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Management Summary:
In front of you is the second annual report of the Hydrion-line project. We are excited by the fact that
the project has generated so many positive results that all participating parties have deemed it
necessary to continue the project after the official date that was planned for the Go / No Go decision.
A request for a novel E.E.T. subsidy is being drawn up at this very moment.
The last year has been marked by an intensive co-operation between the different partners. This has
led to several breakthroughs on the technical and scientific level.
• The Hydrion-line has been built as a prototype and is being tested in the Synopta® platform built
by Van Vliet.
• The Hydrion-10 has been tested for a long time in a greenhouse waste-water situation. This has
revealed that the measurement is stable and trustworthy, but it still needs development of a more
reliable reference electrode and a new matrix has been found for stabilizing the ion selective
carrier molecules. This will make the system more stable and allow for longer stand alone usage
with little drift.
• Both Hydrion and Van Vliet have started an EU subsidized project (CRAFT) for the development
of a phosphate and sulfate selective sensor. This shows how the project is proliferating and is a
kernel for new developments.
• The waste water group have developed an Upstream Sludge Bed reactor that can remove Nitrate
(99% efficiency) and Phosphate (90% efficiency) from accumulated waste water. This allows for a
stand alone system that can remove eutrophic substances from the water allowing the water to be
expulsed or treated for recirculation. This can be done on a level that is economically viable for a
greenhouse grower.
• The nutrient experiments with limited supply of nitrogen show that when the limitation is kept
within 80% of what is actually needed, no growth inhibition occurs compared to saturating levels.
On the other hand, quality of the products was enhanced by reallocation of carbon to the fruit in
tomatoes and by diminishing the nitrate content in lettuce heads.
It has become clear that Sodium is a major problem in closed recirculation greenhouses. Results with
polymer filters have shown it to be possible to remove monovalent anions selectively from the
solution. This will be used primarily to solve the problem. Ideally a sodium selective membrane would
solve the problem with a minimum waste. However, up till now no such membranes exist and are not
expected to come into existence for a long time. We know of scientific groups experimenting with
liquid membranes carrying sodium specific chelators. As soon as that research leads to commercially
viable results we will implement that in our system.
Also the research done at IMAG-DLO and the section Agrotechnology and Physics of the
Wageningen Agricultural University has been targeted as complementary to our work. Successful
negotiations have resulted in a collaboration in the next project, which will give a tremendous boost
for the entire project. This has in part been the result of the project leader moving position to become
chair of the department Horticultural Production Chains at the Wageningen Agricultural University.
This also allows for the coupling of two major projects financed by STW (Stichting Technische
Wetenschappen, NWO) with our Hydrion-line project. Both STW projects concern themselves with
quality aspects (one in chrysanthemum and the other in tomato) by manipulating greenhouse control.
The results of these projects can directly be implemented in the greenhouse control as will be
developed by Van Vliet BV, thus making the system more attractive and economically viable for
greenhouse growers.
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As water becomes a scarce resource in the next century and large urban conglomerates continue to
develop, the need for the integrated control and water closed systems will grow. The Netherlands will
function as a technology exporting nation in the area of horticulture through the results of this project.
At the same time it will allow our growers to respond adequately to a fast moving market with
continuously changing demands in an environmentally acceptable fashion.

Prof.dr. O. van Kooten
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Van Vliet-Pijnacker: Process automation; system integration of the
subsystems developed in the different project modules
Summary
In this project module the different subsystems are being integrated into one control system. For this
system integration Van Vliet-Pijnacker is developing a new generation of process automation systems
consisting of Synopta, a software management package with a system integration layer and a generic
user interface, and a new modular hardware platform. During the last 12 months of the project, the
first version of Synopta is implemented and introduced and the development of a new hardware
platform is started.

Introduction
Goal
The goal of the total project is the realisation of a closed cultivation system as is shown in figure 1.
The system consists of different subsystems which are developed in the different project modules.
These subsystems are indicated in figure 1 by the boxes in dashed lines. The project modules are:
An ion-selective sensor module. This module is being developed by Hydrion.
A crop modelling module. This module focuses on the development of sensors to measure
crop status and growth models which can predict growth, transpiration and nutrient uptake of
the crop. This module is being developed by AB-DLO.
A module for waste water cleaning and effluent treatment. This module is being developed by
ATO-DLO.
A module for the dosage of individual nutrients is being developed by Van Vliet-Pijnacker.
The fertiliser systems currently available on the market are based on recipes which determine
fixed relations between the concentrations of the different fertilisers. Real-time control of
individual fertiliser dosage is not possible yet with these systems.
These subsystems are more or less stand-alone systems that need to be integrated in one control
system. The integration of the different subsystems is the goal of this project module. The
development of the fertiliser dosage system is considered as being part of the system integration.

Expected results
The expected result is to provide a fully integrated control system which has user interface
functionality for all subsystems and in which communication and interaction between the different
subsystems is possible. The system should have an 'open' structure to facilitate the incorporation of
new models and subsystems.
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Fig.l. Closed cultivation system

Methods
The system integration will be made possible with the development of a new generation process
automation system. This system is a next step in the development of process control systems at Van
Vliet-Pijnacker as is indicated in figure 2.
The first process computers were stand alone computers (with keyboard and LCD display) which each
controlled a specific process in the greenhouse (fig.2a). When PC technology became available, user
interfaces were developed. In some cases these user interfaces provided some degree of system
integration (fig.2b).
In 1998 Van Vliet introduced Synopta as system integration layer on the existing process computer
range of Van Vliet (fïg.2c). In Synopta a system integration layer is introduced between the user
interface and the separate existing process computers.
The final step will be to integrate the process controllers (fig. 2d). Van Vliet-Pijnacker is developing a
new modular hardware platform for this purpose. In this way a fully integrated and flexible system
will be created.
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Climate

Irrigation

Fertilizer
preparation

Sterilization

Fig. 2a: Stand alone process computers

Fig. 2b: Process computers with (integrated) user interfaces

Fig. 2c: System integration by Synopta

Fig. 2d: Full system integration by Synopta and modular hardware

Results (period march 1998 - march 1999)
Synopta
In May 1998 the first version of Synopta was released. In this version only the climate and substrate
computers were implemented and it did not have the full functionality yet (e.g. no graphs, no tables).
During the year, several updates of the version were released with increasing functionality. The final
end-version of version 1, with full functionality, is scheduled to be released in the second quarter of
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1999. The implementation of the other controllers (fertiliser dosage system, drain sterilisation unit) is
scheduled to be finished in the first quarter of 2000.
The end-version 1 will have functionality to export specific data (settings, measurements) to be used in
other systems. The structure of Synopta is prepared on the implementation of models, as is being
developed in one of the project modules of this EET project.

