

. !
young tomato plants. The more dilute of two solutions (one was full strength and another

was half strength) increased the )pr‘oporlion of dry matter going to the cotyledons,
primarily at th;a expense of the roots, _until approximateiy 30 days afler sowing.
Subsequently, a slightly higher prop‘cftiiﬁn oi: the total dry matter was found in the roots in
the more dilute solutiori. This increase in .the proportion in the roots was achieved
- initially at the expense of the ‘l.eaves, and subseque:n_tly at the expense of the stem.

'« Papadopoulos and Ren&ig (1983) studied the interactive effects of salinity and
nitrogen on growth and yield of tomato. Aﬁé_r om;, month from sowing, the plants were ‘
irrigated with basal nutrient solution ofECﬂof 1000 'p.mhosf'cm for 15 days. The plants

were subsequently grown in nutrient solutions containing 8, 64, or 120 ppm of NO3-N -

with salinity levels of 1000, 5000, and 9000 pmhos/cm. The authors observed a positive
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response of plants to increasing levels of N at the lowest initialesalinity level of 1000
pmhos/cm. At the high;:r initial salinity levels of 5000 and 9000 pmhdslcm, increasing
N was dneffective in c:)untcracting adverse 'Effectskgn;growth and yield caused by the .
presence of (fnhénced salt concentrations of the nulri?:ﬁt sqil.;tion,
Costa Iet al. (1986) studied the influence of saline irrigation on tomato under
ﬁrotected cultivation. They cultivated six hybrids and 48 highly homozygotic lines in
. Spain under a non heated polyethylene plastic-house. Two repéti_tions were carrigd out;
one of them was irrig.,ated-withvsweet water (water without salinity- problems) of 750
pmhos/cm concentration, and the other one with well water (salt water) of 3076
plﬁhosfcm concentration. Seed beds were selt in December and transplanted into the
" greenhouse in February, Saline vb;ater irrigation produced a 42% average production
decrease. Average fruit weight and fruit number, were not equally influenced; wﬁile.
saline water produced a 33% decrease on average ﬁ'ui} ‘weight, frait number were only -
reduced l;y 12%3 q
The use of saline water reduced the percentage of hollow fruits from 6% to 0% as
well as fruit vascular necrosis from 18% to 2%. However, the incidence of blossom-end
rot increased, pgrticularly on two of the hybrids, Sal_ine irrigation rillso affected vegetative
developmelit, reduced heighl,l vigor and stem thicknéss.
Ehret and Ho (1986) studied the effects 91‘ slaﬂlinity on dry mﬁtter partitioning and _
fruit growth in tomatoes grown in nutrient film culture. Seeds of tomato cultivar

Marathon were sown in peat-sand on three' occasions. Seedlings were transferred to
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‘cubes of robkwool and placed in the nutrient film iechniqﬁes (NFT) gullies when the buds

" of the first truss were just visible. Two gullies, each containing 15 plaﬁts were used for

LY

cach salinity trgatmcnt. Salt cpncemrations in the nutrient solution with an EC from 2000
to 17000 pmhos/cn were selected to investi gél_e effects of salinify both below and above
a typical grower level (3000-8000 pmhosﬁ;m), High ECﬂval ues were obttained by adding
more quantity of a concentrated solution containing KNO,; (100 g/I) and Ca(NO,),
(100g/). A minimum day.tempér.ature of ‘20°C, with venting at 21°C, and a minimum
ni ght'temperature of 16°C were muaintained and the pH was maintained at 5.8.

- Thcy observed that when the EC of the nutrient solution was in the range of 2000,
4'000_, and 6006 umht-)s!cm, neither the total plant dry weight nor the distribution of dry
matter m fruit, shoot and roots were affected. However, when the EC was 10000
. pmhos;‘cm, total plant dry weight was reduced by IS{% of that at 2000 pmhos/cm. The
proportional partitionin‘g ;:'f dry l“l'lﬂl’tCr into Vél'iOUS organs was unaffected. "The
proportion of total piant weight in fruit w;s ohly °reduced slightly at 17000 p mhos/cm.

They also concluded that the .i;lcrease in fruit fresh weight was markedly reduced
by high solution conductivities (12000 and 17000 s fhos/cm) and the fresh weight of
mature fruit grown at 17000 pmhos/cm was 40% less than that'of fruit growﬁ at 2000 -
pmhos/cm. They added that the dry matter accumulation by individual fruit was not

affected by salinity resulting in a high percentage of dry matter for fruit growing with

high salinity.
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Bruggink et al. (1987) studied the effects of different day and night nutrient

solutton osmotic pressure on' érowth, and water potentials of young tomato planl's in
soilless culture, A constant normal (2000 pmhos/cm) and a constant relatively high,
- conceniration (6000 pmhos/cm) were compaied to: a low conc.?ntration in day-time (300
pmhos/cm) combined \ivith a high conccmralic:n at night (10000 pmhos/m‘n), and to a
high concentration iﬁ day-time (10000 pmhosl&n) combined with a low concentration at
night (300'|.1 mhos/cm). |
Tomato seeds were germinated;in sand. After 7 days, seedlings were transplanted
to pots with exps.inded clay, and placed in a nutrient solution (E(; = 2000 pmhos/cm) to a
depth of 2 em. After 20 days, the plants were removed from the pots and distributed over
4 NFT gullies, with -each gully repl;esenting one treatment. Higher EC values were
obtained by adding more) nutrients in the same proportion to the solutibn. The pH of the
solution was maintziit;ed around 6.0. 'They" found that‘vegetative growth, measured as
fresh weight, dry weight and leaf area were stimuiated by a low concentration in day-time
(300 pmhos/cm) and by a high concentration at night (10000 pmhos/cm). There were
no significant differences in the other three treatments.

Charbonneau et al. (1988) studied the influence of electrical conductivity of the

i

nutrient solution on growth and yield of greenhouse tomatoes in NFT. Tomato plants

were cultivated in an NFT system and subjected to three electrical conductivities (2000,
6000 and 10000 pmﬁgsfcm) of a complete nutrient solution distﬁbqtt;d continuously or -

intermittently until the setting of the second truss.” The tomatoes were seeded on April

-
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15, 1985 and scedlings werc transplanted seven days later to rockwool blocks. Four
weceks after secding; the plants were placed in three recirculating nutrient film systems,
The nutrient solutions temperature was kept at 25°C, and the pH at 6.2. The EC of 6000
and 10000 pmhos;"cm were formed by adding N-NO,, K, Ca, and Mg to the nutrient
solution at 2000 p mhosr‘cn‘l. |

The authors reported that raising ._EC from 2000 to 10000 pmhos/cm linearly
decreased the shoot dry weight of tomato plants by.30%. The root dry weight increased
at 6000 pmhos/cm but decreased at 10000 pmhos/cm. Height of the first truss was not
affected by increasing EC or applying intermittent how. They measured a decrease of
19% on total and marketable yield when the EC was rais;ed from 2000 to 10060
pmhos/cm, however, this decrease was not statistically signiﬁcaﬂt. The average weight
of the marketable yield was not affected by the EC.

A high EC of 10000 ymhos/cm significantly increased the percentage of blossom
end rot on fruits, but decreased the percentage of fruit deformity. They also added that
their results a‘g'reed with those of Winsor (1984) who reported a loss of yield at EC values

" of 8000 and 10000 pmhos/cm. They cited, however, that Winsor (1984) found that the

restriction of early vegetative growth by raising the EC could improv;: eari'y fruit-set and
’quality. |

Gosselin et z;l. (1988) conductéci a study where tomato plantshwere grown in

nutrient solution with 4 electrical conductivities (2600, 4000, 6000, 8000 pmhos/cm) in

. one experiment and 4 NO3-N concentrations. (70, 140, 210, 280 ppm) in another
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cxperimént to determine the best nutritional conditions for adequate vegetative g;'omh
and reproductive development under 2 different lighting levels (125, 250 pmol/s.m2).
The EC levels were maintained ungil f;uit sgt of the second cluster and were gradually
reduced at a rate of 200 pmhos/cm/day until reaching 2000 pmhos/cm. The EC levels
i;vere reached by adding NO, — N, K, Ca, and Mg 10 the basal nutr_ient solution. Day and
ni g!;l temperatures were maintained at 21 and 16°b respectively.
| They concluded that high EC and low nitrogen concentration rgduced vegetative
ogrowth andf favored reproductive development for both light l-cvels. From the’ ﬁrst-
exp-eriment, they observe;l that the dry matter content increased by about 20 % when the '
EC was raised from 2000 to 8000 pmhoéfcm. Totgi height decreased with increasing
EC. The number of fruits set on the first truss and the number of opened flowers on the
second truss, 10 weeks?ﬁﬁer seeding,"increased with increasing EC. The number of days
,t;> anthesis decreased by about 4 days when the EC was raised. The authors cited Winsor
(1984) reporting that raising the EC to 8000 al;d 10000 pmhos/cm reduced the number of
set fruits. | | “ |
In a second experiment, the fnuﬂnors reported that percent of dry matter increased

when plants were grown with low N concentration (70 and 140 ppm). Also they found

- that the best yield was obtained at 210 ppm NO3-N and at a PPFD of 250 mmol/s.m2.

They also added that their results matched Winsor (1979) which suggested that low

nitrogen concentration was more appropriate for plants grown under low PPFD.

-
K
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Cornish and Nguycn (19893 studied the usc of high soil solution -electrical

c;onductivity to improve the quality of freshr market tomatoes. Seedli‘n"g's w%e
traﬁsi:lamed on January 14, 1988 in the first experiment and on December 6, 1988 in the
second experiment, .They reported that where a high EC (3900 p mhos/cm) was achieved
in the first experiment, there was no effect on fruit firmness o; total soluble salts, but
titratable acids increased from 7.25 to 8.0 m.e./100ml. In the second experiment, a high
EC (>7000 pmhos/em) resulted in a small increase in total soluble salts (0.3%) in 1 of 6
harvests and significant increases in titratable acids in 4 harvests. Yield was unaffected
in both,

Adams (1991) grew tomato plants in rockwool and compar?d a salinity of 3000
pmhos/cm with those at 8000 .and 12000 pmhos/cm in order to study the effect of
increasing the salinity of the nutrient solution with a major nutrient or sodium chloride on
yield, quantity an;i composition of tomatoes grown in rcI)ckwool. The seeds were sown.in
eafly February and plants were placed on rockwool slabs in mid-March when the buds of
 the first truss were visible. Nutrient solution treatments were applied at every watering.
He conciuded that increasing the salinity_from 3000 uto 8000-umhos;cm improved both
the quality :lnd composition of tﬁe fruit. He also concluded that the highest yield were
Iobtainéd at 3000 pmhos/cm and the lowest at 12000 pmhos/cm. Identical yields were

" obtained at 8000 pmhos/em from the two treatments (adding major nutrients in oné

treatment and NaCl in the other).
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‘Ismail and Burrage (1992) studied the effect of salinity, vapor pressure deficit

R a
[y

{VPD) and root ‘lempcraturelon growth and-yield of NFT grown llJmatoes. Two levels of
salinity (2500 and 8500 pmhos/cm), VP.D-Ea}.Iﬁ and 0,8'kl’a), and root témpcraturc (12 |
and 22°C) were applied to the blants. The tomato Seeds wefe sowﬁ*- in blocks and
transferred to cubes of rockwool in December 1987. The secdlings were transferred to
the NFT pullies at the carliest visible ;i;st truss bud stage. The plants were grown in

recirculating tap water for five days before treatments were applied. The hi

level was achieved by adding 1550 ppm NaCl to the basic nutrient solution o

pmhos/cm. The authors concluded that total fruit. fresh weight was higher when plants

- were grown at high VPD and low salinity. .The incidence of fruit hollowness was greater

at low salinity and high root temperatui'e, but VPD was not a factor affecting the disorder.

Analysis of variance did not show a significant interaction between all factors on leaf

growth. Leaf area and dry weight were ‘significantly reduced when plants were grown at

high salinity, low root temperature and low VPD. They also conciuded in this study that
the combination of low salinity, high root temperature and high VPD resulted in the
highest root dry weight.

CropKing, Inc. (1993) recommgnclcd the following EC ranges of a feeding
solution at each of the following grolvth stages: For germination and the early growth
stage (starts from the time of growing the seeds unt;l the seeds cﬁat breaks out and the

roots come out), maintain an ECubetwee_n 1800 and 2000 pmhos/cm. For the seedling

stage (starts from the time the seeds coat breaks out and the ‘roots come out until
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[Aransplanting into the growing media), maintain an EC between 2300 and 2500

pmhos)cm. For vegetalilve, carly fruilin'g, and mature fruiting st'agcs, maintain an EC
between 2300 and 2500 pmhos/cm on sunny days, and between 3500 and‘ 4000
pnilhqsf'cm in the dark winter conditions. The vegetative stage starts from the time of
transplanting into the growing media until the first ﬂou':ejr opens. The early fmiting stage
starts from the ti!‘ne the first flower olpens until the first fruit is picked. The mature
fruiting stage starts from the time the first fruit is bicked unti! the termination of the crop.
They also recommended not having: ‘_;he'"ﬂEC in a perlite bag growing ine@ia excee::l 300-
500 pr:hosfcﬁ from the recmﬁmended EC for the feeding solution. Cropl(iﬁg growers
were .adviscd to move to a different riptrienl program after getting blossorIn‘s in thé second
cluster. The new prdgram inclu;.led higher concentrations of I N, K, Mg, and Ca.to

enhince generative development and reduce the vegetative dévelopment.

