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EXECUTIVE SUMMARY
Background

This praject, which was funded by the Water Research Commissian, Langeberg Foods and the
University of Pretoria, was aimed at the maximisation of economic water use efficiency in
processing tomato production. A computer program, TOM-MAN, was developed as a
prototype model with processing tomatoes as an example, and will eventually be incorporated
in the SWB (Soi! Water Balance) irrigation scheduling program which is currently under

development by the University of Pretoria.

It is indisputably clear from numerous reports that irrigation management is the most important
factor towards economic optimization of processing tomato production. The most crucial
decision about irrigation management for processing tomatoes is to decide on when and to
what extent irrigation should be reduced in order to apply the right amount of stress. This
"right” amount of stress is not only a function of the physical situation, but is determined to a
great extent by the economic situation as far as expected costs and benefits are concerned. In
order to optimize economic water use efficiency for the processing tomato industry, the total
cost of the global process (production as well as processing) should be minimised. In order to
achieve this, the processor’'s quality based price for the producer’s tomatoes, should be
structured in a way that the farmer's profit is maximised at the yield/quality combination
where the total cost of the global process is minimised. Producers need to be able to identify
this optimum for their own situations and must then be able to manage the production system
to achieve the target set. Optimization of this system requires integration of all variables and
constanis affecting the crop-soil-climate-irrigation-management system, as well as the

economic situation of the producer and processor.

A modelling approach seemed to be the only practical way of integrating all the different
variables into a single decision making process. Therefore, in order to facilitate this
integration, a management tool in the form of a computer program was developed. The
TOM-MAN program integrates the TOMYIELD crop growth modei, which is based on SWB,

and an economic optimization model, TOM-ECON, which was developed during this project.
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Approach

In order to create a management tool which could be applied under a wide range of climatic
and soil conditions, a mechanistic modelling approach was followed. Several growth analyses
were conducted at various localities and during different seasons to generate data sets of
growth and development as well as climate and the soil water balance. Data from some of the
data sets were used to calculate input parameters during model development. The model was
evaluated by running it with the calculated input parameters and the initial soil water content,
rain, irrigation and weather data from the evaluvation sites in the Western Cape Province and
Northern Province. Simulated results of growth, development, yield and quality are compared

to measured data to determine the accuracy of the model.

TOMYIELD differs from SWB mainly in its ability to simulate fresh yield and quality of
processing tomatoes, as SWB only simulates dry matter yield of the different plant
components. In order to simulate fresh yield and quality of processing tomatees, procedures

were developed for the following pracesses:

* loss and gain of fruit water;

* translocation of a portion of the dry matter from senesced leaves to fruits;
* partitioning of fruit dry matter to the various fruit components;

¥ fruit ripening;

* maintenance and climacteric respiration of fruits; and

* final fresh yield and percentage of soluble solids (brix).

Other modifications were also introduced to improve the accuracy of the simulation of growth

and development, as well as the soil water balance procedure of SWB:

* improved simulation of seedling growth rate;

* influence of shading on the senescence rate of leaves;
* storage of assimilates in the leaves;

* changes in canopy structure during the season;

* hastening influence of water stress on ripening; and

* SeNescence rate.
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Resrlts

The structure and functioning of the model is described, with full details on all the
modifications to SWA.

The input parameters needed to run TOMYIELD were established and evaluated. The model is
evaluated by simulating the fresh yield, brix and water use of the Vredendal, Platskraal and
Messina trials. The simulation of development rate according to thermal time was not
sufficiently accurate to enable using a single set of thermal time parameters. Individual, site

specific requirements were instead determined.

The water use efficiency, as well as the radiation extinction coefficient also varied between
localities and individual parameters are recommended. Simulated versus measured data

indicated that the following aspects were simulated fairly accurately:

* leaf area index;

* fractional interception of solar radiation;

* total and harvestable dry matter; and

# cumulative evapotranspiration and drainage.

The simulation of fresh yield and brix still needs attention, especially if the model is not

calibrated for the area of use.

The function of TOM-ECON is to establish the desired irrigation strategy for processing
tomatoes for application by TOM-MAN during routine scheduling. The user can define a set of
potential irrigation strategies in terms of the allowable depletion levels of soil water during the
different growth stages of the tomato crop. For each of these strategies a simulation of required
irrigation and the resulting yield and quality is simulated by TOM-MAN,

TOM-ECON quantifies the costs of the TOMYIELD simulated inputs required for different

strategies, as well as the income generated from the simulated outputs (yield and quality). In



order to optimize a specific situation, the user can enter the cost of inputs and the applicable
tomato price structure. Because TOM-ECON's simulation of the net benefit is based on
TOMYIELD's simulation of the yield and quality, the accuracy of TOMYIELD's simulation is

of utmost importance.

For the calculation of the total variable production cost, variable running costs and the cost of

risk are calculated,

Net income is calculated per unit of land area, water, and the contracted tonnage of yield, in
order to enable the user to select the optimum irrigation strategy according to the factor, which
is most limiting to increased proﬁtﬁ. The user selects the criteria (land, water or contract
tonnage of yield) on which basis he would like to optimize net income. TOM-ECON will then
sort the irrigation strategies, based on the selected criteria, in a descending order. The user
then sefects the best irrigation strategy from the sorted list, which is applicable to his particular
situation. The selected strategy is then applied as the irrigation guideline for scheduling

irrigation.
Application
TOM-MAN, as a management tool for the optimization of the production of processing

tomatoes, can be applied to assist management of both producers and processing companies in

the following respects:

* selection of optimal irrigation schedules by producers; and

* routine scheduling of irrigation.

* optimization of the price structure for processing tomatoes;
Conclusion

It is conciuded that:
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* Integration of an irrigation scheduling model and an economic optimization
model is appropriate and feasible;

* Simulations of canopy development and dry matter production of processing
tomatoes are fairly accurate;

* The simulation of the water balance is good and practical irrigation scheduling
can be implemented with confidence; and

* The simulation of fresh yield and brix are not yet accurate enough and fine

tuning of the parameters and/or a more mechanistic approach is required.

Further research needs

Various needs for further research have been identified during the project. The priority for
further development s to enhance technology transfer through improved user friendliness and

wider applicability to other crops through the establishment of model crop parameters.
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Leaf area index increment for the current day

Leaf dry matter (kg m™)

Leaf dry matter increment (kg leaf m*d™)

Leaf-stem partition parameter (m® kg™)

Empirical parameter varying with salinity and cultivar

(g cm* d™)

Mean absolute error

Average water content of tomaioes which were not stressed
(fraction)

Daily calculated maximum amount of water in mm that can be
intercepted by the canopy (mm)

Daily calculated maximum amount of irrigation that can be
intercepted by the canopy (mm)

Maximum leaf age (d °C)

Maximum yield for processing tomatoes (t ha'')

Fruit mass (kg m™)

Fertiliser cost for a tomato yield of 25 t ha! (R m™)
Minimum fruit water content

Minimum yield for processing tomaioes (t ha')

Daily maintenance respiration increment per organ (g d™")
Daily respiration rate (g dry matter g” organ dry mass d!)
Maturity day degrees (d °C)

Day degrees at maturity for non-stressed tomatoes in the same
trial (d °C})



MtDDsiressed
MtSensStress

N
NettHDMi
NILand
NIWater
NIYield
NMRIi

p

PAR

PARnbuvc
PARbciuw
Payload

PET
PickCost
PotentialEvap

PT

PWCs

PWCs.1

PWPWC

Q10

R

r
RainBrixDropSens
RainProb

RCHeat
RCRain

RD

RDM

RDmax
RelGrwStg
RelHwcGainRate
RelHwcLossRate
RGR

RGR.Ieal‘

RipeDD
RipeDDosiress

RipeDDstressca
RipenessFactor

XX

Day degrees at maturity for stressed tomatoes (d °C)
Parameter representing the average reduction in MtDD on days
with water stress (d °C Stress day™)

Number of observations

Net daily harvestable dry matter increment (kg m™)

Net income per square meter (R m™)

Net income per cubic meter of water (R m™)

Net income per ton of fresh yield (R t!)

Normal daily maintenance respiration for fruits (g d*)
Empirical parameter varying with salinity and cultivar

(g cm?® d™)

Photosynthetically active radiation

PAR above the canopy

Average PAR below the canopy

Mass of a truck load (kg)

Potential evapotranspiration (mm d)

Wage paid per crate (R crate™)

Potential evaporation from a completely wet soil surface
(mm d)

Potential transpiration {mm d)

Profile water content on day d (mm)

Profile water content on day d-i (mm)

Permanent wilting point water content (volumetric fraction)
Sensitivity to temperanire

Fruit radius {cm)

Coefficient of determination

Average drop in brix with untimely rain (brix)

Probability of rain during ripening (fraction)

Average cost of the risk of untimely heat waves during ripening
(R m?

Average cost of the risk of untimely rain during ripening

(R m)

Root depth (m)

Cumulative root dry matter (kg m™)

Maximum root depth (m)

Expired fraction of the development time towards maturity
Relative fruit water content gain rate (d")

Relative fruit water content loss raie (d™*)

Root growth rate (m*kg®?

Relative leaf growth rate (m* leaf increment mexisting leaf area
°C dy")

Ripening day degrees (d "C)

Day degrees at first ripening for non-stressed tomatoes in the
same trial (d "C)

Day degrees at first ripening (d °C)

Variable representing the fraction of fruits that are ripened



RipeningPeriod
RipeSensStress

RMSE

RUE
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SDI

SDM
SeedPeelFrac
SeedPeeclHDM
SeedPeelHDMi
SenesceRate
Senescik

ShadeSenesceCoef

S1

SLA
SLACoef
SLAx

SLAw)

Solar
SolHDM
SolHDMi
StressDays
SurfaceWetted

SWB
Tavg
Th
Teutoff
TDM
Tfact
T
Tmin
Tn
Topt
TotCumlirig

TotElectBill

Tod

TotP
TotRiskCost
TotVarProdCost
TatVRC

xXi

Length of the ripening period (physiological days) (d °C)
Parameter representing the sensitivity for stress

(d °C Stress day™)

Root mean square error

Radiation use efficiency (kg MI™)

slope of the linear regression

Mean stress day index (based on the matric potential of the soil)
Stem dry matter (kg m™)

Fraction of net import fixed (kg m™)

Harvestable dry matter of seeds and peels (kg m™)

Daily dry matter growth in seeds and peel (kg m™)

Leaf senescence rate {d)

The senesced LAI increment of the LAI which was grown on a
specific day as indicated by the counter k

Empirical constant parameter indicating the relationship between
senescence rate and Flesp (d)

Stress index

Specific leaf area {m* kg™

Daily decrease in SLA during the season (m* kg d™)
Specific leaf area for day k (m® kg™)

Specific leaf area for the day before day k (m* kg™)

Total daily solar radiation (MJ m™d™)

Soluble pool of harvestable dry matter (kg m~)

Daily soluble harvestable dry matter increment (kg m™)

Tatal number of days with S1 < 0.95 (Stress day)

Fraction of the soil surface which is wetied by the irrigation and
sideways movement of soil water in the evaporation layer

Soil Water Balance model

Average daily temperature (°C)

Base temperature (°C)

Temperature above which development rate is constant (°C)
Total dry matter (kg m™)

Factor indicating temperature effect on dmis

Light limited optimum temperature (°C)

Minimum temperature (°C)

Long term average daily minimum temperature (°C)
Optimum temperature (°C)

Total cumulated irrigation for all fields during the previous
season (m’)

Total electricity cost for all fields during the previous season
(R)

Total irrigation for the period from day d-i to d {mm)

Total precipitation for the period from day d-i to d (mm)
Total risk cost due to untimely rain and/or heat waves (R m™)
Total variable production cost (R m?)

Total variable running costs (R m?)
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CHAPTER 1

INTRODUCTION

Irrigation management has a direct influence on the production and processing cost of factory
tomatoes. This is due to the fact that irrigation costs and yields are increased by increased
irrigation, whilst quality in terms of total soluble solids (TSS), measured in degrees brix. is
lowered. The lowered quality results in an increase in processing cost due to an increased
amount of water that has to be evaporated off during processing and the additional processing
capacity taken up by the increased mass of fresh tomatoes that has to be processed per ton of

paste.

In order to optimize the economic water use efficiency for the processing tomato industry, the
total cost of the global process (production as well as processing) should be minimised. In
order to achieve this, the quality based fruit price should be structured in a way that maximizes
the producer's profit at that yield/quality combination where the total cost of the global process
is minimised. For the producer to strive towards the optimum yield/quality combination, he
must be able to identify this optimum for his specific circumstances and must then be able o

manage the production system to achieve the set target.

There are three problems in the industry which need to be addressed in order to enable the

optimization of water use efficiency of processing tomatoes:

* The price structure is not perceived by producers to optimize their profits at the
yield/quality combination that is promoted by processors;

* Producers need a procedure or "tool” for determining the optimum yield/quality
combination; and

* Producers need a management "tool” to enable them to manage or schedule the

irrigation towards achieving the set yield/quality targets.

The aim of the project was to maximise the economic water use efficiency of processing

tomato production by creating an irrigation management tool (the TOM-MAN computer



program) for processing tomatoes.

TOM-MAN can be used for determining optimum target vield and quality which is mainly
influenced by irrigation management and for the scheduling of irrigation towards achieving the
targets set. A modelling approach is followed in order to create a mechanistic tool which will

be applicable under a wide range of conditions.

The program, TOM-MAN, is basically an irrigation scheduling tool, based on SWB (Soil
Water Balance) as described by Benadé, Annandale & Van Zijl (1995). TOM-MAN consists

of two sub-models namely:

* TOM-YIELD, which simulates the growth and development of processing
tomatoes, as well as the soil water balance; and
* TOM-ECON, which applies a cost benefit analysis to determine the optimum

irrigation schedule.

In order to apply the cost benefit analysis, both the costs {water use) and benefits {yields and

quality) of the crop need to be simulated and therefore the following objectives had to be

achieved:
* To simulate the growth and development of the crop;
* To simulate the soil water balance; and
* To quantify the costs and benefits of different irrigation schedules.

TOM-MAN is developed as a prototype model with processing tomatoes as an example. The
model will be incorporated in the SWB irrigation scheduling program which is currently under
development by the University of Pretoria. In its final form the technology will be transferred
to the tomato producers through the extension services of Langeberg Foods and/or through the
services of irrigation scheduling consultants, Initially the program will probably be applied by
only a few producers on limited areas until confidence is gained in its performance, Apart
from being transferred to the tomato indusiry, the technology will also be useful to producers

of all other crops, once the input parameters are established.
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CHAPTER 2
LITERATURE REVIEW

One of the main problems in the tomato industry is that there seems to be conflict between the
interests of producers and processors. This conflict originates from the negative correlation
between yield and quality of factory tomatoes (Rudich, Klamar, Geizenberg & Harel, 1977,
Sanders, Hile, Hodges, Meek & Phene, 1989; May, Walcott, Peters & Grimes, 1990;
Mitchell, Shannon, Grattan & May, 1991; Sefara, 1994; Dumas, Leonie, Portas & Biéche,
1994). The typical relationship between yield and quality is demonstrated in Figure 2.1.
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Figure 2.1  The typical relationship between yield and quality (brix} of processing tomatoes
according to Mitchell er af. (1991).
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Higher yields are normally associated with higher yields of total soluble solids per hectare and
are produced by applying high irrigation levels (Dumas ef al., 1994), With a constant price
the producer's production cost per ton of fresh tomatoes is at it's lowest with high yields,
According to producers, profits are maximised at high yield levels and therefore they tend to
ignore processor’s requests for improved quality, unless higher prices are offered. The costs
of the processor, on the other hand, are high with high yields per ha, due to the fact that the
paste yield {tons of paste per ton of fresh tomatoes) is low and more water has to be evaporated
off during processing. Processing costs are therefore increased at high yields per hectare due
to the additional tomatoes purchased and transported, additional energy consumed during

processing and additional processing capacity taken up by low brix tomatoes,

Payments based on quality are considered to be the best way of stimulating the production of
high quality tomatoes (Dadomo, 1994; Dumas ez al., 1994). When a quality based price scale
was introduced by Langeberg Foods in South Africa in 1994, with an increase of R 20.00 per
degree brix, it was insufficient to convince growers to improve quality. The same occurred
after the price was revised for the 1995 season to increase the premium to R 45.00 per degree
brix. This indicates the complexity of the need for a compromise between producers and
processors. This apparent confiict should be solved by minimizing costs per ton of paste for
the industry as a whole. This can be done by structuring the price in such a way that the
producer’s profit is maximised at the same yield/quality combination which minimises total

cost for the industry.

Numerous authors report on management strategies aimed at optimizing water use efficiency
and profits (Rudich et al., 1977; Alvino, Frusciante & Monti, 1980; Bar-Yosef & Sagiv,
1982; Giardini & Borin, 1990; Hedge & Srinivas, 1990; Mitchell et al., 1991; Sefara, 1994:
Baselga Yrissary, Prieto Losada & Rodriguez Del Rincon, 1993; May, 1993; Dadomo, 1994;
Dumas et al., 1994); From these reports it is indisputably clear that irrigation management is
the most important factor towards the economic optimization of processing tomato production,
Another factor reported on in many of these studies is nitrogen fertilisation. May (1993)
summarises the influence of nitrogen on yield and quality as being variable and debatable, but
usuaily of little importance. According to May (1993) the influence of fertilisation is normally

seen only when nutrients are facking or not well balanced, This is confirmed clearly by Dumas
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et al. (1994). It is clear from the reports referred to that water stress reduces yield and
improves quality. Moderate stress increases viscosity significantly but severe stress leads to
unacceptably high viscosity. Maximum benefit is achieved with moderate stress, but this
optimum level of stress is not easily quantified. The most crucial decision about irrigation
management for processing tomatoes is to decide on when and to what extent irrigation should

be reduced in order to apply the right amount of stress (Rudich et al., 1977).

The problem with optimum timing and level of water stress is summarized in the statement of
May (1993): " Not knowing the relative economic value of each factor (fresh yield, solids
yield, soluble solids yield and viscosity), it Is impossible ta determine the best combination of
yield and quality (managed by stress) fo suit both growers and processors.” This statement
refers to the economic values of inputs and cutputs of the production and processing system
which influence decisions. Another problem which complicates decisions, is the variation in
space and time in the production systems, which makes it impossible to come up with recipes
like cut off dates for irrigation. An example of these types of recommendations is found in
Dumas et al. (1994): "The cut-off must accur between 10 and 50% fruit maturiry, depending
ou the soil, type of planting, the variety, the climate and the irrigation technique adapted.
The problem seems to be that there are numerous variables, differing with location, climate,
season, soil type, cultivar, price structure, input costs, etc., which have to be integrated in

order to optimize decisions.

A modelling approach seems therefore, to be the only practical way of integrating all the
different variables into the decision making process. /t was decided to develop a simudation
model as a management tool in order 1o integrate the technical and economic variables into a
real time decision making rool with which the production of processing tomatoes can be
optimized. This aim implies that in order to maximise net benefit, all the inputs (irrigation
requirements) and outputs (yield and quality) must be simulated for the quantification of costs

and income. The most important requirements for the model were:

* accurate simulation of crop water use and soil water balance, because water
availability or stress is a prominent factor in growth, development, yield and

quality;
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* accurate simulation of growth and development as well as the fresh yield and
quality of processing tomatoes, which influences water use;

* to optimize irrigation strategies economically by calculating the net benefit of
different irrigation strategies; and

* in order to be able to apply the model to a wide range of circumstances, it

should be mechanistic.

Three existing tomato models and a soil water balance model of particular interest were found:

* TOMSIM (Van Laar, Goudriaan & Van Keulen, 1992);

* TOMGRO (Dayan, Van Keulen, Jones, Zipori, Shmeu! & Challa, 1991);
* TOMMOD (Wolf, Rudich, Marani & Rekah, 1986}; and

* NEWSWB (Annandale, Campbell, Olivier & Van der Westhuizen, 1994),

Both TOMSIM and TOMGRO simulate the growth and development of table tomatoes for
conditions of unlimited water supply in plastic tunnels. Neither of these models nor TOMMQOD
simulates water use. All the models use a thermal time approach to simulate development rate.
Both TOMSIM and TOMGRO simulate only dry matter accumulation in the different organs,
while fresh yield and quality are not simuiated. TOMMOD only simulates development rate of
processing tomatoes from seeding to harvest. NEWSWB, on the other hand, was developed as
a peneric crop, soil water balance model. Although some empiricisms are used, the soil water
balance, soil water uptake, and crop growth and development are mostly simulated
mechanistically. Like the other models, only dry matter production of different plant
components is simulated. It was decided to base the development of the new model TOM-
MAN on NEWSWB.

Simulation of crop water use and the sorl water balance

NEWSWB simulates water uptake based on the most limiting of water supply from the soif and
evaporative atmospheric demand. The water balance is simulated through either the standard
cascading (tipping bucket) soil water balance procedure or a one-dimensional matric flux

potential finite difference solution of the water flow equations. The simulation of crop water
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uptake and the soil water balance has been evaiuated and was found to be accurate
(Annandale et al., 1994). The fact that a mechanistic modelling approach is followed enables

the application of the model to a wide variety of conditions.
Simulation of the growth, development, fresh yield and quality of processing tomatoes

Both TOMSIM and TOMGRO simulate the growth and development of table tomatoes tor
conditions of unlimited water supply in plastic tunnels. Boih of these models simulate dry
matter accumulation in the different organs only, while fresh yield and quality are not
simulated (De Koning, 1994; Jones, Dagan, Allen, van Keulen & Challa, 1991). These models
are very complex and simulate the processes of photosynthesis, respiration and dry matter

accurnulation per truss for indeterminate varieties.

Fruit growth and development of processing tomatoes were studied from numerous reporis
(Walker & Ho, 1976; Walker & Thornley, 1976; Ho, 1979; Dinar & Stevens, 1981; Ho &
Hewitt, 1986; Ho, Grange & Picken, 1986; Wolf & Rudich, 1987; Ho, 1988), and are

summarised as follows.
Simulation of development rate

One of the most important aspects of simulating crop growth is the correct simulation of
development rate as this strongly influences assimilate partitioning. The use of linear thermal
time is applied with varying success for processing tomatoes. Austin & Ries (1968) and
Warnock (1970) concluded that their simulations based on thermal time were worse than
empirical calendar time estimates, while Wolf er al. (1986), Warnock & Isaacs (1969) and
Calado & Portas (1987) reported in favour of the use of the thermal time approach. From these
reports it is concluded that the thermal time approach can be applied in the simulation of

development rate of processing tomatoes.

Wolf er al. (1986) developed TOMMOD which simulates development rate of processing
tomatoes from seeding to harvest. According to Wolf et al. (1986) the varying accuracy

resulting from the use of the approach is due to the following factors:
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* the possibility of different base temperatures for different development stages;

* the hastening influence of low night temperatures on flowering;

* the non-linear influence of high average daily temperatures on development
rate; and

* the accelerating influence of water stress on development rate.

The simuiation procedures used in the TOMMOD model will be described below.

Different base temperatures for different development stages

Wolf ef al. (1986) used different base temperatures for different development stages.
From emergence to first flowering a temperature of 8 °C was used while 10 °C was

used from flowering to harvesting.

The hastenine infl { low niel flowering d

During the period before flowering starts the initiation of flowering is hastened if the
daily minimum temperature falls below 15 °C. This is done by adding additional day

degrees to the normally calculated day degrees according to Eq. 2.1,

If Tmin < 15 °C then

ADDgddi - 0.25 % (Topt-Th) ...... .8 |
where: Tttt - Minimum temperature (*C)

ADDpddi - Additional day degrees (d "C)

Topt - Optimum temperature *C})

Th - Base temperature (°C)

(Note that gddi stands for daily growing day degrees increment)

During the reproductive siage, for days with average temperatures above 20 °C, a

quadratic equation (Eq. 2.2}, instead of the normal linear equation is applied in order
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to calculate the accumulated thermal time units at high temperatures (GDD). According
to this approach, the daily increment of day degrees (Dday) reaches a maximum value
at 26 °C.