Fertiliser dosage system
A prototype of a new fertiliser system is being developed. The first version is tested and evaluated at
Van Vliet. At this moment an iteration step is being implemented. In this prototype the dosage is still
based on recipes. The control unit to adapt the recipes in a real time control loop based on the ionselective measurements has to be defined. For this unit we need to co-operate with the fertiliser
supplier who has all the knowledge on the limitations and possibilities of recipe adaptation. The first
contacts are made and execution is planned for the next phase of the project.

Modular hardware platform
The final step to total system integration is the development of a new modular hardware platform for
the process controls. During the last project period we have defined different concepts which are being
studied in a feasibility study. The final concept choice has not been made yet. The real development
and implementation of the new hardware is scheduled to start the second half of 1999. For the
realisation of the closed cultivation system the current process computers can be used in combination
with the Synopta integration layer. The new modular hardware will increase the flexibility and
optimise the possibility to use models for real time control.

Interaction with other participants
During the last year we have had several discussions with participant Hydrion concerning the test set
up and interfacing of the Hydrion-10 module for ion-selective measurements. In co-operation with
participant AB-DLO we have developed and realised a test set-up using existing Van Vliet equipment
for a first test in which the dosage of nitrate is measured and controlled.

Suggestion for further research
The success of a system integration approach is very much dependent on the flexibility of this
approach. It needs to be an 'open' system to facilitate flexible integration of new models and
subsystems. The approach of Synopta in combination with a new modular hardware platform fulfils
this demand. Therefore the further development of Synopta and the implementation of a new hardware
platform will increase the chance on a successful integration of the different sub-systems into one
closed cultivation system.

7

Hydrion B.V. : Online monitor- and steering system for process water in
closed cultivation system in greenhouses.
Evaluation of the action program, March '98 - March '99

In general we can say that the progress in the project is on schedule and no crucial setbacks have
occurred.

Development modular software for operating the measurement unit
Measurement software
Calibration software
Data processing software
Automatic sampling and calibration

ready
ready
ready
in progress

ON-LINE MODULE
Technical design
Building On-line laboratory model
Laboratory tests

ready
in progress
in progress

Phosphate and sulfate electrode
Literature research for the best possibilities to develop these
Project formulation to start the development and reach a
working sensor within the next 2 years

Development new reference electrode

finished
finished

in progress

Project goals for Hydrion
The estimated planning and goals of the project as described in the project proposal are still in reach.
Some setback in the designing of the laboratory on-line model was caused by the fact that the research
for the possibilities to develop phosphate and sulfate electrodes took much more time than expected.
During the test measurements in water resembling the composition of the drain and irrigation water in
greenhouses, it appeared that the life of some of the ISEs was shorter than the estimated 6 months that
was determined in former experiments with fresh water and ground water. This result doesn't affect
the ultimate goal of the project but it is of great importance to check whether it is possible to develop
other types of ISEs that are less affected by high concentrations of salt and by biological agents.

E.E.T. goals
All the estimations of reduction in use of water fertilizer and energy and better quality and quantity of
the produced crops are still in the picture. These goals are also dependent on the progress that the other
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partners in this project will make with their growing models. Competing market developments have
not been seen yet.

Co-operation
The, research for the development of the phosphate and sulfate electrode has led to a co-operation
between Hydrion and the University of Twente, 3T and 2 SMEs in the Netherlands and a electrode
developer in Great Britain.
During the time of the project the portable model of the Hydrion was shown at a symposium of the
Dutch water management institutes.
The portable model of the Hydrion was also tested by the RIVM on accuracy and repeatability of the
measurements.
Report number: RIVM

Recommendations for further investigation and research
Improving the life of (especially) the Cationic ISEs.
Life and costs of the single ISEs make out a significant part of the total price of an on-line module.
Investigation for ISEs that are cheaper to produce and have a long life would result in equipment that
is significantly less expensive especially in maintenance costs. One of the terms to reach this goal is to
make them more resistant to biological agents like fungi and bacteria. Possibilities for sensors with
ion-selective membranes that have a longer life will be investigated and tested in the follow up of the
project.
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ATO-DLO: Water Treatment Module: treatment of waste fluxes
(Department of Microbial Conversions and Department of Fatty Acid and
Membrane Technology)
Abstract
Synthetic tomato greenhouse drainwater was treated by a laboratory scale upflow sludge blanket
(USB) reactor, which was specially developed for the treatment of tomato greenhouse drainwater.
Nitrate removal by biological denitrification is characterized by release of alkalinity and increase of
pH, which leads to calcium carbonate and calcium phosphate precipitation in bacterial biofilms or
aggregates.
The removal efficiency for nitrate is 99% and the removal efficiency for phosphate is 90%. The
maximum nitrate removal capacity was circa 1,0 gram N03"-N per liter reactor per day. Microbial
aggregates with a mean diameter of 0.55 mm were formed in the reactor as a result of the removal of
nitrate and phosphate. The calcium content of the wastewater is an important factor in the removal of
phosphate. A decrease of the calcium concentration of 50% and more has a negative effect on the
removal of phosphate from the wastewater.
After 250 days of operation the process was still stable. The results show that the USB process is a
promising method for treatment of glasshouse wastewater.

