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ABSTRACT 

Balancing plant growth between vegetative and reproductive status is crucial for 

producing high quality greenhouse tomatoes while maintaining high productivity in long 

crop production seasons.  In the tomato industry, certain plant morphological 

characteristics are used to classify plant growth status as vegetative, reproductive or 

balanced.  Each growth status has been associated with distinct greenhouse environments 

which reduce or enhance transpiration.  

The effect of different transpiration on vegetative, reproductive or balanced plant 

growth status as defined by a set of plant morphological characteristics was investigated.  

To validate the practical significance of such classification, growth status was quantified 

as the relationship between variations in morphological characteristics and the fresh 

weight distributed between reproductive and vegetative organs.  

Two electrical conductivity (EC) levels of the nutrient solution, high and standard 

EC, were combined with two potential transpiration environments, low and high potential 

transpiration.  All treatment combinations were contrasted with a reference greenhouse 

environment similar to the industry standard. 

Electrical conductivity had the greatest effect on morphological characteristics 

which were reduced in size with high EC.  For each EC level, the response decreased for 

increasing potential transpiration.  Stem diameter had the greatest sensitivity to the 

different treatment combinations.  For the standard EC and for the range of potential 

transpirations achieved, stem diameter varied within a relatively narrow range, close to 

the industry standard ‘threshold’ used to classify a balanced tomato plant.  A reproductive 
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plant growth status, as evaluated by a smaller value than this threshold, was observed 

only with high EC.  No vegetative plants were produced within any potential 

transpiration or EC treatment combination.    

High EC decreased the cumulative total fresh weight production by the same 

magnitude for all potential transpirations.  Potential transpiration had a minimal effect on 

the total fresh weight production or on its components.  As a result, the fresh weight ratio 

between reproductive and vegetative plant organs was similar for most potential 

transpiration environments, regardless of variations in stem diameter.  Therefore, within 

the range of potential transpiration environments achieved, the distinction between 

vegetative and reproductive growth status as an indicator of fresh weight distribution and 

fruit yields could not be quantitatively validated.  

 

 

 

 

 

 

 

 

 

Key words: vegetative, reproductive, balance, growth status, transpiration, electrical 

conductivity, vapor pressure deficit, water potential, osmotic adjustment. 
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1. INTRODUCTION 

 
With a rapidly evolving global market competition in the production of fresh 

vegetables, it becomes increasingly important for growers to obtain consistently high 

yield products with high quality and flavor to maintain consumer satisfaction and sales 

year round.  One of the most important advantages of greenhouse production is the 

potential ability to control the environmental conditions throughout the entire life of the 

crop both at the canopy and root level.  This in turn contributes to increased yields and 

fruit quality. 

Greenhouse tomato production is a highly intensive production system usually 

associated with cultivars suitable for significantly higher plant densities, and year round 

production.  Higher plant densities in addition to an extended crop growing season result 

in significant increases in fruit production per unit area by as much as 10 times compared 

to field production.  Increased control over greenhouse environmental conditions leads to 

greater product quality and consistency throughout the year.  Furthermore, tomato 

greenhouse production is generally associated with hydroponics which is the most 

intensive system for plant production providing greater control over the root system, and 

complementing the control over the aerial part of the plant provided by the controlled 

environment greenhouse.  The use of hydroponic irrigation in closed systems has and 

additional benefit of increased irrigation water use efficiency and reduced environmental 

impact resulting from discharge of irrigation water from the greenhouse. 
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As in any economic enterprise, consistent increases in productivity, product 

quality, and production efficiency lead to increasing competitive advantage in the open 

global market.  From a socio-economic point of view, these production systems allow 

usage of marginal agricultural land for production of high value specialty crops with high 

return on investment.  Simultaneously greenhouse business affects population stability by 

providing year round jobs and careers which are non-seasonal and create new vocational 

skills, leading to improved local social development. 

However, to obtain a reasonable level of independence from outside climate 

conditions the initial capital investment of greenhouse facilities is significantly higher 

than field production.  Furthermore, tomato plant growth is a complex phenomenon and 

thus a high level of technical knowledge is required for greenhouse tomato production. 

Knowledge about control systems is also necessary.  Thus, in order to fully benefit from 

the productivity of greenhouse production systems an enhanced set of skills is required 

from traditional field growers. 

There are many different cultivars of tomatoes produced within greenhouses in 

North America.  These range from large beefsteak tomatoes to small cherry and grape 

tomato types, from individual (plum) to cluster, from red to yellow color, and with high 

sugar content to acid in flavor.  They can be packaged in net bags, plastic shell containers, 

or single layered flat boxes, and shipped many thousands of miles by truck, across 

Mexican and Canadian borders as well as within North America. 