3.2.3 Hydrogen fon Concentration

The hydrogen ion concentration (pH) influences the availability of maily plant
nutrients by influencing the form of the nutrient in a solution. In some studies,
researchers attributed poor growth and yield to a low soil pH. Others linke;d the _changes
in leaf composition of a hydroponically grown tomato to the pH. Any shift in pH outside

the recommended range can have a detrimental effect on plant growth and yield (Siraj-

Al 1985). :

G
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Worley (1972) studied the response of tomatocs to the pH of a coastal plain soil,
The tomato plants were transplanted to the treaiment plots in early April of 1966, 1967,
and i968.. Fruits were harvested at the ma!ure:grec;:n stage and graded into mzlirketablc,
blossom-end rot, fruit rot qu other culls. He found that the best marketable yields of
tomato were obtained when the soil pH was between 6.5 and 6.9. Yields were reduced
when soil pH was below 6.0.

Cooper (1972) studied the i;:ﬂuence of éontétiner volunje, solution concentration,
pH, and aeration én dry matter partitioning‘by tomato plants, gul:ivar Minibelle, in water
culture. In one egfperimfinl, the pH was adjusted initially to 6 and thén allowed to drift
upwards towards 7. In another experiment, pH values of 4, 5, 6, 7, 8 and 9 were initially
established and maintained. "In another experiment, initial pH values of 5 and 6 were .-
established, but allowed to drift naturally to values 'of 6.6 and 6.7 respecti'vely. The night'.
temperature was maintained at abc;ul 15.5°C, and day témperature at about 21°é~Mth
automatic ventilation at 24°C. CO(;].:)QI' concluded in his study tilat bet\(veerl pH 4.ar‘ld 7,
" . the dry we’ights increased by 50%; h0wever,’ there was little influence of pH on_‘ thc
partitioning of dry matter between cotyledons, roots, s'tem and leaves. Only forl apH?9
was parlitioﬁing affected with relatively more dry matter being found _in the roots and
cotyledons. than in the stem and leaves. He also concluded that the optimal pH of the
nutrient solutior: was near-7. ‘

B
* Wallihan et al. (1977) conducted an experiment to compare tomato growth in pH

controlled and uncontrolled cultures with respect to leaf composition and fruit yield. The
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authors concluded that tomato plants grown in sand cultures receiving complete nutrient
solutions sct markedly fewer fruits when selutions were allowed to drift to pH 8 or

higher. Leaf analyses showed P deficiency, even though P supply in the sand was

apbarcntly adequate.

Islam ¢t al. (1980) conducted an experiment to study the pH forf optiml:m crop
growth in six species. One of their objcc_tives was 10 ¢Stablish the optimum pH range for
certain species to facilitate comparisons with earlier_ studies and to provide a more
adequate Basis for generalizations concerning effects of pH on plant growtli. They grew
tomato and five o_ther spcéies for periods up to six weeks in continuously flowing nutrient
solutions at seven constant ;JH values ranging from 3.3 t0 8.5. For the first five days after
transplanting the nutrient solution in all flowing cult-tire units was maintained at pH 6.0
0.1. The pH was then adjusted to values of 3.3,40,48,55,6.5, 7.5and 8.5.

Tomato was one of the species 1o show no yield depression at the highest solution
pﬁ. They reported that roots of all species at pH 3.3 and some species at pH 4.0
exhibited symptoms of hydfogen ion injury. Also, one of their results was that the
concentrations of magnesium and nitrogen in the tc;ps of tomato at these pH values were
inadequate for optimal growth. Af the end 6f their experimeﬁt, they concluded that all
species achieved ‘maximum o near rx;azdmum growth in the pH range of 5.5 to 6.5. |

CropKing Inc. (1993) suggested that the optimum pH range for growing
hydroponicltomatoes should be between 5.2 and 5.5 in the feeding solution‘-and not more

than 5.5 to 5.8 in the growing media.
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1.2.4 Relative Humidi

Energy savings measures have resulted in increased air humiditics in greenhouse
atmospheres for most carly croﬁé. Increased humidity reduces transpiration from leaves
often rcs,ulu:ng in less accumulation of nutrients in the xylem‘(Adams, 1991). Also, a
humid atmosphere is an ideal one for the grow;h and spread of various diseases. Due to

: v

that and other significant reasons, several studies were conducted to study the influence
of day and night humnidity on the growth and yield of tomatocs.

| Armstrong and Kirkby -(]97‘3) investigated the cation uptake and calcium
distribut}on for t;)rnato plants grown in water cu!t'ure aﬁd atr relative humidity (RH) of
50% Iand 95%. The common environmental conditions in both treatments, were light -
intensity of 80 Wf’m{ and a 16 hr light-cycle and 8 hr dark-cycle at temperatures of 23°C '
and 18°C respectively. The plants in the high humidity regime tnitially grew faslér, but
after 22 days, dry matter yieldé were the sa'mé for both humidities. Growth of the young
leaves was disturbed and the plants showed symptoms of Ca or B deficiency in the high
humidity treatment towards the end of the experiment.

IBradﬁelci and Guttridge (1984) investigated the effects of hight time Ilgmidity and
c;f nutrient conceptration 611 the Ca ca;:_f‘ntent of tomato fruits at different stages of growth,
They especially studied the Ca concentrati‘t)n on the wall tissue of the distal quarter of the
fruit in Jrelatiohn to the incidence of blossom-end rot. The day and night temperatures were
kept at 22 +/- 1.5°C, and 18 +:1.5°C respectively with a 16 hr day light. In one of the

experiments, they found that the Ca intake into tomato fruits was greater when nights

¢
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wcrc; humid (Vapor pressure deficit (VPD) = 260 +/- 110 Pa cquivalent to RH=87%)

-1athi:r than dry (VPD 760 +/- 110 Pa, cquivalent to RH=64%), and when 'nutrient
soluions were dil;ne r;th?:r than cqnceniratcd. The VPD . on dry d;\ys was 1000 +/- 170
Pa \éhich is equivaient to 61% RH. They observed that the-concentration of Ca in the
wall iissue of the distal segment of fruits damaged by blossom-end-rot was 0.03% of dry
_ matter, but was 2 to 3 fold greater in. the most favorable conditions of humidity“f:'.\nd
solution concentration. The authors also added that their results aéreed with the
conclusion of Armstrong and Kirkby (1979) that maiplaining high levels of humidity
during the day restricted calcium uptake by the plant. The authors concluded that
adequate tfansport of calcium into the fruit is best achieved by maintaining high relaitively
humid conditions at night, and by avoiding excessively concentrated solutions at the roots
during the early growth of the first and*second truss.

Banuélos et al. (1985) studied the effect of airlRH on the ai)pearance of blo;som .
end rot in the tomato fruits. Toma'to. was grown in the greenhouse under normal
conditions. ’[:he apﬁrogcimht;: daylength was 12 hr during the sumrer. Thé -temperature .
was 19°C and the RH was 55% +/- 5%. On day 51', after pollination of flowers in the
first ﬁ;lSS, plants were transferred to growth ciambers with either 95% or 55% RH. Light
and dark temperatures were 18 and 15°C, respectively, with a 16 hr light Wk :
_éycle. | |

Blossom-end rot symptoms developed at the distal-end on the young green fruit

within 15-16 days at 95% RH. They also observed through the plant tissues from pla'ntq

k,
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grown at high RI1 that they had lower Ca concentrations than comparative tissues of the
low RH plant§ and exhibited increased growlh.compared to the low RH regime plants.
Gislc;,old'ct al. (1987) studicd the effect of RH on nutrient uptake of nine different
greenhouse species for 24 to 100 days at 55-60, 70-75, and 90-95% RH corresponding to
8.5-9.6, 5.3-6.4, and 1.1-2.1 mbar water VPD. The air temperature was kept at 18.5 +/-
0.5°C. For tile Lycopqgsicon ;:‘sculentum, lh::y observed a 44% decreasﬁ in the
transpiratim-l rate I;y incr;asing the RH from the lowest to the highest level. Also, they
noticed a significant decrease for t_hc K and Ca in the plant leaves of Lycopersicon with

increased RH. The content of N*and K in the growth medium at the end of the

experiment was lowest when the plants had been growing at-high RH. The authors

mentioned that Adams and Ho (1985) showed that a constaritly high RH decreased the Ca

_ content in the young leaves of tomato. They also added that with a constant RH during

the day and n‘igh‘l, significant differences in the content of K, Ca, and Mg were found in

 Lycopersicon.,

Holder and Cockshuli (1990) inyestigated the effect of four discrete humidity
treélmenis (0.1, 0.2, 0.4, and 0.8 kPa VPD) maintained continuously for 28 days from
Jaﬁl;ary 15 to February 12, 1987 on the growth and yield of a loggse_ason tomato crop.
The VPDs achieved over the 28 day period were 0.15, 0.25, 0.43, and 0.65 kPa which is
equivalent to RHs' of 93, 88: 79, and 69% respectively. Two lev_els of Ieiectrical '

conductivities (5000 and 7000 pmhos/cm) were maintained from the time that contact

* was established between the propagation cube and the rdckwool slab until two weeks
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before fruit were picked. Conductivity levels were then lowered gradually to 3000 and
5000 pmhos/cm respectively.
They rc;)orlccl that the rate of plant development was unaffected by humidity.

However, significant reductions in leaf area at high humidities (88 and 93%) were

1

. associated with low calciuom concentrations in the leaf laminae and other calcium

deficiency ‘symptoms in the plant. There were no calcium deﬁcienéy symptoms in the
fruit. TThey observed that trusses associated with the smaller leaves produced smaller fruit
and lower yields cbmpa_red with the low humidity treatﬁwnts. They "also noticed that
fruit picked before and afler these trusses were unaffected by the humidity treatments.
They addedlthat high humidity also r;cluced fruit quality. One of tlle thinés that they

\concluded from their study was that the cost of_reducing humidity to a VPD greater than
0.3 kPa (equivalent to 86% RH) was likely to exceed any economical gain, because the
yield response to lower humidities was very small. -

Bakker (1990) studied the efféc\t'\s of differegt day andl night humidity levels on
two spring.crops and o;le autumn crc;p of tomato. A high or low humidity by day was
Ct;ﬁ'lbined with either a high or low humidity by night. In experiment one, the VPD
varied from 0.35 to 0.45°kPa by day, from 0.21 to 0.52 kPa by nig_ht an&_ the 24 h: mean
varied from 0.23 to 0.47 kPa. In experiment two, ;ﬁght-time humiditj;r was similar to that

“in experiment one, but humidity by day was lower. VPD by day varied from 0.62 to 0.72
kPa, by night from 0.25 10'0.5? kPa and the 24 hr mean varied from 0.38 to 0.60 ki-"a. In, -

experiment three humidity was generally lower than in experiments one and two, VPD
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by day varied from 0.51 to 1.01 kPa, from 0.27 to 0.71 by night and the 24 hr mean from
0.35 t0 0.8 kPa. The tcmpcrdture differences between the ircatments weére restricted to
less than 0.7 °C.

They noticed that calcium deficiency and concomitant leaf area reduction was
most severe under continupusly high Ihumidity. “Stomatal conductance was significantly
increased by high humidity. They found that early yield was higher at high humidity by
day, but final yield was Ireduced by either a high humidity' by day or night. Also, in thi§
ledy "tﬁe‘. author.;: noted th_at the mean fruit weight and keeping quality were reduced
under high huﬁidily.

Regarding the vegetative growth and development in the high day/high night
treatment (Q.35;‘0.2l kPa; equivélent to 87/89 % RH) of elxperiment one, the percentage
of distorted trusses was signiﬁca‘nlly higher than in the other treatments. Calcium
deficiency in leaves was higher in the continuous high humidity than in the other -
treatments in él‘n';periment ;me Iand three. The high day/high night humi&ity treatment of
79/87% RH also significantly reduced the leaf area Qbelwee-n trusses four and seven and '
total leaf area until,;:s‘g in experiment three.