Introduction
Dutch greenhouse growers are obliged to invest in environmentally friendly cropping systems. Closed
soilless growing systems may lead to environmentally friendly systems and thus to a sustainable
horticultural sector. Closed growing systems prevent the leaching of chemicals into the environment;
in Dutch situations leaching into ground and surface water. Reuse of drainwater showed savings up to
30% of water and up to 40% of fertilizers in closed systems compared to traditional open systems.
When the sodium content of the drainwater is higher than a certain target value, discharge of
drainwater is still allowed. In these cases the water from a greenhouse system is discharged into the
surface water. The goal of this project is to improve the efficiency of water and nutrients and to
minimize the discharge of nutrients and other pollutants into the surface water.
This report gives a survey of research on development of a wastewater treatment system, which
removes nitrate and phosphate from synthetic tomato greenhouse drainwater. Synthetic wastewater
was treated by an upflow sludge blanket (USB) reactor, which was specially developed for the
treatment of tomato greenhouse drainwater.
The USB (Upflow Sludge Blanket) reactor was initially developed for the anaerobic digestion of
wastewater and is now the most widely applied anaerobic treatment system in Western Europe.
Essentially, the USB consists of an upward flow of substrate through a layer of sludge (biomass)
aggregates. The system selects for well settling sludge aggregates, thus maintaining high biomass
concentrations with good conversion efficiencies. The formation of granulated sludge, which is of
major importance for the achievement of an efficient high rate reactor, depends mainly on the reactor
configuration and the type of substrate used. While USB reactors for methane digestion of wastewater
have been thoroughly studied, not much is known on wastewater denitrification using USB reactors.
Nitrate removal from tomato greenhouse drainwater by biological denitrification in a USB reactor is
characterized by release of alkalinity and increase of pH, which leads to calcium carbonate and
calcium phosphate precipitation in bacterial biofilms or aggregates. The precipitation of these
compounds may produce a suitable environment for formation of new denitrifying granules. The
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calcium content seemed to be a limiting factor for the removal of phosphate in a USB reactor. The
effect of calcium on removal of phosphate was further investigated.

Materials and methods
Two lab scale USB reactors were operated for treatment of synthetic tomato greenhouse wastewater.
After an initial start up, the loading rate was increased until a maximum was reached. The treatment
capacity and efficiency for the removal of nitrate and phosphate were investigated.
The calcium content seemed to be a limiting factor for the removal of phosphate in a USB reactor. The
effect of calcium on removal of phosphate was further investigated.
The reactors had a total volume of 5 liter and an inner diameter of 9.5 cm. Synthetic wastewater was
introduced at the bottom of the reactor, thus forcing the wastewater upward through the sludge bed,
present in the lower part of the reactor. The reactors were equipped in the upper part with a gas-liquid
-solid separator to separate gas and biomass from the treated wastewater.
One reactor was seeded with anaerobic granular sludge from an anaerobic UASB reactor, which treats
industrial wastewater with a significant amount of nitrate. The other reactor was seeded with aerobic
flocculent sludge from an aerobic communal wastewater plant.
Synthetic wastewater was composed to simulate treatment of drainwater from a tomato-producing
greenhouse. The composition of the drainwater is more or less equal to the ideal nutrient
concentrations in the root area of a tomato plant. The synthetic wastewater contained (in mg per liter
tap water): NH4-N, 7; N03"-N, 322; P043"-P, 31; K+, 313; Ca2+, 401; Mg2+, 109; S042", 653;Na+, 186;
CI", 426. Methanol was added to the medium as carbon and energy source (0,8 - 1,2 ml methanol per
liter medium).

Results
Two lab scale USB reactors were operated for treatment of synthetic tomato greenhouse wastewater.
One reactor was seeded with anaerobic granular sludge from an anaerobic UASB reactor, which treats
industrial wastewater with a significant amount of nitrate. The other reactor was seeded with aerobic
flocculent sludge from an aerobic communal wastewater plant. The mode of operation of both reactors
was identical.
After a start up period of circa 30 days the conversion rates of both reactors were more or less the
same. Nitrate was removed for 99% and phosphate was removed for 90%. A grey/yellow coloured
granular type of sludge developed in both reactors. The granules consisted of anorganic crystals and
bacteria mixed together in one aggregate.
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Figure 1. Nitrate loading rate and removal

Figure 2. pH of influent and effluent
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Figure 1 shows the nitrate loading rate and removal of the reactor seeded with granular sludge. The
maximum nitrate removal capacity was circa 1,0 gram NCV-N per liter reactor per day.
Nitrate removal by biological denitrification is characterized by release of alkalinity and an increase of
pH, which allows for calcium carbonate and calcium phosphate precipitation in bacterial biofilms or
aggregates. The precipitation of these compounds may produce a suitable environment for formation
of new denitrifying granules. Figure 2 shows the increase in pH after treatment of the wastewater in
the USB reactor. Elevation of the influent pH was caused by replacing demineralized water by
tapwater as water source for medium preparation (the pH of tapwater is higher than the pH of demimineralized water). The effluent pH was not influenced by changes in influent pH or by changes in the
nitrate removal capacity.
The phosphate concentrations of the influent and effluent of the USB reactor seeded with granular
sludge are shown in figure 3.
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Figure 3. Phosphate removal
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Figure 3 shows that circa 90% of the phosphate-phosphor is removed from the wastewater. The final
effluent concentrations are between 2 and 5 mg P/L. Increasing of the loading rate does not have any
effect on the P-removal efficiency.
The size distribution of the aggregates was determined by image analysis after 180 days of operation.
Most of the aggregates from the reactors were spherical with an irregular surface. A typical size
distribution of the aggregates is given in figure 4. The size distribution of aggregates formed in the
reactor seeded with granular sludge was more or less the same as the size distribution of aggregates
formed in the reactor seeded with flocculent aerobic sludge. The diameter of the aggregates was in the
range of about 0.2 - 1.5 mm with a mean diameter of 0.55 mm.
After 250 days of operation at a loading rate of circa 0,5 gram NO3 -N per liter reactor per day, the
process was still stable. The removal efficiency for nitrate was 99% and the phosphate removal was
still 90%. These results show that removal of nitrate and phosphate from synthetic tomato greenhouse
wastewater in a USB reactor is a stable process with a good removal efficiency.
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AB-DLO and ATO-DLO: Plant physiology module
Content
Summary
1. Introduction
2. Methodology
3. On-line measurement of photosynthesis
3.1. Estimation of the instantaneous rate of C02 fixation by leaves.
3.2. Estimation of the capacity, or the light-saturated rate of C02 fixation.
3.3. Verification that the relationships obtained with growth room plants are valid for plants
grown under sinusoidal light regimes
3.4. Conclusions
4. On-line measurement of leaf area index and light interception
5. On-line measurement of growth and transpiration
6. Interaction between irradiance and nitrogen supply
6.1. Interactive effects of irradiance and nitrogen supply in lettuce
6.2. Interactive effects of irradiance and nitrogen supply in tomato
6.3. Adaptation of growth and nitrogen uptake to light intensity in tomato
7. Effects of irradiance and leaf age on leaf photosynthetic properties in tomato
8. Method of supplying nitrogen in relation to the plant's demand
9. Installation of fertigation system in experimental greenhouse
10. Simulation model for crop growth, water use and nutrient demand and uptake
11. Conclusions
12. Further research
Co-operation
Knowledge transfer