If GDD > FIDD and Tavg > 20 °C then

Dday = {6.0304 + 0.5408 * Tavg - 0.0104 *Tavg’) * Daylength/24 . .... 2.2
where; GDD - Cumulated thennal time units (physiological day) {d °C)
FIDD - Cumulated thermal time units required for tlowering (physiolagical
day} (d°C)
Dday - Physiological day increment (physiological day) (d °C)
Tavg - Averape daily temperantre (°C)
Daylength - Day length (bours)

A physiological day is defined as a day with an average temperature equal o the
optimum temperature and can be converted to day degrees by multiplication by the

difference between the base temperature and the optimum temperature.

in NEWSWB the calculation of thermal time is calculated according 10 Egs. 2.3 to 2.5.

If Tavg < Tb then gddi=0............. .0 00 2.3
If Th <Tavg < Tcutoff then gddi=Tavg-Tb ............... 2.4
If Tavg > Tcutoff then gddi = Teutoff-Tb ............. 2.5
where; Toutoff - Temperature above which development rate is constant {*C)

gddi - Growing day degrees increment (d °C)

The daily gddi was calculated according to the procedures of TOMMOD and also
NEWSWB for an optimum temperature of 26 °C and a Tb of 10 °C. The equations
(Figure 2.2) indicate that the TOMMOD procedure results in an increased day degrees
increment for temperatures between 20 °C and Topt. This increased thermal time is not
supported by Wolf e al. (1986) nor by any other information at our disposal and is
therefore not accepted. Apart from this the calculations are very similar, and therefore

the procedure of NEWSWB is accepted.



10

N
-

-
th

-
o

Day degree increment

h

5 10 15 20 25 30
Average daily temperature

Figure 2.2 The simulation of thermal time increments by TOMMOD and NEWSWRB.

T leratine infl . evel

In TOMMOD the ripening period is shortened according to Eq. 2.6 if water stress

occurs once ripening has commenced.

If ripening commenced and water stress occurs then

RipeningPerfod = 31.017-5958 * SDI . ... ... ..t inrienvnnns 2.6
where:  RipeningPeriod - Length of the ripening period (physiological days) (d °C)
SDI - Mean stress day index (based on the matric poteatial of the soil)

(Note that the constant with a value of 31.017 is actuaily the amount of physiological days required
for a ripening period without water stress, while the reduction of thermal time per day of water

stress is represented by the stope of -5,958).
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This equation simulates the effect of the mean water stress during the ripening period,
while the effect of daily stress is required for a real time model. The use of soil matric
potential to simulate plant water stress is also very empirical. The stress index (SI) as
simulated on a daily basis according to Eq. 2.7 in NEWSWB is much more mechanistic
and therefore more suitable for real time modelling of the influence of water stress on
the shortening of the ripening period. The procedure developed will be discussed in

more detail in Chapter 6.

SI=ActualTrsp / PT .. o ittt it sttt s s sennntsnnenenusona 2.7
where:  ActualTrsp - Simulated crop water use (mmd™')
PT - Potential transpiration {mmd")

From the literature reviewed, it is concluded that the thermal time approach helds for
processing tomatoes. The thermal time procedures of NEWSWB are acceptable, but
could be maodified to simulate the influence of low temperatures before flowering and

of water stress after ripening on the length of the ripening period.

Assimilate production

TOMSIM simulates growth during the seedling stage separately from the simulation for the
remaining development stages, while NEWSWB and TOMGRO use only one procedure for

all stages. TOMSIM's procedures are described below,

Assimil luction duri i l

According to TOMSIM (Van Laar e al., 1992) temperature is the overriding factor in
regulating juvenile growth rate as the rate of leaf appearance and final leaf size are
constrained by temperature through its effect on cell division and extension, rather than
by the supply of assimilates. The juvenile stage, during which leaf area increases
exponentially over time, applies until leaf area index (LAI) exceeds 0.75 and/or when
accumnulated growing day degrees exceed three tenths of the required thermal time for

flowering. The exponential leaf area growth rate is described for a daily rime step in
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Eq. 2.8.

GLA =LA, *{exp(RGR,;*gddi) -1} .........ccevuvee.... 28

where; GLA - - Rate of increase in leaf area during juvenile growth (ni* leaves ™ land d')
RGR,,, - Relative leaf growth rate (in” leaf increment m™ existing leaf area (°C dy")
LAl, - LAI of previous day

The parameter RGR,. is determined according to Eq. 2.9 and a value of 0.009 (d °C)"
is used in TOMSIM.

RGR'E&T:LAIEIGIGDDE’G A& & & & B # 4 & K & 4 B % % B A & & & 4 & b A s E s AR 2.9
where: LAl - Leaf area index at the end of juvenile growth
GDDyg, - Thermal time at the end of juvenile growth (d °C)

The daily increment in assimilates is calculated according to Eq. 2.10.

Idmi = GLA/SLA ... ... . ittt enerantacrsaeesas 2,10

where: SLA - Specific feaf area (m' kg™)
Idmi - Leaf dry matter increment (kg leaf m™d™")
r ion

In NEWSWRB the daily production of assimilates is a function of plant water uptake
(Eq. 2.11), as well as a function of intercepted solar radiation and temperature (Eq.
2.12), The smaller of the two is accepted by NEWSWB as the actual assimilate

produced:

dmiw = ActwalTrsp*DWR/VPD ... ... . iiiiiiianinnees.. 2.1

where:  dmiw - Daily dry matter increnient based on soil water uptake (kg m~)
DWR - Dry matter-water ratio (kPa)
VPD - Average daily vapour pressure deficit (kPa)

" dmis = Tfact * RUE * Fl;,_. . *Solar ........... .o o 212

wiere: dmis - Daily dry matter increment based on FI and air temperature (kg m”™)
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Tfact - Factor indicating temperature effect on dmis
RUE - Radiation use efficiency (kg MJ™)
Fligsp - Fractional interception of solar radiation by green leaves
Selar - Total daily solar radiation (MJ m™ d")
If Tavg > T, then Tfact = 1
If T, >Tavg>Th then Tfact = (Tavg - Tb) / ( T}, - Tb)
If Tavg < Thb thenTfact =0 ........ .. i neeicnnves. 213
where: T, - Light limited optimum temperaure ("C)

For average daily temperatures above T, temperature does not limit dry matter
production and Tfact equals one. For average daily temperatures below T, however,
temperature limits dry matter production and Tfact is reduced linearly to zero at and
below the base temperature (Tb). Because the assimilate production procedure in
NEWSWB takes the possibility of limitations in the atmospheric evaporative demand,
soil water supply, solar radiation and low temperatures into account, it is preferred

above that of Spitters, van Keulen & van Kraalingen (1989),

Assimilate partitioning

In TOMSIM and TOMGRO, which simulate the growth and development of indeierminate
tomato cultivars, assimilates are partitioned according to the relative sink strengths of the
different organs. According to Heulevink & Bertin (1994) this approach is essential with the
relatively complex partitioning of indeterminate cuitivars, whilst the use of empirical
partitioning factors is acceptable for determinate growers. It is expected therefore, that the
partitioning of assimilates of processing tomatoes, which are determinate growers, will be
simulated reasonably well by NEWSWB. The partitioning of assimilates by NEWSWB is

described in Chapter 6.

Simulation af fresh yield

Fresh yield accumulation is due to the increase in fruit dry mass and water content. Fruit water

is imported through the xylem and is lost by transpiration through the peel. Dry matter is
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imported from leaves in the form of soluble sugars (mainly sucrose). During metabolic
processes the soluble dry matter is fixed into insoluble substances in the paste or into seed and
peel components. Respiration causes a loss of soluble dry matter because the soluble sugars
are the main substrate for respiration. Dry matter in fruits can be considered to be in one of

three pools, namely:

* soluble dry matter;
* fixed dry matter in the paste; and
* seed and peel dry matter.

Bussiéres (1994) simulated the increment of fresh yie!ld for the second phase of fruit growth

only. His simulation is based on the following:

* Daily fresh yield increment includes daily water and dry matter increments:
* The daily water increment includes daily water import and loss; and
* The daily dry matter increment is the difference between the daily import of

assimilates and the daily loss of assimilates due to respiration.

Fruit water loss is simulated as a linear function of fruit mass according to Eq. 2.14. This
approach suggests that fruit water loss is a function of fruit water supply and that atmospheric

evaporative demand is not a limiting factor.

F'I1‘!=0-012*MFoooo-a--a-;.pvcuvooloclo-.-oon--o--.oooooa 2-14
where: Fry - Daily fruit transpirational water loss (kg m™®)
M, - Fruit mass (kg m~)

Fruit water import is simulated as a function of fruit surface area according to the linear

function in Eq. 2.15.

FI“'=m-p*R " 4 B & 4 & & F % & 4 F 4R & & 8 & & & b & A & A w W W OFRFEFPFPFE F R 4R F AR oA A 2.15
Fw - Diaily import rate of fruit water per unit fruit surface area (g cm™ d™)
m - Empirical parameter varying witly salinity and cultivar (g cm™d™}+

p - Empirical paramefer varying with salinity and cultivar (g co™ d)
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R - Fruit radins {cm)

The import of assimilates is simulated as a function of water import according to Eq. 2.16 and
this suggests that sink strength or fruit size, indicated by the radius (R) in Eq. 2.15 is the only

timiting factor.

FII’=a*Fn‘I-hl.bl.ll.lilt.lt...-l‘i..ll.l.-t.ttl."!la-. 2116

where: Fy - Daily fruit dry maiter mcrement (g cm® d™)
a - Empirical parameter varying with salinity and cultivar
b - Fmpirical parameter varying with salinity and cultivar

It should be noted that in this research by Bussigres (1994) the influence of salinity on fruit
growth was studied and that the influence of water stress as caused by salinity, is simulated

using the empirical parameters m, p, a and b.

This approach is not acceptable because the influence of supply and demand of water is
simulated too empirically. Water loss from any evaporating surface is known to be a function
of evaporative demand and water supply at the surface. The water loss rate will therefore
decrease with either a decreased evaporative demand or a reduced fruit water content, which
will result in a decreased osmotic potential of the fruit sap. The decreased osmotic potential
of fruit sap will lower the difference in vapour pressure between the evaporating fruit surface
and the atmosphere. The rate of import of fruit water on the other hand will be influenced by

the water supply to the plant as well as the evaporative demand.

Jones & Higgs (1982) simulated the water loss from apple fruils mechanistically according to
Eq. 2.17.

E=236%g ¥de*10% . ...t inienerrsnnsenronnneanns ceees 207
where: E - Evaporation rate (g m~s™)

g - Surface conductance to water vapour (ms™)

de - Maximum bumidity deficit (g m?)

The surface conductance of the apples decreased from about 1 m s™ to less than 0.1 m s over



1le

time during the season. No detailed information was found on a change in the surface
conductance for water of tomato peels and therefore it was assumed that a similar decrease in
surface conductance would occur with tomatoes. This assumption should be investigated in the

future.

An empirical approach was applied (o simulate water import and loss as a function of current
fruit water content, maximum and minimum allowable water contents, stress index and the

development stage of the crop. This procedure is described in Chapter 6.

Fruit maintenance respiration and the climacterium

NEWSWB does not simulate maintenance respiration explicitly, and therefore reductions in
fruit dry matter under conditions where respiration rate exceeds assimilate import rate cannot
be simulated. A clear decrease in both total dry matter and harvestable dry matter (HDM) was
measured in the growth analysis trials towards maturity (Chapter 4). Both TOMGRO and
TOMSIM simulate maintenance respiration of tomata roots, stems, leaves and fruits separately
according to Eq. 2.18. This procedure has been incorporated in TOMYIELD in order to

simulate maintenance respiration of fruits only,

MRi = MRr * DM * Q10_ *exp (0.01 * (Tavg -T, ) + « v e e e v e e e vnvvesee. 2,18

wherg:  MRi - Daily mainteniance respiration increment per organ (g d™)
MRr - Duily respiration rate (g dry matter g organ dry mass d'')
DM - Total dry mass of the organ (g)
Qlo, - Tetnperature seusitivity to respiration (Spitters ef @f., 1989, in Bertin & Heuvelink, 1993)

(Qup.= 2 in TOMSIM and 1.4 in TOMGRO, i.e. respiration doubles in TOMSIM and
increases by 40% in TOMGRO with every 10 "C increase in temperature)

T - Q1dc reference temperature (°C)

i

In TOMSIM and TOMGRO the coefficients are assumed to be constant. Although maintenance
respiration per unit of biomass is likely to decrease with crop size (Ho & Hewitt, 1986;
Grierson & Kader, 1986; McGlassen, 1976), there is according to Bertin & Heuvelink (1993)
no quantitative basis for the introduction of this effect in TOMSIM and TOMGRO. According
to Ho & Hewitt (1986) the respiration rate. falls from 0.5 mg CO, g fresh weighth™
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in a two week old fruit to 0.06 mg g h' in a mature green fruit just prior to the onset of the
climacterium. This decreasing trend is also shown by McGlassen (1976), as reported by
Nevins & Jones (1986), to be a reduction of around 50% from that soon after fruit initiation
until just before ripening commences. It is concluded that the downward trend in maintenance
respiration rate should be simulated as a function of fruit development stage and that the

maintenance respiration rate should decrease to between 10 and 50% of its initial value.

The climacterium is a sudden increase and then subsequent decrease in respiration rate which
starts with the onset of ripening. According to Grierson & Kader (1986) the climacterium is
the result and not the cause of ripening because non-climacteric crops do not show this
behaviour during ripening. During the climacterium of processing tomatoes, respiration rate
increases sharply by a factor of two and then declines slowly again. This trend in respiration
rate applies to a single tomato fruit and therefore one could expect that for a tomato field
where individual tomatoes are gradually ripening and are being harvested as soon as the

majority of fruits are ripened, the gradua! decline will be absent.

Based on this information it is concluded that climacteric respiration can be simulated
separately from maintenance respiration and that the climacteric respiration rate can be taken

as a constant value of double that of the normal respiration raie at the onset of ripening.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

Modelling approach

In order to create a management tool which couid be applied under a wide range of
climatic and soil conditions, a mechanistic modelling approach was followed. Existing
models, which are relevant to the system that had to be simulated, were studied. The
sub-model, TOMYIELD, which simulates the growth and development, as wel! as the
fresh yield and quality of processing tomatoes, was based on the unpublished
NEWSWB model developed by G.S. Campbell (Washington State University).

Several growth analyses were conducted at various localities and during different
seasons in order to generate data sets of growth and development as well as weather
and the soil water balance. Some of the data sets were used to calculate input
parameters for the model. The model was evaluated by running it with the calculated
input parameters and the initial water content, rain, irrigation and weather data from
the evaluation sites in the Western Cape Province and the Northern Province. The
simulated results of growth, development, yield and quality are compared to the

measured data from the evaluation sites to determine the accuracy of the simulations.

Trials and localities

For the purpose of model development, most of the "trials” were conducted in the form
of growth analyses. Comprehensive data sets were collected in order to be able to
calculate parameters for the simulation of the processes of growth and development.
For this reason, the focus was on generating data sets for varying environmental
conditions rather than repeating treatments at a particular location or during a particular

scason,
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The following trials or growth analyses were conducted:
Locality Latitude Longitude Year

Marble Hall 25°01° S 2925’ E 1992

Pretoria 25°44° § 28720 E 1992/93
Pretoria 25%4° § 28720 E 1592/93
Pretoria 25°44° S 28%20' E 1994/95
Vredendal 31736 S 18°26 E 1994/95
Platskraal 31°10 § 18°17 E 1994/95
Messina 22°14' S 29°55' E 1995

.
’
.

Trial/Growth analysis

(Growth analysis
Water stress trial (Sefara)
Growth analysis
Water stress trial
Growth analysis
Growth analysis

Growth analysis

As illustrated in Figure 3.1, the localities where the research was conducted are

situated from the most northern border of South Africa to

)
Pretoria (25°44' 8, 28°20"

Platskeaal {31N)0 S, 18°17' E) :

. SOUTH AFRICA
Vredendal (31°36] S, 18°26' E)

Weipe (22°14' 8, 29\4¢' E}

Marbie Hall{25°01' §, 29°25' E}
L}

the south western coastline.

® ® Mekeine (22°14' 5, 2955 E)

E}

Figure 3.1 The situation of the different localities.
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Major climatic differences:-

Average daily temperatures at Platskraal were 3 °C lower than at Vredendal, mainly

due to lower night temperatures caused by the cooling effect of air flowing in from the

cold Atlantic ocean at night, as Platskraal is situated closer to the sea than Vredendal.

For the same reason, the average daily temperatures for the Western Cape localities are

markedly lower than those of the other localities. Days in the Western Cape are also

noticeably longer than those at the other localities due to the higher latitude and

summer production period. The soil characieristics varied greatly between the different

localities. The main characteristics are summarised in Table 3.1.

Table 3.1 The silt plus clay content, measured water content at field capacity,
calculated water content at -73 kPa according to Bennie, Coetzee, van
Antwerpen, van Rensburg & Burger (1988), as well as soil depth at the
different localities.

Water content
Locality Silt+Clay Soil depth
(%) Field capacity -75 kPa ()
(mm m™) (mm m™)

Marble Hall 55 380 300 1000
Pretoria 35 202 150 1200
Vredendal 10 195 35 1500+
Platskraal 10 220 55 1500+
Messina 12 164 70 500

The soils differed in water holding capacity from as much as 380 mm m™ in Marble

Hall to 164 mm m™ in Messina while profile depths varied from only 500 mm in

Messina to more than 1500 mm in Vredendal and Platskraal. All of the soils are well

drained.
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Trial descriptions

Marble Hall growth analysis (1992/93)

A commercial field of sprinkler irrigated processing tomatoes was monitored on plot
J11 of Mr Evert du Plessis, The tomatoes were transplanted on 13 August 1992 and

were harvested on 18 December 1992,

The aim of this Marble Hall growth analysis was to generate a data set from a locality
different in weather and soil characteristics from that of Pretoria. The data set was

needed for the calculation of crop parameters. The cultivar UC82 was planted.

Pretoria stress trial (1992/93)

This drip irrigated water stress trial was conducted under a rain shelter on the Hatfield
experimental farm in Pretoria. A full report on the trial was given by Sefara (1994).
The aim was to quantify the influence of water stress on canopy development, yield

and quality of processing tomatoes. The cultivar planted was UC82,

Five treatments without replications were applied. Three treatments were irrigated after
the average reading of two 30 cm deep tensiometers in the crop row reached either
-20 kPa, -50 kPa or -73 kPa. These treatments were termed wet, medium and dry
respectively. The remaining two treatments were also irrigated at -20 kPa, but
irrigation was terminated (cut off) when 1% and 20% of fruits ripened. The treatment
cambinations of matric potential and irrigation cutoff at different ripeness stages are

shown in Table 3.2,
Pretoria growth analysis (1992/93)
This growth analysis on drip irrigated tomatoes was conducted on the Hatfield

experimental farm in Pretoria. The aim was to generate more detailed data, especially

on the relationship between leaf area index and fractional interception (FI) of
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photosynthetically active radiation (PAR) for the cultivar UC82,

Data was collected as for the Marble Hall growth analysis, except that an additional
technique was used to measure fractional interception of PAR for the purpose of the

calculation of the specific leaf area.

Table 3.2 Treatment combinations of soil matric potential at which irrigations took place

and ripeness stages at which irrigation was terminated for the Pretoria stress

trial (1992/93).

Tensiometer reading (T) % Fruit ripeness (R)
(kPa) 3 0% 100%
-A T20R(! T20R20 T20R100
=50 - - TSOR10(
75 ' - - T75R100

Pretoria stress trial (1994/95)

This water stress trial was also drip irrigated and was conducted under the rain shelter
on the Hatfield experimental farm in Pretoria. The aim of the trial was to quantify the
influence of water stress and its timing on canopy development, fruit yield and quality.
The cultivar Brigade was used in this trial because UC82 was replaced with Brigade

by the industry.

Four different irrigation treatments with three replications were applied after all plots

were irrigated daily for ten days to ensure proper seedling establishment.,

All plots were brought to field capacity before the trial commenced, The treatments

were!
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Treatment Vegetative stage Reproductive stage
WW (WetWet): Yy >-30 kPa Wy >-30 kPa

WS (WetStress): ¥ >-30 kPa No irrigation or rain
SW (StressWet): No irrigation or rain W >-30 kPa

S8 (StressStress)*: No irrigation or rain No irrigation or rain

¢ - matric potential (kPa)

* This treatment could only deplete about 100 mm of water from the soil profile.

Although a weekly spray program for the prevention of pests and diseases was
followed, an unknown virus, which could not be identified by the Diagnostic Service
of the Institute for Vegetable and Ornamental Plants, caused severe damage (o the
canopy at the stage when 20 to 40% ripeness occurred in the different treatments. The
trial had to be terminated because of the disease. [n spite of the premature termination

of this trial, very valuable data was collected on all aspects measured.

Vredendal growth analysis (1994/95)

A commercial field of drip irrigated tomatoes (cultivar Brigade) was monitored on the
farm of Mr Ludan Sieberhagen, situated 10 km north of Vredendal. The tomatoes were

transplanted on 10 October 1994 and harvested on 4 February 1995.

The aim of the growth analysis was to generate a data set from the Vredendal area,
which differs markedly from the other localities in respect of weather and soil

characteristics. The data set was needed for the evaluation of the simulation model.

Data was collected as for the 1992/93 Pretoria growth analysis. As a result of the long
distance between Pretoria and the Western Cape, growth analysis data could only be

collected every two to three weeks.



Platskraal growth analysis (1994/95}

Similar to the Vredendal growth analysis, this analysis was conducted on the farm of

Mr Jean Aggenbagh, situated in Platskraal, 5 km north of Koekenaap. The tomatoes

were also transplanted on 10 October 1994 but were harvested on 14 February 1995.

Messina growth analysis (1995)

The same procedure as described for the Vredendal and Platskraal trials was repeated

in Messina. The Messina growth analysis was conducted on the farm of Mrs Esterhuyse

which is situated 30 km west of Messina along the Limpopo river. The Brigade

tomatoes were transplanted on 21 February 1995 and harvested on 6 September 1995,

The data collected are summarized for al! trials in Table 3.3.

Table 3.3 Data collected at the different trials.
Preloria Pretoiin Mugbte Fall Pretoria Vredendat Plutskean Mesginu
| Yata 1993793 1094/95 1993/93 1991/93 19494195 1994/95 1954795
calleeted Stress triat Stress triof Growth analyais Growlh analysis Growth apalysis Growth analysis Growih amalysis
Soil water Daily exeept Dinily except Daily excep weekly weekly weekly waikly
conlent weekepds weekends weekends
Sail matric Daily except Daily exeepl Dhaily except Daily excepl Daily except Daily excep Dby excepl
potential weskends weekends weakends weekemls weckends weckends werkends
Icrigatian + daily daily daily daily daily daily uily
precipitation
Weather datz hourly bourly houcly hourly hourty hourly lourly
Leal nrea weekly weekly weekly weekly 2-3 weekly 2.3 weekly 2-3 weekly
FL weckly werkly weekly weekly 23 weekly 2-3 weekly 2-3 werkly
Yield +quality Yey Yes Yes Yes Yey Yes Yus
Rool depth No No Yes Na No No No

Data from the two Pretoria stress trials and the Marble Hall (1992/93) and Pretoria
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(1994/95) growth analyses was used for calibration of the model, while data from

Vredendal, Platskraal and Messina were used for model evaluation.
Measurement techniques
Weather data

Hourly weather data was monitored with three automatic weather stations using CR10
data loggers from Campbell Scientific Incorporated (Logan, Utah, USA). One station
was used on the Hatfield experimental farm in Pretoria, while the other two were

moved from irial to trial.