Regarding the fruit-production and quality, they found that_the mean fruit weight
of the final yield was significantly lower at the high day/high night humidity than that of
the other treatments. They finally concluded that long term humidity was.detrimental to
yield .and keeping quality. They added that positive yield responses were most

pronounced at very low VPD levels. They advised that humidity contro! with tomato
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should concentrate on avoiding long-term high humidity in order to optimize fruit
+ production and quality.
| Adams (1991) continued a stﬁdy that was designéd to study the effects of high
humidity during the day or at night on the growth, yield énd g:uality of early tomatoes. In’
tha.t study tomato plants were grown at four hufnidities (VPD of 0.15, {.).25, 0.43, and -
0.65 kPa; corresponding to RH of 93, 88, 79, and 69% respectively) that'were maintained -
continuously for foqr weeks,
Adams observed that a ﬁigﬁ humidity (93%) a‘t night reduced the Ca, Mg, P, and
K contents of ali portions of the leaf laﬁina while a high humidity &uring the day reduced
only the Ca and K contents. They also reported that N content was not aﬁ‘ectéd by
humidity. Tile Ca and K contents of the petioles were reduced by a high humidity during
both day and night. The changes in the Ca, Mg, and K contents of the tfssue in response
“ to high humidity were greater in the tefminal leaflet than ir; the basal leaflet or in the r_estl
~ of the lamina, suggesting that the terminal leaflet was suitable for monitoring the nutrient
status of the crop. Yéllowiné of the 'terminal leaflet at high humidity was associated with
) deficiencies of both Ca and K rather than with Ca only. They also added that their data
confirmed that continuously high humidity caused the most. se&ere symptoms and that
high humidity either during the day or at night had a similar effect. They mentioned that
these results Sﬁppgne;:l previous ﬁr;dings for young tomato plants that high hurhidities
decreased the percentage of Ca (Armstrong and Kirkby, 1979), as v-veli as K.in the leaves

(Banuelos et al., 1985; Gislerod et al,, 1987)," ~  ~

!

*
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Adams and Holder (1992) studicd the rcSponéc of carly tomatocs to salinity
levels of Cla applied in combination with a range of humidities. The two levels of salinity
‘ tested were 5000 and 7000 pmhos/cm and the two levels of Ca were 150 and 300 mg 1"
in the nutrient solution. The humidity treatments, defined as VPD were, 0.15, 0.25, 0.43
and 0.65 kPa comesponding to RH of 93, 88, 79, and 69 % respectively, were held
constant for day and night in experiment A, and high (0.21 kPa) or low (0.47-0.55 kPa)
during the day in combination ‘with high (0.16 kPa) or low (0.45-0.50 kPa) at night in
experiment B. They used the accumulation of th_e dry matter by the leaves to assess the
effects otr' the different treatments on plant growth. 'I‘hey. found that high humidity
reduced the dry weight of the leaves, as did the higher salinity. Also, they noticed that
the Ca level. ‘(%) and the. total amount of Ca (mg), accu;hulated by the leaves 'always
decreased at high humidity with the response being greater at night than during the day.
Accumulation of Ca by the fruit was markedly reduced by low humidity during t;e day.
High humidity during the day promoted Ca; movement into the young fruit, in'espective.
of the humidity at night. | )

Comparing their results with the results of the preyious studies, the authors

mentioned that dry matter accumulation by the leaves always decreased with high

s’

humidity in accordance with the decrease in leaf area found by Holder and Cockshull

(1990) and Bakker (1990). They added that Armstrong and Kirkby (1979) showed that
marked reductions in the dry weight of the leaves occurred after 22 days at 95% RH

‘compared with those grown at 50% RH despite the initial increase in whole plant height

a7
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al 95% RH. This result suggested an inliltial stimulation of growth consistent with the
work of Acock ct al. (1976). They addc_d that this may cxplaip the increase in tﬁc dry
weight of the young and old leaves grown for 15-16 days at 95% RH as compared witﬁ
those at 55% RH reported by Banuelos et al. (1985).

CropKing Inc. (1993) recommended to keep RH between 70 and 80 % in the area
around the growing media and 100% around the seed ‘during the éermination and early -
growth stage. For the. vegetative, early fruiting, and mature fruiting stages, they

recommended to keep RH below 90% and between 60 and 80% when pollinating the

flowers.

Numerous researches have studied the effect of air temperature (AT) variation on

3

the quality of hyldrop-onicaily‘ grown tomatoes. The growth, flowering, and fruit sets were

all found 'to be highly affected by the AT inside the greenhouse. Studies have also been

- / ___done on the effect on'growth and yiel"d' of tomatoes by ﬂﬁctuati the day and night air.
temperature. ‘

Calvert (1964) studied the effect of temperature on the growth of tomato p'lants up

to six weeks old grown during a number of winter periods (Octobe;' to ‘Mafch) under

natural light conditions. He also investigated the agreement that existed among other'

-ailthprs as to the range of temperatures (155 - 21.1°C by day and 10 - 15.5°C by night)

most likely to produce satisfactory growth.
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The plants were grown with the same day-temperature and at three night
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temperatures; (a) 2.22°C lower than the day; (b) equal Mth the day; and {(c) 2.22°C
higher than the day. The day 1empcratﬁrcs were 15.5, 17.8 and 20°C respectively for the
three experiments. | |

Calvert fqund that growth rates were lowest when night temperature was lower
than the day. The growth rate was generally higher when the ni ght temperature was high.
With higher day temperatures, however, this was not the case. Therf: was little evidence
that the temperature irllducing maximum growth was related either to the light conditions
or to the age of the plant. The response to night temperature was s:lnall by comparison '
with response to that of the day. The highest growth rates were achieved when kthe night
lemperaturé was not lower than 17.8°C and the day temperature was not lqwer th.':,\h 20°C.

Cooper and Cooke (1964) studied the eﬁ“ects of shading and unshading
glasshouses on fmit-ripeniﬁg disorders and crop y-ield maintained at both high (26.5°C)
and low d? lemperatures.le.Z%"C). Two varieties of tomatoes were grown at two lqvels
of watering (1.4 and 1.07 pints per plant per day in 1959; 1.62 and 1.58 pints per plant
per day in 1960),

Eventhough the authors mentioned that the layout of the e.xperiment had severe
statistical drawbacks, the interaction between the shading and me'temperat&é appeared
significant. Shading lﬁe glasshouse reduced the proportion of non-uniformly coiored
ﬁit at the high temperature.” At the low temperature, shading reduced the proportion of

non-uniformly colored fruit in 1960, but there was no effect in 1959. Shading the
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glasshouses reduced yield in both years, 'l:hc house at the low day temperature yielded a
3Q% greater weight of crop than the warmer house, |
Abdalla and Verkerk (1968) compared the éff(;cts of high temperatures of 35°C
day and 25°C night with normal temperature of 22°C day and 18°C night on the growth,
flowering and fruit .sct of ti1e tomato. The seeds were sown‘in flats in a glasshouse kept at
approximately 22°C day and 18°C night temperature during the period March till May.
When the seedlings were four weel-(s old, they were transplanted into 12 inch pots for
treatments. The experiment showed that under the first temperature conditiqns, stem
growth was twice as fést, giving thin stems and many trusses with wealg flowers. In
many cases, styles were as long or even longer than the stamen tube and flower shedding
was remarkably high. In most cases, fruits developed only from the first and second
flowers o}the truss. Also the fruits formed under high temperatures ranged between 1
and 3 per truss, while under nonqél'iemperalure, fruit yield ranged bctw\ieeﬂ 3 and 6 fruits
per tru;s. qulen germination, was bcs; a; 2;?°C, but tube growth of pollen from high
temperature was slower than normal. Pollen counts on the stigm_a showed very limited

-

amounts of pollen at high temperatures compared to the control.
Abdelhafeez and Verkerk (1969) studied the effect of temperature_and water-\\

_ regime on the emergence and yield of tomatoes. Five days afier sowing, seedlling

emergence was recorded daily between April 21 and May 7, when 8 plants each from 24

and 18°C were analyzed. They found that seeds at 24°C had an earlier and higher

seedling emergence than those at 18°C. Seeds at 9°C failed to emerge even after 42 days,
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irrespective of the water regime. When the pots were transferred to a glasshousc at 35 °C .
by day and 18°C by night, however, the seedlings appeared.

They comparced 54, 18, ar@ 9°C together with wet, medium, and dry soil moisture
conditionf. The wet pdls were kept at constant weight c;f 10% depletion from field-
capacity, while the medium pots were keﬁt at a 20% depletion from field cagg\city:"and
the dry soil moisture pots were only brought to ficld-capacity at the beginning of the
.experiment and never rewetted. The higher temperature receiving the wettest tream.@ent
showed the earliest and best emergence, followed by those at 1.1‘3"(3. The authors
suggested that this may be due to the fact that with _decrea.éing water content the seeds
were subjected to an increasing‘watcr-stress, The number of leaves below the first tﬁss
was about 2 more aﬁer growing the 'young plants at 24°C than at 18°C.

A crop yield experiment showed that the plant-lengths‘ were a little larger at 20°C
than at 1;,5°C. This may have been due to the light inlensify differences since the
glasshouse plants at 20°C received only 80% <;f incoming radiation as the outdoor plants
at 35°C. ‘IAs to the truss c;pacities and earliness, the lower temperature t'reatm-ent showeﬁ
the highei' truss cépacit).' and the highei' temperature showcd‘ ;he earlier fruit set and the
Ihigher- nur.nbers' of fruits larger than 30 mm. The fruit weight was the same for both
teruperatures. Plants at 35°C had higher numbers of flowers shedding than those ;nt 20°C

receiving similar watering, but flower shedding was highly significant only in the dry

treatments.
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Abdelhafeez et al. (1971) studicd the cffect of soil and air tclt;pemlums on growth,
development and water usc of tomatoes in two scries of trials. In one trial, tomate plants
were grown in a g-lassho‘use without air temperature control at soil temperatures ranging
from 14 10 29°C. In the other t-rial, tomato plants were grown in phytotron glasshouses at
constant air temperatures of 17°C, 21, and 25°C and a-t s50il temperaturcé ranging from 12
to 30°C. A low air temperature (17°C) resulted in a late, but relatively rich flowering.
After three weeks, there ww'elno open hO\k;ém in the glasshouse and in the phyt;Jtro;l
compartment with an air temperature of 17°C. At air Iten'.peratures of 21 and 252.C, the
percentage of open flowers in the first truss was 15 and 50, ‘respecti\fely.

Abdelhafeez et al, alsc; found tha{t during the last three weeks, the total dry-weight

increase was slightly affected by the air temperature, being retatively low at 17°C. They

' suggested that because of the increased earliness at higher air temperatures, a greatef part

of the dry matter produced was used for fruit development, resulting in a significantly
reduced 'vegetalive growth at the higher air temperatures, Consequ;ntly, ‘plants at 21 ‘and
25°C showed relatively thin ;',tems and the yielding capacity was reduced. They added
that cc;nstant air temperatures of 21°C or Higher forced the lomato"'b!ants into such a
quick development that there was an unfa;orable balance between vegetative and
generative growth. A similar effect of air temperature on earliness and fruiting capacity
was reported by Aﬁdelhafeez and Verkerk (1969). The authors also reported that, at
22°C, the plants apparently could main.tain a favorable'water balance during the dajr-

/
without stomatal closure.
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" Khayat et al. (1985) studicd the-cffect of various nighl—tcmpcratu;c regimes on the

~ vegetative growth and fruit production of tomato cultivars, Moneymaker and Cherry. A |
‘night temperature of I8 °C was, maintained during the germination pcrioci. .Fol_lowing
germination, the plants were then transferred to 3 greenhouse compartments with different
night-temperature'regimes of 18 +/- 1°C, 12 +/-1°C, and 18 and 12°C repeated every 2 hr.
* The minimum and maximum day temperatures of 18 and 30°C were maintained. They
concluded tha;'t the temperature optima of the tomato plants varied in propertion to the
variables observed. ﬁey cited Picker et al ‘(1985) as recommending the maintenﬁnce of
hlgher temperatures during the vegetative growth of the seedling before the first
mﬂorescence is formed with a ﬁ.u'ther decrease in the night temperature. ’ )

Hurd and Graves (1985) studied some effects of air and root temperatures on the
| yield and quality of gl;sshouse tomatoes. Tomato-seeds were sown in NFT in November
where air and root tf;mperature vaﬁal:liles were ._appliéi:l at the beginning of ﬂoweri‘ng. Air
temperatures were only reduced at mght when 65 70% of the 24 hr fuel consumpuon :
occurred, At about the fifth !eaf stage when ﬂower buds were just visible, 1emperatures’
were held at 18/15°C day/night through 50%. flowering of the first truss (inflorescence)
aﬁer.\ln‘hich the ;:reatments- were started. The ventilating temperature was 23°C, rather
than the normal 26°C, to reduce overheating the nutrient solutions. The atmosphere was

b . -
enriched with CO, duriné the hours of daylight. The roots ’wére either unheated or kept
‘ at 17, 22 or 27°C throughout the experiment. '!‘h’é authors in this experiment concluded

that when economic effects of the various treatments were compared, the highest air and
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root {emperature were shown to be the highest yicld and the most profitable, cven
ullowing for the fucl cost. This conclusion was at variance with otl;cr work, however,
which indicated that lower ai‘r‘ temperatures could be profitable,

De Koning (1988) examined the response of glasshouse g;:;)wn tomatoes, cultivar
Counter, to day/night temperature regimes in two consecutive years. In both years, three
day/night temperature regimes, with the same average 24-hour temperature, were applied
in duplicate, i.c. high/low, ;equal, and low/high. In ex];erimcm one, the high/low, equal
and low/high avcragt; temij;eratures achieved were 20.8/16.3°C, 19.6°C durirlé the day .
aqd 17.5°C at night, and 18.3/18.4°C, respectively. The 24-hour temperature was kept
" around 17.7°C. In experiment two, the high/low, equal, and low/high temperafures were
21.3/16.9°C, 20.6°C during the day and 18.0°C ;':nt night, and 19.8/18.6 °C, respectively.
The 24-hour temperature was: kept around 18.7°C. Ditferel;:es in temperature were
maintained from three days aﬁer planting (December 4, 1984 and February 3, 1986) until,
May13, 1985 and May 1, 1986, respectlvely | ;’ .