Summary
This module focuses on the development of sensors to measure crop status and growth models which
can predict growth, transpiration and nutrient uptake of the crop. The aim is an on-line monitoring and
controlling system for crop growth, water use and nutrient use in glasshouse crops. This system will
enable an optimal use of resources and minimizing environmental pollution by nutrients, with an
optimal growth of the crop and product quality.
We have developed several techniques that appeared to be very useful for non-invasive on-line
measurement of different aspects of crop status. We have shown that a chlorophyll fluorescence
technique is a reliable technique for the estimation of the instantaneous rate of C02 fixation by tomato
leaves, independent of leaf age and growth conditions. This technique can now be used to supply C02
fixation data to the piant growth model. In addition to estimating the instantaneous rate of C02
fixation, we also planned to use a light-induced absorbance change measurement as a method for
predicting the light saturated rate of C02 fixation, and thus the C02 fixation/irradiance response. This
goal has been substantially met, but some further development is required to improve the accuracy of
method, especially at low light-saturated rates of C02 fixation. The experiments carried out in pursuit
of the goal of estimating the light-saturated rate of C02 fixation also revealed another possible
technique for estimating the instantaneous rate of C02 fixation.
Near infrared reflection has shown to be a good indicator for leaf area index, although relationships
should also be tested under summer conditions. Electronic balances underneath the plants seem to be a
useful tool to monitor transpiration as well as crop growth. For estimation of crop growth this method
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can only be applied for tomatoes until they have reached the high-wire. For the later stages of growth,
load transducers should be tested.
There is a marked interaction between nitrogen supply and irradiance. The morphological and
physiological adaptations of the plant that explain this interaction are quantified, which is important to
be able to supply nitrogen in proportion to the demand of the plant. A novel method to supply plants
with nitrogen according to their demand has been developed for tomato and lettuce. This method
which can greatly reduce nitrogen pollution and improve product quality works also very well under
varying climate conditions in a greenhouse for tomato and lettuce plants grown on aerated nutrient
solution. The implementation of the method for use on artificial substrates has to be tested further.
The developed prototype crop models are able to predict growth, transpiration and nutrient demand
and uptake of tomato and lettuce crops. The models show some very interesting patterns in nutrient
uptake concentrations of the plants, which patterns should be accounted for when nutrient supply is
optimized. As these models have a generic structure they could easily be adapted to other crops.

1. Introduction
In glasshouse horticulture, nutrients are supplied at high rates and in a constant mixture together with
the water to maintain a constant EC (total salt concentration) of the nutrient solution. However, the
relative demand of the crop for water and the different nutrients may vary dynamically with the
greenhouse climate and cultural measures. As long as water and nutrients are not dynamically adapted
to the plant's demand, a complete re-use of the nutrient solution without pollution is not possible.
Novel strategies to supply water and nutrients to the plant are needed to prevent pollution by nutrients,
to minimize water use as well as to improve crop productivity. In these strategies supply of the
different nutrients and water should be dynamically adapted to the demand of the crop,.
This module focuses on the development of sensors to measure crop status and growth models which
can predict growth, transpiration and nutrient uptake of the crop. The aim is an on-line monitoring and
controlling system for crop growth, water use and nutrient use in glasshouse crops. This system will
enable an optimal use of resources and minimizing environmental pollution by nutrients, with an
optimal growth of the crop and product quality.

2. Methodology
This module focuses on the development of plant growth models and of sensors to measure crop status
on-line. For this aim, experiments with lettuce and tomato are carried out in the laboratory, growth
chambers, experimental greenhouses and at a commercial farm in order to get detailed quantitative
data and insight in plant behaviour as well as being able to translate this information to and implement
in the horticultural practice.
This research is carried out in a generic way such that the information gained in this project will be
valuable for many crops. This module is carried out by AB-DLO and ATO-DLO. Main tasks of ABDLO are development of simulation models for growth, photosynthesis, transpiration and nutrient
demand, quantification of nutrient demand and crop responses to nutrient supply, new methods of
nutrient supply, and techniques to measure on-line light interception, leaf area or other parameters that
reflect crop size. ATO-DLO is responsible for developing techniques to allow the quasi-continuous
measurement of the instantaneous C02 fixation and the capacity for C02 fixation by plants in a
greenhouse, and the development of instruments to allow these measurements to be made.
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3. On-line measurement of photosynthesis
In this module a plant growth model for growth, photosynthesis, transpiration and nutrient demand and
uptake is developed. On-line estimates of predicted and actual C02 fixation by the canopy will be used
as input in this model. These estimates will be used for fine-tuning of the model and as an early
warning system of plant stress. Conventional techniques for measuring CO2 fixation require that the
leaf be completely enclosed in a gas-tight chamber, that a controlled gas stream be supplied to the
chamber, that the changes in the CO2 concentration produced by the leaf in the gas stream be
measured by an (expensive) gas analyzer, and thus the C02 fixation rate of the leaf be calculated. Such
an approach is completely unsuitable for routine monitoring purposes in a greenhouse, or anywhere
else. Instead we set about developing techniques that would allow C02 fixation parameters to be
estimated from biophysical parameters that could be measured using essentially non-contact
techniques. The equipment required for such an approach is robust, reliable and easy to use: i.e.
suitable for use in a glasshouse. In addition we needed to verify that any technique developed would
be sufficiently accurate in routine use given that the leaves on a plant are of variable age, etc.
Ultimately, therefore, in addition to developing techniques we also needed to generate data-sets that
would demonstrate the validity of the techniques in order to justify their incorporation in an
engineering solution to the nutrient control problem.