Humidity was initially measured with Xnam humidity sensors, but due to frequent
problems with drifting calibrations, wet bulb temperatures were used later on in the
praject. Both air and wet bulb temperatures were measured with thermocouples. Solar
radiation was measured with LI-200X pyranometers from Licor (Lincoln, Nebraska,
USA), while cup anemometers from RM Young (Traverse City, Michigan, USA) were
used for measurement of wind speed. Precipitation was measured with tipping bucket

rain gauges.
Fractional imterception of photosynthetically active radiation

Fl was measured manually with a sunfleck ceptometer from Decagon (Puflman,
Washington, USA). In order to account for variation within the canopy, at least 20
measurements were taken below the canopy. Only one measurement was taken above
the canopy, where no variation in PAR was expected. In order to establish the average
FI for a field, the different measuremenis were taken at random in the field. Where the
relationship between Fl and LAI had to be calculated, all of the 20 FI measurements

and the leaf area measurement were made on the same 1 m” plot.

The 0.8 m long probe of the ceptometer was positioned diagonally with one end at the

centre between two rows while the other end was in the row. After each of the 10
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measurements on one side of the row, the probe was moved on by 100 mm along the
row to cover 1 m of row length. By repeating this on both sides of the row, 2(
measurements were obtained and the average calculated. In the case of the Messina
trial, where a 2.0 m row width was planted, only 1.6 m of the row width could be
covered using this technique. Because the tomatees did not cover the centre 0.4 m strip
between the rows, the FI of that area was equal to zero. The F1 was measured as
described above but with the ceptometer perpendicular to the row. The final F{ was
then calculated as the weighted average of the FI measured in the 1.6 m row width,
which was covered by the measurement, and the two (.2 m strips with no intercepted

radiation.

FI was calculaled according to Eq. 3.1

FI*¥ =(PAR v, ~PAR,J/PAR 0 « ¢ v v i ittt i innsnnnns 3.1
* For Messina; FI =(PAR,, .. - PAR, ...} / PAR,,...% 1.6/2
where; PAR, - PAR ahove the canopy
PARw - Average PAR below the canopy
Leaf area

Leaf area was measured destructively on 1 m® plots. All above ground material was
harvested and separated into leaves, stems, flowers and fruits. The area of the leaves

was measured with a Licor LI-3100 leaf area meter (Lincoln, Nebraska, USA).

Soil water content

Volumetric soil water content was monitored with a Campbell Pacific Nuclear
hydroprobe (Model CPN 503). The probe was calibrated according to the field method
described by Greacen, Correl, Cunningham, Johns & Nicols (1981). In the 1992/93
trials two access tubes were installed per plot. One was installed on the planted ridge
and the other midway between rows. For all the other trials three tubes were used per

plot and the additional tube was placed halfway between the above mentioned
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positions.

Soil water matric potential

The matric potential of soil water was measured with vacuum gauge tensiometers,
which were installed in the planting ridge at depths of 300 and 600 mm. In the
Vredendal, Platskraal and Messina trials, additional tensiometers were installed in the

same positions as the neutron probe access tubes.

Irrigation

The Marble Hall trial was irrigated with overhead sprinklers and two manually read
rain gauges were installed in each plot to measure the irrigation and precipitation.
These rain gauges were positioned at each of the two sets of access tubes where the soil

water content and the soil matric potential was measured.

All other trials were drip irrigated and either manual or automatic rain gauges were
installed in order to monitor precipitation, In Pretoria the amount of water applied by
drip irrigation was measured manually by collecting and weighing the water from the
last dripper in each row. In the Vredendal, Platskraal and Messina trials the irrigation
was automatically monitored by two tipping bucket drip meters per plot which were
mounted on the drip lines. The water application was not disturbed as water was
channelled through the meters onto the soil and therefore the measurements could be
made at the actual points where the soi! water measuremenis were made. The meters

were monitored by the data logger in the automatic weather station.

Fresh yield, dry matter and fruit quality (brix)

Fresh yield was determined by harvesting and weighing all harvestable fruits on a

1.0 m row length close to the point where the soil water measurements were taken.

The dry matter content of fruits and vegetative material was determined by weighing
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before and after complete drying at 63 °C.

Fruit quality was monitored by measuring brix of tomato samples with an Atago digital
refractometer (DBX 55).
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CHAPTER 4

RESULTS AND DISCUSSION

Results of growth analyses, water use and weather data are presented only in summarised form

in order to indicate the similarities and differences between the different data sets. 1t should

be noted that standard statistical analysis is not imperative because of the modelling approach

followed.

4.1

Growth analyses

Phenological development and thermal time

The phenological stages that are of importance in the simulation of the development of
tomatoes are flowering, ripening and maturity (>9%0% fruir ripeness). With the
cardinal temperatures as established from the literature (Tb = 10 °C and
Teutoff = 26 °C), the day degrees for each of the development stages is calculated for

all the data sets.

It should be noted that seedlings are used and that by the time that they are
transplanted, the different batches of seedlings may already vary in age. Seedlings used
in these trials/growth analyses were normally more or less six weeks old, but their

exact age (days after seeding or day degrees) was not known.

The measured days from transplanting to the various phenological stages as well as the
measured day degrees for the trials/growth analyses, which were used for calibration
of the model, are presented in Table 4.1 and Figure 4.1, while those for the

trials/growth analyses, which were used for evaluation, are presented in Table 4.2.
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Table 4.1 Measured thermal time requirements {d °C) and days after transplanting (DAP)
to different phenological stages for the trials/growth analyses which were used
for calibration of the model.

Development time

Cultivar Trial/Treatment Flowering First ripeness Maturiry
DAP | FIDD | DAP | RipeDD | DAP | MDD
(u°C) {@°C) (@°C)
Marhie Hall 1992/93 27 203 80 &74 127 1537
UCB2 | pretoria 1992/93 Growth analysis 22 295 67 763 93 1080
Pretoria 1992/93 Siress trial (treatment avye) 22 241 70 797 08 1030
Pretoria 1994/95 Stress trial: WetWet 30 178 62 778 107 1135
Brigade | pretoria 1994/95 Stress trial: WetStress 30 278 54 675 3 1007
Pretoria 1994/95 Stress trial; StressWet 30 78 606 747 Y5 119
Pretoria 1994795 Stress trial:  StressStress 30 273 54 675 03 1007
Average 27 | 265 | e 758 | we | 1w

Where: DAP - Days afier transplanting FbD - Flewering day degrees
RipeDD - Ripening day degrees  (d °C) MIDD - Maturity day degrees (0 'C)




1600 —
1400

Day degrees

400
200 F o+

—d
o N
QO
o o

Q

Q0
S
!
X
)

(8)]
o
o

31

add

20 40 60 80 100 120 140
Days after transplanting

= FIDD x RipeDD s MtDD

Figure 4.1  Measured thermal time requirements (day degrees) and days after transplanting
for different phenological stages for the different trials,

Table 4.2 Measured thermal time requirements (d "C) and days after transplanting (DAP)
to different phenological stages for the growth analyses which were used for
evaluation of the model.

Development timie
Cultivar Trial/Treatment Flawering First ripeness | Maturity
DAP | FIDD | DAP | RipeD | DAP | MDD
(d-c) D {d°C)
{d°C)
Vredendal 1994/95 40 3| 66 673 119 1347
Brigade Platskraal 1994/95 39 305 85 818 126 1254
Messina 1995 2 297 2 | %3 | 17 | 1340
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Accumulated dry matter of plant components

The accumulated dry matter of different plant components, namely leaves, stems and
fruits, was measured periodically during the season and included in the database of the
model. As an example, measured accumulated dry matter for the 1992/93 growth

analysis trial in Pretoria is presented in Figure 4.2,

© © o 0o o0 o o
O =2 N W bhA O OO

Accumulated dry matter (kg/m*2)

0 15 29 43 57 71 8 97
Days after transplanting

Figure 4.2  Measured dry matter accumulation of leaves (LDM), stems (SDM) and
harvestable fruit dry matter (HDM) for the 1992/93 growth analysis in Pretoria.
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Fractional interception of photosynthetically active radiation and leaf area index

FI was measured periodically during the season in all trials, while LAI, which is a
destructive measurement, was measured only in the growth analysis trials. The FI and
LAT results were included in the database of the model. As an example, FI data
measured for the various treatments of the 1994/95 stress trial in Pretoria is presented
in Figure 4.3 and LAI data at 78 days after transplanting (DAP) of the 1992/93 growth

analysis in Figure 4.4.

80
60 / =
9-“\::-*‘40 2/ . AN
i
20
0 ' : : ;

0 20 40 60 80
Days after transplanting

- WW-e WS «SW = S5

Figure 4,3  Measured fractional interception (FI) for the various treatments of the 1994/95

Pretoria stress trial.
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Figure 4.4  Measured LAI at 78 days after iransplanting for the 1992/93 growth analysis

in Pretoria,

4.2  Water use, yield and quality

The measured cumulative evapotranspiration and drainage (CumETD) as well as the
final yield, average brix and water use efficiencies (WUE) are presented in Table 4.3

for the 1994/93 stress trial in Pretoria.

There was no runoff in the Pretoria stress trials, where drip irrigation and a rain shelter

was used. All of the field trials were conducted on fairly level fields which were drip
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Table 4.3 Measured cumulative evapotranspiration plus drainage (CumETD), fresh yield,
brix and calculated water use efficiencies of the different trials.
Trial Treatment | CumETD | Fresh yield | brix | WUEresiyiew | WUEmss
(mm) (tha'y | Avg | (kgm?) | (kgm?)

Marble Hall 1992/93 - 621 81.1 3.6 13.1 0.47
T20R01 398 66 3.5 16.6 0.58
Pretoria 1952/93 T20R20 466 7 3.7 15.2 0.56
stress trial TZ0R100 | 536 73 3.7 13.6 0.51
T50R100 437 64* 3.9 14.6 0.57
T75R100 399 53 4.2 13.3 0.56
WetWet 242 64.3 4.3 26.6 1.14
Pretoria 1994/95 I WerSuress 193 386 | 5.5 20.0 1.10
stress trial™* StressWet | 136 B4 | 57 15.0 0.92
StressStress 122 17.0 6.3 13.8 0.87
Vredendal 1994/95 - 502 109 4.8 21.7 1.04
Platskraal 1994/95 - 444 08.8 4.8 22.3 1.07
Messina 1995 - 992 80.6 53 8.1 0.43

* This yield was measured as 50 t ha™ and corrected to an estimated 64 t ha™ because some fruit was

likely stolen from this specific plot.
* This trial was harvested at 76 days after wransplanting as a result of an unknown virus disease.

Although much higher yields could be expected if harvesting had taken place at full maturity, the

measured yields were not corrected.

irrigated and monitored closely. Although runoff was not measured specifically, no

visible runoff was noted on any of the field trials.

Drainage was prevented completely in the 1994/95 stress trial in Pretoria by excluding

rain with the rain shelter and by replacing only the measured deficits in soil water
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content. The CumETD values for the 1992/93 stress trial in Pretoria includes some
drainage, as discussed below. CumETD was calculated according to Eq. 4.1 for

different periods.

CumETD = PWC,-PWC, )+ TotP + Totl ................... 41

where: PWC, - Profile water content on day d
PWC,, - Profile water content on day d-i
TotP - Total precipitation for the period from day d-ito d
Totl - Total irrigatiou for the penod from day d-ito d

The water use efficiencies based on fresh yield (WUEg, ,iq4) 20d total soluble solids
{WUE ) are also indicated in Table 4.3 and were calculated according to Eqs. 4.2 and

4.3 respectively.

WlJEle! )"!l&lll = FFEStheld*loo , CumETD v % % % 4 o F Y P F TS OEREEY FRE RSN 4.2
where: WUE; . jieus - Water use efficicucy based on fresh yield (kg fresh yiekd m™ water)
FreshYield - Fresh yield (t ba™)

WUE ;s = FreshYield *brix /CumETD ...........cooiinvne.. 43
where: WUE g - WUE based on total soluble solids (kg soluble solids m* water)

brix - Gravimetric perceniage of soluble solids in fruits

From the data above it is clear that the WUE of the treatments of the 1994/95 siress
trial in Pretoria and the growth analyses in Vredendal and Platskraal are much higher
than that of the rest. This was due to inefficient irrigation in the case of the rest of the

trials/growth analyses.

The high water use in the Marble Hall growth analysis is mainly due to the use a

sprinkle irrigation system, while drip irrigation was used in all the other trials.

In the 1992/93 Pretoria stress trial, although the irrigations were properly timed with
the aid of tensiometers, too large volumes were likely applied. This was due to the
calculation of the required irrigation as the average deficit was measured at only two

access tubes, one in the tomato row and the other halfway in between the rows. This
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procedure overestimated the required irrigation because the soil water deficit in the top
part of the profile between the rows, which was not wetted by the drip irrigation
system, was included in the calculated irrigation quantities, By applying these irrigation
quantities on the row, drainage was caused under the rows. The over irrigation can be

seen in the data of Sefara (1994),

The high WUE in Vredendal and Platskraal, compared to that of the other growih
analyses, is partly due to the scheduling of the irrigation based on calculated water use.
The scheduling was done with the irrigation scheduling program, called
Besproeiingsbestuursprogram (BBP). BBP was run by the farmer on his own computer.
BBP calculates evaporative demand according to a simple, empirical but locally
calibrated regression model, while evapotranspiration is calculated according to the

crop factor approach as described by Burgers (1982).

The high water use in Messina was partly due to a longer growing season (147 days vs
110 days in most other cases) and partly to over irrigation. 1t should be noted that in

this case irrigation was only monitored and not scheduled.

Data of the harvestable yield and brix for the 1994/95 stress trial in Pretoria is
presented in Figure 4.5 to confirm the general trend of decreasing brix with increasing

yield.
Storage of weather data
Historic monthly weather data for all localities are presented in Table Al of Appendix

A. Datly weather data with calculated PET for the (rial periods at all localities and

measured hourly data will be stored on CD at the University of Pretoria.
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CHAPTER 5

THE TOMATO MANAGEMENT PROGRAM (TOM-MAN)

Introduction

The functional operation of TOM-MAN and especially the role of each of the
sub-models are discussed in this Chapter while the details of the sub-models are dealt
with in Chapters 6 and 7. The various applications of TOM-MAN are described in
Chapter 8.

Functions of TOM-MAN and the sub-models TOMYIELD and TOM-ECON

The main function of TOM-MAN is to integrate the crop simulation and real time
irrigation scheduling model (TOMYIELD) and the economic optimization model
(TOM-ECON) to perform e¢ither or both of the following tasks:

* TOMYIELD simulates expected crop growth and development from soil and
weather input data for a set of different irrigation strategies. The required inputs
of irrigation and resulting outpuis of yield are simulated for the different
irrigation strategies. Given the simulated required inputs and outputs of
TOMYIELD, TOM-ECON calculates the costs and benefits for each of the
strategies and selects the optimum one; and

* TOM-MAN manages (schedules) the irrigation on a real time basis according to

the selected optimum strategy.

The flow diagram in Figure 5.1 indicates the main routes that the TOM-MAN user can

follow in order to perform either or both of the two main tasks described above.
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For the selection of the optimal irrig‘atiém schedule, the user will be prompted with a
range of irrigation schedules or strategies, which he/she will be able to edit. The
schedule indicates the allowable soil water depletion level (in matric potential) over
time during the season on a thermal time scale. This enables the user to specify the
allowable depletion levels for specific development stages. The application of the
different schedules will result in differing levels of water stress during the various
development stages. TOMYIELD simulates the growth and development according o
each of the different irrigation strategies. The required irrigation and the expected yield
and quality is also quantified for use by TOM-ECON. TOM-MAN then applies TOM-
ECON to simulate the costs of the required inputs (irrigation, fertilisation, labour,
harvesting and transport), as well as the benefits (income) resulting from the outputs
(yield and quality). The expected benefit over costs is then calculated for each of the

strategies in order to select the optimal strategy.

Once the optimal strategy is selected, the input parameters concerning the irrigation
guidelines of the optimal irrigation schedule are accepted and used during routine
scheduling. The user then only needs to supply irrigation and weather data on a daily
basis. Apart from recommending required timing and quantities of irrigation to apply
according to the selected strategy, the program keeps record of all the simulated and

measured values.
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CHAPTER 6

DESCRIPTION OF TOMYIELD, THE GROWTH SIMULATION MODEL

Introduction

TOMYIELD is based on the NEWSWB model, which is described by Benadé er al.
(1995). TOMYIELD differs from NEWSWB mainly in its ability to simulate fresh

yield and quality of processing tomatoes, as NEWSWB only simulates dry matter yield

of the different plant components.

In order to simulate fresh yield and quality of processing tomartoes, modifications were

needed to account for:

3

fruit ripening as hastened by water stress;

maturity as enhanced by water stress;

maintenance respiration of fruits;

toss and gain of fruit water;

partitioning of fruit dry matter to the various fruit components;
the simulation of final fresh yield; and

the percentage of soluble solids (brix).

Minor modifications were also introduced to the following aspects of the model in

order to increase the accuracy of the simulation of canopy growth and development:

#

simulation of seedling growth rate;

translocation of a portion of the dry matter from senesced leaves to
fruits;

influence of water stress on the termination of leaf growth;

influence of self shading on senescence rate of leaves;

storage of assimilates in the leaves; and

changes in canopy structure during the season.
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The medifications mentioned above, are discussed as part of the description of the
complete crop growth and development unit of TOMYIELD under item 6.3. The

construction of this part of the program is shown in Figure 6.1.

The soil water balance procedures were modified in order to enable the model to
simulate the water balance of drip and micro irrigation systems. These modifications

will be described in Chapter 6.4,

Tinme step

TOMYIELD, like NEWSWB, runs on a daily time step.

The crop growth and development unit of TOMYIELD

After the crop is planted the simulation will run until maturity is reached. Maturity is
described by the parameter MtDD, which indicates the day degree requirements unil
maturity, The first step after planting is the calculation of thermal time on which the

development rate is based.

Thermal time is calculated in TOM-MAN as described in Chapter 2 for NEWSWB,
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Calculation of thermal time

The growing day degrees (GDD) are calculated daily and accumulated from planting
onwards for the rest of the season. The average daily temperature is calculated as the

average of daily maximum and minimum temperatures.

The cardinal temperatures were found from literature studies to be:

Base temperature (Thas) 10 °C
Cutoff temperature (Teuoir) 26°C

These lemperatures were assumed correct but will be refined through use. The results
of elapsed day degrees until the various development stages varied considerably and
indicate that refinement is still needed in this respect. The minimum, maximum and

average growing day degrees are presented in Table 6.1.

Table 6.1 Minimum, maximum and average day degrees to the various development

stages for all trials and growth analyses.

Development stages Parameter Day degree requirement
Minimum Average Maximurm
Flowering FIDD 203 284 391
First ripening RipeDD 673 777 063
Maturity MtDD 1080 1259 1537

According to Wolf ef al. (1986) there are several other factors, which are not taken
into account in TOMYIELD, which influence development rate considerably. At least
two of these factors, namely high average day temperatures (above 26 °C) and fairly
big differences in day length between localities, could have an important influence. The
incorporation of the principles applied in TOMMOD (Wolf et al., 1986) is therefore

identified as a development need for the near future. As TOMMOD simulates
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development rate from seeding onwards, provision can be made for the simulation of
the physiclogical age of seedlings in order to eliminate error resulting from seedlings
which differ in age at transplanting. The user will then have to acquire weather data

for the period from seeding to transplanting.

In order to prevent errors in the simulation of development rate influencing the
simulaied results of the rest of the model, the measured growing day degrees were used

in the simulations.
Emergence

In NEWSWB thermal time commences with an initial value of zero at planting.
Emergence normally takes place when the required day degrees for emergence (EmDD)
are accumulated. Because seedlings are transplanted, the parameter EmDD is taken as
zero. The simulation of canopy development and assimilate production commences

only after emergence.

For processing tomatoes, however, seedlings are transplanted at the age of about 6
weeks. At this stage seedlings could already have accumulated around 50 day degrees
before emergence and another +300 day degrees after emergence. This aspect is

identified as a development need as discussed before.

Fractional interception of solar radiation

In TOMYIELD, as in NEWSWB, fractional interception of solar radiation is simulated
according to Eq. 6.1, in which the canopy extinction coefficient for solar radiation
(KC) describes or represents the canopy structure.

F[=1-e'KC‘L!\].‘..-...'..._‘..'."..‘.....“.‘ ------ . n 601

KC is an input parameter, and should have a fixed value throughout the season if the

canopy structure remains unchanged. It should be kept in mind that if the row width
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is altered, KC will also be affected, Row widths varied from 1.25 m to 2,0 m in the
different trials. This aspect will be investigated fully at a later stage in order to develop

a procedure to estimate KC more mechanistically,

The value for KC is calculated from measured LAI and FI data according to Eq. 6.2,
which is derived from Eq. 6.1.

KC=-In(1-FD/LAI ... ... i it iiitntitnnnnsancnnss 6.2

Calculated values for KC, as shown in Figure 6.2, indicates a huge drop towards the

end of seedling stage, followed by an upward trend during the rest of the season.
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Figure 6.2  Calculated extinction coefficient (KC) values from the 1992/93 Pretoria growth

analysis trial.
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In NEWSWB, a fixed value of KC is used throughout the season. With this approach, a
KC value of 0.15 resulted in the best fit between simulated and measured values of Fl
(Figure 6.3). The simulation procedure with a constant KC over estimates FI during the
mid season while it under estimates towards the end. This inaccuracy is due to a change
in canopy structure and the increase in interception by stems and fruits. The canopy

structure of processing tomatoes

changes during the prowing season to such an extent that it is easily noticed visually.
During the early vegetative stage the canopy is fairly closed and the young fruits are
not exposed to sunlight. Close to the first ripeness stage the canopy opens up, probably
because the stems are bending downwards inio a more horizontal position due to

increased fruit mass.

In order to account for the observed change in canopy structure of processing tomaiaes,
TOMYIELD was adapted and the extinction coefficient is assumed to be a fixed
parameter (KCiitw) from planting until the change in canopy structure commences at

the stage when the first fruits ripen. After this, KC is increased according to Eq. 6.3.

If GDD > RipeDD then
KCriiifit = KCinitit * GDD / (RipeDD * (.7)
If KCmoditicd > KCunxthen KCrmotied = KCmax vovasereasrsraserarascrrraserssssrracres 0.3

where: K Cmodifial - Modified canopy extinction coefficient for solar radiation due w changed
canopy structure
KCiu Maximum canopy extinction coefficient for solar radiation

The use of the modified KC resulted in more accurate simulation of Fl, especially later

during the season, as shown in Figure 6.3.
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Assimilate production

Daily assimilate production is calculated according to the normal NEWSWB procedure
for the period from the end of the seedling stage to maturity, while it is modified

slightly for the seedling growth period.
NEWSWA assimilate production

The basic principle that production may be either water limited or radiation limited, as
described tn the literature feview in Chapter 2, is applied. The description is repeated
here only for the convenience of the reader. Transpiration is simulated in the soil unit
of the model, while energy Hmited growth is simulated from intercepted solar radiation
and radiation use efficiency {(RUE). Daily assimilate production is calculated separately
based on both water (Eq. 6.4) and energy (Eq. 6.5} and then the most limiting value

is accepted as the final daily dry matter increment (dmi).
dmiw = ActualTrsp * DWR / VPD . . . ..o i it i et i i s nsecn e 6.4

dmis = Tfact * RUE * FI R Y1 £ Y 6.5

Trunsp

If Tavg > T,, then Tfact = 1
If Tlo> Tavg > Tb then Tfact = (Tavg - Th) / ( T,, - Tb)
If Tavg < ThthenTfact =0 ............. LR 0.6

The procedures imply that for average daily temperatures above Tlo, temperature does
not limit dry matter production. For average daily temperatures below Tlo, however,
temperature limits dry mater production as Tfact is reduced linearly from a value of
one to zero at the base temperature (Tb).