Plant development’ (1ncrea_5c in number of trusses/)’fwas not affected by the various
temperature regimes. - Growth m stem length. was ?{rongly r:edu'c_t_:d by a lower day
temperature. The main stem and the truss stems be}{amé firmer and _therefofe the latter
were less susceptible to.distortion. The author me?(ioned that Calvert in 1964 .-suggested
that plant height depel;ded oﬁly on the. day temper.éture and that higher night temperature

did not give longer plants. o ' -



56

- In the first experiment, the crop at the low day temperature was daﬁlagcd by leaf
1
scorch, most likely caused by low transpiration. Consequently, early yield was lower for
this tfcalﬁlcnt. In the second cxperiment, no Ieaf scorch occurred and no significant
differences in early yicld were found. h

Final yicld and averagfc fruit weight, up to July 1, were higher at the higher night
temperature in both experiments, The authors mcntioﬁed that obtaining equalﬂ or even
higher yields in a reversed temperature regimé did not agree with several other
researchers who -found that growth of ‘tomato was best in a high day temperature regime.
These resulis, however, were obtained with young plants that seemed to achieve a fast
increase of light interception and maximum growth at high day/low night tempérz'itum
regimes. It Iwas noted that a night ’lemperature higher than or equal to the day -
temperature reduced the risk of water vapor condensing‘on plant leaves carly in the
mcfrning, and thus reduced the risk of infection with Botrytis and other fungi.

Shelf life of the fruit anc! the interr-lal quality was not influenced by the
temperature regime. Thus, the height of z; tomato “plant can be‘manipu!ated by the
difference between ‘d‘ay an& night temper:;turc, while development and early yield
depended greatly on the average 24-hour temperature,

De Koning (1 9?‘2) concluded that the develﬁpment ra“te of tomato depended on the
average te'mpelrature only, while internode length was affected strongly by the ciayfnight
temperature regime, i.¢ short internodes at low day/night lz;,mperature difference. In an

earlier study De Kohning (1987) found that the. flowering rate equaled about 1 truss per
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week and was cnhanccd' by 24 br temperature (for cach treatment day and night
temperature were the same) with 0.05 truss per week per °C for temperatures of 17, 19,
21, and 23°C.

Dane ct al. (199]) studicd the effect of high temperatucé on fruit set, pollen
fertility, and combining ability of sclected tomato genotypes. Six-week-old plants were
transplanted cach year in mid-June. The daily maximum temperature ranged from 29 to
36°C ;1nd the daily minimum from 17 to 24°C in July anfl August, 1985. Thcy concluded
that a decrease in pollen fertility was a limiting factor during prolonged periods of high
temperature heat stress. Several small-fruited genotypes still maintain:j,d a high level of
| polien fertility under heat stress and some genotypes transferred a. small degree of heat
tolgrance to their offspring.

Abu Hadid (1991) recommended that the temperature during the seedling phase
should range from 18 to 20 C. During vegetative phase, temperature should range from
12 to 15°C at night and 18 to 22°C during the day.- During the early fruiting and the
mature fruiting phases, the ﬁight temperature should range from 14 to 16°C and the day
temperature from 22 to 28°C. | |

CropKing; Inc. (1993) recommended that for rapid germination, the optimum
" temperature should range from 25 t(; 26.1°C fc;r the first 96 hrs (four days) after seeding.
f)uring the early ‘seedling‘ growth (day four to two wreeks- after seeding), the optimum
terhﬁerature should be 23.3°C during the day and 20°C alt night. From the end of the

second week until transplanting into the growing media, the temperature should range
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from 21.7 to 22.8°C on the cloudy days, 25 1o 25.6°C on sunny days, and 18.3 1o 20°C at
night with a minimum of 17.2°C at night. During vegelative, carly fruiting, and mature
fruiting stages, air temperature should range from 20 to 21.1°C on cloudy days, 22.8 to

25.6°C on sunny days and 17.2°C minimum at night,

3.3 Greenhouse Crop Growth Medeling

This section describes the key studies donc on the modeling in greenhouses, as
well as the different typt’,;s of models developed. Challa (1981) classified the models used
for greenhouse climate-research into the two categories of empirical and mechanistic.
Empirical models use statistics-to descrilbe the relationship between environment, crop
response and energy costs in some empirically obtained quations (black'-box models).
Mechanistic models describeﬁ‘a system on the basis of physical .and physiological theories
(explanagory models).

Kindelan (1980) developed a model to predict the time evolution of the conditions

# 1

in a certain greenhouse as a function of the elimatological conditions existing at a
“hypothetical locdtion. The external climatological conditions used in the preliminary
simulations were: wind speed constant, relative humidity constant, solar radiation zero

during the night and paraboli¢ during the day with the maximum at noon time; and

B3

and delay.

As an attempt to analyze the influence of the mean external temperature,
i ’ 1

amplitude of oscillation of the external temperature and maximum radiation respectiveiy,

-

P
>

. temperature a harmonic function characterized by mean value, amplitude of oscillation, - -
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the author obscrved that the humidity during the night increased with increastng external
temperature, with dccrcas;mg amplitude of oscillation, and with decrcasing solar
radiation. |

Cooper and Fuller (1983) described a computer-based method of modeling the
transicent pcrformancc;' of greenhouses. They developed a method to assist in the design of
low cnergy protected cropping structures to be used in the hot, arid inland climates of
Australia. They considered thie greenhouse to be composed of a number of separate, but
interactive components, These were the cover, floor, growing medium, air space a;1d

crop.

The authors presented details of the mathematical models of each component and listed
3

* the assumptions used with each. '
) Bogmann tl983) d;eifeloped a bio-e'conomic simulation model for planning and
control in greenhouse production. It took into account the biological and engineering
aspects of the pl;oduction as well as the economic ones like: the variety of gfoiving
techniques, labor methods, and the technical eciuipment. The core of the §imulation' was
formed of four submodels: the calculation of indﬁor climate, heating energy, growth and
of man and machine hours.

McAvoy (1989) tested the accuracy of a “computer planning model for the
managemeny,of a single truss tomato ( Lycopersicon esculentum Mill) production system.

- The model was used to generate a production schedule for 24 successive crops during a

15-month study. The time, in days, required for an emerging seedling to reach anthesis
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and the tolal fresh weight yield were predicted for cach of the 24 crops by the planning
model. l

" Correlation analysis, used to compare the expected crop response (i.c., data
generated by the planning model) to the actual response, indicated that b?th the number

of days from emergence to anthests and fresh fruit yield were accurately forecast,

r? =0.76 and 0.83, respectively. More important, the cropping schedule that was

generated by the planning model successfully predicted a continuous harvesf 6f tomatoes

from sequential crops.
]

Avissar and Mahrer (1982) designed a numerical, one-dimensional model to
simulate the diurnal changes of the greenhouse environment. The model consisted of: a
soil layer, a vegetation layer, an a;ir layer and a cover. The thermal radiative, sensiblf:,
latent and conductive heat ﬂuxeslwere modeled il'; each layer in terms of its unknown
temperature and vapor pressure. Numeric%fl éxperiments were conducted to test the
sensitivity of the model 1o some variables. The results indicated the necessity to properly
initialize the model and to determine an accurate inside ai'r transfer coefficient of sensiblc;,
and latent heat.- The authors performed an obsew;tlional study in order to test the ability
of the rﬁodel to properly describe the greenhouée microclimate. Good agreemen; wés
obtained between predicted and observed temperatures and humidities. -

_Bruggink et al. (1988) presenleci a dynamic model which predicted water potential

and water uptake rate of greenhouse tomato plants using transpiration rate as input. The

model assumed that- water uptake was the resultant of water potential and hydraulic
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resistance, and that water potential was lincarly related to water cémlcnl of the plant. A
comparison of the measured and predicted vlal ues showed a reasonable correspondence.

Fynn et al. (1989) developed a d;:cision‘modcl for nutrient management in
controlled environment using the concepts of decision analysis and expert systems. The
decision model decided upon the selection and application of nufrient mixtures to a
cucumber crop based upon a calculated future solar irradiance levels within the coming
day. Four cxpert system rulebases were used to feed data into the decision tree and the
rules were derived using telephone conversations, intensive dis;clissions, videotape
-recordings, with an expert production consultant, data analysis, and reported knowledge
in the literature.

Seyd-and Feller (1989) designed an information system called the. vegetal_:le
production monitoring and control system I(VPMCS).' The VPMCS was ‘désigncd for
planning, managing and l;ionitc;ring the production of végetab[es on specified minimum
farming units such as fields or parts of them. Basic data about specific ﬁeids, soil and
plantu related activities and checks carrj;:d out and the material, equipment and personnel
to be used were stored in data banks. With a view ;0 selecting suitable varieties, applying
ﬁingén fertilizer, making yield forecasts or providing other types of infoﬁ‘nalionl of
relevance from an agricultural , crop production and technological perspective, those data

banks and the management programs that go with them were linked with elements of an

expert systém for the:management of crops.
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ITeuvelink and Marcelis (1989) described a model to simulate dynamically the
distribution of dry matter between leaves, stem, roots and individual cucumber fruits or
tomato clustcr.s of fruits. They found that potential dry weight and time from flowering
until harvest of tomato clustcrs'of' fruits, decreased with increasing temperature (17, 21, or
25°C). Howcver; the rclation between sink strength (potential growth rate) and
developmental stage of a cluster (time after flowering /time from ﬁowe;’ing until harves.t),
was almost independent of temperature. The simulated dry matter distribution between
tomato l_eavcs, stern, and individual clustel:s of fruits corresponded reasonably well to the
measured data from a glasshouse experiment.

Hildman (1989) developed a strategy for tlhe optimization of air temperature in
greenhouses cucumbers based on a yield formation model. The optimum temperature
was calculated for a fixed CO, concentration of 800 ppm without ventilation and for a
concentration of 500 ppm whel;lthe greenhouse was ventilated. Optimal temperature was
fixed for periods of nine days. |

One result obtained \‘.v'ith the op}imization strategy was that the 9 day rnean-
temperature (24 hr means) should be between 17 and 24°C. The 9 day mean Co,
concentration during the' day in the period without chling was belwbqn 600 and 900
ppm, and in the period with ventiiation was between 400 and 760 ppm During the
production experiment that started February iO and lasted through September 5, they-

reached a yield.of 33.8 kg/m’ and an output of 198 Mark/m?. -
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Beer and Ansorage (1989) prcscﬁtcd a system of computee-nided !‘cnilizcr
recommendations (DS 87) that facilitated decision-making in the use of N£, K, Mg, Ca
and micro-nutrients (B, CU, Mn, Mo, Zn) and organic manures for 33 ficld vegetables.
Recommendations were given 0;1 the level and splitting of fertifizer doses, along with

»

hin-ts on the appropriate date and method of fertilization and the form of fertilizer to be
used.

Gohler (1989) studied the significance of hydroponic systems in obtaining high‘
and stable yields as well as for the economical use of water and nutrients and for reduced
environmental stress. The authors compared three different control principles with
tomatoes. They concluded that ‘te third control principle seemed to be the best one
allowing the surplus nutrient solution to be reduced by 5 to 10%. ‘They also
recomﬁended that the lonlg term orientation must be directed to closed hydroponic
systems. |

Bic;mond (1989) described in detail é_ growth‘ model for heated glasshouse
tomatoes. Both &evelopment and real growth were distinguished for both crop and fruit
‘using a mechanistic approach, He showed some resﬁlts of the_: growth model as part of a
bio-economical model. Of the different physiological prqu;c.ses, thé rate of
photosynthesis showed the largest influence on productivity, . Other regarded aspects
were: rate of flowering and maturity, tomato type, intercfopping and plaming date.

" Nederhoff (1989) validated 3 éynaﬁic, explanatory simulation model for

greenhouse crop photosynthesis with two series of measurements in an experimental
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greephouse with cucumber.  The cmp]ojrcd mecthod was based on calculation and
measurement of carbo-n dioxide balance of the greenhouse air. The simulated rates of
pholosypthcsis gcnc‘.rally showéd a strong similarity with the measm:cd photosynthesis
rates,

Jones (1990) linked two scparately dcvcloped, simulation models a,nd used them to
evaluate different environmental control strategies in a Florida tomato production
grcenhoﬁse. POLY-2 was a model of a doubie poly, Quonset-style greenhouse. It was a
dynamic model that simulated environmental control equipment actions. TOMGRO was
a dynamic crop model that simulated growth, development, quantity and timing of yield
of tomatoes. Both models‘werc based on independent empirical data sets used for
calibration and validation. The two models were linked by incorporating Poly-2 into
TOMGRO as 1‘1 subroutine. Historical weather data for Tallahassee, Florida and Raleigh,
Nf)rlh Carolina were used in turn by TOMGRO to simulate development a\nd growth of
the to;nato crop. During simulation runs POLY-2, kept track of heating fuel requirements
and TOMGRO kept track of tomato yield. Simulations over a range of setpoints showed
that the optimal setpoint depcnded directly on the price of fuel, the value of the tomatoes,
and location.