Different levels of greenhouse technology provide different levels of 

independence from the outside climate conditions for crops grown within the greenhouse. 
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Levels of technology are directly related with the greenhouse structure or frame, glazing 

material, environmental control such as the type of cooling and heating systems, and root 

zone media (soil or soilless), and the ability to control this environment separate from the 

top part of the plant.  

Greenhouse technology levels have been classified as low, medium or high, and 

range from simple to more complex systems.  With increasing levels of technology are 

associated increasingly high investment costs, but also a greater degree of environmental 

control, independence from outside climate conditions, complexity of operation, and 

extended production season (Costa et al., 2005).  Under proper management, greenhouse 

production systems can provide increased yields and fruit quality at all levels of 

technology (up to 85 kg m-2 per year in high level greenhouse compared to 12 kg m-2 per 

year in field production).  

Even at the highest technological level the greenhouse environment is not as fully 

contained and completely controlled as that of growth chambers.  This is due to the fact 

that a greenhouse system is still affected by varying daily and seasonal outside 

environmental conditions, especially with respect to solar radiation levels and consequent 

heat load as well as day length.  As radiation changes throughout the crop season, the 

ventilation rate necessary to maintain air temperature also increases.  Furthermore, as 

tomato plants develop from the juvenile to the production stage the environmental 

requirements for optimum growth and fruit production also change.  Thus, for any level 

of control over the greenhouse environment, the plant requirements for optimum growth 

and fruit production are changing as the plant develops and must be modified differently 
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as the season changes.  These growth requirements cannot be immediately provided by 

the environmental control systems without proper selection of the systems and proper 

understanding of their operation.  The time lag between changing growth requirements 

and the time response capacity of the environmental control systems leads to changes in 

plant growth throughout the year.   

In long crop production systems such as greenhouse tomatoes, one of the 

consequences of changes in plant growth is the tomato plant tendency to cycle between 

vegetative and reproductive growth status.  A reproductive plant status refers to a 

developmental trend characterized by a predominance of flowers and fruits on the plant 

in proportion to the amount of vegetative parts available to support long term 

simultaneous plant and fruit development.  Thus, an overly reproductive plant will have a 

peak of fruit production that is not sustainable through time.  A vegetative plant growth 

status refers to the exact opposite trend, with a predominance of vegetative parts such as 

stems and leaves, and too few flowers and fruits.  Thus, an overly vegetative plant will 

not produce much fruit in the short term.  

Both vegetative and reproductive growth status are assumed to be symptomatic of 

non-balanced plant growth whose result will lead to reduced yields either in the short or 

long term.  Traditionally, vegetative or reproductive growth has been associated with a 

set of plant morphological characteristics, which have been used as growth status 

indicators.  The most common growth status indicators include stem diameter, stem 

elongation, number of internodes between trusses, shape of the flowers, distance between 

youngest flower truss and apical meristem, among many others.  Commercial tomato 
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growers monitor these plant morphological characteristics and compare them to an 

empirically accepted threshold value in order to assess crop growth status and vigor, and 

even project future yields.  This approach by the grower has been highly successful.  

Experienced growers have evidence that a specific set of environmental 

conditions inside the greenhouse can modify these key morphological characteristics 

towards a specific plant growth status.  However, no study has ever quantified the 

relationship between such environmental conditions and corresponding effect on tomato 

plant morphological responses.  Furthermore, no study was ever performed on the 

relationship between a set of key plant morphological characteristics and fruit production.  

The objective of this study (see section 1.4.) was to evaluate if, 1) greenhouse 

environmental conditions have a significant effect on vegetative and reproductive growth 

status as defined by plant morphological characteristics, 2) plant characteristic-based 

growth status correlates with fresh and dry matter production and distribution between 

vegetative and reproductive plant parts. 

The approach was based on the hypothesis (see section 1.3.) that whole plant 

fresh weight production and distribution is dynamically regulated by environmental 

factors that affects potential transpiration.  The hypothesis was based upon a 

comprehensive body of evidence, which demonstrated that transpiration rate has a direct 

impact on plant water status.  

The approach was to quantify a pre-selected set of plant morphological 

characteristics often used by growers as indicators of plant growth status, and monitor 

total plant and fruit fresh weight production, under three different potential transpiration 
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environments (ET0). Each ET0 was evaluated at two root zone salinity levels 

characterized by the electrical conductivity (EC, dS m-1) of the nutrient solution, high EC 

(EC 8.0) and a standard EC (EC 2.5), for a total of six potential transpiration (ET0) and 

EC treatment combinations.  Fruit quality was also monitored on a regular basis.  