Assimilate production during seedling growth

After transplanting, seedlings normally display symptoms of temporary wilting and
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slow growth, During this period a balance between root water supply and evaporative
demand is created or restored by growing proportionally more roots at the expense of
leaf growth. During the seedling stage, while leaf expansion rate is temperature fimited
{Van Laar ef al., 1992), leaf area increases exponentially as a function of temperature,
until growth becomes assimilate supply limited. The simulation of séedling growth
requires the simulation of the duration of the seedling stage as well as the rate of

growth.
Duration of the seedling stage:

in TOMSIM (Van Laar e al,, 1992), for indeterminate tomatoes with longer periods
before flowering, the end of the seedling stage is taken as the point in time when LAl
exceeds 0,75 or GDD exceeds 0.3 of the day degree requirement for flowering (FIDD).
This fraction is defined in TOMYIELD as the parameter EndSeedIDDFrac. With
determinate tomatoes, which flower much sooner, it could be expected that the seedling

stage will last for a greater portion of the period before tlowering.

The distinctive feature of the seedling stage is a sharply increasing specific leaf area
which stabilises at the end of the seedling stage. This can be seen in Figure 6.4 for the

1992/93 Pretoria growth analysis. The trend is drawn in the graph.

From the change in the SLA-trend, the end of seedling stage is taken as 22 days afier
transplanting, or the equivalent 249 growing day degrees for the specific data set. This
represents .84 of the measured FIDD for this data set, while the measured LAI was
0.77 m*leaves m™ soil. From this data it is concluded that an LAl of 0.75 or 84 % of
FiDD can be used as reasonable indicators for the end of the seedling stage until a

more detailed study is performed.
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Figure 6.4  The wend in SLA during the season, indicating the end of the seedling stage for
the Pretoria 1992/93 growth analysis.

TOMYIELD is adapted by adding the parameter EndSeed|DDFrac and the value of
0.84 is allocated. The duration of the seedling stage is calculated according to Eq. 6.7.
This procedure will enable the generic model to simulate crops or cultivars with

varying seedling stage lengths by using different values for the EndSeedlDDFrac

parameter.

EndSeedlingDD = FIDD * EndSeedlDDFrac .......0000eevvearon 6.7

where: EndSeedlingDD - Day degrees until end of seedling growth stage (d °C)
EndSeed!DDFrac - Ratio of day degrees at the end of seedling and day degrees

at flowering
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Growth rate during the seedling stage:

The procedure for simulating seedling growth rate as a temperature function as
described by Van Laar et al. (1992) is accepted and incorporated. The daily increment
in LAl (LATQ) is determined by the LAI at the end of the previous day, the RGR,, and

the temperature or gddi. LAl is calculated according to Eq. 6.8.

LALi = LAIL, * [ exp(RGR;* gddi) - 1] 0 ovevnnnn.n. ceieien.. 68

where; LAl - Leaf aren index increment for tie current day

The relative growth rate of leaf area (RGR,,) is a parameter which is calculated
according to Eq. 6.9. A value of 0.15 resulted as the average of several periods. This

value is clearly higher than the 0.009 used in TOMSIM.

RGR,; = (LAl - LAL) /LAL, *gddi c..oovvniinneeennan... .. 6.9
where:  LAL - Leaf area at end of period between measurements

LAL, - LAI at begiming of period beiween measarements

LAL, - Average leaf irea during the period between measurements

The resulting simulation of LAI over time after transplanting is plotted with the
measured data in Figure 6.5. This shows that leaf area growth is simulated accurately
for the seedling stage (first 22 days after planting). After this the normal simulation of

growth according to assimilate supply should commence.

The hastening influence of water stress on fruit ripening

The parameter RipeDD was defined as the number of day degrees required until first
ripening. The number of day degrees which elapsed until first ripening was calculated
for the non-stressed treatments of the Pretoria 1994/95 trials and found to be 779. First
ripening occurred sooner in all the treatments where stress was induced. This effect is
probably due to an increased canopy temperature with water stress and is simulated by

reducing the required amount of day degrees for ripening according to the approach
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Figure 6.5  Measured and simulated LAI for the seedling stage of the 1992/93 Pretoria

growth analysis.

followed by Wolf et al. (1986) in TOMMOD. In TOMMOD the length of the ripening
period (the required number of physiological days for the period from first flowering

to first ripening) is calculated according to Eq. 6.10.

RipeningPeriod = RipeDD - RipeSensStress *SDI ... ...ovcneenen 6.10

where: RipeSensStress - Parameter representing the sensitivity for stress (d *C Stress day™)
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In TOMMOD an empirically determined value of 5.958 is used for the parameter
RipeSensStress in this report. This represents the number of physiological days by
which ripening is enhanced per unit SDI. In TOMMOD a stress index, SDI, is
calculated as a linear function based on soil matric potential only. This does not
necessarily represent a water stress condition to the plant, because stress also depends
on evaporative demand and root resistance. The stress index, SI, calculated by
TOMYIELD (NEWSWRB) is more suitable for this purpose, as it takes both soil water

supply and demand into consideration.

The RipeSensStress parameter is defined as the reduction in day degree requirement in
day degrees (when SI<0.95). RipeSensStress is calculated ernpirically from the data

for the three stressed treatments according to Eq. 6.11.

RipeSensSiress= (RipeDDnosteess = RipeDDsiressea) /StressDays coeceiecarisaniaians 6.11
where: RipeDDuesres - Day degrees at first ripening for non-stressed tomatoes in the same
- trial (d °C)
RipeDDsresss - Day degrees at first ripening (d °C)
StressDays - Total number of days with SI < 0.95 (Siress day)

The RipeSensStress parameter is calculated for the WS, SW and SS treatments of the
1992/93 stress trial in Pretoria as 2.17, 4.6 and 3.01 (d °C Stress day™) respectively.
The average value of 3.26 is used in TOMYIELD.

The reduction in RipeDD is finally calculated in TOMYIELD according to Eq. 6.12.

If SI < 0.95 then
RipeDD := RipeDD - RipeSensStress * StressDays ..ccoccaeiainann, crevasasesses 0,12

In the daily calculation procedure in TOMYIELD, StressDays equals one and RipeDD
becomes RipeDD-RipeSensStress on days with 51 < 0.63.
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The influence of water stress on the termination of leaf growth

As with ripening, the termination of leaf growth is hastened by water stress. The same
approach is followed as with ripening. The growth transition period parameter
(GpDD), which indicates the duration (in day degrees) of the transition period from
flowering until the termination of leaf growth, is therefore decreased according o Eq.

6.13 on days when SI < 0.95.

If SI < 0.95 then
GpDD := GpDD - GpSensStress * StressDays . ........ ... 613

where:  GpDD - Growth transition period from flowering until the rermination of leaf
growth (d "C)
GpSensStress - Parameter representing the average reduction in GpDD on days wilh

witter stress (d 'C Stress day"}

As sufficient detailed data is not available for the calculation of the parameter
GpSensSiress, it is assumed that the GpDD is reduced to the same extent as the period
to first ripeness. Therefore GpSensSiress was taken as equal to RipeSensStress until it

can be quantified properly.

The hastening of maturity by water stress

Maturity is defined as the stage when 95% of the fruits are ripened and is hastened by
water stress, As in the case of the simulation of the timing of first ripening and the
termination of leaf growth, the day degree requirement for maturity (MtDD) is reduced
when the calculated SI indicates that water stress occurs. MtDD is decreased according
to Eq. 6.14 on days when §1<0.95.

MtDD := MtDD - MtSensStress * StressDays . . . v v cvvccvinnee.. 614

where:  MtSensSiress - Parameter representing the average reduction in MDD on days with

water siress (d "C Stress day™)

MtSensStress is calculated according to Eq. 6.15 from the data of the three stressed
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treatments of the 1994/95 Pretoria stress trial.

MiSensStress = (MtDDy,g,u - MtDDy, . .q/StressDays. ............ 6.15

where: MDD, 6.0 - Day degrees al manrity for non-stressed tomatoes in the same rial
@'
MDDy e - Day degrees at manrity for stressed wnatoes (G °C)

The MtSensStress parameter is calculated for the SW, WS and S5 treatments of the
1992/93 stress trial in Pretoria as 0.6, 1.1 and 0.4 (d "C Stress day™") respectively. The
average value of 0,72 is used in TOMYIELD.

Maintenance respiration of fruit and the increased respiration rate due to the

climacterinm

A decrease in HDM close to maturity, as shown in Figure 4.2 in Chapter 4, is typical.
This decrease is due to maintenance respiration which causes a reduction of assimilates
rowards the end of the growing season. The daily increment of maintenance
respiration (NMRi) is simulated according to the same equation {Eq. 6.16} used in
TOMSIM and TOMGRO.

If T, > T, then

ave

NMRi = MRr * HDM * Q10, *exp 0.01 * (T,,, - T,g)) v o v vvvvernn.. 6.16

where: NMRi - Normuil daily maintenance respiration for fruits (g d™)

According to the Marble Hall and Pretoria data sets the mainienance respiration rate
increases during fruit development even before fruit ripening. The relative growth stage
variable, RelGrwStg, of which the value increases linearly from zero at planting to one

at maturity, is calculated according to Eq. 6.17.

RelGrwStg =GDD /MDD ........... O 1

where:  RelGrwSeg - Expired fraction of the development time towards maturity

In TOMYIELD maintenance respiration increment {MRi) is calculated according to
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Eq. 6.18 and its value therefore increases from a fraction of about 0.23 of normal

maintenance respiration at flowering to 1.0 or full maintenance respiration at maturity,

If GDD > FIDD then
MRi = NMRIi*RelGrwStg . c v v v v vt vv v tonnssnnscnnsassnasa 6.18

The input parameter MRr was determined by running the model with different values
for MRr, starting with the value of 0.01 used by both TOMSIM and TOMGRO. The
measured and simulated data fitted satisfactorily with an MRr value of 0.005 g dry

matter respired g HDM d.

As described in Chapter 2, the climacterium is a sudden increase and a subsequent
decrease in respiration rate which starts with the onset of ripening. This increased
respiration during ripening is simulated in addition to the normal respiration according
to the same basic formula as shown in Eq. 6.16. Instead of MRr, a new parameter,
ClimRr was defined to indicate the respiration rate due to the climacterium. While in
TOMSIM and TOMGRO respiration of individual ripened fruits is simulated with
Eq. 6.16, in TOMYIELD the respiration of all green and ripened fruits is simulated.
A medification had to be introduced to represent the increasing percentage of ripened
fruits towards full ripeness. As a first approach, a linear increase in ripeness is assumed

in calculating the RipenessFactor with Eq. 6.19,

If GDD > RipeDD then
RipenessFactor = (GDD - RipeDD ) / (MDD -RipeDD ) .......... 6.19

where:  RipenessFactor - . Variable representing the traction of fruits thar are ripened

The ClimRr which was established by running the model with different values was
found to be 0.013 for the cultivar Brigade (Pretoria, 1995 data) and 0.017 for UC82
(Marble Hall data).
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Assimilate partitioning

The partitioning of assimilates is the same as for NEWSWB. Priority for assimilates
is assigned firstly to fruits if present, then to roots and the remainder is available for
leaf and siem growth, The fraction of the assimilates allocated to fruits is increased
from zero before flowering to one (all assimilates allocated to fruits) at the end of the
transition period between vegetative and reproductive growth, The model allocates a
fixed fraction to the roots until the maximum rooting depth is reached. Under
conditions of water stress, 50% of the assimilates normally allocated to leaf growth,
are re-allocated to root growth, while the other 50% is ailocated to siem growth. This

results in a smaller canopy which is a realistic water stress response.

The partitioning factors indicate the fraction of the daily dry matter increment which

is allocated to the different plant organs. The following partition parameters are used:

* Fruit partitioning fraction (f;;,):
* Root partitioning fraction (f,);
#* Vegetative fraction (f,,);

* Leaf fraction (f,); and

* Leaf stem partition parameter (LSPP).

Partitioning to fruits:

The first priority for assimilates is fruits. Fruit partitioning is calculated

according to Eq. 6.20.

¥ GDD > FIDD then
f,0=(GDD-FIDD) / GEPDD .. eevenrneeerrneennenn. 620

The amount of assimilates allocated to fruits is calculated according to Eq.

6.21.
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where: hdmi - Daily harvestable dry matter increment of assimilates allocated
fruits (kg m™)

dmi - Daily increment of assimilates produced (kg m™)

Partitioning to roots:

During the period before flowering and before the maximum rooting depth
(RDmax), is artained, a constant fraction (f,,,) of the available assimilates is
aliocated to root growth. Another variable, fr, is used in the mode! in order to
describe the variable value of the fraction to the roots during the period after
flowering. Before flowering, while roots grow at a fixed rate, depending on

availability of assimilates, fr equals f_,. From flowering until maximum

rool*
rooting depth is reached, fr declines lingarly to zero as a result of the higher
priority assigned to fruit. If insufficient assimilates are available due o water

stress, priority is assigned to fruits and fr equals zero.

Partitioning ro vegetative dry maiter:

The remaining assimilate, after fruit and root growth are "satisfied”, is
available for vegetative growth and is calculated according to Eq. 6.22. This
vegetative dry matter increment (vdmi) is partitioned to leaf and stem growth.
The fraction allocated to leaves (f,,) is calculated from the leaf stem partition

parameter (LSPP) according to Eq. 6.23.

vdmi = dmi-hdmi-(fr¥dmi) ............... ... 022
where: vdmi - Top (vepetative i.e. leaves and stem) dry matter (kg ™)

ir - Praction of assimilates partitioned to roots

foy=1/(1+LSPP* VDM)® ...evvvnvenncennnnseens. 623

where: VDM - Vegelative (leaves + stem) dry matter (kg m™)

LSPP is an input parameter which is determined from experimental data
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according to Eq. 6.24. LSPP is calculated from data of several growth analyses

as indicated in Figure 6.6.

LSPP =[(SLA* VDM /LAI)-1]/ VDM ..0uveeerrunnnn. 6.24

According to Figure 6.6 the value of LSPP is initially high but decreases
sharply during the early part of the season. After about twenty days after
transplanting, which also indicates the end of the seedling stage, LSPP becomes

fairly constant for the rest of the season.
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Figure 6.6  Leaf stem partition parameter (LSPP) calculated from several growth analyses.
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As in NEWSWB, a constant value for LSPP is used throughout the season. The
average LSPP of 3.9 was calculated from the Marble Hall and Pretoria data sets
by ignoring the data of the first 20 days. Constant values for LSPP (3.9 u’kg')
and SLA (12.4 m*teaves kg leaf) were used in order to evaluate the simulations
of LAI for the Vredendal and Plaiskraal data sets. LAl is calculaied according

to Eqg. 6.25 from the accumulated dry matter of leaves and SLA.

LAl = IDM * SLA .. ... it iitetnatcsannsonnes 6.25
where: LDM - Leaf dry matter (kg m™)

LAl calculated using Eq. 6.25 for different masses of vegetative dry matter, is
compared with measured LA in Figure 6.7. LAl is predicied reasonably well
from vegetative dry matter. The single Platskraal data point, which is far above
the simulated line, is probably due to measurement or sampling error, because

it does not fit the tendency of the measured curve for the Platskraal data either,
The partitioning process is summarised in Figure 6.8.
Leaf senescence

The commencement of senescence has not been modified in TOMYIELD. Senescence
of leaves of a given age group still commences when the maximum leaf age (GDD >

MaxLeafAge) is achieved.

In NEWSWB and in TOMYIELD the ageing of leaves is accelerated on days when the
crop is subjected to water stress. This is done by calculating a variable "water stress
factor” (wsf) according to Eq. 6.26 from the stress index (SI), which is calculated in

the soil unit,
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If 81 < 0.95 then wsf = 1/SI _
Ifwsf > 2then wsf = 2 ...ttt ietonassavinsssanronrans 6.26

The age of all LAI grown on a given day is simulated by adding the daily growing day
degree increment (gddi), which is modified by the wsf (Eq. 6.27) when water siress
occurs on the given day. This implies that leaf ageing is accelerated when water stress

occurs, but this does not influence the termination of leaf growth.

DailyLAIAge[k] = DailyLAIAgefk-1] + gddi*wsf . .............. 6.27
where:  DailyLAlAgeik] - Age of LAlAge group {(d°C)
DailyLAlAge|k-1] - Ape of the LAlAge proup on the previous day (d "C)

Senescence rate

NEWSWR over estimated senescence rate by senescing all leaves of a certain age group
completely as soon as the maximum leaf age (parameter: MaxLeafAge in day degrees)
is reached. According to Van Laar ef al. (1992) senescence rate of tomatoes is partly
due to leaf age and partly to self shading. The relative death rate (fraction of leaves
which senesce per day) due to self shading is taken as zero for LAI values lower than
4 and is increased linearly to 0.03 when LAI reaches 8 m’ leaves m™ soil. This means
that leaves of a certain age group will senesce in TOMSIM at a rate of zero to 3
percent per day depending on shading. Senescence rate due to self shading is simulated
in TOMYIELD as a function of fractional interception for evaporation (Fl,,}

according to Eq. 6.28.

SenesceRate = ShadeSenesceCoef * FL,,, ...... .. .0uivvvnoin, . 6.28
where:  SenesceRate - Leal’ senescence rate {(d)
ShadeSenesceCoef - Empirical constant parameler indicating the relationship

between senescence rate and Fl,,, @"

The value of 0.05 for the empirical constant, ShadeSenesceCoef, was found by running
the model with values increasing from 0.03, which was used by Van Laar et al.

(1992), until the decrease in simuiated L.Al and FI matched the measured values for the
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Loskop data set.

The daily senesced LAl increment (Senesciy) is calculated according to Eq. 6.29 for

each age group of leaves.

Senesci, - SenescRate * DailyLAL, .......... ... ..., 6,29

whiere:  Senesci, - The senesced LAJ incremienr of the LAL wihicl was prown on
specitic day as indicated by the counter k
DailyLAIL - LAL which was grown on a specific day as demarcared hy fe counter
k

The result of the modification is that not all the leaf area of the particular age group (as
in NEWSWB), but only a fraction of it senesces on each day after senescence
commences. The total senescence for a day is calculated by summing all the senesced

LAl increments for a given day.
Storage of assimilates in the leaves

The ratio between leaf area and leaf dry mass (SLA) is considered to be a crop specific
constant in NEWSWB. Data from all the localities (Figure 6.9} indicates a decrease in

SLA during the season.

This data confirms that assimilate storage in leaves occurs. This is accounted for in
TOMSIM. The data indicates that more assimilates are stored in the leaves towards the
end of the season. This is probably due to the reduced demand for assimilates as leaf
growth stops and proportionally more and more fruits mature, This is also in agreement
with results from Heuvelink & Bertin (1994}. TOMYIELD therefore decreases SLA

during the season according to Eq. 6.30.

SLA, = SLA,, + SLACoef * k Ceseriseiiacsisinsanaaeaese. 630
where  SLA, - Specific leaf area tor day k (m® kg")

SLA,, - Specific leaf area for the day before day k {m* kp™)

SLACoef - Daily decrease in SLA during the season (n* kg ')
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k - A counter indicating days after planting (d}

The influence of the decreasing SLA during the season on LAI is that the leaf area of
a given mass of leaves erroneously decreases over time which results in a decrease in

FIT. This is prevented by the daily updating of LAI according to Eq. 6.31.
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Figure 6.9  Data from all growth analyses showing the declining tendency in SLA during

the season.



LAY, = LAL *SLA,,/SLA, ........... tessaaes e eanransen 6.31
where: LAIL - Leaf area index on day k after planting (Eq. 6.28) (m* kg?)
Root growth

Root dry matter is increased by accumulating the assimilates which are partitioned to
roots. The depth of root growth is simulated, as a function of root dry matter,

according to Eq. 6.32. Root growth is stopped as soon as the maximum rooting depth

is reached.
RD= RDM™ ¥ RGR ...t virvnsesunoansonsnansnsosnsss 6.32
where: RD - Root depth {m)

RDM - Cunmlative root dry matter (kg m™)

RGR - Root growth rate {m® kp®?)

Fruit Growth

Although the simulation of fruit growth is mostly empirical, it attempts to simulate at
least the basic processes of fruit water loss and gain and the fixing, dissolving and
respiration losses of fruit solids which influence the final percentage of soluble solids
in tomatoes. The different components and processes are defined below while the

approach followed is demonstrated in Figure 6.10.

Components:
* SolHDM the soluble dry matter in the fruit paste;
* FixedHDM the fixed parts in the fruit paste

* Seed&Peel HDM the dry matter in seeds and peels

* Fruit water all of the water contained in the fruit

Processes (Figure 6.10):
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* Normal respiration loss - the loss of dry matter due to respiration during
the period before ripening;

* Climacteric respiration loss - the loss of dry matter due to respiration
during ripening;

* Assimilaie import - the import of newly produced assimilates into fruits;

* Translocation import from senesced leaves - the import of ranslocated

assimilates from senesced leaves into fruits;

* Water import - The import of water from roots into fruits;

* Fixing - the process of fixing soluble dry matter into fixed dry maiter;

* Growth - the growth of seeds and peel by utilizing fixed dry matter;

*® Dissolving - the dissolving of fixed dry matter to soluble dry matter;
and

# Transpiration loss - the loss of water through the process of

transpiration.

The daily time step simulation of fruit growth is discussed according to the flow

diagram in Figure 6.11.
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Calculation of initial values for variables

On the first day of flowering the initial values are calculated according to Eq. 6.33 to

6.38 for all the variables used in the simulation of fresh yield and brix.

HWC =MaxHWC ... ... ittt iiiiiiiiienrsenn.. 633

Where: HWC - Harvestable (fruit) warer content (gravimetric fraction)

MaxHWC - Average water content of tomatoes whicl were nor stressed  (fraction)

HDM = Transl ¥ SDM . . . oo vttt i ittt ietsnsssnnansansss 034

Where: Transl - Parameter indicating the fraction of stem dry mater iranslocated to
harvestable dry matter on day of first flowering

SDM - Stem dry matter (kg m™)

FreshYield = HDM *10 /(1-HWC) .........cciviivvnreea.. 635

Where: 10 - Factor to convert from kg m™ o t ha™

SolHDM = FreshYield *InitBrix /100 .......... ... 6,36

Where: SclHDM - Soluble pool of harvestable dry matter (kg m?)
InitBrix - Parameter indicating the initial brix of tomatoes which were not
stressed
SeedPeelHDM = InitSeedPeelFrac * (HDM -SolHDM) ............ 6.37
Where: SeedPeelHDM - Harvestable dry matter of seeds and peels (kg m™)
InitSeedPeelFrac - Parameter indicating the initial fraction of fixed HDM that is pan of

seeds and peels (kg m?)

FixedHDM = HDM - SolHDM - SeedPeelHDM ................. 6.38

Where: FixedHDM - All HDM excluding SoJHDM (kg m?)
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Daily fruit water loss and gain

The water content (HWC) of fruits is simulated by starting off with an initial water
content equal to the maximum fruit water content (MaxHWC). This parameter is .
measured as 0.94 which is the average fruit water content found in fruits which were

never stressed.

The influence of the level of the simulated fruit water content on the rate of water loss
or gain is simulated through the use of two variables, RelHwcGainRate and
RelHwcLossRate. The values for RelHwcGainRate and RelHwcLossRate as shown in
Figure 6.12 are calculated according to Eqs. 6.39 and 6.40 an depend on the level of

simulated water content in relation to the maximum and minimum limits,

1
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Figure 6.12 RelHwcGainRate and RelHwcLossRate with different simulated values of

HWC.
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RelHwcGainRate = (MaxHWC - HWC) / 0.5¥(MaxHWC - MinHWC) . 6.39

where: RelHwcGainRate - Relative fruit water content gain rate (d™)
HWC - Simulated fruit water content
MaxHWC - Maximum fruit water content
MinHWC - Minimum fruit water content

RelHwcLossRate = (HWC - MinHWC) / 0.5 * (MaxHWC - MinHWC) . 6.40

where: RelHwcLossRate - Relative fruit water content loss rate (d™)

The influence of the timing of stress in relation to the development stage of the crop
is accounted for by the multiplication with the variable RelGrwStg, which is calculated

according to Eg. 6.41.

RelGrwStg = GDD/MIDD ........ ... vt enesosacasssanas 6.41

The calculated value of RelGrwStg increases from zero at planting to one at maturity

and is £ 0.125 at start of flowering.