3.1 Estimation of the instantaneous rate of C02 fixation by leaves
As described previously, a major goal of our research was to develop and test a non-contact means for
estimating the rate of C02 fixation in tomato leaves. These estimates are necessary for the accurate
operation of the plant-growth model used to predict nutrient demand by the tomato crop. We have
succeeded in achieving this goal; a reliable, non-contact means of estimating C02 fixation has been
developed, and even though this technique works well as currently implemented, we believe that it can
be further improved.
If a non-contact technique is required, the instantaneous rate of C02 fixation is best measured using
chlorophyll fluorescence. The 'Genty method' allows the quantum yield of photosystem II (PSII)
electron transport in leaves to be derived from easily measured changes in the relative fluorescence
yield of chlorophyll following the application of a saturating pulse of light. The product of the
quantum yield for PSII electron transport and the incident irradiance at the time of measurement gives
an index of PSII electron transport, Jpsn. It is termed an 'index' for several reasons. First, the estimate
of the yield of PSII electron transport obtained using chlorophyll fluorescence underestimates the
actual yield of electron transport by a small but unknown amount. Second, the yield that is estimated is
that of the internal efficiency of PSII; it estimates the light-use efficiency of light absorbed by PSII
and does not allow for the fraction of light absorbed by other photosynthetic pigments (those of
photosystem I) or non-photosynthetic pigments (i.e. anthocyanins, phenolics) which are also found in
the leaf. Last, the estimate of the index is made using a measure of incident irradiance, not all of which
is absorbed by the leaf. Nonetheless, though JPSu has some 'built-in' uncertainties, the relationship
between JPSn and C02 fixation obtained from a diverse set of tomato leaves is remarkably consistent
(Fig. 1). The set of leaves used included some with differing ages, grown and measured at different
temperatures, and subjected to progressive nitrogen starvation. It is evident from Figure 1 that the JPSn
and C02 fixation relationships from older or N-starved leaves had a lower constant of proportionality
than did those from younger leaves or leaves without N-starvation. Consistent with their lower
constant of proportionality, the older leaves and those subjected to N-starvation had a lower
chlorophyll content and thus light absorption than did the other leaves. We believe that the correlation
between JPSH and C02 fixation could be further improved by incorporating a correction for leaf light
absorption into the JPSn calculation, something that would be technically simple to do.
A further improvement would be the incorporation of leaf temperature correction into the constant of
proportionality between JPSn and C02 fixation to compensate for its known temperature dependence.
This arises because of the competition between 02 and C02 for the substrate ribulose-l,5-bisphosphate
(rubp) at the active site of the enzyme ribulose-l,5-bisphosphate carboxylase (rubisco). Carbon
dioxide fixation occurs via well characterized mechanisms with defined stoichiometrics, so the
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products of electron transport are used in constant amounts to fix C02, converting it to carbohydrate.
Likewise, oxygen fixation by rubisco and rubp, and the processing of the products thus formed, occurs
via well characterized mechanisms and with fixed stoichiometries. The use of the products of electron
transport per unit C02 fixation is almost the same as per unit O2 fixation. Due to the fixation of both
C02 and O2, the relationship between Jpsn and the rate of C02 fixation depends on the relative
concentrations of C02 and 02 in the plant leaf cells, and the selectivity of rubisco for 02 and C02.
Both of these are temperature dependent, and consequently with increasing leaf temperatures the
amount of C02 fixed per unit electron transport decreases and the amount of 02 fixed per unit electron
increases. This temperature dependence is, however, well characterized and the implied temperature
dependent error in the JPSn/ C02 fixation relationship can be corrected if leaf temperature is measured
or known.

3.2 Estimation of the capacity, or the light-saturated rate of C02 fixation
A second major goal of our research was to explore the usefulness, as an estimate of the light-saturated
rate of C02 fixation, of the decay kinetics of the light-induced absorbance change around 820nm
(AA820) that occurs in leaves following a light-dark transition (i.e. the irradiance is removed with a
half-time of 1 ms or less). This absorbance change is caused by the dark reduction of the lightoxidized fraction of the P700 pool (the reaction centre chlorophyll of photosystem I). Measurements
on individual, healthy leaves from a wide range of species had shown that the rate-constant (which is
pseudo-first order) of this absorbance decay correlates well with the light-saturated rate of C02
fixation. Data obtained from tomato leaves of varying ages, leaves grown and measured at different
temperatures, and subjected to differing degrees of N-starvation shows that the rate constant for the
AAg2o decay (or P700+ pool reduction) kinetics is proportional the light-saturated rate of C02 fixation
for these leaves (Fig. 2), though the relationship differs to that obtained previously from other plants.
As currently implemented there is too much scatter in the relationship between the rate-constant and
the light-saturated rate of C02 fixation to allow it to be used for leaves with a low light-saturated rate;
the uncertainty in the estimate is about 5 pmol m2 s"1. We believe, however, that by combining the rate
constant measurement (a measure of pool turnover speed) with an estimate of leaf chlorophyll content
(a measure of pool size) we will be able to reduce the uncertainty in the relationship. As with the
fluorescence (Jpsn) estimate of instantaneous C02 fixation, a temperature compensation would increase
accuracy further. We will then have a good estimate of the capacity for C02 fixation, usable for a
wider class of tomato plants (though it is hard to imagine conditions where tomato plants would be
cultivated with light-saturated rates of C02 fixation low enough to cause problems with the estimate).
As currently implemented the AA82o kinetic technique requires that the irradiance be removed in 1ms
or less, something which is impractical in a glasshouse using either natural or current forms of
artificial light. Two solutions exist. First, we could make the measurement at night using more
controllable light sources (the measurement would then be used to predict the potential for C02
fixation during the following day) Second, we could build a measuring system which largely obscures
the leaf from natural light. The leaf would then be illuminated by artificial light (from light-emitting
diodes) which tracks the natural light regime exactly and which can be turned off with submicrosecond half-times if required. These options are still under consideration.
While determining the relationship between the kinetics of the AA82o decay and the light-saturated rate
of C02 fixation we also discovered a relationship between another AA820 parameter and the
instantaneous rate of C02 fixation (i.e. not the light-saturated rate). Five seconds after the light-dark
transition used to measure the AA820 kinetic parameter that correlates with the light-saturated rate of
C02 fixation, a short flash of light was directed at the leaf. This flash re-oxidized a fraction of the
completely reduced P700 pool, and the decay kinetics of the oxidized fraction were then calculated
(Fig. 3). Compared to the rate constants measured at the light-dark transition (Fig. 2), the kinetics
measured 5s later were about twice as fast (Fig. 3). This we interpret as being due to the (substantial)
relaxation of a the trans-thylakoid proton potential gradient that exists across the thylakoid membrane.
The bulk of the trans-thylakoid proton potential gradient exists as a pH difference, and the pH within
the thylakoid, which decreases in the light, changes most and is thus the most dynamic component of
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the proton potential. Intrathylakoid pH also acts to control the rate constant for electron transport (i.e.
in Fig. 2), but it does not do this alone: the reduction state of the plastoquinone pool also determines
this rate constant, the more reduced the plastoquinone pool, the higher the rate constant. The rate
constant measured at the light-dark transition is therefore the resultant of two regulating components
which with increasing irradiance normally act in opposite senses. The intrathylakoid pH decreases as
the transthylakoid proton potential increases with increasing irradiance thus tending to retard electron
transport, and the plastoquinone pool becomes more reduced, thus tending to accelerate electron
transport. Five seconds after the light-dark transition the proton potential has largely dissipated and the
retarding action of the intrathylakoid pH has disappeared. All that is left is the accelerating action due
to an increasingly reduced plastoquinol pool. Hence the rate constant measured 5s after the light on-off
transition can be much larger that that measured at the transition, and it is dependent on light intensity.
Notably, it also correlates rather well with the instantaneous rate of C02 fixation.
It is not absolutely clear why this correlation exists, this is still the subject of investigation, but it is
probably due to the role that reduced plastoquinol plays in the establishment of the driving force for
electron transport. The 5 s rate constant could be an indirect measure of plastoquinol redox state, and
thus the driving force, and for a larger rate of • C02 fixation a larger driving would be expected.
Regardless of physiological interpretation, the 5s rate constant could provide another means of
estimating instantaneous rates of C02 fixation though it is not yet as accurate as the JPsn technique.