Yang (let al. (1990) developed a theoretical model of greenhouse microclimate for
describing heat and mass transport processes in a greenhouse row-crol; stand, including

radiation transfer, energy balance, transpiration and CO, exchange. The general

theoretical considerations were assembled into a dynamic simulator by applying energy
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and mass balances simultancously over differential strata of plant Ieaves and greenhouse
air. Outputs of the simulator included both diumal courses and vertical profiles of leaf

temperature, air tcmperature, humidity and CO, concentration in addition to energy and

]
mass exchange.

Joncs (1991) developed a physiological model of tomato crop development and
;yiclcl. A sericl::s of differential equations represented the chalnges in numbers and weights
of legvcs, fruit, and stem segments in the arcas of leaves as new organs wére initiated,
aged, and senesced or-were picked. The omodel used a source sink appr(;ach .for
pzirtitioning carbohydrate into growth of different organs. They conducted an experiment
in six outdoor, controlled environment, growth cha:nbers to quantify the effects of
temperature, CO, , and light on tomato growth processes for calibrating the modlelj The
model accurately described the differences in growth and yield of tomatoes that were
observed in the experiment. They concluded that the current model can be u.;zdﬂi study
the possible effects of different environmental cﬁntrol strategies over practical ranges of |
CO,, light, and temperature. With additional testing, the model could be used to help

determine strategic and tactical decisions concerning greenhouse environment control
ovef practical ranges of CO, and temperature.

N Seginer (1993) mentioned that greenhouse environmental controllers were
required 10 maintain as accurately as possible pre-set setpoints. However, a new

generation of control schemes were emerging where the setpoints themselves were

continuously changed according to internal rules, which utilized some kind of a crop

o

o
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model.  The sctpoints were selected to oplimize the growth of the crop in view of a
certain performance criterion, such as net income, The author divided the various control
schemes which were described in the literature into certain classes, according to whether

they use explicit crop models and or require information about the future for each

. w L)
decision.

As a support system for investment strategics, Rijsdij.k and Houter (1993)
developed a computer model for cnergy consumption, CO, consurﬁp;ion and crop
prc;duction (ECP-model). The main fa(;tprs predicted were gas consumption and crop
production for tomato, cucumber or sweét pepper. Cumulative, gas consumption over a
year was simulated by the ECP-model with an accuracy greater than 90% and cumulative
crop prociuction with an accuracy greater than 95%.

It is clear that extensive research ,has been done on modeling in gre_enliouscs.
However, there is ;till a great need for a decision model that can aid hydroponic tomato
growers in producing a high-qua?ity crop. This model should integrate the knowledge of
the experts in terms of both the key decisi;)ns ‘and optimum ranges required to produce
the best qu;ality crop, and the actions needed to c'qrgect the unacceptal:{ie results of tlyw key

tests, Most importantly, this model should integrate the expertise in terms of prioritizing

the unacceptable results.
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CHAPTER 1V

DEVELOPMENT OF A DECISION MODEL

This chapter consists of three sections. The first section explains the Hydroponic
Tomato Production Decision Model (HYTODMOD) that was developed as a main -
program with subroutines. In the second section, the suggested prioritization scheme is

presented. In the third section, the graphical representation of the prioritization scheme

- by the decision tree is presented.
The general objective of this research was to develop an integrated decision model
for a hydroponic tomato grower thhatl wouid pﬁoﬁtizc ihe necessary actions based on the
probability of producing high yield, high quality fruit. The decision m;Jdel was desi gned

to accomplish this general objective by achieving the foliowing sﬁecific objectives:
1)  Identify the necessary key tf;sts to produce high yield, high quality fruit.

2) ' Identify the acceptable optimum ranges for the results of each test.

'3) | Identify the appropfiat,e action required based on the results of the test.

i
® k4

4)  Prioritize the necessary actions using the utility theory of decision analysis.
The decision model consists of a main program and 28 subroutines. A flow chart

of the decision model is shown in Figure 4.1.

67
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Input growth stage

Model calls up growth
stagef subroutine
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acceptable?

Figure 4.1 Flow chart of the Decision Model
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4.2.1. The Main Program
The main program served as a communication link among all the subroutines,

The decision model initially asked the user about the growth stage, then called up the

corresponding GROWTHSTAGE SUBROUTINE.

4,2.2 The Growth Stage Subroutines
A hydroponic tomato préduclioﬁ process was divided into five stages as defined
by (CroiJKing, Inc. 1?93):
| 1) Gem}inatior.: and early growth stage: starts from the time of sowing the seeds

ﬁntil the seeds coat breaks and the roots ér.nerge.

2) éeedling stage: starts from the time the seeds coat breaks and the roots emerge
until the;y are transplanted into the growing media.

3) Végetative stage: starls from the ‘timc the seeds are transplantéd into the
groWing media until the first flower opers.

4)- Early fruiting stage: starts from the time the first flower opens until the first
fruit is picked.

5) Malt-ure fmiling stage: starts from the time the first fruit is picked until the

termination of the crop.

The above five growth .stagés were programmed into the decision model in seven

_growth stage subroutines. One is for the germination and early growth stage, three are for
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the scedling stage (one for cloudy conditions, one for sunny conditions, and on{c for night
weather conditions), and the other three combine the vcgctqtivc, carly fruiting, “and
mature fruiling stages together with cloudy, sunny, and night weather., Each of these
seven subroutines identified for the user the key tests for cach growth stage and their

optimum ranges to produce the best quality crop.

4.2,3. The Checkresults Subroutine
‘ After carrying out the a!apropriate growth stage subrm;tine, the decision model
asked the user to enter th_e current values of the key tests inside the greenhouse._Next, the
model called up the Checkresults Subroutine. This subroutine:was used to compare the
values entered by the user with the oplimum ranges of the key tests identified in the

growthstage subroutine.

The Checkresults subroutine returned to the main program one of three outcomes: .
i) all variables are acceptable, or ii) one variable is unacceptable, or iii) more than one |
variable is unacceptable. If all variables were acceptabl?, the main program started fron-m:
‘the beginning, If there was one unacceptable variable, the main program next called.up a
corresponding Adjustment Subroutine (éxplained below) and started ﬁ'ox;1 the beginning.
If more than one variable was unacceptable, the main program called.next a Priorifrz_ation

Subroutine, which in turn called the appropriate Grdmh'}%c‘tivity Function (GAF)‘

subroutine (explained below). The Prioritization Subroutine returned to the main
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1

program an ordered list of the unacceptable tests. Finally, the miin program called up the

Adjustment Subroutine, and then started from the beginning,

4.2.4 The Adiustment Subrouti

If the Checkresults subroutine detected any unacceplable variables, the main
program called up a corresponding Adjustment Subroutine.  This subroutine suggested

for the user the actions needed to correct: unacceptablc variable. There were five

_ adjustment subroutines: one for pH, one for EC, onc for air temperature, one for root .

temperature, and one for relative humidity -

[3 ! I * |li !!Iclvl Il I II E - qu Io S I

l; When running the model, it was assumed that a grower would be dealing wit_h_a
situation in which more than one variable needed to be adjusted. It was crucial, therefore,
that the grower could determine which variable was most critical in order to ensure the
;quickest, positive resuits. The pridfitization subroutine in the HYTODMOb model was
d;:signed to assist the grower signiﬁcant}y in-prioritizing the variables for adjustment.
The methodology of the prioritization scheme was carried out using thg uiility theory of
decision analysis.

A set of axioms needed to be satisfied in order to apply the utility theory to th.e
prioritization scheme. Van heumann and Morgenste_rﬁ (1947) established a set of axiom;

for their theory of expected utility. These axioms have been refined by a number of
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rescarchers, so that the essential ideas of Von N(I:umzmn and Morgenstern have been
condensed into three basic axioms. These. axioms specify the conditions of an
individual's preference over pairs of risky prospects (Pratt et al, 1964, Anderson ct al ,
1977, and Bell, and Farquhar,l‘)BSj. The three axioms and their applicability to the

prioritization scheme are discussed below., ¥

The First Axiom: Orderine and Transitivi ~

This axiom requires that the person either prefers one of two risky prbspects (a)
and (b) or is indifferent between them. (It is prcsmﬁed that people can order prﬁspects). :
The second part of the axiom requires that the deciston makerlshould be transitive in his
choices. This implies ihat if a person prefers 'Iottcry A to lottery B (or is indifferent
between them) and prefers lottel;y B to iotterSJ C (or is indifferent i)etweeﬁ them), then he
should prefer lottery A to C (or is indifferent between them). '

This axiom was obeyed in the suggested pfioritizalioﬁ scheme. For example, if
pH is more important than electﬁcal conductivity and electrical conductivity was more

important than root temperature, then pH was more important than root temperature.

4

If some of the prizes in a lottery are replaccd by other pnzes such that the decision
maker is indifferent between each new and the corrcspondmg original prize, then the

decision maker should be indifferent between the ori g&pal and the modified lotteries.

Ny
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'ljhis axiom was also obeyed in the suggested priori tization sche'mc. For example,

H'in onc scenario a pH with a utility of 0.7 was ordered first, followed by a RH of utility

of 0.55, and an EC'of utility 0.3, and m another scenario a root temperature with utility of

0.7 was ordered ﬁfst, fol]owcd by a RH wit.h utility of 0.55, and an EC of utility 0.3, both
 scenarios take exactly the same ordering. .

The above two axioms are the two principles of consistent behavior.

The Third Axiom: Continui
If the decision maker prefers ato b te ¢, a subjective probability p(a) exists other
than zero,‘ or one such that he is indifferent between & and a lottery yielding & with
probabilily p(@) and ¢ with probability /-p(a). This implies that if faced 'with a risky
prospect involving a good and a bad outcome, the decision maker vv;*ill take the risk if the
chance of getting the bad outcome is low enough. This means that if EC>pH>RTin
terms of prioritization, then the grower will decide to deal wnh EC first then pH then RT.
The above axioms together imply the existence of a. auility function u that has two
prepemes First, the utahty function preserves the order of preferences among nsky
prospects that is, a is preferred to b if and only if the utility of 4 is greater than the utility '
of b. ?Second, the utility funcgon is "linear in probabilities”: that is, |
ufp(aja+(I-p(a))b) =P(a)u(fl)+(-’—,0(a))"(b) @1

The folding back procedure of a decision tree relies on this linearity property.

*
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The .suggested ‘prioritization procedure can be graphically represented in the

. schematic form of a decision tree as s_hov.yn in Figure 4.2, The first pér’t of the decision
tree s a decision node with five branches. Each branch représented one of the five key ’
t;:sls that were identified from the experiential and the literature studies. These five key
tests included pH, clectrical conduc-tivify (EC); root tcmﬁerature (RT), air temperature
_(AT), dnd relative humidity (RH). Thé second part of the decision tree comprised of a
‘chandie' node with two additional branches. This .chance node represented the probal':uilit.);

(p) thagthe given test value could produce the best quality crop.
At the end of the tree'is the utility value corresponding to each path of the
decision tree. A utility of (1) is given for the path producing the'best crop, and a utility of

‘ (0) is given for the path producing any other crop. -

Figure 4.2 Decision Tree
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Tllc averaging out ﬁnd folciing back procedure was carricd out by applying
Equation 4.’1' resulting in' what is called the expected utility values for cach of the five
tcst§ bfanchcs. The branch with the highest expected utility value was assumed to be the
onc most likely to produce the best quality crop. The test result with the lowest expected
lllililtljl( value was assumcci to be at the top of t;w prioritization. list to be dealt with first.

’ For_caéh test, the various test rcsults__‘togethenl' with .thc corresponding expected
;stlil'it}r véiues were pl_otted apainst each other to fOl;lTl a utility ‘fpnction, herein referred to
as the Growth A'ctivitylFunction (GAF). The developed GAFs foy the five key tests are -

preéentecl in the next chapter. .

Inside the HYTODMOD, there was a sub}outine for each of the GAF ﬁmctions of

the five key tests. Using linear interpolation, the respectivc'subrputines identified the

corresponding expected utility value with any of the entered test results, This expected .

“utility valuc indicated how far a given variable value was from the optimum growing

r

range of the variable.

[



_ CHAPTER YV
DEVELOPMENT OF .

GROWTH ACTIVITY FUNCTIONS

5.1 Introduction )

The literature review carried out in this dissertation, the know?edge learned from-
the _CropKing grower‘é schoql, the experience gained during the cxperiential growing
expérimem, and the discussions with expérls in the area of hlydroponic tomato production
were all used in conjunction with the utility theory pf decision analysis to develop
Growth Activity Functions (GAF) for the five key tests identified earlier. This chapter
descrﬁbés the analysis of the literature that was used in developipg the GAF. It also
demonstrates the GAF Iand the criteria followed in developing each one.