The daily fruit water increment is calculated according to Egs. 6.42 and 6.43 for

stressed and non-stressed conditions respectively.

If SI < 0.95 then

hwei = -HwcLossCoef * RelHwcLossRate * RelGrwStg /SI . ........ 6.42
where: hwci - Daily increment in futare fruit water content (fraction)
HwclossCoef - Average relative rate of water loss after relief of water stress

If ST > 0.95 then
hwci = HwcGainCoef * RelHwcGainRate * RelGrwStg . .. ......... 6.43

where; HweGainCoef - Average relative rate of water gain afier relief of water siress (d)

The HWC is updated daily by cumulating the daily values of hwei. The simulated value
for HWC is limited to the range of water contenis found in tomato fruits. The

maximum and minimum water contenis are indicated by the parameters MaxHWC and
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MinHWC and values of 0.96 and 0,86 are used.

Daily net import of fruit dry matter

The daily net import of fruit dry matter is calculated by adding the daily assimilates
partitioned to harvestable dry matter (hdmi) and the dry matter translocated to fruits
from senesced leaves (TranslTDMi) and by subtracting the dry matter lost to fruit

respiration (hdmRespi). This done according to Eqg. 6.44.

NettHDMi = hdmi + TransITDMi - hdmRespi icaveisersrsenrransarrsnsernsesns 644
where: NetdIDMi . Net daily harvestable dry matter increment (kg m?)
hdmi - Harvestable dry matter increment from partitioning of assimilates
(kg m?)
TransITDMi - Translocated dry matter from senesced leaves (kg m™)
hdmRespi - Dry matter lost to respiration (kg m™)

Redistribution of dry matter within fruits

The basic processes of fixing imported dry matter, or remobilising fixed dry matter is

empirically simulated through the following three basic processes:

* Fixing of dry matter in the FixedHDM poo};
* The growth of seeds and peels in the SeepPeelHDM pool; and
* The dissolution of fixed dry matter from the FixedHDM pool.

All imported dry matter is added to the soluble pool (SolHDM). Respiration losses are
also taken from the soluble pool. In order to simplify the simulation, it is assumed that
only on days when there is a net import of dry matter, dry matter is fixed and seeds
and peel grown. On days with a negative net import, no fixing or seed and peel growth

occurs and fixed dry matter is dissolved and added to the pool of soluble solids again.



76

The parameter hdmFixRate is defined as the fraction of a positive nett import
of dry matter which is fixed. The daily increment of fixed harvestable dry

matter (FixHDMI) is calculated according io Eq. 6.45.

FixHDMi = NettHDMi * hdmFixRate . ......c.000nvuens 6.45
where: FixHDMi - Daily increment of fixed fruit solids (kg m'™
hdmFixRate - Praction of nett import of solids which are fixed (kg m™)
rowth n

The seeds and peel are grown from the pool of fixed harvestable dry matter by
allocating a fraction of the daily FixHDMi (Eq. 6.46). This process is

considered to be irreversible.

If NettHDMi > 0 then

SeedPeelHDMi = FixHDMi * SeedPeelFrac ............... 6.46

where: SeedPeelHDMi - Daily dry matter growth in seeds and peel (kg m®)
SeedPeelFrac - Fraction of nett import fixed (kg m?®)

The dissolvi f fix he Fi

The dissolving of fixed solids, which is assumed to happen only when the daily
import of harvestable solids is negative, is calculated according to Eq. 6.47. It
is assumed that dissolution will be proportional to the size of the complete pool
of fixed soluble solids and a parameter HDMDissFrac is defined as the fraction

of the fixed pool which will dissolve if NettHDMi becomes negative,

If NettHDMi < 0 then
hdmDissi = HDMDissFrac * FixHDMi ....... s evesmaanna 6.47

where: hdmDissi - Daily increment of dissolved dry matter (kg m™)

HDMDissFrac - Fraction of fixed dry matter which dissolves when
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NettHdmi <0

Toial soluble solids

The total soluble solids are simulated by adding the daily increments of soluble

harvestable dry matter (SolHdmi), which is calculated according to Eq. 6.48.

SolHdmi = NettHDMi - FixHDMi + hdmDisst . . . .. ..o vn e 6.48

where:  SolHDMi - Daily soluble harvestable dry matter increment (kg m™)

Simulation of total harvestable dry matter

The total harvestable dry matter (HDM) is simulated by adding daily increments of nett
harvestable dry matter (NettHIDMi).

Simulation of fresh yield and brix (% soluble solids)

The variable FreshYield is calculated from simulated total harvestable dry matter

(HDM) and the harvestable water content (HWC) according io Eq. 6.49.

FreshYield = 10* HDM /(1-HWC) .......c.oiiinieiennn. . 649

where: 10 - Factor to convert from kg m* to t ha™

The variable brix indicates the gravimetric content of soluble solids of the fruit. Brix
is calculated from simulated FreshYield and soluble harvestable dry matter (SolHDM)
according to Eq. 6.50.

brix =SolHDM / FreshYield * 100 ........... ...t 6.50

The results of simulated versus measured yield and brix for the various trials will be

presented under item 6.6 (model evaluation)
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Modification to the soil water balance routine to enable simulation of drip

irrigation

In NEWSWRB, as described by Benadé et al. (1995), it is assumed that an overhead
irrigation system is used and therefore precipitation and irrigation can be summed
before simuiation of interception, infiltration and evaporation. Because all but the
Marble Hall wial were drip irrigated, and only a portion of the s0il surface was wetted
by the irrigation, while precipitation wets the complete surface, modifications were
required (o the soil water balance routine in TOMYIELD. The following modifications

were introduced:

* Separate infiltration simulation for precipitation and irrigation;

* No canopy interception of drip irrigation; and

* The simulation of evaporation with incomplete wetting of the soil
surface

Separate infiltration simulation for precipitation and irrigation

Although a mechanistic simulation mode! was developed by Annandale (1991) for the
simulation of a two dimensional water balance, the incorporation of such a medel into
NEWSWB would be complex and was not attempied during this project. A more
simple approach was taken to solve the problem temporarily,

In TOMYIELD the infiltration of precipitation is simulated according to the normal

procedure as described by Benadé et al. (1993).

Infiliration of irrigation, however, is simulated as follows: a new parameter,
SurfaceWetted, indicates the fraction of the soil surface which is wetted by the
irrigation system and the lateral movement of applied water, For sprinkle irrigation
which applies irrigation to the whole surface, SurfaceWetted = 1.0, while the value
for drip irrigation systems depends on soil type (hydraulic conductivity) and dripper
spacing. With a line spacing of 1.5 m and a wetted strip of 0.4 m along the line,
SurfaceWetted = 0.4/1.5 = 0.267.
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During full surface infiltration, if the irrigation is sufficient, the amount of water

needed to fill the evaporation layer to field capacity is calculated according to Eq. 6.51

IrrInfg,,, = (FeWeg,,, - Weg)¥p¥dz oo ovvenveiinninnos 651

where:  Irrinfg,,, - Irrigation infiltrated into the evaporation layer (mm)
FcWcg,,, - Field water capacity of the evaporation layer (volumetric fraction)
Wepn - Water content of the evaporation layer {volumetric fractiou)
o - Density of water (kg m™)
iz - Depth of the evaporation layer (m)

Eq. 6.51 has been modified to reduce the amount of infiltration proportionaily to atlow
for the fact that irrigation water can only fill the fraction of the evaporation layer which
is wetted. This implies that even if there is still a deficit in the non-wetted part of the
evaporation layer, the additional irrigation water will be passed on as infiltration to the
deeper layers. The infiltration of irrigation for the evaporation layer is thus calculated

according to Eq. 6.52.

Ireinfy,,, = (FeWeg,,, - Weg, ) ¥p, *dz*SurfaceWetted . . .. ......... 6.52

where:  SurfaceWetted - Fraction of the soil surface which is wetted by the irrigation and

sideways movement of soil water in the evaporation layer

Infiltration of irrigation for the deeper layers is calculated according to the normal
procedure. Although this procedure is not very mechanistic, it is considered to be a
reasonable assumption in the absence of a two or three dimensional simulation of water

movement and root distribution and it is considered to be a temporary solution.
Interception of irrigation by the canopy

In NEWSWB the maximum interception was calculated according to Eq. 6.53 and the
assumption was made that the compiete canopy was wetted by both precipitation and

irrigation.

MaxInterDOY = FI,, *Canopylnt . ......... . .ciiiviinno. 653
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where: MaxInlerDOY - Daily calculated maximum amount of water in mm that can be
intercepted by the canopy (mm)

FI - Daily simulated fractional interception of solar radiation

e

CanopyInt - Parameter indicating the maximum intercepied amoumt for a full

canopy of the specific crop (min)

The modified simulation of interception is based on the assumption that if the canopy
is not wetted completely, the daily maximum interception should be reduced
proportionally to the fraction of the canopy which is wetted during irrigation. A new
parameter, CanopyWetted, is therefore created to indicate the fraction of the canopy
which is wetted during irrigation. If the whole canopy is not wetted during irrigation,

the daily maximum interception is reduced by Eqg. 6.54.,

MaxIrrIntDOY = MaxInterDOY * CanopyWetted ............... 6.54

where; MaxlrintDOY - Daily calculated maximum amoury of irrigation that can be imercepted
by the canopy (mm)

MaxlnterDOY - Daily calculated maximum amowsit of water which can be intercepted
by the canopy (mum)

CanopyWerted - Fraction of the canopy which is wetted during irrigation

Evaporation with incomplete wetting of the soil surface

In TOMYIELD the normal evaporation simulation procedure of NEWSWAB is applied
for evaporation following precipitation, while evaporation of irrigation water is

simulated by the modified procedure described below.

In NEWSWRB the potential evaporation from a completely wet soit surface is calculated
according Eq. 6.55.

PotentialEvap = (1-FL,,)*PET ............... ... vvvvenn. 655

where: PotentialEvap - Potential evaporation from a completely wet soil surface (mm d™)
FI, - Fractional interception of solar radiation for evaporation

op

PET - Potential evapotranspiration (mm d')
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If irrigation water is applied by a drip irrigation system to the shaded area under the
plant canopy, evaporation will be reduced due to a smaller evaporating area and an
increased fractional interception (Flewp) of the wetted area, compared to the average FI
of the field. While the existing mode! simulates the water balance in only ome
dimension (depth), the real situation is clearly three dimensional, with 1.25 to 2 m
wide crop row spacing and drippers spaced at 0.3 to 0.6 m apart. The surface layer
should at least be divided into an irrigated area and a non-irrigated area. The
infiltration and evaporation of each portion should be simulated separately.
Modifications of this nature will require major modifications to the database of the
model and could not be introduced at this point in time. The problem is solved by the
development of a fairly accurate empirical approach, which does not complicate the
input data requirements, and does not involve modifications to the data base. If surface
wetted is less than one, evaporation of irrigation water is reduced in proportion to the
fraction of the soil surface which is wetted and as a function of the fractional
interception for evaporation (Eq. 6.56). The term (1-FI)* is an empirical factor which
represents the influence of the fact that the portion of the soil surface which is wetted

area is in the shaded area and is not exposed normally to the non-intercepted radiation.

If SurfaceWetted < 1 then
PotentialEvap = (1 = Fluap)® * PET * SurfaceWetted ...cocvreeerencaasece vareeas 0.56

In order to allow for the "complete” drying off of the non-irrigated soil surface after
precipitation (through normal evaporation), it is assumed that if sufficient time is
allowed for the normal evaporation, the soil surface will be dry and the evaporation
rate will become insignificant. Only after this period of normal evaporation
(FullEvapPeriod) has elapsed after each occurrence of precipitation, will evaporation be
simulated according to the procedure for irrigation again. The required period for
normal evaporation will be a function of evaporative demand, soil type and crop
canopy and could be calculated. In this empirical approach, however, a parameter,
FullEvapPeriod, is introduced and a value of three days is used. This value was
established by simulating the water content of the evaporation layer for the various

trials. It was found that for the seil-climate-crop systems of this project, three days was
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sufficient to allow for drying off of the water content to below permanent wiiting point.

In SWB the evaporation rate is based on both evaporative demand and soil water
supply. This procedure (Eq. 6.57) reduces evaporation rate when the water content of
the evaporation layer decreases to below permanent wilting point, and evaporation
ceases once air dry water content is reached. This procedure is also used in

TOMYIELD.

If WC < PWPWC then
Evap = PotentialEvap * (WC - ADWC)/(PWPWC - ADWC))*....... 6.57

Where: WC - Water congent {volumetric fraction)
ADWC - Air dry water content (volumetric fraction)
PWPWC - Permanent wilting point water content {volumetric fraction)

Input parameters and data required

The parameters needed to run TOMYIELD are those used by SWB and the additional
parameters which were created in the development of TOMYIELD. The parameters

are listed below.

B rameter
KC Th RUE Total dry matter at emergence
FIDD DWR Transl Minimum leaf water potential
EmDD Tecutoff $§I Maximum iranspiration
GpDhD Leaf seuescence RDmax
MtDD Canopy storage RGR
SLA LSPP .,
Additional crop parameters required by TOMYIELD:
TnitBrix Maximum brix Minimmum brix InitSeedPeelFrac
SeedPeelFrac EndSeedIDDFrac hdmFixRate HDMDissFrac

RipeDD HwcLossCoef Initial HWC MaxHWC
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MinHWC HwcGainCoef ClimRr HDM respiration rate
MRr Qio, Tr Initial

SLACoef Maximun KC TransiTDMi ShadeSenesceCoet
RipeSensSiress GpSensStress MtSensSiress SurfaceWerted
CanopyWetted Full evaporation periad

Input data requirements to ryn the model:

The minimum data requirements to run the model with the calculation of evaporative

demand by the Priestley-Taylor formula is:

* Latitude and longitude;
* Daily minimum and maximum temperature (°C); and
* Daily irrigation and precipitation (mm).

In order to utilise the more accurate Penman-Monteith equation for the calculation of

evaporative demand, the following additional data is required:

* Total daily radiation;
* Average vapour pressure deficit (VPD); and
* Average wind speed.,

Model evaluation

The model is evaluated by simulating the fresh yield, brix and water use of the
Vredendal, Platskraal and Messina trials. Three problems were identified during the

mitial evaluation:

* The simulation of development rate according to thermal time was not
accurate;
* The use of the DWR parameter which was established from the original

Marble Hall data set lead to the over estimation of growth at the other

localities; and
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* The extinction coefficient (KC) which was established from the Marble

Hall data set did not apply to the evaluation data sets.

These problems are probably the result of one or more of the empirical approaches
used. A permanent solution to these problems would be the identification of their
causes, and the application of more mechanistic modelling procedures. Temporary

solutions are discussed briefly.

Thermal time

The thermal time requirements, as established from each trial, are used for the
evaluation of the model for that data set. By doing this, any error in development rate,
caused by incorrect thermal time estimations, does not cause errors in the evaluation

of other parameters and/or procedures,

Overestimation of growth at the evaluation localities

The over estimation of growth indicated too great an efficiency of water(DWR) or
radiation (RUE) use. The model was run with the other data sets (initial soil water
content, weather, irrigation and precipitation) and various DWR values to establish a
suitable DWR for the different localities. Although DWR should be a universal
parameter for all localities, the following values are recommended unti! the problem,

most likely the empirical VPD estimate, is solved.

Locality DWR
Marble Hall 48
Messina 3.5

Vredendal and Platskraal 2.4
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Extinction coefficient

An extinction coefficient of 0.45 resulted in the best fit between measured and
simulated FI values for Marble Hall. When this value was used in the other localities,
F1 was under estimated in all cases. This is partly due io the fact that measured Fl was
in the PAR waveband, whilst the model actually needs a solar radiation fractional
interception. A value of 0.59 resulted in good fits between simulated and measured
data for all the other locations. This difference may also be due to the fact that the
cultivar UC82 was planted in Marble Hall, while Brigade was used at the other sites.

All other parameters were kept at constant values as indicated in Table 6.2.

The comparisons of measured and simulated data is shown below for:

* Leaf area index;
* Fractional interception of radiation;
* Total dry matter;

o Fresh yield and brix; and

* Cumulative evapotranspiraiion plus drainage.

Statistical analyses of measured and simulated data is summarized in Table 6.3 (p. 94).
The parameters af the statistical analysis are number of observations (N}, coefficient
of determination (), slope of the linear regression (s), Willmot's index of agreement
(D), root mean square error {(RMSE) and mean absolute error (MAE). These

parameters were recommended by de Jager (1994) to test model‘s accuracy.
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Table 6.2 Parameters for TOMYIELD evaluation.

TOMYIELD parameters
Marble Hall Messina Yredendal Platskraal

Xc 0.45 0.59 0.59 0.59
DWR 4.8 35 24 2.5
EmDD 0 0 0 ¢
FIDD 203 260 260 250
RipeDD 874 570 620 963
GpDD 1100 500 500 700
MaxLeafApe 1000 700 800 1200
MDD 1537 1150 1300 1560
CanupyWetted 1.0 V] 0 0
SurfaceWetted 1.0 0.3 0.3 0.3
Th 10 RGR 3.5 Teutoff 26
Topt 20 RUE 0.0015 Minimum leaf water
Maximum transpiration 10 EndSeedIDDFrmc 0.3 potential -1250
GpSensStres 3.187 Maximum KC 0.6 81 1.95
RipeSensStress 3.187 Canopy storage 1.0 Full evaporatian
SLA 15.2 InitBrix 4.5 period 3
SLACuoef -0.022 Maximum brix 8 Initial HWC 0.95
ShadeSenescCoef 1.0 Minimum brix 3.3 MaxHWC 0.96
f . 0.15 InitSeedPeeiFrac 0.2 MinHWC 0.86
LSPP 1.1 SeedPeelFrac 0.65 HwcLossCoef  0.00075
Trans! 0.2 hdmFixRate 0.2 HwcGainCoef  0.0006
Total dry matter at HDMDissFruce 0.06 lidmRespi 0
elergence 0.007 MitSensSiress 0.72 ClimRr 0.015
fitial 0.4 RDmax k1 Ql0c 1.4
TransITDMi 0.3 T 10
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Leaf area index

Measured and simulated LAT for Vredendal, Platskraal and Messina is presented in
Figure 6.13.

The simulated LAI values compared reasonably well with the measured data. It should
be kept in mind that the measurement of LAI is a destructive technique and the
variation in measured data is mostly due to variation found in the commercial fields.
The low LAI values of 1 in Messina, compared to the values of 2.5 to 3 in Vredendal
and Plaiskraal is the result of differences in row spacing. In Messina the row width was

2 m while rows was 1.2 m apart in Vredendal and 1.5 m in Platskraal.
Fractional interception of radiation

Measured and simulated FI for Vredendal, Platskraal and Messina is presented in
Figure 6.14.

Although it appears that the model is underestimating FI, it should be borne in mind
that measurements were made in the PAR waveband, whilst it is the interception of
solar radiation that needs to be simulated. Radiation interception of fruits and vines will

also cause measurements to be larger than simulated values.
Total dry matter

Measured and simulated total dry matter (TDM) for Vredendal, Platskraal and Messina

is presented in Figure 6.15.
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Fresh yield and brix

Measured and simulated fresh yield and brix for Vredendal, Platskraal and Messina is
presented in Figure 6.16.

It is clear that fresh yieid and brix simulations stili require some attention. This is not
too surprising, considering the many complex interactions that need to be taken into
account.

Cumulative evapotranspiration plus drainage

Measured and simulated curnulative evapotranspiration plus drainage for Vredendal,

Platskraal and Messina are shown in Figure 6.17.

It is clear that the model is simulating the water balance well, and this gives one

confidence in using it as an irrigation scheduling tool.
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Table 6.3 Statistical analysis of measured and simulated data for LAI, FI, TDM and
CumETD at three locations (Vredendal, Platskraal and Messina).

N r 3 D RMSE | MAE
Vredendal 3 -4.08 0.96 0.49 0.97 72.58
LAI Platskraal 4 0.10 0.90 0.76 0.67 | 41.10
Messina 6 -1.36 1.13 0.57 0.53 67.66
Vredendal 6 0.67 0.81 0.81 0.19 { 25.57
Fl1 Platskraal 7 0.17 | 0.84 | 0.82 | 0.26 | 37.65
Messina 7 -2.72 0.72 0.34 0.21 31.23
Vredendal 6 0.83 0.74 0.87 0.16 31.94
TDM Platskraal 8 0.80 0.87 0.94 0.16 25.40
Messina 6 -0.03 0.88 0.79 0.15 39.08
Vredendal 4 0.96 .90 0.98 54.57 | 16.68
CumETD Platskraal 5 0.97 1.12 0.98 | 49.53 | 15.33
Messina 5 0.99 0.97 0.99 | 29.00 | 3.68
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CHAPTER 7

THE SIMULATION MODEL TOM-ECON

Introduction

The function of TOM-ECON is to establish the optimum irrigation strategy for
processing tomatoes, once the decision has been made to go for processing tomatoes.
The model integrates the numerous parameters and variables affecting the soil-plant-
atmosphere continuum and the economic environment, in order to quantify net benefit
of a variety of scheduling strategies. The optimum strategy, the one with the highest
net income per unit of limited resource (land, yield contract or water) is selected and

applied using TOM-MAN during scheduling.

It is important to realise that TOM-ECON's simulation of the net benefit is based on
TOMYIELD's simulation of the yield, quality and irrigation requirements. For this

reason the accuracy of simulation in TOMYIELD is of utmost importance.

TOM-ECON quantifies the costs of TOMYIELD simulated inputs required by the
different strategies, as well as the income generated from the simulated outputs (yield
and quality). In order to enable a user to optimize a specific situation, which may differ
from region to region, farm to farm and even field to field, he or she is able to enter

his or her own cost of inputs and the applicable tomato price structure.

Different irrigation scheduling strategies may cause differences in expected costs or
benefits as a result of the risk of certain events, which are beyond the control of the
user or farmer. There are at least two possible events which need (o be taken into
account in quantifying the net benefit of scheduling strategies for processing tomatoes.
Firstly, rain during periods when the crop should be stressed in order to improve
quality or to maintain a certain quality level can cause a rapid decline in quality due to
increased fruit water uptake. Secondly, heat waves when fruit is already ripening, can

cause very high respiration rates leading to rapid reductions in soluble solids and
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therefore brix.

Irrigation schedules will influence costs related to non-irrigation production factors
because economic optimum levels of plant populations, fertiliser requirements, required

spray programs and harvesting costs will vary for different yield levels.

Because the reiationship between irrigation schedules and some of these costs is
complex, some of these costs are not accounted for in TOM-ECON. The influence of
irrigation schedules on fertiliser cosis, however, can be estimated because fertilisation
programs are normalily based on yield targets and this is known for the different
irrigation schedules. Harvesting costs, labour and transport, can also be calculated if
the yield is known and therefore TOM-ECON simulates expected fertiliser, harvesting

labour and transport costs for different irrigation strategies.

Model Structure

The structure of TOM-ECON is shown in Figure 7.1. TOM-ECON is run as a
sub-model of TOM-MAN only on the users request. Before TOM-ECON can be
applied, TOMYIELD is run for the different irrigation strategies to simulate the

required irrigation as well as the expected fresh yield and quality for each.

The user then enters the information regarding the unit costs of inputs and the product

price structure.
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Figure 7.1 Flow diagram of TOM-ECON.
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Mode! description

Inpwt data

Ipputs from TOMYIELD:

- The required cumulative irrigation (CumlIrrig), expected fresh yield (FreshYield) and

percentage soluble solids (brix) for each irrigation strategy are simulated outputs of
TOMYIELD which are used as inputs to TOM-ECON.

User inputs

The user enters the required input data in respect of the following:

* Quality based price structure for the season; and

* Applicable production costs and costs per unit input of water,

Calculation of gross income

Both the price and the yield have to be known in order to calculate the total income.
For processing tomatoes, the price is based on quality (brix) and needs to be calculated,

according to Eq. 7.1.