3.3 Verification that the relationships obtained with growth room plants are valid for plants
grown under sinusoidal light regimes
To ensure reproducibility of results in the establishment of the relationships between the biophysical
parameters (Jpsn, kinetics) and C02 fixation, measurements were made on plants grown in growth
cabinets. In these cabinets the potential to control the daily course of light intensity is, for technical
reasons, poor. The irradiance begins suddenly and ends suddenly, whereas under natural conditions the
irradiance overall increases and decreases gradually. To verify that the growth cabinet results and
conclusions would be applicable to plants grown under natural conditions we built special lightsources to simulate a progressive increase and decrease of irradiance. The daily course of irradiance is
nearly sinusoidal so a sine function was used to control the irradiance form these light-sources.
Measurements made on plants grown under these light sources were identical to those obtained from
growth room plants (results not shown). Figure 4 shows results obtained from plants grown under a
sinusoidal irradiance regimes, one with an 8h and the other with a 16h day, with daily irradiance
integrals of 27.9 mol m"2 in each case. This figure also shows the estimation of a C02 fixation rate
from a JPSn/ C02 fixation curve, and its comparison with the actual C02 fixation rate.

3.4 Conclusions
We believe that we can reliably use the chlorophyll fluorescence technique (based on JPSn/ C02
fixation relationships) to estimate the instantaneous rate of C02 fixation with good accuracy. The
accuracy could be still further improved. The rate constant measured at a light-dark transition can be
used to estimate the maximum, light-saturated rate of C02 fixation, but the accuracy needs to be
improved by correcting for total chlorophyll content of the leaf (not difficult), or possibly by crosscalibration using chlorophyll fluorescence based estimates of the light-saturated rate of C02 fixation.

4. On-line measurement of leaf area index and light interception
Total plant photosynthesis is the major driving force for growth of a crop. In order to calculate plant
photosynthesis a crop model first calculates the leaf area index. From leaf area index the fraction of
light intercepted by the canopy is estimated, which then is used in the calculation of leaf
photosynthesis and finally plant photosynthesis. Any error in light interception may lead to an error in
the simulation of plant photosynthesis and consequently of crop growth and nutrient demand. When or
light interception or leaf area could be measured on-line, these measurements could be used for finetuning of the model as part of the monitoring and control system.

20

In greenhouse experiments, it was first investigated how light interception can be simulated from leaf
area for a head forming crop like lettuce. Secondly, several techniques have been tested for measuring
light interception and leaf area index.
Measurements have quantitatively shown the exponential extinction of radiation with increasing leaf
area index. Hence, the law of Lambert-Beer can be accurately used to predict light interception for a
head forming crop like lettuce.
Soil cover can be easily measured non-destructively by using a digital camera. However, soil cover
can only during the initial growth stages be a measure for light interception. After soil cover had
reached a value of 90%, light interception still increased from 50 to 100%. Near infrared reflectance
measured by a CropSCan appeared to give good predictions of light interception (Fig. 5). Up to a leaf
area index of 4, reflectance measurements provided also a reliable estimate of the leaf area index.
These measurements hold for plants with different morphology as created by growing plants at two
different light levels and different plant densities. As experiments were only performed in fall and
winter, measurements will now also be conducted in summer time in order to be fully sure of the
general validity of the measurement techniques.

5. On-iine measurement of growth arid transpiration
For the measurement of growth and transpiration four electronic balances with a capacity of 60 kg and
an accuracy of 2g were placed in the planting row of a tomato crop in an experimental greenhouse. On
each balance a lm plastic trough, 10cm high and 10cm wide was placed, each containing arockwool
slab with three tomato plants. Instantaneous transpiration rate can be reliably measured as the decrease
in total weight after water supply, provided that no drainage takes place (Fig. 6). Crop growth can be
calculated from daily measurement of total weight about 1 hour after water supply. This method can
only be applied for tomatoes until they have reached the high-wire. For the later stages of growth, load
transducers should be tested.

6. Interaction between irradiance and nitrogen supply
As it is known that irradiance may affect the nitrogen metabolism of the plant, it is important to know
the interactive effects of irradiance and nitrogen supply, as this may have consequences for the
technique of how to supply nitrogen under varying irradiance conditions.

6.1 Interactive effects of irradiance and nitrogen supply in lettuce
In the greenhouse the combined effects of nitrogen nutrition and irradiance levels on the growth of
lettuce under steady state nutrition were studied. Parameters that describe morphological and
physiological adaptation of lettuce to these growth conditions were analysed. Lettuce was grown in
aerated nutrient solutions containing all necessary nutrients except nitrogen. Nitrogen was supplied in
excess and at 100, 85 and 70% of the estimated demand of the plants. Shading the plants created the
low irradiance level.
The effects of nitrogen supply and irradiance on growth showed a marked interaction. The dry matter
production strongly decreased with decreasing nitrogen supply at high irradiance, but only slightly at
low irradiance. Nitrogen showed no effect on radiation use efficiency except for the lowest nitrogen
treatment at high irradiance. Nitrogen effect on growth was mainly mediated by its effect on leaf area
development and hence on light interception. Changes in leaf area were due to effects on specific leaf
area and dry matter partitioning. Dry matter and nitrogen partitioning, nitrate concentration and
nitrogen productivity were closely related to the plant nitrogen concentration and irradiance did not
affect these relationships. Organic nitrogen per leaf area appeared to be adjusted according to the
radiation during growth independently of the nitrogen supply, suggesting priority of nitrogen usage in
photosynthesis. Limited structural growth at low nitrogen supply, was more attributable to the limited
amount of leaf nitrogen for subsequent growth processes other than photosynthesis and to the reduced
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allocation of the carbon to leaf area growth than to any reduction inphotosynthate production. At low
irradiance conditions, reducing nitrogen proportional to the demand of the plant may guarantee to keep
nitrate levels to an acceptable level for human health without a reduction in yield (Fig. 7)