3.2 Analysis of Literature

The literature review, identifying key tests and.the effect of various levels on
producing the highest yield, highest quality crop were compiled into five sets of tables,
one for each of the five key tests. These Tables 5:1 through 5.5, for root temperature,
electrical conductivity, pH, air temperature, and :relalive humidity, allowed assigning
Iutiii.ly valu::s for given key fest levels. In addition, the descriptive information in the

tables points out the interaction of one key test to another, like the interaction between

root temperature and air temperature,

77 : ’ -
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5.3 Growth Activity Functi
The following criteria were followed in forming the Growth Activity Functiqns

(GAF) using the literature information from Tables 5.1-5.5 and the experimental study:

1. If theze wa;s a consensus that the level of the key test could produce high ;ieid, high
quality fruit, then the key test level was assigned a utility value of one (consensus
refers tcl majoﬁt}"df agreement among literature and ihe experimental study).

2. Ifthe literature and the experimental studies showed 2 pog;n_lr-iquality crop for the given
key test level, then the level v\:as assigned a utility value of?: ;ffero.

3. If for the key test level there was no obvious consensus on crop performance, then the
most recent literatuge and the experimental study were useci to assign utility values
between 0 and 1. .

3
|

5.3.1 Hyd Yon Cone fion of the Feeding Soluti

Figure 5.1 shows the developed GAF for the Hydrogen Ion Concentration (pH)
over the total range 3 - 10. Since the pH is not affected by weather conditions and its
optimum range does not vary from one growth stagt;, to another, oné GAF was developed
for all the growth stages. Anal;z_;is of data for the crop response to pH using the criteria |
for the GAF resulted in a utility value of zero below pH of 3 or above pH of 10. A utility
va;lue of 1 was assigned to pH between 5.5 and 6.5. Based on criterion #3 above, a utility

value of 0.2 was assigned to pH of 4 and pH of 8 as shown in Figure 5.1.

S
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Hydrogen Ion Concentration (pH)

Tomato Growth Activity Function for Hydrogen ion

Figure 5.1

Concentration from Germination and Early Growth Stage

until Termination Stage for Producing Best Crop.
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5.3.2 Root Temperature
Figures 5.2 and 5.3 show the GAF developed for the Root Temperature (RT) over

the total range of 10 - 40°C. It was observed that the optimum range of RT‘for the
germination and early growth stage and the seedling stage is highir than the one desirable
between the vegetative and the termination stages. This lead to the development of two
GAF:s for RT. Analysis of data for crop response to RT using the criteria for the GAF
resullled in a utility value of zero for RT below 10°C or for RT above 40°C for all growth
stages. A utility value of I was assigned io RT between 25 and 26.7°C }or !the
germination and early growtlil ge and the seedling stage (Figure 5.2). For the stages
from vegetative unti} terminatioh, a utility vaiue of 1 was assigned to RT between 20 and
22.2°C (Figure 5.3). Based on cﬁterio;l #3 above a utility value of 0.1 was assigned to
RT of 15°C during the germination and early growﬂ; stage and the seedling stage (Figure

5.2).
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233 Air Temperature
- Four GAFs were developed for the air temperature (AT). One was for the
germination and early growth stage over the total range of 9 - 35°C as shown in Figure
5.4, Three GAFs were for the seedling until termination stages over the total range of 10

l

- 40°C. The laét three are: one for night, one for sunny, and one for cloudy weather
conditions as shown in Figtnlfes 5.5, 5.6, and 5.7 respectively.
}‘\nalysis of data for crop response to AT using the criteria for thp GAF resulted in
‘a utility value of zero below AT of 9°C or above AT of 35°C for the germinat;on and
early growth stage (Figure 5.4). From seedling until termination stages, a utility value of
zero was assigned to AT below 10°C or above 40°C (Figures 5.5, 5.6, and 5.7).
A utility value of 1 was éésigned to AT between 24 and 2;3.1°C for the
_ germination and early growth stage (Figure 5.4). From seedling until termination stages a
utilit‘y value of 1 was assigned to AT between 18.3°C and 20°C for the night temperature
(Figure 5.5), to AT between 22.8°C and ‘25.6°C for a sunny day temperature (Figure 5.6),
and to AT between 20°C and 23.3°C for a cloudy daj; temperature (Figure 5.7). ﬁased on
criterion #3 above, a -utilit'y value of 0.5 vu:as assigned to night AT of 17.2°C from-
séedling until terminition stages (Figure 5.5). Two key factors were found to be
detriméntal in selecting the growing optimum ranges for the AT throughout the different
growth stages. One was the temperature range for the best tomato plant growth. The

second was the temperature range best for energy savings at the different gfowth stages

_ and weather conditions.

-

<5
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Air Temperature (°C)

Tomate Growth Activity Function for Greenhouse Air

Figure 5.4

Temperature during Germination and Early Growth Stage

for Producing Best Crop.
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Night Air Temperature(°C) -

AANIY Pmodn

Tomato Growth Activity Function for Greenhouse Night

Figure 5.5

Air Temperature from Seedling Stage until Temmination

Stage for Producing Best Crop.-
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Greenhouse Air Temperature from Seedling Stage until

Tomato Growth Activity Function for Sunny
‘Termination Stage for Producing Best Crop .

Figure 5.6
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Greenhouse Air Temperature from Seedling Stage untii
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Tomato Growth Activity Func

. Figure 5.7
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"I'hree GAFs were developed for the Electricai Conductivity (EC): one for the
germination and early growth stage (l.:‘igure 5.8), one for the seedling until termination
stages for sunny weather conditions (Figure'5.9) ancrl another for the séedling until
termination stages for cloudy weather conditions (Figure 5.10). Since the preferred EC is
greatly affected by solar radiation levels, the GAFs for seedling until termination stages
were divided into two functions: one for cloudy and ;me for sunny weather conditions.
Analysis of data for crop response to EC using the criteria for the GAF resulted in 2
utility value of zero for EC of 0 pmhos/cm or above EC of 5000 pmhos/cm for the
germination and eady growth stage (Figure 5.8), and for EC below 1000 pmhos/cm or
above 12000 pumhos/cm for seedling until tél:r;ﬁr;‘ation growth stages (Figures 5.9 and
5.10). A utility value of 1 was assigned to EC between 1800 and 2000 ptmhos/cm for the
germination and early growth stage (Figure 5.8), and between 2300 and 2500 pmhos/cm
for the seedling untit terminaﬁon stages on a 'sunny day (Figure 5.9), and between 3500

and 4000 pwmhos/cm for the seeciling until termination gromh stages on a cloudy day

(Figure 5.10).
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Tomato Growth Activity Function for Sunny 'Day
_ Feeding Solution Electrical Conductivity from Seedling

Figure 5.9
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Tomatoe Growth Activity Function for Cloudy Day Feeding

Figure 5.10

Solution Electrical Conductivity from Seedling Stage until

Termination Stage for Producing Best Crop.
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535 Relative Humidit
Three GAFs were developed for the Relative Humidity , (RH): one for the

\gennination and early growth stagé (Figure 5.11), one for the seedling stage (Figure
5.12), and one for the vegetative until termination growth stages (Figure 5.13). Analysis
of data for crop response to RH using the criteria; for the GAF resulted in a utility value of
0 below RH of 60% fdr germination and early growth stage (Figure 5.11), and below RH
of 40% for the se(;dling stage (Figure 5.12), and below RH of 30% and near RH of 100%
from vegetative- until termination stages (Figﬁre 513). A utility value of 0.6 was
assigned to RH of 100% for the germination and early growth stage as well as for the .
seedling stage (Figures 5.11 and 5.12 respcctively). A utility value of 1 was assigned to
RH between 75% and 85% for germination and early growth stage (Figure 5.11), to RH
between 75% and 80% for the seedling stage (Flgure 5.12), and to RH between 60% and

80% for the stages from vegetauve until termination (Figure 5.13).



Growth Activity

Figure 5.11' Tomato Growth Activity Function for Greenhouse Air
Relative Humidity during Germination and Early Growth
Stage for Producing Best Crop.
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Relative Humidity (%)

Tomato Growth Activity Function for Greenhouse Air

EXI X

Figure 5.12

Relative Humidity during Seedling Stage for Producing

Best Crop.
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Figure 5.13 Tomato Growth Activity Function for Greenhouse Air Relative
Humidity from Vegetative Stage until Termination Stage.



CHAPTER VI

VALIDATION OF DECISION MATRIX

4
6.1 Introduction
This chapter describes the methodology used to test the validity of the decision
model and the Growth Activity Functions (GAF) combined into a decision matrix. The
~ second section describes briefly the experts consulted in the validity process. The third

section explains the kind of validity test that was given 1o the experts. Finally, the

methodology followed to analyze the results of the validity test is presented.

ivz B . [D . I. [ CI E I

Va.lidity of the developed decision model was testéd by corﬂparing man;agement
actions sugéested by ;he decision model with four greenhouse hydroponfc tomato
producti_on- experts. The following is albrief descﬁption about each of the four experts.
Expert #1

Expert #1 was an active consu.!tant to customers and clients c;f a commercial
hydroponics compan;?. Primary‘e;nphasis of the company was to promote and sell

technology *
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and equipment for prodilcing hydroponically grown tomatoes. Once a month, expert #1
taught a weekend intensive, detailed course on hydroponic tomato production using the

company’s growing systems. He had written a detailed manual for his weekend courses

. that also served as a reference for his company’s experienced growers. He consulted with

[Y

) groﬁff}s daily by telephone to solve production problems. Expert #1 had a B.S. degree in

horticulture and a M.S. degree in vegetable crop production and physiology. He also had

training and significance experience in communicatjon skills through both M. Div. degree

majoring in theology and public school teaching.

Expert #2

Expert #2 was an active consultant to over 50 greenhouse tomato and cucumber

- growers at the time of this research. He had approximately 22 years of research

\
* #

experience on optimizing the production practices for economically growing greenhouse

vegetable crops. This included studies of optimum nutrition of greenhouse crops grown

‘in soil, artificial mixes, and hydroponics,' disecases and insect control, temperature,

hurnidity, and carbon dioxide c;mtrol, and post-harvest quality control. E};pert #2 had
visited greenhouse pro'duction areas around the world and was widely known in the

industry. Bx;}ert #2 had a Ph.D. degree in horticulture science majoring in vegetable crop

~ physiology and had significant experience in a family owned greenhouse floriculture croﬁ

production business.



. l_l3
Expert #3

Expert #3 was a university instructor of horticultural science with a special
emphasis on floricultural crop production in commercial greenhouses. He had 8 yéars of
" teaching experience at the undergradua‘ite‘ level and interacted regularly with engineers
and plant scientists studying controlled environment plant production felated to both
vegetable and ﬂo;-iculture crops.r Expert #3 alsq' had 2 years of experience with 2
different agricultural businesses where he researched problems related to floriculture
crops p?oduction and dici testing of com and soybean seeds. Expert #3 'studied. the tomato
plant.in his Ph.D. research; but had not maintained any significant contact with the
corqmercial vegetable growers. |
Expert 14 S t

Expert #4_ was an active production manager of a corporate, 12 acre, hydroponic
tom'ato_ production faéility. .He had approximately 22 years experience as a grower,
consultant, and promoter of controlled environmeﬁt growing facilities in new remote
areas using special energy app!ications such as co-generation. At the time of this study,
he was especially interested in and ‘e_xperimenting with cbmputer controlled fertfgation.
Exl;ert#;lhada _BS_ deg:ee_m Physics from a Midwestern University and had studied
aspects of horticulture and floriculture in continuing education. |
$.3 Priority Test for the Expert

Twenty-five different input scenarios were generated randomly within the

decision model-and given to the-experts and inputted to the decision model. The five sets
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of outputs (four from the experts and one from the decision model), were then analyzed.
The values given to the five variables were generated randomly using the formula;
L= Ly + (Lyu= Lyn)* RN | ©.1)
" where: . | |
L = The calculated random valut.z of one of the five variables: (pH, EC, RT, -
AT, or RH) ' |
. L= Minimum value given to one of the five variables: (pH, E:C, RT, AT, or \ '
RH) T
L= Maximum value given to one of the five variables: (pH, EC, RT, AT, or
RH)
RN = jhe random number generéted inside the software.
The above ;expression follows from assurﬁing a uniform distribution for each variable
between the minimum and the ma{tximum values.

The evaluation of the input scenario by the éxperts and the -model involved two
parts. Ir_l the first part, the experts were asked to determine whether the value of any of
the ﬁi!é:“\;:riables' (pH, electrical conductivity, air temperature, root temperature, or
relalive'humidily) fell within an acceptable range for produéing the best quality crop
given the specified growing conditior;s and growth stages.