If brix < 3.9 then BrixPriceMin = (R 170 t™, 1995)

If brix > 7.5 then BrixPriceMax = (R 400 t”, 1995)

If 3.9 < brix < 7.5 then

BrixPrice = BrixPriceMin + (BrixPriceMax - BrixPriceMin) / (7.5 -3.9)

* (brix - 3.9) .......... IR R T T T N R R R R A L] 7.1
where: BrixPrice - Brix based price per ton (R t") ‘
BrixPriceMax - Maximum price for highest brix (R )

BrixPriceMin - Minimum price for lowest brix (R t™)
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This price structure with a gradient of R 63.80 brix” t* was applicable for Langeberg
Foods contractors in 1995. If a non-linear price scale is introduced in future, then the

model will be adapted to accommaodate it,

The gross income per unit area can be calculated with Eq. 7.2, while the nett income
is calculated per square meter, per cubic meter of irrigation water and per ton of yield

contract respectively in Eqgs. 7.18 o0 7.20.

GrossIncome = FreshYield/10000 * BrixPrice . .....ce:c0neeaee.. 1.2

where: Grosslneome - Total income per unit area (R m?)

Calculation of variable production costs

Two cost classes were considered. These are defined (with examples) below:

Variable running costs are those costs, whose values will vary depending on the
irrigation strategy followed. Examples: Irrigation, fertilisation, harvesting

labour, transport of the crop.

Risk costs are costs which may or may not be incurred, depending on the
occurrence of events which are beyond the control of the manager. Examples:

Damage due to untimely rain or heat waves.

Variable running costs:

The following costs vary with irrigation schedule followed because their input
levels are linked either to the amount of water applied or to the expected yield.
The calculations are shown in Egs. 7.3 to 7.10 and are summed in Eq. 7.11.

These cost items are the following:

* Irrigation water;

* Irrigation energy;



100

* General variable irrigation costs;

* Fertilisation;

* Labour for harvesting; and

* Transport for delivering crop to depot.
VRCWater = Cumlrrig / 1000 * WaterCost . . ........... eo. 1.3
where:  VRCWater - Irrigation water cost (R m®)

Cumlrrig - Cumulative simulated irrigation requirement (mm)

WaterCost - Cost of water (R m™)

For the purpose of this study the energy cost per cubic meter of waier applied
is assumed to be constant. The value of the variable Energy can be calculated
with Eq. 7.4.

Energy = TotElectBill / TotCumlrrig * ElecPricelncrease . . . . ... 7.4
where:  Energy - Cost of energy convented to R m™ irrigation
(R m”)
TotElectBill . Total electricity cost for all fields during the

previous season (R)

TotCumlrrig - Total cumulative irrigation for all ficlds during the
previous season {ur')

ElecPricelIncrease - Factor by which unit electricity cost increased since

previous season

The variable energy cost is calculated with Eq. 7.5.

VRCEnergy = Cumlrrig / 1000 *Energy . . . « . . v o v cv v v iones 1.5
where: VRCEnergy - Trrigation energy cost (R m™)

The cost of general irrigation items per cubic meter of water applied can be

calculated with Eq. 7.6.

GenlrrCost = TotGenlrr / TotCumirrig * GenlIrrPriceIncrease ... 7.6

where: GenlrrCost - Cost of general irrigation items converted to R m?
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irripation (R m?)
TotGenlrr - Total general irrigation cost for maintenance and
Iabour for the previous season (R)
GenlrrPricelicrease - - Factor by which general irrigation cost increased

since previous season

The variable running cost for general irrigation items such as irrigation system

maintenance and labour is calculated in Eq. 7.7.

VRCGenIrr = Cumlrrig / 1000 * GenIrrCost . .. . ........... 1.7
where:  VRCGenlrr - General irrigation cost excluding water and ¢nergy
(R m?)

The calculation of the fertilisation cost is based on the assumption that for
yields between 2 minimum of 25 and a maximum of 130 t ha, the fertiliser
cost is a linear function of the FreshYield as shown in Eq. 7.8. This
simplification is used until this development need is addressed by another

specialist in this field.

VRCFert = MinFertCost + (FreshYield - MinYield) * (FullFertCost -
MinFertCost) / (MaxYield - MinYield)
If VRCFert > FullFertCost then VRCFert = FullFertCost ..... 7.8

where: VRCFert - Cost of fertilisers (R m?)
MinFenCost - Fertiliser cost for a tomato yield of 25 tha* R m™)
FullFertCost - Cost for a tomato yield of 130t ha™ (R m®)
MaxYield - Maximom yield for processing tomatoes (¢t ha™)
MinYield - Minimum yield for processing tomatoes {t ha™)

The input values for MinFertCost and FullFertCost are obtained by calculating
the costs for recommended fertiliser programs for target yields of 25 t ha™* and

130 t ha'! respectively.

VRCHarvLabour = 0.1 * FreshYield / CrateMass * PickCost ... 7.9

where: VRCHarvLabour - Variable labour cost for picking tomatoes (R m'®)
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CrateMass - Average mass of tomatoes in a picking crate (kg crate™)

PickCost - Wage paid per crate (R crate”)

VRCHarvTransp = 0.1 * FreshYield / Payload * DistDepot *
Trucl{RunCosti‘..l.l.....lll"..l. 7.10

where:  VRCHarvTeansp - Cost of transport to deliver harvest to depot (R m™)
Payload - Mass of a truck foad (kg)
DistDepot - Distance (o the depot (km)
TruckRunCost - Running cost of the truck (R km™)

TotVRC = VRCWater + VRCEnergy + YRCGenlrr + VRCFert
+ VRCHarvLabour + YRCHarvTransp ......... 7.11

wlhere: TotVRC - Total variable running costs (R m?)

Risk costs:

The major risks that are accounted for are untimely rain and heat waves. Both
will cause a drop in the content of soluble solids (brix). If rain occurs the brix
will be decreased primarily as a result of the uptake of additional fruit water.
During heat waves an increased respiration rate causes a loss of soluble solids,

resulting in a lowered brix.

The cost of these events is a function of the probability of their occurrence as
well as the sensitivity of the quantity and quality of yield due to the event. The
probability of the occurrence of these events, is a function of the climate of the
region and the time of year during which the crop is grown. It is assumed that
the higher the brix before the event commences, the more sensitive it will be
to the event. The best approach to calculate these probabilities and to integrate
the changing risk of occurrence of the event during the season and the changing
susceptibility to damage of the crop is to run the model for a long period using
either historic real or simulated weather data. This approach will be possible in
the near future by using the proposed Climate Generation function of the SWB

model.
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For this report, however, due 10 a lack of adequate data, an empirical approach
was developed to estimate the drop in brix after untimely rain and/or heat
waves. It is assumed that the probability of occurrence of untimely rain or heat
waves is known or estimated by the user and that the sensitivity for a decrease
in brix after untimely rain and/or heat waves is a function of the brix level
before the event. This sensitivity is accounted for by the variables,
RainBrixDropSens and HeatBrixDropSens, which is calculated according to
Eq 7.12 and 7.13. The value declines from one to zero with brix decreasing
from 8 to 3.5. The values of these parameters can only be estimated at this

stage and should be quantified during future research.

RainBrixDropSens =(InitBrix -3.5) /4.5 .. ... .. v vann 7.12

where: RainBrixDropSens - Average drop in brix with untimely rain (brix)

it is estimated that if brix is increased to a level of 5.5 by water stress, it will
drop by 1 unit to 4.5 if rain occurs and therefore a value of 1/4.5 is estimated

for RainBrixDropSens.

HeatBrixDropSens =(InitBrix -3.5) /45 ..... ..ot 7.13
where:  HeatBrixDropSens - Average drop in brix with untimely beat waves
{brix)

It is estimated that if brix is increased to a level of 5.5 by water stress, it will
drop by 1.25 units to 4.25 if a heat wave occurs. A value of 1.25/4.5 is

therefore estimated for HeatBrixDropSens.

The average cost per square meter per season of these risks are calculated

according to Eqs. 7.14 and 7.15, The total risk cost is calculated with Eq. 7.16.

RCRain = RainBrixDropSens ¥ RainProb * (BrixPriceMax -
BrixPriceMin} / (7.5 - 3.9) * FreshYield /10000 .. ... ... 7.14

where:  RCRain - Average cost of the risk of untimely rain during ripening
® m?)
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RainProb - Probability of rain during ripening (fraction)

RCHeat = HeatBrixDropSens * HeatProb * (BrixPriceMax -
BrixPriceMin) / (7.5 - 3.9) * FreshYield / 10000.............. vea 7,18

where: RCHeat - Average cost of the risk of untimely heat waves during
ripening (R m?)

HeatProb - Probability of a heat wave during ripening (fraction)

The figures 7.5 and 3.9 represent the upper and lower limit of brix for the price

structure applicable to Langeberg Foods contractors in 1995 (Eq. 7.1).

TDtRiSkCOSt = RCRaiIl + RCHeat IIIII LA ELRRL R LLELEELER LY RELESEREYRLERER LY} 000'007016
where:  TotRiskCost - Total risk cost due to untimely rain and/or heat waves
(Rm?)

Increase in yield quantity due to untimely rain, and decrease in yield quantity

due to untimely heat should also be accounted for.

The total variable production cost is calculated by adding the variable running

cost items and the risk cost in Eq. 7.17.

TotVarProdCost = TotVRC + ToOtRISKCOSE creerecesrvorasaesivessaneses 7.17

where: TotVarProdCost - Total variable production cost (R m™®)

Calculation of net income
Net income is calculated per unit of land area, irrigation water, and contract yield, to
enable the user to select the optimum irrigation strategy according to the factor which is

most limiting to profits.

The calculations are done according to Egs. 7.18 to 7.20.

- NILand = GrossIncome - TotVarProdCoSt .eiiereecssescavrccscarsesacsrssansrcans 7.18
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where: NILand - Net income per square meter (R m™)

NIWater = NILand / Comlrrig * 1000.....c00000000m0e00n0m00an caeseresaversavensey 7019
where: NIWater- Net income per cubic meter of water (R m?)

NIVield = NILand / FreshYield * 10000 ....cc.cccssrecorensasesaransnes veeesinecas .7.20
where: NIYield - Net income per ton of fresh yield (R t%)

Selection of the optimal strategy

The user selects the criteria (Jand, contract or water), on which basis he would like to
optimize net income. TOM-ECON then sorts the irrigation strategies, based on the
selected criteria. The first (best) irrigation strategy is automatically selected by
TOM-ECON and applied as the irrigation guideline for scheduling irrigation with
TOMYIELD.
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CHAPTER 8

APPLICATION OF TOM-MAN

Introduction

The production cost per ton of tomatoes rises with improved quality, while the
processing cost decreases. Because the output quality of a farmer's processing tomatoes
is the input quality of the raw product for processing, the optimization of the global
process requires that inefficiencies are eliminated in processing as well as in
production. The aim with the quality based price structure is 10 motivate producers to
grow tomatoes of optimum quality for both parties. For producers to be willing to
adapt their production strategies, they should expect maximum profits at the new
"optimum" quality levels and they will need to adapt their existing management
systems to achieve the targets set. TOM-MAN, as a management tool for the

optimization of the production of processing tomatoes, can be applied by producers to:

* select the optimal irrigation schedules; and

* to schedule irrigations according to the identified optimum schedule.

Procedures for the two different applications are described below.

Selection of optimal irrigation schedules by producers

For any given price structure, there are numerous variables which will determine the
optimum yield/quality target and the accompanying irrigation schedule with which the
net income of the producer will be maximised. As a result of the variation in climate
between different areas, soil types and planting dates, the use of average guidelines
which are applied to the industry as a whole, can simply not be optimal for all the
individual producers. Through the use of TOM-MAN, as described in Chapter 7, the
producer can establish economically optimal irrigation guidelines, which apply to his

own individual situation. His own set of input data will reflect both the physical
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production aspects (climate, soil and planting date) as well as the economic situation
(actual price structure, simuiated required input, real input costs, fixed costs,

OppOrtunity costs, etc.).

Examples of practical applications:

In order to demonstrate the intended application of the model, it is assumed that the
crop simulation part of TOM-MAN will finally be able to simulate the yield, quality
and water use of different irrigation schedules accurately. The two data sets from the
1992/93 and 1994/93 Pretoria stress trials will be used as if they were simulated. These
data sets include widely differing schedules which resulted in different levels of water

use, yields and quality.

The input data and calculated outputs for the two trials are shown in Tables 8.1 and
8.2. The water use, yield and quality data is measured in the trials while the data on

costs is taken from information gathered during 1995 from co-operating farmers.

Results of the 1992/93 Pretoria stress trial (Table 8.1):

Depending on which of land, water or yield contract is the most limiting factor, the
T20R100, T20R01 or T75R100 treatment should be selected. If land is limiting the
selection of the best strategy should be based on the net income per unit Jand (NILand),
The T20R100 treatment would then be best with a net income of R9907 per ha, which
is R902 more than that of the T20R01 treatment. if water would be limiting, which is
the situation on most farms, the selection should be based on the calculated net income
per unit water {N1Water). In this case the T20R01 is best as it earns R0.41 per cubic
meter of water (22.2%) more than the T20R100 treatment. It should be recognizad that
the T20R100 treatment which generated the highest income per unit of [and had the
lowest income per unit of water. If the tonnage of the contract would be limiting, then
the T75R100 treatrment should be selected.
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Input data and calculated outputs for the 1992/93 Pretoria stress trial.

PTA Stress trial 1992/93

INPUT DATA

Fresh yield
Brix
Cumirmg
TolElectBiil

TolCumlrrig

General irrigation cost (Maintenance)
General irrigation cost (Labour)

Minimum brix
Price if brix < minimum brix
BroPriceMin

(Bri*riceMax-BrixPriceMin)/(7.5-3.9)

Price if brix > maximum brix
Maximum brix

MinFertCost

FullFertCost

CrateMass
PickCost
WaterCost

QUTPUT

TotVRC

Price
Grossincome

VRCWater
VRCEnergy
VRCGenlr
VRCFert
VRCHarvlLabour
VRCHarvTransp
RCRain

RCHeat
TotVarProdCost

NiLand
NIWater
NIYield

Units

tha

%

mm

R

m3

R

R

%

R

RA
R/brix
Ri

%
R/m2
R/m2
ka/crate
Ri/crate
R/m3

R/m2

R/fm2
Rim2
R/m2
R/m2
R/m2
Rfm2
R/m2
Rfm2
Rfm2

R/m2
R/ma3

1 2 3 4 5
T20R01 T20R2Q0 T20R100 TS50RI0G T75R100
66.00 71.00 73.00 64.00 £3.00
KR 3 7 38 4.2
398 466 536 437 399
33540 33540 33540 33540 33540
22722232 22722232 22722232 22722232 22722232
3000 3000 3000 3000 3000
2500 2500 2500 2500 2500
a8
170 ElecPricelncrease % 5
170 Payload kg 20000
63.8 DistDepot km 15
400 TruckRunCost R&m 4.5
7.5 RainBrixDropSens % 1
0.05 initBrix % 5.5
0.15 Final brix % 4.5
28 RainProb 0.01
0.35 HeatBrixDropSens % 1.25
0.05 InitBrix % 55
Final brix % 425
HealProb 0.01
1 2 3 4 5
170 170 170 170 189.14
1.122 1.207 1.241 1.088 1.002
0.0198 0.0233 0.0268 0.0218 0.0200
0.0006 0.0007 0.0008 0.0007 0.0006
0.0001 0.0001 Q.0001 0.0001 0.0001
0.0738 0.0794 0.0816 0.0718 0.0593
0.0825 0.08875 0.08125 0.08 0.06625
0.0446 0.0479 0.0493 0.0432 0.0358
0.0000 0.0002 0.0002 0.0004 0.0005
0.0000 0.0002 0.0002 0.0004 0.0005
0.2215 0.2406 0.2503 0.2181  0.1830
0.9005 0.9664 0.9907 0.8699 0.8154
225 2.07 1.85 1.99 2.05
136 136 136 136 135
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According to this trial the following irrigation guidelines are recommended:

For a land limiting situation: Irrigate at a depletion level of 20 kPa for the whole
season (T20R100)

For a water limiting situation: Irrigate at a depletion level of 20 kPa until the

first fruits ripen, then stop irrigations (T20R01).

For a contract limiting situation: ~ Apply moderate water stress during the whole

season.

Results of the 1994/95 Preioria siress trial (Table 8.2):

The treatments of the 1994/95 stress trial and the 1992/93 stress trial are similar in

nature and can be considered to be equivalent as follows:

1992/93 T20R100 T20R01 T75R100 T75R01
1994/95 WetWet WetStress StressWet StressStress

In the 1992/93 trial it was intended to apply a T20R01 treatment, but the ripening was

to quick and all fruits ripened before any stress could be induced during ripening.

For the 1994/95 trial the WetWet treatment (equivalent of the T20R100 treatment)
should be selected if land is limiting. The net income of the WetStress treatment was
only slightly lower by R189 per ha. If water would be limiting, the WetStress treatment
(equivalent of T20R01) is best as it earns R0.44 per cubic meter of water more
(20.7 %) than the next best treatment. If the tonnage of the contract would be limiting,
then the StressStress (equivalent of T75R01) should be selected.
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Input data and calculated outputs for the 1994/95 Pretoria stress trial.

Pta Stress trial 1994/95

INPUT DATA

Fresh yield
Brix
Cumlsrig
TotElectBill

TotCumirrig

General irrigation cost (Maintenance)}
General irrigation cost {Labour)

Minimum brix

Price if brix
BrixPriceMi

< minimum brix
n

Units

tha
%
mm
R
m3
R

R
%
RA
R/t

(BrixPriceMax-BrixPriceMin)/(7.5-3.9) R/brix

Price if brix

> maximum brix

Maximum brix
MinFertCost
FullFertCost

CrateMass
PickCost
WaterCost

QUTPUT

TotVRC

Price
Gross Income

VRCWater
VRCEnergy
VRCGenlrr
VRCFert
VRCHarvLabour
VRCHarvTransp
RCRain

RCHeat
TotVarProdCost

NilLand
NiWater
NIYieid

Ri

%
R/im2
R/m2
kg/crate
R/crale
R/m3

Rit
Rim2

R/m2
Rfm2
R/m2
R/m2
R/m2
R/m2
Rimz2
Rim2
R/m2

R/m2
R/m3
Rt

110

1

64.30
4.3
242
13368.8
8312.5
3000
2500
3.9
170
170
63.8
400
7.5
0.08
0.13
28
0.35
0.05

WetWet

1
195,52
1.257

0.0121
0.3812
0.1493
0.0738
0.08038
0.0434
0.0007
0.0007
0.7416

0.5156
2.13
80

2
272.08
1.050

0.0097
0.3040
0.1191
0.0443
0.04825
0.0261
0.0011
0.0011
0.5535

0.4967
2.57
129

3
284.84
0.667

0.0078
0.2457
0.0963
0.0269
0.02925
0.0158
0.0007
0.0007
0.4231

0.2434
1.56
104

2 3 4
WetWet WetSiress StressWet SiressStress
3860 23.40 17.00
5.5 57 6.3
183 156 122
13368.75 13368.756 13368.75
8912.5 8912.5 89125
3000 3000 3000
2500 2500 2500
ElecPriceincrease %
Payload kg
DistDepot km
TruckRunCost R/km
RainBrixDropSens %
InitBrix %4
Final brix %
RainProb
HeatBrixDropSens Ya
InitBrix %
Final brix %
HeatProb
WetStress SiressWet StressSiress

4
32312
0.549

0.0061
0.1922
0.0753
0.0195
0.02125
0.0115
0.0007
0.0007
0.3271

0.2222
1.82
1

20000
15
4.5

5.5
4.5
0.01
125
55
425
0.01
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According to this trial the following irrigation guidelines should be recommended:

For a land limiting situation: Keep well watered (wet) for the early season and apply
little or no stress during the latter part of the
season.

For a water limiting situation: Irrigate at a depletion level of 20 kPa until the
first fruits ripen, then apply stress during
ripening.

For a contract limiting situation: ~ Apply moderate water stress during the whole

season.

Routine scheduling

The guidelines which were selected as the best should be quantified in terms of kPa of
tension allowed during different weeks of the season. This recommended schedule is
then used in TOM-MAN io schedule the irrigation during production on a real time
basis. This means that weather and irrigation has to be monitored and this daily input
data needs to be entered into TOM-MAN. TOM-MAN then simulates the evaporative
demand, the complete soil water balance and the growth and development of the crop.
The model indicates the soil water deficit which indicates the required irrigation to fill

the soil profile.

Optimization of the price structure by processors

The processor can use TOM-MAN to determine the price structure which will optimize

producer's net income per unit area at the quality level which minimises the total costs
and maximises profits for the industry. TOM-MAN simulates the role of the producer
in the pricing issue and generates valuable information on the influence of the price

structure on the producer's optimum target yield.

The processor's cost for the production of a ton of tomato paste and the paste yield

(tons of paste per ton of fresh tomatoes) with varying qualities of raw material (fresh



112

tomatoes) should be quantified beforehand by the processor. TOM-MAN is used to
simulate the production of processing tomatoes of varying qualities as well as the net
income per unit of the limiting resource. This is done by simulating the yield, quality
and the resulting net income per unit of limiting resource at various quality levels and
for a range of prices according to the proposed price structure. The range of different
quality levels is generated by simulating a range of irrigation strategies. Producers are
represented by using either a single set or various sets of input data of soil, climate and

input costs.

During the simulations TOM-MAN generates all the data required for the calculation of
the total costs per unit of the limiting resource of the producer. The processor can
therefore use TOM-MAN to find the price structure which will be efficient in
motivating the producer to produce the optimum quality. Apart from using TOM-MAN
for establishing the price structure, it will also be an appropriate tool for convincing

farmers to produce the optimum quality.

It should be realised that the optimum price structure, which is established for the
average producer, does not mean that the net income of all producers will be optimized

at this optimum quality.



113

CHAPTER 9

PROGRAMMING IN USER FRIENDLY FORMAT

TOM-MAN and SWB, is writien in Turbo Pascal in a fairly user friendly format. Further

programming is needed in the following respects:

* The incorporation of the procedures for simulating development rate according
to the principles applied in TOMMOD (Wolf et al., 1986) is required to
improve the accuracy of the model in this respect;

* A procedure for routine scheduling of irrigation and the prediction and
recommendation of irrigation is needed;

* The parameters created for TOMYIELD and TOM-ECON need to be
incorporated in the user interface;

* A procedure for user input of data for TOM-ECON; and

* TOM-MAN needs to be incorporated into SWB to enable users to schedule any

irrigated crop.

The further development of the user friendliness of the program should be considered as one of
the major priorities in the development of the program for the transferral of the technology

developed.



114

CHAPTER 10

CONCLUSIONS

The approach of the integration of a growth simulation model and an economic optimization

model seems to be appropriate and feasible.

Simulations of canopy development and dry matter production are fairly accurate.

The accuracy of the simulation of water use is acceptable for practical irrigation scheduling.

The simulation of fresh yield and brix are not yet accurate and fine tuning of the parameters

and /or a more mechanistic approach is required.

The priority for further development is to enhance technology transfer through improved user
friendliness and wider applicability through the establishment of crop parameters for other

irrigated crops.
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-CHAPTER 11

NEEDS FOR FURTHER RESEARCH AND DEVELOPMENT

Various needs for further research have been identified during the project. These needs are

listed below:

(R

Parameters for other irrigated crops have to be determined in order to enhance the
transfer of the technology. The majority of farmers are growing a variety of crops and

need to schedule irrigation on all of them,

User friendliness should be defined by identifying the main users and their needs. The
needs should be prioritised and the program development then needs to focus on these

priorities.

The soil water balance procedure needs to be adapted to be able to simulate the soil

water balance for pariial wetting of the soil profile.

A sensitivity analysis is needed to quantify the influences of inaccuracies in

TOMYIELD on the validity of the optimization procedures of TOM-ECON.