6.2 Interactive effects of irradiance and nitrogen supply in tomato
Like in lettuce, in tomato it was also found that effects of nitrogen supply on plant growth increased
with increasing irradiance (see also annual report 1997-1998). For tomato it appeared that: (1) there is
no effect of nitrogen content on yield of PSII electron flow, and more in general on the photosynthetic
efficiency at low light intensities; (2) the effect of maximum photosynthetic rate is mediated through a
lower carboxylation capacity; (3) at low oxygen the surplus of energy is dissipated via a reduction in
the yield, but at high O2, the surplus of energy is used in the photosynthetic oxidation cycle. Possibly
cyclic flow around photosystem I may be the cause of the reduced PSII electron flow rate.

6.3 Adaptation of growth and nitrogen uptake to light intensity in tomato
For optimization of the nutrient supply it is important to know how and how fast the growth and
nutrient demand responds to changes in above ground climate conditions such as radiation.
Tomato plants initially grown at a light intensity of 200 (imol m"2 s"1 were grown during 30 days at
different light intensities (200 or 120 |u.mol m"2 s"1). Shoot growth and nitrate uptake were measured
on-line. After the light level was reduced, shoot growth decreased immediately and initially also
nitrogen.uptake per unit shoot growth decreased. After about 20 days the low light plants adapted their
nitrogen content that became equal to high light plants (Fig. 8). This experiment clearly showed the
importance of considering time constants of plant processes, when supplying nitrogen in proportion to
their demand.

7. Effects of irradiance and leaf age on leaf photosynthetic properties in tomato
Leaves of different age, and consequently, different position within a canopy, differ in photosynthetic
properties. In a canopy an increase in leaf age will be accompanied with a change in the level and the
quality of the irradiance. Therefore, it is not directly possible to attribute changes in photosynthetic
properties to changes in leaf age or to changes in irradiance. For the development of a generic
mechanistic model of crop growth it is important to be able to distinguish between age andirradiance
effects. Therefore, an experiment was set up to separate these effects by comparing ageing leaves that
received different amounts of irradiance. Measurements on photosynthetic properties of the leaves
were performed in the Wageningen Phytolab. Both age and irradiance had a profound effect on
photosynthetic properties of the leaves.

8. Method of supplying nitrogen in relation to plant's demand
Nowadays in glasshouse horticulture all nutrients are supplied together with the water at high
concentrations. The supply is far in excess to what the plants take up. Growers prefer this procedure as
it gives them an insurance against possible nutrient shortages, which might lead to yield reductions. At
the same time this procedure leads to environmental pollution by high quantities of water and
nutrients.
In the first year of this project a preliminary method has been developed to supply individual plants
with nitrogen according to their demand. Key characteristic of this novel method is that nutrient
supply is not coupled to the water supply of the crop, but that nutrient supply is continuously
proportional to the demand of the crop. The demand of the plant for nitrogen depends on the potential
growth of the different plant parts. Furthermore, in contrast to common practice, nitrogen
concentration in the root zone is not maintained at a high concentration, but in the morning nitrogen is
supplied in proportion to the plant's demand for that day while at the end of the day all nitrogen has
been removed by the plant from the root zone. This method has been worked out for tomato and
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lettuce, two species showing a completely different growth strategy. First the method was worked out
under constant climate conditions in growth chambers. Here we have shown that N supply can be
reduced down to 70% of the plants' demand without reduction in plant growth. A reduction in N
supply could even increase product quality: in tomato the partitioning of sugars into the fruits
increased at the expense of the leaves, while in lettuce the nitrate content, which might be a hazard to
human health, substantially decreased.
Now we have shown that also under varying climate conditions in a greenhouse this method of
nitrogen supply, which can greatly reduce nitrogen pollution, works very well for tomato and lettuce
plants grown on aerated nutrient solution (Fig. 9). For tomato only when the nitrogen supply was
reduced to 60% of the plants' demand, growth was substantially reduced. This was caused by a
reduction of leaf photosynthesis and leaf area. For lettuce under high light conditions nitrogen supply
should not be reduced substantially below the plants' demand, because then growth decreases. Under
low light / winter conditions when nitrate content of lettuce can be problematic, nitrogen supply can be
reduced substantially below the plant's demand without growth reduction, while it improves the
lettuce quality by reducing the nitrate content. More details about interaction between nitrogen supply
and light level is discussed in Chapter 6.1.
The next step in development of this nutrient supply method is to use it for greenhouse grown plants
with an almost standard irrigation system and rockwool system (see Chapter 9).

9. Installation of fertigation system in experimental greenhouse
In co-operation with Technische Handels Maatschappij Van Vliet Pijnacker (mr.J.Kemmers) a Van
Vliet nutrient and water supply system GPS 5300 is installed in a glasshouse compartment at ABDLO. The system includes 3 units allowing independent supply of nutrients and water to different
groups of plants within one crop. Besides the conventional regulation of the nutrient solution on basis
of concentration (EC) and pH, the operating system of one unit is modified for the regulation of the
nitrate concentration in the recirculating nutrient solution apart from EC and pH. Use is made of
specific nitrate electrodes in supply and drain. Special calibration procedures are developed for use
with the GPS5300.
In co-operation with Van Vliet improvements are implemented into this experimental system and
measurements are carried out about time constants of the changes in concentrations in the root
environment of the tomato plants resulting from changes in supply concentration. Although initially
there were quite some problems relating to dimensions of the system, time constants of the supply
system and integration of the nitrogen control into the system and still some problems have to be
solved. The results so far are promising with respect to implementing novel N-supply techniques into
conventional growing systems.