The second pa'rt dealt with ﬁae prioritization of the unacceptable variahiesi The

experts were asked to order the unacceptable variables in terms of severity; the vatue of

the variable at the top of the list was the one which, if unchanged, had the highest chance
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of producing an infertor crop given the specified growing conditions. Appendix (A) is an

example of the input given to the experts. ,

The validation test results to the 25 scenarios obtained from the experts and the
decision model were analyzed statistically. Sincet there were two parts of the validation
- test, the malyges were divided into two parts. The first evaluated the matching part; i.;::;
the number of interpretations agreed to be acceptable or unacceptable for each variable
between each expert and the model. The second evaluated the prioritization part; that is,
the agreement between each expert and the model in terms of which variable needed
modification first. A score was giv;en‘for the two parts after anaiyzing each expert and
the corresponding mode{ output. "I;he mathematical constraint for scoring was calculated
‘by the following Equ_ation: | |

Score = SMI + SM2 + 8P - 6.2) -
where: | ‘.

Score < 100 ' o

. SMi= The score for the matching pa;rt.

SM2 = Additional matching score for each variable determined to be unacceptable

by both the experts and the model (10 in this analysis).- '

SP = The score for the prioritization part (28 in this alialysis).

| X =(100 - maximum fogSP), (72 in this analysis)

-~

SM1 +SM2 <X
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The follc;wing is an explanation of the analysis procedure that was developed

together with the statistics lab at the Ohio Agriculiural Research and Development Center
(OARDC): -
1, -T.he score for the matlching part, when the expert and the Imodel agreed, was
' assigned using weighting factors dependent upon the number of matches between the
expert and the model. Since in this analysis five variables were considered, the number
_of matches were: 0‘,” 1,2, 3, 4, or 5 Based on this condition, three mathematical steps
were then carried out in order to assign a scdre corresponding to each number of matches.

i) Weighting factors were computed for each case by assigning a number from 2°
to 2", where (n) is the number of variables being interpreted by the expert and the model
(five in this analysis). For the casen=3 th:e assigned nufnbers were 1,2, 4,8, and 16 and
the sum of ﬁe assigned numbers is 31. |

ii) If the total score assigned for the matching part were (X), this (X) was
proportioned .among the matches between the experts and the decision model using:
(X*1/31), (X*2/31), (X*4/31), (X*8/31), and (Xf16f31). In this study (X) was given a
value of 72. |

.iii) The score for the case of five matches was the sum of all thg weights,‘ which
was basically the value (X). The score i:or four matches was determined by subtracting
the highest weight (X*16/31). Ther:, :score for- three matcﬁés was determined by

“v_,‘..ﬂ

e
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subtractmg the second highest weight to make the total number subtracted (X*8/31) plus

(X*16/31). 'Ihe same calculations were carried out I.!l'ltll the case of zero matches in

which a zero score was given.
2..  The score of the matching part was given an additional score (Yj for each variable
determined to be unacceptable by both the expert and the model. However, there was one

condition that the fotal score of matching (SM1 + SM2) could not exceed the value (X)

such that the total score of matching did not exceed the assigned value (3. In this sttidy .

(Y) was given a value of 10. ' Rid
_ - ' , 4
3 The score for the prioritization part was assigned based upon how closely the

X

. ' . A -: N
determinations of the model and the ‘expert agreed in terms of which vartablés needed to

s
< -

be modified first. The computations of this score was carried out in three sieps:
i) The first number used fo determine this score was (j). Where (j) was the
number of comparisons among the five variables specified by the expert. (j) was

calculated by the following equation:
j=Y (k) (63)
kel . :
“where:

n = The number of variables interpreted by the expert and the model (five in this

analysis). P
ms= The number of vanables determined by the experts which require adjustments

4 Thusform 0,1,2,3,4,0r5then}=0,4,7,9, 10 or 10, respectively.

L
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ii) The second number used to determine the ordering score was (c), where (c)
was the number of-' ordered comparisons correctly determined by the model.
iii) The formula used then to compute the score for the ordering part was
¢ X (lOO-X)\! i : | ‘ (6.4)
(c) ;Nas evaluated by comparing the model chosen sequence 6f_0ariables_ with the expert
| sequence of variables and coﬁntipg the number of correct orderings. o
" The total score resulted from an analysi_s of each output scenario, -an;i represented
how élosply the determinations of the model wefe to those of the experts in terms of both
1
 matchifig and prioritization. Conr
Finally,:ﬁer cgngycting theoanalysis and calculating thé score for each output, a
statistical aﬁalysis was é;rried out that included the aritlnnetfc‘mean (;f all the scores for
"the twenty ﬁve output" scenarios, tﬁe standard deviation, and a 95% confidence interval

W

(CH) for the mean. The ClI formula used was:

’ x + (tcritical value) x s/ Jn . | (6.5)
where: |
x = The arithmetic mean of all the %core%.‘

's = The standard deviation
n = The total number of runs (25 in this analysis).

A computer prograin was written to carry out the above analysis as well as the

statistical analysis. 4



CHAPTER VII

‘RESULTS AND DISCUSSION =~ .

7.1 Intreduction
: This chapter shows the results of the decision mqﬂ'éi (HYTODMOD) validity test

and the statistical analysis conducted on the results of the test. Also, a sensitivity analysis ~

on the scoring weight was done.

72 Validity of Test Result

As explained in the last chapter, following the ﬁevelopment of the HYdroponic
TOmato Decision MODel (HYTODMbD), a validity test was carried out with experts.
Appendix (A) shows an exal31ple of the 25 input scenarios given to the four expeits.
| The results of the validation test was divided into two parts. The first part
anaiyzed the degree of matching between 1}1e expert and the model outputs; that is tize
number of times the experts and the model agreed on the accm{:ptability of the five tested
variables. The second part involved the statistical analysis of the';ralidity of the model in

e

terms of both the matching and the prioritization parts.

119
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Z.2.1 Matching Results with Experts
The number of times each expert agreed with the other as well as with the
decision model for each of the five tested variables out of the twenty five times was
counted and recorded in Table 7.1.- After receiving the dat  tom the four experts, experts
#1, and #3 were interviewed to discuss some of the differences between their output and

that of the decision model. Discussion for each key test result is presented in the next

section. , .
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‘72,11 Hyd lon C ration of the Feeding Soluti

o Table 7.1 shows for the Hydrogen Ion Concentration (pH), the Hydroponic Tomato

P

Decision Model (HYTODfAOD) output was closest to expert #3’°s output, agreeing 25
out of 25 times.

e HYTODMOD Qgreed with expert #4 22 out of 25 times. Expert #4 considered pH of
5.7,5.8, and 6.5 as unacceptable while HYTODMOD did not. HYTODMOD agreed
with expert #122 of 25 times. The differences occurred due to the fact that expert #1
considered a pH of 5.0 and 5.2 as acceptabie while HYTODMOD did not. Also, this
expert considered a pH of 6.5 as unacceptable while HY TODMOD did not. |

o The output resuits of expert #2 ‘indicated that the meaning of acceptabllity was not

_ clearly explained to hlm While an acceptable range for the current study can produce ;
the best quality crop based on the given ‘grovi_fing conditions, he considered any value
as an accel;table one unless extremely low or hig.h. This misunderstanding wag also
evident with the rest of the variables: EC, RT, AT, and RH. Due to this fact expert #2
was excluded from the analysis of ﬁle rest of the variables.

¢ The last column of Tabfe 7.1 shows that of the Zb times experts #1, #3, and #4 agreed,

HYTODMOD outpiit matched their outputs ali 20'times.

¥
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o Table 7.1 shows for the root temperature (RT), the HYTODMOD output agreed most
closely with e)ipen #1 t23 out of the 25 times afier the interview), followed by expert
#4 (22 out of the 25 times), an& ﬁnally_ by expert #3 (21 out of the 25 times).

s Expert #3 conslidered a RT of 27.3 and L27.5°C acceptable; while HYTODMOD did
not. Holwever, HYTODMOD gave these temperatures a utility of 0.94 and 0.95
respectively, which is quite close to the acceptable range.

o Expert #4 considered a RT of 25.6°C for the stages of germination ar;d early growth

 and the seedling stages on a cloudy day as unacceptable, while experts #1 and #2, and
HYTODMOD considered it acceptable. o ;

. o Based on the output results of experts’ #1, #3, #4 and the discussion with experts #1
and #3, the lower bound of H\;TODMOD oi)timum range for the. germination and
;;rly growth and the seedling stages was changed from 25°C to 23°C as shown in
Figure 7.1. Also, the upper bound of HY TODMOD optimum range for the vegetative

" to the termination stages was changed from 22.2°C to 24°C as shown in Figﬁre 7.2.

. _- Tﬁe last column of Table 7.1 shm;vs that of the 21 times that experts #1, #3, s-md #4

agreed, HYTODMOD output matched the expérts’ outputs 20 times,

L N
N iR

e e = N2
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— @ = Before validation

. =—O=— Afler validation
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2.2.L3 Air Temperature

. 'Tablc 7.1 shows that for the air temperature (AT); the HYTODMOD output ‘ag'reed
most closely with expert #4 (25 out of 25 times), followed by chpert #3 (19 out of the
25 times after the interview), and finally By expert #1 (18 out of the 25 times after the
interview).

o Expert #t considered AT of 17.3°C in both the early fruiting stage at night, and the
vegetative stage at night as acceptable, while experts #3 and #4, and HYTODMOD
considereld it- unacceptable.: -Also, expert #1 considered an AT of 17.5°C for a mature
fruiting slage on a sunny day as acceptable, while experts #3 and #4, and

HYTODMOD did not.
o Experts #1 and #3 considered an AT Qf 2 l 9°C in the seedling stage ona sunny day as
acceptable, while expert #4 and HYTODMOD did not.
o Expert #3 respectively considerea AT’s 0of 29.2 and ?:7.1“C in the germination and
' elarlyr growth stages on a'cloudy day, and in the seedling stage on a cloudy day as
acceptable, wili!e experts #1 and I#4', and HYTODMOD considered those AT’s'
unacceptable. - ' .
» Based on the output results and discussion with experts #1, and #3, the HYTODMOD
optimum rangé for the stages from seedling to termination on a sunny day was .
changed from (22.8 - 25.6°C to (24 - 26.7°C as Ishown in Figure 7.3. " Also,

HYTODMOD optimum range for the stages from seedling until termination stages on

a clqud); day was changed from (20 - 23.3°C to (22 - 24°C as shown inF igure 7.4.

—

[
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The last column of Table 7.1 shows that of the 16 times that experts #1, #3, and #4

agreed, HYTODMOD output matched the experts choices all 16 times.

|

— & = Before validation
—0— After validation

|

AANIY Y3ar0an

Day Air Temperature (°C)

Tomato Growth Activity Function for Sunny Day

Termination Stage for Producing Best Crop before and

Greenhouse' Air Temperature .- from Seedling Stage until
after Validation.

- Figure 7.3
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» Table 7.1 shows that for the electrical conductivity (EC), the HYTODMOD output
agreed most closely with expert #4 :(23 out of the 25 times), followed by expert #1,
{(22 out of 25 times after the inlerview); and finally with exp;:rt #3 (21 out of the 25
times after the interview).
o Expert #3 considered an EC of 1500 pmhos/cm in the maturé fmi.ting stage at night
ag acceptable, while experts #1 and #4, and HYT,OPMOD, ponéidercd it
unacceptable, Under the' same conditions, expert #1 considered an EC of 3100

pumhos/cm as acceptable, while experts #3 and #4, and HYTODMOD, considered it

unaéccptable.

Expert #3 considered an EC of 3500 pmhos/cm in matute fruiting stage on a cloudy

day to be unacceplable', while experts #1 and #4, and HYTODMOD, considered it

k3

- acceptable, -

2

Expert #3 considered an EC of 1900 p rxl}hosfcm in the vegetative stage at night to be

acceptable, while experts #1 and #4, and HYTODMOD, considerea it unacceptable. .

[ Y

. ]éxperts #3;and #4 considered an EC of 1700 p.mhos!crﬁ in the seedling stage on a

cloudy day’ to be acceptable, while expert #1, and HYTODMOD, considered it

unacceptable. . ‘
'“". t . J T )
Based on the output results of experts #1, #3 and #4 and the discussion with experts

i

#1, and #3, HYTODMOD optimum range for the seedling to termination stages on a

-

shnny day was modified from (23&6 - 2500 umhosfcm)-to (2300 - 2800 pmhos/cm)
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as shown in Figure 7.5. Also, HYTODMOD op;timum range forthe seedling to

termination stages on a cloudy day was modified to (3100 - 40060 pmhos/cm) as

@ f

shown in Figure 7.6.
. " .
The last column of Table 7.1 shows that of the 18 times,that experts #1, #3, and #4

/ - . .
agreed, HYTODMOD output matched the experts 18 times. -

"y

L
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e Table 7.1 shows ﬁl:ir the relativé humidity, the HYTODMOD output agreed most
ciosely with expert #4’s output (24 out of the 25 times), followed by expert #3 (20 out
of the 25 times afier the interview), and finally with expert #1 (16 out of the 25 times
after the interview).

o Expert #1 considered a RH of 60, and 61% in the germination and early growth stage;s
at night and on a suﬁny day acceptable, while experts #3 and #4; and HYTODMOD
did not. |

¢ Experts #1 and #3 considered a RH of 67% in the seedling stage on a cloudy day
acceptable, while expert #4 and HYTODMOD did not. - .

o Experis #1, #3, and #4I considered a RH of 68% inlthe seedling stage on a sﬁnny day
acceptable, while HYTODMOD did not.