Risk of occurrence of heat waves and rain should be quantified for the main tomato
producing areas and the procedure for the quantification of risk cost needs 10 be
improved. At this stage, the risk cost is calculated as if it is a single event, but it should
be improved in order to integrate (during the season) the changing risk of the
occurrence of the event and the changing susceptibility of damage to the crop. More
information is also required on the effect of heat waves and untimely rain on crop yield

and quality.

The influence of different row widths on the extinction coefficient should be

investigated.
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Thermal time requirements for different processing tomato cultivars should be

quantified.

The influence of water stress on thermal time requirements needs to be quantified

properly.

A more mechanistic approach to the simulation of fruit water import and export needs

to be developed

The change in canopy structure with maturity needs to be investigated in more detail

in order to simulate the process more mechanistically.

Seedling growth should be studied in more detail in order to refine the procedure for

its simulation.
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CHAPTER 12

SUMMARY

This project, which was funded by the Water Research Commission, Langeberg Foods and the
University of Pretoria, was aimed at the mavimisation of economic water use efficiency in
processing tomate production. A computer program, TOM-MAN, was developed as a
prototype model with processing tomatoes as an example, and will eventually be incorporated
in the SWB irrigation scheduling program which is currently under development by the

University of Pretoria.

It is indisputably clear from numerous reports that irrigation management is the most imporiant
factor towards economic optimization of processing tomato production. The most crucial
decision about irrigation management for processing tomaroes is to decide on when and fo
what extent irrigation should be reduced in order to apply the right amount of stress. This
"right” amount of stress is not only a function of the physical situation, but is determined 1o
a great exient by the economic situation as far as expected costs and benefits are concerned,
In order to optimize economic water use efficiency for the processing tomato industry, the total
cost of the global process (production as well as processing)} should be minimised. In order 10
achieve this, the processor's quality based price for the producer's tomatoes, should be
structured in a way that the farmer's profit is maximised at the yield/quality combination
where the total cost of the global process is minimised. Producers need to be able to identify
this optimum for their own situations and must then be able to manage the production system
io achieve the target set. Optimization of this system requires integration of all variables and
constants affecting the crop-soil-climate-irrigation-management system, as well as the

economic situation of the producer and processor.

A modelling approach seemed to be the only practical way of integrating all the different
variables into a single decision making process. Therefore, in order to facilitate this
integration, a management tool in the form of a computer program was developed. The TOM-
MAN program integrates the TOMYIELD crop growth model, which is based on SWB, and

an economic optimization model, TOM-ECON, which was developed during this project.
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In order to create a management tool which could be applied under a wide range of climatic
and soil conditions, a mechanistic modelling approach was followed. Several growth analyses
were conducted at various localities and during different seasons to generate data sets of
growth and development as well as climate and the soil water balance. Data from some of the
data sets were used 10 calculate input parameters during model development, The model was
evaluated by running it with the calculated input parameters and the initial soil water content,
rain, irrigation and weather data from the evaluation sites in the Western Cape Province and
Northern Province. Simulated results of growth, development, yield and quality are compared

to measured data to determine the accuracy of the model.

TOMYIELD differs from SWB mainly in its ability to simulate fresh yield and quality of
processing tomatoes, as SWB only simulates dry matter yield of the different plant
components. In order to simulate fresh yield and quality of processing tomatoes, procedures

were developed for the following processes:

* loss and gain of fruit water;

* transiocation of a portion of the dry matter from senesced leaves to fruits;
* partitioning of fruit dry matter to the various fruit components;

* fruit ripening;

* maintenance and climacteric respiration of fruits; and

* final fresh yield and percentage of soluble solids (brix).

Other modifications were also introduced to improve the accuracy of the simulation of growth

and development, as well as the soil water balance procedure of SWB:

* improved simulation of seedling growth rate;

* influence of shading on the senescence rate of leaves;
* storage of assimilates in the leaves;

* changes in canopy structure during the season;

* hastening influence of water stress on ripening; and

s senescence rate
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The structure and functioning of the model is described, with full details on all the
modifications to SWB.

The input parameters needed to run TOMYIELD were established and evaluated. The model is
evaluated by simulating the fresh yield, brix and water use of the Vredendal, Platskraal and
Messina trials. The simulation of development rate according to thermal time was not
sufficiently accurate to enable using a single set of thermal time parameters. Individual, site
specific requirements were instead determined. The water use efficiency (DWR), as well as the
radiation extinction coefficient (KC) also varied between localities and individual parameters
are recommended. Simulated versus measured data indicated that the following aspects were

simulated fairly accurately:

* leaf area index;

* fractional interception of solar radiation;

* total and harvestable dry matter; and

* cumulative evapotranspiration and drainage.

The simulation of fresh yield and brix still needs attention, especially if the model is not

calibrated for the area of use.
TOM-ECON

The main function of TOM-ECON is to establish the optimum irrigation strategy for
processing tomatoes for application by TOM-MAN during routine scheduling.

TOM-ECON quantifies the costs of TOMYIELD simulated inputs required for different
strategies, as well as the income generated from the simulated outputs (yield and quality). In
order to optimize for a specific situation, which may differ from region to region, farm ta farm
and even field to field, the user can enter the cost of inputs and the applicable fruit price
structure. Because TOM-ECON's simulation of the net benefit is based on TOMYIELD's
simulation of the yield and quality, the accuracy of TOMYIELD's simulation is of utmost

Importance.
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For the calculation of the total production cost, the following classification of cost items was

used:

* Fixed overhead costs;
* Fixed running costs;

* Variable running costs;
* Cost of risk; and

* Opportunity cost.

Net income is calculated per unit of land area, water, and tonnage of yield, to enable the user
to select the optimum irrigation strategy according to the factor which is most limiting to
increased profits. The user selects the criteria (land, water or tonnage of contract), on which
basis he would like to optimize net income. TOM-ECON will then sort the irrigation
strategies, based on the selected criteria, in a descending order and the user selects the best
irrigation strategy which is applicable to his particular situation. The strategy which is finally
selected in TOM-ECON is then taken as the irrigation guideline for scheduling irrigation with
TOMYIELD.

Application
TOM-MAN, as a management tool for the optimization of the production of processing

tomatoes, can be applied to assist management of both processing companies and producers in

the following respects:

* optimization of the price structure for processing tomatoes;
* selection of optimal irrigation schedules; and
* routine scheduling of irrigation.

Conclusions

It is concluded that:
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* Integration of an irrigation scheduling model and an economic optimization
model is appropriate and feasible;

* Simulations of canopy development and dry matter production of processing
tomatoes are fairly accurate;

* The simulation of the water balance is pood and practical irrigation scheduling
can be implemented; and

* The simulation of fresh yield and brix are not yet accurate enough and fine

tuning of the parameters and/or a more mechanistic approach is required.
Further research needs
Various needs for further research have been identified during the project. The priority for

further development is to enhance technology transfer through improved user friendliness and

wider applicability to other crops through the establishment of crop model parameters.
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APPENDIX A

Weather data

Table Al Long term average daily maximum (Tx) and minimum (Tn) temperatures as

well as the calculated monthly average vapour pressure deficit (VPD) for the

different localities.

Month

Marble Hall Pretoria Lutzville Messina

Tx Th VFPD | Tx Tu VYPD Tx i VPD Te ™ VPD

Jan J2.pr | 193 1043 285 [158 | 042 12909 | 148 |0.50 |33.0 209 |04l
Feb J24 | 197 (045 [23.2 | 155 | 042 [30.B | 149 | 053 | 324 (205 |04
Mar 308 | 174 [ 045 }27.0 | 13.7 | Q44 301 | 140 | 034 | 315 | 19.0 |0.42
Apr 284 | 13.2 050 |24 9.7 |0.49 128.0 | 125 |0.51 [30.1 | 159 }0.47
May 26.0 871 1059 |21.8 43 | 057 1247 | 103 | 047 }276 | 108 1056
e 225 4.3 1059 1193 0.6 | 0.60 j22.2 89 | 043 | 24.8 7.1 |0.58
Jul 22.6 44 ) 0.59 119.7 05 |0.62 |26 7.8 |0.45 | 249 7.0 | 0.59
Aug 24.9 70 1059 | 225 a1 |0463 | 220 79 | 046 | 27.1 9.7 | 0.57
Sep 28.3 | 14.8 | 0.33 | 257 8.1 1058 |23.6 9.1 | 0.48 [29.6 |13.8 |0.53
Oct 288 150 |046 |273 122 |0350 |26.0 (106 | 051 §3L.7 | 17.5 | 0.48
Nov 3.2 172 |0.44 | 274 139 (045 |28.0 [125 |0.51 §32.2 | 194 |0.43
Dec 3.2 | 487 | 042 |282 | 152 |043 |286 (139 |049 {328 |23 |04

Lutzville is situated between Plaiskraal and Vredendal, wiih Platskraal closer to the sea
than Luizville and Vredendal. Average daily temperatures at Platskraal was 3 °C lower
than at Vredendal, mainly due to lower night temperatures. The days in the Western

Cape are also markedly longer than that in the other localities.

From the data in Table Al it can be seen that the average VPD was much lower in
Vredendal (close to the sea) than at Messina. The minimum temperatures at Vredendal

are also lower than at the other localities, because of cooling at night.
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Measured hourly weather data will be stored on diskette by the project leader at the

University of Pretoria.
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APPENDIX B

Source code for programs

WEATHER UNIT
unit _[Weathr;
mterface

uses

Das,

PXEnging,

PXMsg,
_IPXEng,
_Math,
_InOut,
_IGlob,
_IPET,
_FidThl,
_WIDTH,
_DayWThi,
_PrcpThi,
_lnpWRD;

type

WeatherRecord = record
Rni, {Net isothermal radiation W/m2}
SVP, {Sawuration vapour pressure kPa}
VP, {Vapour pressure kPa}
Eac, {Emissivity Atmosphere}
Ea, {Clear sky emissivity}
Ta, {Air temperature C)
Tw, {Wet bulb temperature C}
Latinde: Double;

end: {WeatherRecord}

velr
PET,
MeanTemp,
L, {Net isothermal long wave radiation}
Slope:  Real;

Weather: WeatherRecord;

procedure InitWeather;
tunction PotSolar(DOY: Inieger): Real;
fimetion WeatherDayStep(WeatherID: Integer;
DOYDate: DateStr;
DOoY: Integer): Integer;

implementation

uses
_IInpPr;
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var g,
HatfDay: Real; {Half day length}

procedure InitWeather;

Begin {Procedure InitWeather}
FillChar{Weather SizeOf(Weather),#0);
end; {Procedure InitWeather}

function PotSolar(DOY: Integer): Real;

ViIT
X,
Lat,Dec RelDist, HrAngle,
SinDec,CosDec,Sinls,Coshs,
SinLutSinDec,CosLiutCosDec: Real;

Begin (Function PotSolar}

La ;= -WeathrID,Latitude*Pif L 8(; {Latitude in radians}

Dec ;= -0.4093*Sin(2*Pi*(284 + DOY)365);, {Southern hemisphere)
SimDec = Sin(Dec);

CosDec = Cos(Dec);

RelDist := | + (LO33*Cos(2*¥Pi*DOY/365);

HrAngle := ArcCos{-Tan(Lat)*Tan({Dec)); {Sunset hour angle}

X 1= -Sin{Lat)*SinDec/(Cos(Lat)*CosDec); (#}
HalfDay := Pif2 - ArcTan{x/Sqrt{1-x*x)}; {#

PatSolar ;= [18.08*RelDist/Pi*(HrAngle*Sin(Laty*SinDec +
HrAngle*Cos(Laty*CosDec);

(*
Lat += WeatlrID, Latitude+Pi/ 1 80; {Converts latitude to radians}
SinDec ;= (,39785*5in{4.869 4+ 0.0172*DOY + 0.03345*Sin(6.224 + 0.0172*DOY));
CosDec := Sqrt(1 - Sqr{SinDec));

SinLatSinDec := SuLaty*SinDec;

CosLatCosDec := Cos{Lat}*CosDec;

Coshs := -Sinl atSinDec/CosLalCosDec;

Sinhg 1= Sqrt{l - S5qr{Coshs));

HalfDay  := Pi/2 - AreTan{Coshs/Sinhs); {#}

PotSolar  := [17.5*%(HalfDay*SinLatSinDec + CosLatCosDec*Sinhs)/pi;
)
end; {Function PotSolar)

tfunction WeatherDayStep(WeatherID: Integer;
DOYDate: DateStr;
boY: Integer): Inteper;

var
k‘
PxErr; Integer;
dt,
Tr, {Atmospheric transmissivicy}
PSR: Real;

Begin {Function WeatherDayStep}
IrrigDOY := 0 {#
PrecipDOY = 0; {#}

PxErr := FindWDay(WDayID,DOYDate);
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if PxErr = PXERR_RECNOTFOUND then
Begin
InpurWDayProc(WDayID ,DOYDate};
PxErr ;= FindWDay(WDaylD,DOYDate);
end; {if}
if PxErr = PxSuccess ihen
Begin
PxErr ;= FindPrecip(Field. PerseellD, DOYDate);
if PxErr = PXERR _RECNOTFOUND then
Begin
InputPrecipProc(Field. PerseellD, DOY Date);
PxErr := FindPrecip(Field.PerseellD, DOYDate);
end; {if}
end; {if}
if PxErr = PxSuccess then
Bepin
IrrigDOY ;= Precip.Irrg;
PrecipDOY := Precip. Precip;
{Precip.Precip ;= Precip.Precip + Precip.lrrig;}  {#)
PSR := PotSolar{DOY);
dt 1= WDayData.MaxTemp - WDayData. MinTemp;
ifde < 2 then
di 1= 2
k:= DOY -30;
itk < | then
k= k + 365;
if WDayData. Solar = ( then
Begin
Tr = (L.7%(1 -~ Exp(-0.329*8qr{dt}/PotSelar(k)));
WDayDala.Solar : = PSR*TT;
end
else
Tr := WDayData, Solar/PotSolar(k);
MeanTemnp 1= (WDayData.MaxTemp + WDayData. MinTemp)/2;
Slope ;= ((0.00223*MeanTemp + 0.0549)y*MeanTemp + 2,97)*
MeanTemp + 45.3;  {Gives Slope in Pa}
Lii = (HalfDay/pi)*(0.96 - 1/(1 + 0.048*Exp(7.1¥Tr)))*
{0.026*MeanTemp - 9.2);

if WDayDats. VPD = {) then
WDayData, VPD ;= ().7¥Slope*dt
else
WDayDa. VPD : = WDayDaca.VED*1000; {Converts kPa to Pa}
ewd; {if}
if PxErr = PxSuccess then
if WDayData.PET = 0 then
PET ;= CalcPriestlyPET
else
PET := WDayData.PET;
WeatherDayStep : = PxEiv;
end; {Function WDayDayStep}

end. {unit _TWeathr})
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SOIL UNIT
unit _ISoil;
interface

uses
PXEngine,
PXMsg,
_Math,
_InQut,
_IGlob,
_Strings,
_IWeathr,
_FidThl,
_CropThl,
_SoilTbl,
_DayWThl,
_PrepThl,
_ICrop,
_StraThl,
_ResThl;

type
SoilRecord = record
ActualTrsp,
Adwc, {Air dry water content}
SI: Real;
a,
b,
Spsi: SoilArray;
end; {SoilRecord)

var

{InitStorage: Real;}
dz: SoilArray;  {Soil layers}
Soil: SoilRecord;

procedure CalcSoildz(z:  SoilArmay;
var dz: SoilAmay);
procedure InitSoil;
procedire SoilDayStep;
function SoilStoredWater{WC dz: SoilArray;
RD: Real): Real;

function AllowableDepletionProc{FCWC PWPWC dz: SoilArray;

RD: Real;

PercentDepletion; Real): Real;

implemetation

var
krrigFlag, )
PrecipFlag: Booplean:
PrecipEvapCount: Byte;

procedure CalcSoildz(z:  SoilArray;
var dz: SoilAmay),
var
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i: Integer;

Begin {Procedure CaleSoildz)
dzf1] := z[1]; o '
for i := 2 to NrOfLayers do

dz[i] := z}] - zli-1]);

end: {Procedure CalcSoildz}

procedure hitSoil;

var
i: Integer;

Begin {Procedure InitSoil)
IrrigFlag := False;
PrecipFlag  := False;
PrecipEvapCountt ;= 0
CalcSoildz(SoilData.z,dz);
for i := 1 to NrQfLayers do
Begin
Soil.b{i} := In{Field.PsiPWP/Ficld, PsiFC)/In(Soil Data.fowe[i]/SeilData. pwpwe(il);
Soil.afi] := Exp{ln(-Field PsiPWP) + Soil.bfi)}*In(SoilData.pwpwclil));
SoilData.pwpwcli] : = Exp(-In(-3*Psilm/(2*Soil.a(i]})/Soil.b(i]}; {Plant lower limit}
if SoilData.wc[i] > SoilData,fowe[i] then
Begin
SoilData.wcli) : = SoilData.fewceli];
OutpuiErrorMsg(Field, PerseellD +': Initinl WC}' +IntToStr{i)+'] exceeds field capacity',Nil);
end; {if}
end; {for}
Soil. Adwc := 0.3 * SpilData.pwpwe[1];  {Air dry water content}
ProfileFC ;= SoilStoredWater(SoilData, FCWC dz, SoilData, zfNrOfLayers]{ CropData. RDmax} );
end; {Procedure InjtSoil ) :

procedure Caiclnterception; {Calculates interception by canopy)

var '
MaxInerDOY, MaxirrintDOY ; real; {Maximum interception}

Begin {Procedure Calclnterception}
InerDOY :=
PrelntDoy = 0;
IrrntDoy := 0;

it (Precip.Precip > 0) ar (Precip.Irrig > 0) ihen
Begin
MaxInterDOY := Crop.Flevap * Cropdata.CanopyInt;

If PrecipDOY > 0 then
Begin
If Precip.Precip < MaxinterDOY then

Begin
PreltDOY := Precip. Precip;
Precip.Precip ;= 0;
end {Precip.precip < MaxInterDOY}

else
Begin -
PrelutBoy ;= MaxlnterDOY,
Precip.Precip := Precip.Precip - PrelntbOY;
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end; {Precip.precip < MaxInterDQY)
end; {PrecipDOY > ( then}

MaxIrintDOY := MaxInterDOY * CropData.CanopyWetted; {Maximum IrrintDOY}

if {IrrigDQY > 0) then
Begin
If precip.Irrig < MaxIrrintDOY then
Begin
IrrlntDOY ;= Precip.irrig;
Precip.immig := O
end {Precip.irmtip < MaxInterDOY}
tlse
Begin
IrrintDoy ;= MaxInintDOY;
Precip.rrig := Precip.Imig - ImintDOY;
end; {Precip.irrig < MaxImintDOY)
end; {if (TIrrigDOY > ()}
end; {if (Precip.Precip > 0) or (Precip.Irrig > 0}}

InterDOY ;= IrintDOY + PrelntDOY;

CumPrelnt := CumPreint + PrelntDoy;

Cumlirrint := Cumirrint + IrrIntDoy;
end; {Procedure CalcInterception}

procedure CalcRunOff,

Begin {Procedure CalcRunCff}
RunOfiDOY := 0
if Precip.Precip > 0 then
Begin
if Precip.precip < = 0.2 * SoilData.Rop then
RunOffDOY := 0
else
RunGftDOY ;= Sqr(Precip.precip - 0.2 * SoilData.Rop)
f(Precip.precip + 0.8 * SoilData.Rop);
Precip.precip ;= Precip,precip - RunOfDOY:;
end; {if}
end; {Procedure CalcRunQff)

procedure Calclnfiltration;

viir
i : Integer;
SimintDay : Teal;

Begin {Procedure CalcInfiltration}

i =1

DrainDOY =10
PreDrainDOY := 0
IrDrainDQY =0
ImInfEvapLayer := O;
while (Precip.precip > () and (i <= NrOfLayers) do
Begin
if Precip.precip > = (SoilData, fowcfi]-SeilData.we[i]y*Rho_w*dz[i} then
Begin

Precip.precip ;= Precip.precip - (SoilData.fcwcfi] -
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SoilData.wc[i}) * Rio_w*dz(i];
SoilData.wc[i] := SoilData.fewc[i];
end
else
Begin
SoitData.wcli] ;= SoiiData,welij + Precip,precip/(Rho_w#dzi]);
Precip.precip ;= 0;
end;
Inc(id;
End; {while (Precip.precip > 0} and (i < = NrQfLayers)}

if (Precip.precip > 0) and (not SimEcon} then
Begin
PreDrainDOY 1= Precip.precip;
Precip.precip 1= ()
CumPreDrain ;= CuniPreDrain + PreDrainDOY;
end; {if}

if SimEcon then
Begin
if Strar. DAPKPa < Abs(Soil.Spsi[Strat. Layer]) then
Begin
Precip, Iirig := MaxOfFloat(ProfileFC - ResultData. ProfileWC ,0);
SimlntDay ;= Crop.Flevap*Cropdata. Canopylnt*CropData.Canopy Wetted;
Precip.Irrig ;= Precip.lrrig 4 SimIntDay;
{OuputErrorMsg( Precip: ' +IntToStr(DOY)+' ' +FloatToStr(Precip.irrig, 10,3),nil); }
end
else
Precip. rrig := {;
Precip.precip 1= ();
lrrigDOQY = Precip.irrip;
PrecipDOY := Precip.Precip;
end; {if}

i:=
while (Precip.Irrig > 0) and (i <= NrOfLayers) do
Begin
ifi = | then

Begin
IrrInfEvapLayer : = (Soildata. Fewe|i] - SoitData.wcli]) *
Rho_w * dz]i] * CropDaia.SurfaceWetted;
SoilData.wcli} := SoilDawm.weli] + (IrrlnfEvapLayer/(Rho_w*dz|i]));
Precip.Irrig := Precip.Irrig - IrinfEvapLayer;
End; {if i = [ then)

ifi > | then
Begin
if Precip.Irrig > = (SoilData.fcwc|i] - SeilData.wcli]) *
Rho_w * dzfi] then
Begin
Precip.brrig .= Precip.lrnig
- (SoilData.fcweli] - SoilData.wcli]) * Rho_w*dz[i];
SoilData.wcl[i] := SeilData.foweli];
end
else
Begin
SoilData.wcli] := SoilData.wcli] + Precip.Irnp/(Rho_w*dz[i]};
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Precip.Irrig := 0
end;
End;
Inc(i);
End; {while (Precip.Irrig > 0) and (i <= NrOiLayers)}

IrtDrainDQY := Precip.lmig;

Precip, Irrig 1= O

CumlrrDrain := CumbrrDrain + JIrrDrainDOY

Draindoy := PreDrainDOY + IrrDrainDOY;
end; {Procedure CalcInfiltration}

Procedure CalcEvaporation;

var
nwe,
Potential Evap: Real;

Begin{ Procedure CalcEvaporation}
EvapDOY := [ {#}
PotentialEvap := (;
PrecipFlag ;= PrecipDOY > {;
if PrecipFlag or (PrecipEvapCount > 0) then
Begin
iff PrecipFlag then PrecipEvapCount := 0;
inc(PrecipEvapCount);
if PrecipEvapCount = 4 then PrecipEvapCousnt : = 0;
PrecipFlag := False;
PotentialEvap ;= (1 - Crop.Flevap) * PET;
end
else
Begin
PotentialEvap := CropData.SurfaceWetted * sqr(1 - Crop.Flevap) * PET;
end;
if SoilData.well] < = SeilData.pwpwcil] then
Begin
PotentialEvap := PotentialBvap
* Sqr((SoilPata.wc[1] - Soil. Adwc) (SeilData.pwpwel[1] - Soil. Adwce));
end:
nwe ;= SoilData.wc[1] - PotentialEvap / (Rho_w * dz{1i);
if owe < = Soil. Adwc then
nwe ;= Soil. Adwc;
EvapDOY := (SoilData.wc[1] - nwe) * Rho_w * dz[1];
SoilData.wc[t] := owg;
end; {Procedure CalcEvaporation}

procedure CalcTrauspiration;

var
im  Imteger;
Z,
ust,
est,
estar,
Psix,
L.oss,
AvePsiar,
AvePsi: Real;
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f: SoilArray;