10. Simulation model for crop growth, water use and nutrient demand and
uptake
Based on data from the literature and experiments from previous years and this project combined with
some existing modules for both tomato and lettuce, prototype models for growth, transpiration,
nutrient demand and nutrient uptake have been developed. The main calculation steps of the model
include light transmission by the greenhouse, light interception by the leaves, leaf photosynthesis and
transpiration, respiration, canopy photosynthesis and transpiration, dry matter partitioning among
leaves, stems, roots and fruits, leaf area increase, nutrient demand of the different organs and nutrient
uptake. The model needs hourly data of radiation, C02 concentration, temperature and air humidity
and daily data on concentration of the different nutrients in the nutrient solution as input parameters.
Main output data of the model are hourly values of photosynthesis and transpiration and daily values
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of growth of the fruits, growth of the vegetative parts and demand and uptake of nutrients (nitrogen,
phosphorus, potassium, sulphur, calcium, magnesium).
As part of the crop model, a module has also been developed to evaluate the optimisation of the
nitrogen distribution in different plant parts. The module consists of algorithms that are based on light
distribution in the canopy and on photosynthesis processes; electron transport rate and CO2 binding to
Rubisco. Photosynthesis is described by two rate-limiting processes, i.e. the production of reducing
equivalents in the electron-transport chain and the rate of carbon fixation in the Calvin cycle. At low
light, the electron-transport rate, equivalent to energy delivery is limiting. Both processes require
nitrogen components. The nitrogen status of the pigments and enzymes is however not a constant.
Fluctuations due to changing light conditions and due to development of leaves are contributing to the
dynamics of growth. At low light conditions the nitrogen requirements are different than under high
light. Also temperature and C02 concentration are of importance.
Dry weight and transpiration of a tomato crop in an experimental glasshouse were well simulated by
the model (Fig. 10). Now validation of the model against data collected in 1998 from a commercial
tomato grower is being under investigation. An example of an interesting simulation result is the
strong daily fluctuation of the concentration with which nutrients are taken up by the plant (uptake
concentration: nutrient uptake divided by water uptake), while growers usually supply nutrients and
water in a constant ratio (Fig. 11). Furthermore, the model clearly shows how the uptake concentration
in the plant depends on climatic conditions like radiation and air humidity. Figure 12 shows the
response of a simultaneous increase in radiation and vapour pressure deficit of the air (these two
climatic parameters often increase simultaneously in a greenhouse) on the uptake concentration. As
long as the nutrient supply is not adapted to the demanded intake concentration, pollution by nutrients
cannot be prevented.

11. Conclusions
We have shown that several aspects of crop status can be measured non-invasively and on-line, i.e.
instantaneous rate of C02 fixation, the capacity of C02 fixation (maximum light-saturated rate of C02
fixation), leaf area index, light interception by a canopy, crop transpiration and crop growth. These
aspects all are important parameters or variables of the developed crop model and therefore allows
easy combination of sensor and model.
The developed prototype crop models are able to predict growth, transpiration and nutrient demand
and uptake of tomato and lettuce crops. As these models have a generic structure they could easily be
adapted to other crops.
A novel method to supply plants with nitrogen according to their demand has been developed for
tomato and lettuce. This method which can greatly reduce nitrogen pollution and improve product
quality works also very well under varying climate conditions in a greenhouse for tomato and lettuce
plants grown on aerated nutrient solution. The implementation of the method for use on artificial
substrates has to be tested further.
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12. Further research
Part of the suggestions for further research, as mentioned below, will be carried out during the final
half-year of the first phase of the project and some suggestions are planned to be carried out during the
second phase of this project (after the go/no go evaluation).

12.1 Sensors for measuring crop status
The estimate of the instantaneous rate of C02 fixation derived from JPsn needs to be tested under
glasshouse conditions. The possibility of improving the estimate of the instantaneous rate of CO2
fixation by correcting for leaf absorption needs to be investigated. The correction of the dark-light rate
constant for total chlorophyll content, so increasing its accuracy, as well as the different approaches to
using the rate constant technique in a glasshouse need to be investigated. The technique to estimate
light interception and leaf area from near infrared reflectance has to be tested on a summer crop to be
fully sure of the general validity of the technique. Moreover, reflectance measurements may be used as
a sensor for nitrogen status of the crop. The on-line measurement of plant growth needs further
development including tests of load transducers for use in old tomato crops (after the crop has reached
the high-wire). Finally the prototype equipment so far developed, has to be adapted into user-friendly
robust sensors.

12.2 Nutrient supply
Effects of composition of the nutrient solution on uptake of the individual nutrients (in particular of the cations)
need to be quantified. Transport processes in the substrate (root zone) needs quantification. The different
processes and control systems seem to have strongly different time constants. These time constants need further
quantification.

12.3 Crop model
The crop models need to be further calibrated and validated. Especially the simulation of leaf area
development and time constants of adaptation processes needs elaboration.

12.4 Integration
The different systems for the measurements of crop status, models and the nutrition control system
needs to be integrated. Self-learning capacities of the system needs special attention. The use of the
developed methods and techniques to other crops needs also attention.

12.5 Final test and demonstration
Finally testing and demonstration of the integrated system under semi-commercial conditions is
required.

Co-operation
Every fortnight the partners of this module from AB-DLO and ATO-DLO had a meeting where results
of the research and plans for new studies were discussed.
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Fig 1. The relationship between the product of : Psn and irradiance (Jpsn) and the rate of CO2 fixation
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leaves of tomato measured and grown under a range of conditions.
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Fig. 6. Transpiration of a tomato crop in a glasshouse during three days with different climatic
conditions
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Fig. 7. Relationship between nitrate content of a lettuce head and its fresh weight when plants were
grown at high (open symbol) or low irradiance (closed symbol). Nitrogen was supplied in excess, or at
100, 85 and 70 % of the plant's demand.

Fig. 8. Adaptation of the relative nitrogen uptake (uptake per gram of growth) of tomato plants to
irradiance level. Plants were grown continuously at high irradiance (open symbols)or were transferred
at day 0 to low irradiance (closed symbols)
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Fig. 9 Time course of nitrogen supply and plant fresh weight for tomato plants grown in a
greenhouse. Nitrogen was supplied daily according to 60 , 80 or 100% of the plants' demand or
as in standard practice nitrogen was supplied in excess. 'Excess' plants were continuously
supplied with 12 mM N03 in the nutrient solution. Even at 80% N supply, which N input is
below the standard no growth reduction was observed.
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Fig. 10. Simulated (lines) and measured (symbols) plant dry weight and cumulative transpiration
of a tomato crop in a greenhouse.
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Fig. 11. Simulated daily and weekly fluctuations in nitrogen uptake concentration (concentration
with which nitrogen is taken up) by the tomato plants in a glasshouse
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Fig. 12. The effect of irradiance on the nitrogen uptake concentration (concentration with which
nitrogen is taken up) by the tomato plants, when vapour pressure deficit of the glasshouse air
increases concomitantly with an increase in irradiance.