¢ Expert #1 considered 2 RH of 55% and 56% in the seedling stage on a sunny ﬂay
acceptable', while experts #3 and #4, and HYTODMOD did not. Also, expert #1
considered an RH of 56% fo!' a mature fruiting stage on a sunny day a;cepiabl‘e,’ while

* experts #3 and #4, and HYTODMOD did not,

* Based on the output results of experts #1, #3 and #4 and t’hej discussion .with experts
#] and #3, HYTODMQD utility for an RH of 100% during the germination and early
growth stage wes changed to (1) from (0.6) as shown in Figure 7.7. Also, the lower
bound of HYTODMOD optimum range for the seedling stage was changed to 70%

from 75% as shown in Figuee 7.8.
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The last column of Table 7.1 shows that of the 15 times that experts #1, #3, and #4
agreed, HYTODMOD output matched the experts’ outputs 14 times.
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7.2.2 Sensitivity Analysi Scoring Weight

Prior to scoring ;he recommendations b;atwecn the model and each expert, a
" “sensitivity analysis was done to measure the validity of sulch a score. As was merlationed
in section 6.4, one score was given 'fot the matching section and another for the
prioritization section. More variation ‘was expected between the experts and
HYTODMOD in prioritizéti()n match.ing; ‘thel"efore, a higher share of the total score was
given for the matching p’art. The initial estimate was a score of 7'2 for the matching ;Jan
and 28 for the prioritization part. |

The 6utput results of expert #3 were used for the sensitivity Ianaly'sis process.
Table 7.2 shows the results of the arithmetic mean, ;md the lower and upper bounds of the

95% confidence interval corresponding to the scores: 60, 65, 70, 72, 75, and 80.

Table 7.2 Sensitivity Analysis on Scoring WEights

AM L.B.ofCl | U. B.ofCI

Score I _

%0 846 79.0 90.1
&5 84.9 791 |- 907
70 855 | 794 916
7 857 794 519
75 85.8 793 | 923
80 862 794 930

A. M. = Arithmetic mean.

L. B. of CI= The lower bound of 95% confidence interval.
U. B. of CI= The upper bound of 95% confidence interval.
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As shown in Table 7.2, the variation in the arithmetic mean was 1.6; the lower

L]

- bound was 0.4; and the upper bound was 2.9. This analysis showed that a score of 72 is a

good estimate. The variation in the arithmetic mean and the lower bound of the 95% CI
#

was small. If the score corresponding to the highest upper bound (80) was picked, it

would have been on account of the prioritization share of the score that could have been -

20.

Y

2.2.3 The Statistical Analysis Results |

e -

The procedures used in the statistical analysis were explained in chaptér 6. A
score of 100 was given to a coniplete rﬁatching and exact prioritization I'etween each
expe?t and the HYﬁ)DMOi). The share of the matching part was 72, referred to as (X)
in the last chapter, while the share for the prioritization part was 28. Tables 7.3 shows the
sgalistical anz(a.lysis results for experts 1, 2, 3, and 4.

.e The highest score achieved was between expert #4 and the HYTODMOD, as
sho“‘m in Table 7.3, the arithmetic mean and the 95% CI were 88, and 83-92 respectively.
Then next highest score achieved was betweej_l expert #3 and the HYTODMOD, with an
arithmetié mean and 95% CI of 85 and 79-91 respectively. Next came the score achieved
from the statistical analysis of expert #1 and the HﬁODMOD outputs, with an
arithmetic mean and 95% CI of" 80 and 75-86 respectively. Finaily, came the score
achleved from the statlstlcal analysis of e@en #2 and the HYTODMOD outputs with

anthmellc mean and 95% CI of 60 and 52-68.5 respectively.
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Table 7.3 Statistical Analysis on the Compatibility of the Decision Model ‘
(HYTODMOD) Output with Each of the Four Expert Outputs.

Output set# ' Expert #1 Expert #2 Expert #3 Expert #
Score " Score - Score . Score
1 9.6 - 916 %44 - 916
2 916 550 97.2 94.4 -
3 93.8 . 96.9 100.0 65.6
4 51.0 64.7 94.4 97.2
5 453 ° 400 750 547
6 80.4 64.7 74.8 80.4
7 837 45.0 899 . .916
8 67.8 . 74.0 100.0 ' 91.6
9 80.6 38.0 97.2 - 9.6
10 80.4 43.0 832 - 916
1 - 93.8 54.7° 874 - 846 )
2 67.8 350 . 916 97.2
13 888 310 774 86.0
14 83.7 52,0 83.7 83.7
15 94.4 584 888 - 916
16 80.4 77.6 832 1000
17 94.4 86.8 89.9 97.2
18 61.6 550 916 91.6
19 ] 860 647 . 860 91.6
20 860 . 430 . 916 86.0
21 709 550 51.0 100.0
2 93.0 868 97.2.. 044
23 70.9 972 916 916
24 83.2 616 91.6 88.8
25 888 330 330 = 678
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~ Table 7.3 (continued) Statistical Analysis on the Compatibility of the
Decision Model (HY TODMODY) Qutput with Each of the Four

Expert Outputs. \

Sum of the scores . | 2009.9 1504.7 21417 2202344
A.M.of the scores - 804 60.2 85.7 88.1
STD. DEV. of the scores |  13.5 202 15.1 ’ 10.9
L. B. of the 95% CI 74.9 51.9 79.4 83.6
U. B. of the 95% CI 85.9 68.5 919 926
L.B.ofthe 0% CI | 75.8 533 80.6 844
U. B. of the 90% CI 85.0 67.1 90.8 91.8

A.M= Arithmetic mean
L.B.= Lower Bound
U.B.= Upper Bound

STD. DEV = Standard Deviation
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The key reasens for the arithmetic mean and the 95 % Cl statistics were as

follows:

-1. There were matching differences of opinion that were discussed in the prcvioué
section. ‘

2. When prioritizing, expert #1 decided most of the time to deal first with the variables
having a short-term efiect on the plant (such as pH or EC) before the ones that could

" have a long term effect, such as RH. He believed that the short-term effect could lead
to damage very quickly if not corrected immediately.

3. Expert #1 considered a pH of above 7.0 very likely_ to prod‘uce a poor quality crop in
all stages, while the HYTODMOD considered it possible to have a pH as higil as 10.
This‘ difference significantly affected the ordering of -expert #1 and HYTODMOD for
the pH among the other variables.

4. ﬁxpert #1 considered RT and AT above '29.'4°('J for all stages to be very likely to
produt;e a poor quality-crop. Howeyer, the HYTODMOD and expert #3 considered
the worst effect to occur at a temperature of 40°C. This difference affected the
ordering of experts #1 and #3 and HYTODMOD for the temperatures among the
other variables. | I

5. Expert #3 copsiden;,d an EC above 2000 ffmht;s/cm at the germination stage on a

| cloudy day to be very likely to produce a poor quality crop. However, HYTODMOD
and expert #1 considered this level to be the opFimum to produce the best quality

crop. Also, expert #3 considered an EC above 4000 pmhos/cm for the stages from

!
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. vegetative until termination at night or on a cloudy day to be the worst for producing

a high quality crop. Héwcvcr, HYTODMOD and expert #1 considered this level to be
the optimuﬁ for producing the best quality crop i‘c:r the above mentioned 'growing'
conditions. " -

. 'I:he HYTODMOD considered the worst level of EC for both the germination stage
and seedling through termination stages on a sunny day to start at 5000 and 12000
pmhos/cm respectively. However, expcrts‘#l and #3 considered the won"st level
under tﬁe same growing conditions to start at a level above 5100 grﬁhos/cm. The
above two differences affected the ordering of experts #1 and #3 and HYTODMOD -
for the EC among the other variables. |
. Expert #3 considered a RH range of 60-70% for the germination and early growth
stages on eitl;er a ;Ioudy day or at ni1ght to be thé best, while 'HYTODMOD
considered this r;mge to be poor for the germination and early growtﬁ stage. Also, the
expert considered a RH above 80 % for the stages from vegetative until termination

on a sunny day to be poof, while the same RH was considered the best under the same

growing conditions by HY TODMOD.



CHAPTER VHI
CONCLUSIONS
The general objective of this study was to develop an integrated.deciéion model
for a hydrol:;onicslomato grower that would prioritize the necessary actiohs based upon -
the probability of producing hig'ltl?l yield, high quality fruit.
The fol!owiﬁg conclusions can be dra;wn from this study:
1)  Five key tests were idelm'if.'led to be' neccs’smjy for the production of high yield, high
quality hydroponic tomato fruits. These five jests were:
' f) The pH of the feeclling éolulipn.
it} The electrical conductivity of the feeding solution.
ii'i)‘ The air temperature inside the greenhouse.
- iv) The root temperature.
v) The relative humidity..
2) Growing optimulﬁ ranges for each of the five key tests were identified for five
'-growing stages of a hydroponically grown ’tomato crop. The growth stages were;
i) Thergermination and early growth stage.
i1) The seedling siagc. .
iii) The vegetative stage.

iv) The early fruiting stage.

142
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4)

5)

6)

7

)
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v) The mature fruiting stage.

A éomputcr decision model call’cd HYdroponic mmato Decision MQDel
(HYTODMOD) was developed that (;arricd out specific objectives | - 4. |
Actions related to key tests could be prioritized by a HYTODMOD model with a
hi gll1 level of agreement with four different experts.

Growth Activity Functions (GAFs) could be used to dc;cribc the potentiai influence
of vérious levels of five key tests on the production of a greenhouse tomato crop. |
Aﬁ adjustment subroutine of a decision model could be used as a help function to
Iidentifly necessary actions needed to correct the unacceptable test resu!;.

Successful hydroponic tomato productiqg. is highly dependent on at least five .lests
that must be done accurately.

The decision mo&el was validated by compari‘ng the model recommendations with
the experts recommendations using a mﬁdomiéed test of growing conditions, The
statistical varia}ion which occurred afnon_g‘]\the experts confirmed the opponﬁnity for

an integrated decision model that can provide hydroponic tomato growers with the

necessary expertise to produce a high quality crop.

I



CHAPTER IX
" RECOMMENDATIONS FOR .

FUTURE RESEARCH

Based (:n this study, tlhe fi)llowing impro_vefnents to the HYdroponic TOmato
Decision '@el (HYTODMOD) §oﬂware, and future research are recommended:

l: The niitrient composition of the feeding solution should be added as a key test. The
optimum level of each of the macro- and micro-nutrients for the different growing
stages need to be H'etermined accurately.

. The moisture-cont;:nt of the growing. media should be added as a key test. Thcl
~ optimum levels at various different times of the Iday for the different growing stages
need itd?ge ide;l-tiﬁed. iTh_is will prevent any over irrigatior_i thé\t would lead to an
excessive waste of nutrient. . |

. Thq list of actions included in ;lfie HY'i'ODMOD model should be modified to include
more detailed actions that can suil_ various specific growing conditions.

. The frequency of condiicting each key test should be determined. °

. The germination and early growth stages should be separated into two stages with
‘ é

separate spbroutines for each stage.

144
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]

. The HYTODMOD model should be interfaced with an automatic control greenhouse

software.

. The user friendliness interaction between the model and the grower should be tested

b

and i'rlnproved.’
. The HYTODMOD should be considered for other crops after r;laking any necessary
changes to the model.

. The diagnostic and growth models should be incorporated to the HY TODMOD.
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EXAMPLE OF THE VALIDITY TEST GIVEN

TO THE EXPERTS
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Expert’s name: Date:

Please follow the following instructions:

1. Mark next te each test result whether the corresponding value is
acceptable (A) or unacceptable (O) for producing the best hydro-
ponic tomato crop nowing the given growth stage and the weather
conditions (The growth stages are defined in the ngxt page).

2. Imagine you are now inside the greenhouse and you lmew about those
unacceptable test results, prioritize them in terms of the c¢nes that
need to be fixed first. Assume You have a reascnable control over
each of the five test parameters. .

3. The following is a complete ua.mple. to demonstrate what need to be .
done.

Inpﬁt set § Example

* The current growth stage is the vegetative stage.

* The weather condition is Night. ' T,
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Test . value AorU . Priority
’
1. ECF  (micromhos/cm) 9100 » O @23 4 s
2. pHF " 6.5 ' 2 3 4 S
P _ 6.5 @, o 1
3. RTEMP (deg C) 15.6 a2 @ . . 1 2 3@ s
(de F) 60.2 ‘
_ 4. ATEMP (deg ©) . 16.8 » @ 1(d 3 4 s
: (deg F) | 62,2 .

S. RE . (%) . 46 A @ 172Q)

ECF is the electricnl conductivity of the feeding solution.
pHF is the pH of the feeding solution.

RTEMP jis the root temperature.

ATEMP is the air temperature inside the greenhouse.

RE is the relative humidity inside the greenhouse.