Begin {Procedure CalcTranspiration}
TransDOY ;= (i {#)
Soil.Spsi[1] := 0;

Soil. ActualTrsp = O

AvePsi ;= {);
z = dz|2|; {z:=0;}
ii=2; {rdd: =Crop.RD/4.6;}
if (Crop.RD > (1) and (Crop.Fitransp > 0} then
Begin
repeat

Soil. Spsilif := -Soil.ali] * Exp(-Soil.blij*In{SoilData.we(i]));
if z <= Crop.RD then
1] : = dz}i}*@*{Crop.RD - z} + dz|i]}/Sqr(Crop.RD}
else
11i] := Sqr{(Crop.RD - z + dz[i|}/Crop.RD);
{f1i] := Exp{(-z/rdd)*(1-Exp{-dz[i}/rdd});}
AvePsi := AvePsi + f]i]*Soil. Spsili];
[nedi);
if'i <= NrOfLayers theu
z =z + dzfi];
uniil (i > NrOfLayers) or (z - dz{i] > Crop.RD);
AvePstar : = AvePsi/Psilm,
if AvePstar < (.5 then
ust ;= 1 - (L67*AvePstar
clse
ust 1= 0
est ;= PET/CropData.MaxTrans; {if est < { then est 1= 03}
iff est < ust then
estar := est
else
esiar ;= ust;
if estar < () then
estar = {);
Psix := Psilm * {AvePstar + 0,67 * estar};
mi=i-l;
fori:= 2 tomdo
Begin
Loss 1= (Crop,Fitransp * CropData. MaxTraus * ffi] #
(Psix - Soil.Spsilif) / (0.67 * Psilm)) / (Rho_w*dzl[i]);

(1—'-
if Loss < 0 then
Begin
OutputErrorMsg('Loss {' +IntToStr(DOY)+');
' +FloatToStr(Loss,8,2),Nil);
Loss ;= Abs{Loss);
end; {if}
*)

if SoilData.weli] - Loss < SpilDara.pwpwc[i] then
Loss := SoilData.wefi] - SoilData. pwpwel(i);
Soil. ActualTrsp ;= Soil. AciualTrsp + Lass * Rhio_w*dzl[i];
SoilData.wcli] := SoilData.wcli] - Loss;
end; {for}
Soil, ActualTrsp : = MaxOfFloat{0,Soil. ActualTrsp);
TransDQY := Soil. ActualTrsp;
end; {if}
if Crop.Fltransp > () then
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S50il.81 : = Soil. ActuaTrsp/(Crop.Fliransp*PET)
else
Soil.St:= {);
end; {Procedure CalcTranspiration}

procedure SoilDayStep;

Begin {Procedure SoilDaySiep}
CalcEvaporation,;
CulcTranspiration;
Calclnterception;
CalcRunOfT;

CalcInfiltration;
emdy {Procedure SoitDayStep}

function SoilStoredWater(WC,dz: SoilArray;
RD: Real): Real;

var
Z,
StoredWater: Real;
i hteger;

Begin {Funciion SotlStoredWaler)
i:= 0
z:=1{}
StoredWager 1= ()
repeat
Inc{i);
StoredWater 1= StoredWater + WC[i]*dzfi]*Rho_w;
z =z + dzli];
until {i >= NrCfLayers) {or (z >= RD}};
SoilStoredWater := StoredWaier;
end; {Function SoilStoredWater}

function AllowableDepletionProc(FCWC,PWPWC,dz:  SoilArray;
RD: Real:
PercentDepletion: Real): Real;

var
Z,
Depletion: Real;
i [nteger:

Begin {Function AllowableDepietionProc}
z.=1(
ii==0;
Depletion 1= {);
repeat
Inc);
Depietion := Depletion + (FCWC[i]-PWPWCHi])*dz[i]*Riic_w;
z:=z + dzfi];
ifz > RD then
Depletion := Depletion - {z - RD)*(FCWCi}-PWPWC[i])*Rhe_w;
untd! (i > = NrOfLayers) or (z > = RD);
AllowableDepletionProc ;= -Depletion*PercentDepletion/100;
end; {Function AllowableDepletionProc}

end. {unit _Isoit}
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CROP UNIT

unit _Crop;

uerface
uses
_IGlob,
_MWeathr,
_CropThl,
_DayWThi;
type
CropRecord = record
TDM, {Vegetative (top) dry matier, leafs + stems)
SDM, {Stem dry matter}
HDM, {Havestable dry matter}
PHDM, { Patential HDM, not used anywhere}
LAl {Leaf area index}
yLAI, {(vellow) LAI of dead leafs}
GDD, {Growing day deprees}
Fltransp, {Fractional inteception of solar radiation for evaperation}
Flevap, {Fractional inteception of solar radiation for evaporation}
RD, {Root depth}
RDM, {Root dry mutter)
ept, {Grain (truit) partition factor, fraction to HDM}
MaxLAL  {Maximman leaf area index)
FDD: {For vernalization (instead of GDD), not used}
Real;
DFE, {Days from emergence}
LeavesDead: {Senesced leaves)
Integer;

DailyLAI,  {l.eaf area of dmi produced on a given day}
DailyLAIAge: {Age of corresponding DailyLAI}
Array(()..400] of Real;

CropPlanted,

Mature,

Flowered,

Vegetative,

Emerged; Boolean;

end; {CropRecord)

viar
Crop: CropRecord;

procedure itCrop;
precedure PlantCrop;
procedure CropDayStep;

implementation

uses
_13eil;



140
var
SeedlingStg,
LDMCorrected; Boolean:
Procedure InitCrop;

vir
ir Treger;

Beyin {Procedure InitCrap}

Crop. TDM =
Crop.LAl =0
Crop.yLAl =
Crop.RD 1= imitRD;
Crop.Flevap r=
Crop.Fltransp = {);
Crop. PHDM =10
Crop.HDM =0
Crop.GDD =0
Crop.FDD =1
Crop.SDM r= 0
Crop. CmpPLmtcd 1= False;
Crop.DFE ={;

Crnp.Le:wf:sDezld =0

Crop.Emerged = False;

Crop.Flowerzdl = False;

Crop.Vegetative 1= Crop. Emerged and not Crop. Flowered;
Crop.Mature := False;

Crop.MaxLAl 1= 0

LDMCorrected := False;

FillChar(Crop. DailyLAl,SizeOf{Crop.DailyL AT}, £0);
FillCliar{Crop.DailyLALAge, SizeOf(Crop. DailyLA¥Age) #0);

end;, {Procedure itCrop}
Procedure PlantCrop;

Begin {Procedure PlantCrop}
Crop.CropPlanted := True;

Crop.GDD = {;

Crop.FBD =0

Crop.HDM i=0;

Crop. TDM := CropData, TDMstart;

Crop.RDM := CropData.froot * Crop.TDM / (1 - CropData,froot);
Crop.Fltransp ;= 0;

Crop.SDM =0,

Crap.DatlyLAI[0}] := CropData.SLA * Crop.TDM * IntitFleaf,

Crop.LAI 1= Crop.DailyLAI[0];

Crop.DFE =0
Crop.LeavesDead := O;
Crop.Emerged  := False;
Crop.Flowercd ;= Falses;

Crop.Mature  := Faise;
Crop.MaxLAl =0
Crop.RD = InifRD;

end; {PFrocedure PlaniCrop}

Procedure CropDayStep;
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var
i : Integer;
gddi,  {Daily increment of growin degree days)
tfact, {Temperature effect on prowth rate}
dmiw, {Potential dry matter increment based on actual transpiration}
dmis, { Potentis! dry matter increment based on intercepted radiation}
dmi, {Final dry matier increment}
Idmi,  {Leaf dry matter increment}
vdmi, {Vepgetative dry matter increment }
hdini,  {Head/fruit dry matier increment }
fleaf,  {Fraction of ldmi partition to leaves}
ir, {Fraction of dmi partitioned to roots}
Stagei
: Real;
TempSI  {Temporary variable for SI}
: Real;

Function CanopyLAI(gddi ldmi, wsi: Real): Real;
var
kL m: Integer;
wsf,c,
LDMCorrFact: Real;
Begit
Inc(Crop DFE);
Senesi r= )
SenesDmDOY =k
TransTDMi =1
SenescTDMlossi 1= (0,
¢ =
wit =10
LDMCorrFact = 0;
SeedlingStg := Crop.GDD < CropData.FIDD * EndSeedlDDFrac;
{Seedling growth}
if ScedlingStp then
Begin
Crop.DailyLAHCrop.DFE] ;= Crop.LAI * (Exp(RGRleaf * gddi)-1)
end
else {Normal LAJ growth of leaf area from Ildmi}
Crop,DailyLAI[Crop.DFE] := ldmi * CropData.SLA;

it (not SeedlingStg) and (LDMCorrected = False) then {First day after end of seedling growth only}
Begin
GLDM := Crop.LAVCropData.SLA;
TerpFleaf ;= 1 / sar{l + CropData.part ¥ Crop. TDM);{Fraction to leaves}
Crop.SDM := GLDM / TempFleaf; {Crop.SDM * LDMCorrFact;}
Crop.TDM := GLDM + Crap.5DM;
LDMCorrecied := True;
end;

{Increment leaf age}
Crop.DailyLAIAge[Crop.DFE] : = gddi;
QOMSLA ;= Cropdata.SLA;

CurrentSLA ;= Cropdata.SLA;

SeuesRate := ShadeSenescCoef * Crop.Fltransp;

if (wsi < CropData.StressIndex) and (wsi > 0) then  {#}
wsf = Liwsi;
if wst > 2 then wsf:= 2;
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for k := (1o Crap,DFE - 1 do {k = DAP counter for leaf aging and senescence)

Begin
Senesi ;= 0
Crop.DailyLAlAge{k]:= Crop.DailyLATAgefk] + pddi {{wsf * gddi}}:

{Senescence and translocation}
if Crop.DailyLAIAgelk] > CropData. MaxLeafAge then
Begin
{Senescence)
Senesi : = SenesRate * Crop.DailyLAI[K];
SenescDOY ;= SenescDOY + Senesi;
SenesDmDQOY ;= SenesPmDOQY + Senest / CurmentSLA;
Crop.DailyLAl[k} : = Crop.DailyLAI[k] - Senesi;
Crop.yLAL = Crop.yLAl + Senesi;
{Translocation of dry maiter to fruits}
SencscTDMIossi := SenescTDMIossi +
{1 - TransTDMPFrac) * Senesi/CurrentSLA;
TransTDMi ;= TransTDMi + TransTDMPFrac * (Senesi/CurrentSLA);
end; {if Crop.DailyLAlAge(k] > CropData MaxLeafApe}

{Modifies SLA to simulate storage of assimilates in leaves)
OIdSLA ;= CurremSLA;

{Decreases SLA}

CurrentSLA := Cropdata.SLA + SLACoef * k; {Crop.DFE;}
{Calculates new value of LAl with the modified SLA}
Crop.DailyLAI[Kk| : = Crop.DailyLAIfk] * CurrentSLA / OIdSLA;

¢ := ¢ + Crap.DailyLAI[k];
end; {For k:= {) to Crop.DFE - 1}

¢ := ¢ + Crop.DailyLAI[Crop.DFE];
TotSenesDmLoss := TotSenesDmLoss + SenesDmDOY;

CanopyLAl := ¢;
end; {funcrion CanopyLAT}

Begin {Procedure CropDayStep}
StressDay = 0; {#}
if Crop.CrepPlanied then
Begin  {CALCULATION OF GROWING DAY DEGREES (gddi)}
if MeanTemp > CropData. Tbase then
gddi := MeanTemp - CropData. TBase
else
pddi ;= 0,
if gddi > CropData.Tcuteff then  {#}
£ddi ;= CropData. Teutoff - CropData, TBase;
Crop.GDD := Crop.GDD + gddi;
DDi : = pddi;
end; {if CropPlanted}

Crop.Maiure := Crop.GDPD > CropData MtDD; {#}
Crop.Flowered := Crop.GDD > CropData . FIDD; {#}

(EMERGENCE}
if not Crop.Emerged and (Crop.GDD > CropData.EmDD) then
Begin
Crop.Emerged ;= True;
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Crop.L.Al  := CropData.SLA * Crop.TDM * InitFleaf;
end; {if}

If ({Crop.GDD > RipeDD ¥ 0.7) then

KCmuditied ;= CropData.KC * Crop.GED / {RipeDD * {.7)
else

KCmodified : = CropDa KC;
if KCowdified > MaxKC then KCmadified 1= MaxXC;

{Calcukates fractional interception of solar radiation}

{FI for transpiration hased on green LAl only}

Crop.Fitransp := 1 - Exp(-KCmodified * Crap.LAL);

{FI for evaporation based on green LAI plus yellow (dead) LAT)
Crop.Flevap := | - Exp(-KCmodified * {Crop.LAl + Crop.yLAD);

if Crop.Emerged and not Crop.Marure then
Bepin
Jdmi : = (¥

{ASSIMILATE PRODUCTION}
{Potential dry matter production based on actual transpiration}
dmiw ;= Soil. AcralTrsp * CropData, DWR / WDayData. VPD;
{dmiw in kg/m2, ActualTrsp in mm}
{Potentdal dry mater praduction based on intercepted radiation}
{Temperature effect)
it gddi > = (CropData.Tlo - CropData. Thase) then
tfact == |
else
tfact ;= gddi / (CropBata. Tlo - CropData.Tbase);
{Seedling growth rate ncreased wough higher radiation use
efficiency}
dmis ;= tfact * CropData.ConvEff # Crop. Fltransp * WDayData.Solar;
{Selects the most Hniting of potential dmiw and potential dmis}
if dmis < dimiw then
dmi = dimis
efse
dmi := dmiw;
dmiDOY ;= dmi;
{Caleulates relative growtl stape}
RelGrwSig 1= Crop.GDD / CropData. M1DD;
TempSt := Soil.SI;
{Enhances end of leaf growth, maturity and ripening if stressed}
If Soil.St < CropData.StressIndex then
Bepin
If Crop.GDD < RipeDD then
Begin
RipeDD ;= RipeDD - RipeSensSiress {* stressdays = 1},
CropData. MDD := CropData. MtDD - MtSensStress {*stressdays = 1};
e1l;
end:

{Respiration of HDM, Tncreased hdmRespRate afier ripening, SolHDM?}
if Crop. Flowered then
Begin
{Norma] respiration before ripeness}
hdmRespi := hdmRespRate * 0.5/RelGrwStg * crop. HDM
* 310c * exp(0.01 * (MeanTemp - Tref));

If Crop.GDD > RipeDD then {Respiration at increasing rate afier first ripeness}
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hdmRespi : = hdmRespi + ClimRr
* (Crop.GDD-(RipeDD))/{Cropdata. MiDD-(RipeDD))
{For increasing postion ripened fruits}
* crop. HDM * Q10c * exp(D.01 * (MeanTemp - Tref));
CumhdmResp ;= CumhdmResp + hdmBRespi;
end; {If Crop.Flowered}

{PARTITIONING OF ASSIMILATES)
{Calculates portion of assimilates partitioned to fruits}
if Crop.Flowered then
Begin
Crop.gpf := {Crup.GDD - CropDaia. FIDD) / CropData,GpDD;  {#}
if Crop.gpf > 1 then Crop.gpf:= I
end
else Crop.ppf 1= 0;
{Partitions dmi to HDM}
hdmi ;= Crop.gpf * dmi;
WmiDOY = hdmi;
{First priority in partitioning: subtract reproductive growth}
dmi := dmi - hdmi;
{Stops root growth if max root depth is reached}
if Crop.RD < CropData.RDmax then fr : = CropData.Froot else fT := 0,
{vdmi = Dry matter to leaves and stems}
vdmi 1= (| - fr) * dini; {dmi not including hdmi any more}
Crop.RDM := Crop.RDM + fr * dmi;
Crop. TDM := Crop.TDM + vdmi; {At this stage TDM does not include fruits}

if Crop.SDM = {} then
Crop.SDM := (1-fleaf) * vdmi:

{Partitions more to roots if siressed}
if Soil,81 < CropData.StressIndex then
Begin

if fr > 0 then  {If roots is still prowing}
Begin
Crop.RDM := Crop.RDM + 0.5 * vdmi; {0.5*vdmi from TDM to RDM}
Crop. TDM ;= Crop.TDM - 0.5 * vdmi;
Crop.SDM := Crop.SDM + 0.5 * vdmi; {All to stems}

end
else {If no root growth}
Crop.SDM := Crop.SDM + vdmi; {All to stems}
vdmi:= 0
ldmi = {;
StressDay ;= 1; {#}
end
else  {No stress}
Begin

fleaf := 1/ sqr(1 + CropData.part * Crop.TDM); {Fraction to leaves}

dmi ;= fleaf * vdmi;

Crop.SDM := Crop.SDM + (1 - fleaf} * vdmi; {Partitioning to stems})
end; {If S0il.§1 < CropData.StressIndex}

TempFleaf ;= fleaf;

{Root growth}
Crap.RD ;= nitRD + CropData.RGR * Sqrt(Crop.RDM);
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if Crop.Flowered then
Begin
{FRUIT DEVELOPMENT})
{Initial values for fruit compomemts}
if Crop.HDM = 0 then {On day of start of flowering}
Begin )
it HWC = 0 then HWC = InititHWC;
Crop.HDM := Transl * Crop.SDM; {Initiates fruit growth}
FreshYield ;= Crop.HDM / (| - HWC ); {kg/m2}
SolHDM := FreshYield * InitialBrix 7/ 100;  {kg/m2}
SeedPeelHDM := (Crop.HDM - SolHDM) * InitialSeedPeelFrac;
FixedHDM ;= FixedHDM - SeedPeelHDM; {Fixes HDM ouly}
end: {[f Crop.HDM = 0, On day of start of flowering}

TempSt := Seil.8I;
{Fruit water loss by if stressed)
it TempSl < CropData.StressIndex then
Begin
if TempSI < (1.5 then Tempsi := 0.3,
RelHwceLossRate 1= (MinBwcC - HWC)*(MinHWC - HWC)
} (MaxHWC - MinHWC) / (MaxHWC - MinHWC);
if RelHwcLossRate = | then RelHwcLossRate 1= 1
lwei ;= - PotHweLoss
* RelHweLossRate
* RelGrwSig
! TempSI;
end
{Fruit water gain if uot stressed}
else
Begin
RelHweGainRate 1= (MinHWC - HWO*{(MinHWC - HWC)
f (MaxHWC - MinHWC) / (MaxHWC - MinHWC);
Iwei = PolHwcGain
* RelHweGainRate
* RelGrwSig;
end; {if S0il.S1 < CropData.StressIndex }

{Adds truit water increment (hwei) to fruit water}
HWC := HWC + hwci;

{Limitations to Fruit water}

if HWC > MaxHWC then HWC := MaxHWC;
if HWC < MinHWC then HWC := MinHWC;

FixHdmFrac := FixedHDM / Crop. HDM;

{Limitations to Fixed HDM fractions}

if FixHdmFrac >» MaxFixHdmFrac then FixHdmFrac ;: = MaxFixHdmFrac;
if FixHdmPFrac < MinFixHdmFrac then FixHdmFrac : = MinFixHdmFrac;

{Adds translocated dmi from senesced leaves to FinHdni
and deducts respiration loss})
NetHdmi ;= hdmi + TrausTDMi {prev day} - hdmRespi;

{Fixes a portion of NetHdmi of the previous day}
if NetHdmi > 0 then
Begin
hdmDissi ;= 0;
hdmFixi:= hdmPFixRate * NetHdmi;
{Grows seeds and peels}
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IidmSeedPeeli := SeedPeelFrac * hdmFixi;
end
else {If FinHdmi of the previous day was negative}
Begin
hdmFixi := 0;
hdmSeedPeeli : = ]
{Dissolves FixedHDM)
hdmDissi ;= hdmDissRate * FixedHDM;
end; {If FinHdmi > 0}
SolHDMi ;= NetHdmi ~ hdmFixi + hdmDissi;
Crop.HDM := Crop.HDM + NetHdmi;
SolHDM := SolHDM + SolHDMi;
FixedHDM := FixedHDM + hdmFixi - hdmSeedPeeli - hdmDissi;
SeedPeelHDM := SeedPeelHDM + hdmSeedPeeli;
HdmMassBalanceError ;= Crop.HDM -( SolHDM + FixedHDM -+ SeedPeelHHDM);

{Calculates FreshYield}
FreshYield := Crop.HDM / ( 1 - HWC ); {kg/n2}
FreshYicld ;= FreshYield * 10000 / 1000; {ton/ha}

{Calculates percentage of soluble solids)
If FreshYield > {0 then
Begin
Brix ;= SolHDM / (FresliYield*1000/10000) * 100;
If Brix > MaxBrix then Brix := MaxBrix;
If Brix < MinSrix then Brix := MinBrix;
end;
end: {If Crop.Flowered}

{TDM now becomes Total top dry matter, including HDM, exciuding RDM}
Crop.TDM := Crop.SDM + LDM + Crop.HDM;
{Crop.TDM + hdmi - SenescTDMIossi - hdmRespi; }

Crop.LAI := CanopyLAI(GDDI, ki, Soil S1);
it Crop.LAl > Crop.MaxLAI then Crop.MaxLAI ;= Crop.LAT;
LDM := LDM + ldmi - SenesDmDOY;

{Culculates radiation use efficiency}

RadUsedDOY := Crop.Flirunsp * WDayDara. Solar;

TotalRadUsed : = TotalRadUsed + RadUsedDOY

TotalRad := TotalRad + WDayData. Solar;

FracRadUsed := TomlRadUsed /! TotlRad;

if TotaiRadused > 0 then

RadUseEtt : = (Crop. TDM 4+ Crop.RDM + CumhdmResp + TotSenesDml oss)
/ TotalRadUsed; {kg/MJ}

RadUseElt : = RadUseEfT;

{Calculates water use efficiency (DWRatio) from the equation:
AvpDWRatio = Total dry matter produced * avg VPD/Transpiration,
which is derived from:

dmiw := Soil. ActualTrsp ¥ CrapData. DWR / WDayData. VPD}

ToalVPD = TotalVPD -+ WDayData, VPD;

if Crop.DFE > 0 then AvgVPD := TotalVPD / Crop.DFE;

TotalTrosp = TotalToisp + Soil. ActualTrsp;

If (AvgVPD > (1) and (TomalTmisp > [) then

AvpDWRatio := (Crop.TDM + Crop.RDM + CumbdmResp + TotSenesDmLoss)

* AvpVPD / TotalTmnsp;

{Indicates Stage
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1 = Emerged 1000.00001

2 = Seedling 0100.00001

3 = Flowered 0010.00001

4 = Ripening 0001.00001

5 = CanStructChanged 0000. 10001
6 = LeafGrowthStopped 0000,01001
7 = Senescing 0000.00101

8 = Mature 0000.00011}

stage : = 10000.00001;
If Crop.GDD > CropData. EmDD then
Begin
Stagei : = 1000.00001;
Stage : = Stage + Stagei;

end,
If Crop.GDD > EndSeedlDDfrac * CropDat.FIDD then
Begin
Siagei : = 100,
Stage : = Stage + Stagei;
end;
It Crop.GDD > CropData. FIDD then
Begin
Stagei : = 10;
Stage : = Stage + Stagei;
el
If Crop.GDD > RipeDD then
Begin
Stagei := 1;
Stage : = Stage + Stagei;
end;
If Crop.GDD > (0.7 * RipeDD then
Begin
Stagei := 0.1,
Stage : = Stage + Stapet;
end;
If Crop.GDD > CropData.GpDD then
Begin
Stagei : = 0.01;
Stage : = Siage + Stapei;
end;
If Crop.GDD > CropData. MaxLeafAge then
Begin
Stagei - = 0.001;
Stage : = Stage + Stagei,
end;
If Crop.GDD > CropData.MtDD then
Begin
Stagei : = 0.0001;
Stage : = Stage + Stagei;
end;

end; {if Crop. Emerged and not Crop. Mature}
end; {procedure CropDayStep}

end. {unit _ICrop}