The different potential transpiration (ET0) regimes were created by a combination 

of vapor pressure deficit (VPD) and day and night air temperature differences (DIF). 

VPD was the major environmental factor affecting potential transpiration.  DIF 

contribution was mostly due to the daytime air temperature.  DIF was used to maintain a 

similar average 24 hour air temperature with a high and a low daytime air temperature.  

A high potential transpiration (HET0) was achieved by a combination of high 

VPD and high daytime air temperature. Similarly, a low potential transpiration (LET0) 

was achieved by a combination of low VPD and low daytime air temperature.  

The plant morphological characteristics selected as indicators of plant growth 

status were stem diameter measured 15 cm below apical meristem, stem elongation, 

length of internode 5, and distance between youngest open flower and apical meristem. 

There are no studies rigorously quantifying plant morphological changes 

traditionally associated with reproductive or vegetative plant growth status with specific 

environmental conditions.  Furthermore, there are no studies linking the environment-

driven changes in morphological characteristics to cumulative fresh weight production, or 

fresh weight distribution between vegetative and reproductive plant parts.  Therefore, this 

approach was unique since it was the first time a comprehensive set of morphological 

characteristics were monitored throughout a long growing period, under six different 
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environmental conditions, and the relations between (what has been perceived until now 

as) a vegetative or reproductive plant growth status, and total fresh weight production and 

distribution.  Another unique aspect of this project was that during the growth of the 

plants, the environmental conditions provided to the plant, were switched between the 

two treatment compartments after significant differences on some plant characteristics 

were observed.  This was done to establish if changing environmental conditions could 

correct ‘out-of-balance plants’, and steer them towards a balanced growth status.  A 

balanced growth status has been broadly characterized by stem thickness of 1 cm at a 

location 15 cm below the apical meristem, as well as other morphological characteristics 

(Portree, 1996; Peet and Welles, 2005).  

 

The conclusions from this study are summarized below:   

• Plant morphological characteristics were significantly and measurably 

affected by environmental conditions that affect transpiration.  Electrical 

conductivity (EC) was the factor with the greatest effect on all plant 

morphological characteristics monitored, while the effect of potential 

transpiration was EC-dependent in most cases.  

• The most sensitive plant characteristic to the environmental conditions 

provided was the stem diameter at 15 cm from apical meristem (SD15). 

SD15 was reduced with high EC.  For each EC level of the nutrient 

solution, SD15 was reduced with increased potential transpiration and 

increased with reduce potential transpiration. 
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• There was no difference in the ratio between fresh weight distributed to 

fruits and to vegetative parts for most of the potential transpiration (ET0) 

treatments. 

• The Control environment of the experiments with the standard EC of 2.5 

dS m-1 was the most effective treatment combination in enhancing plant 

vigor while maintaining high fresh weight distribution to fruits.  

Therefore, the industry standard environmental conditions were the most 

appropriate for sustainable tomato production in long crop seasons. 

 

The growers were correct in that certain environmental conditions determined the 

magnitude and direction (toward vegetative or toward reproductive status) of plant 

morphological characteristics.  Despite variations in morphological characteristics, fresh 

weight distribution between reproductive and vegetative plant parts was not significantly 

different between vegetative or reproductive growth environments.  Therefore, 

measurable variations in plant morphological characteristics cannot be used as the sole 

indicator for fresh weight partitioning between reproductive and vegetative plant parts.   

Further studies from different seasons, and with a wider range of environmental 

conditions that affect transpiration, would be necessary to evaluate fresh and dry weight 

(biomass) distribution between reproductive and vegetative parts to validate the existence 

or non-existence of direct relationships between vegetative and reproductive plant growth 

status concept as defined by SD15 and the actual biomass distribution towards vegetative 

or reproductive plant organs. 
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1.1. Background information 

1.1.1. Terminology 

Humidity in the air can be quantified in different ways: 1) as a mass of water per 

unit volume or unit mass of air (kg m-3 dry air), or 2) as the partial pressure of water 

vapor in the air (ea, kPa).  At any given temperature, there is a maximum or saturated 

water vapor pressure (es, kPa) which is a function of air temperature. The difference 

between the saturated value (es) and the actual vapor pressure value (ea) is the vapor 

pressure deficit (VPD = es – ea, kPa). Within the ranges of air temperature used in 

greenhouses (10 to 30 ˚C), VPD normally varies between 0.0 and 2.5 kPa, most of the 

time being below 1.0 kPa inside the greenhouse. 

For calculating fluxes of water into and out of the greenhouse, the use of mass 

units (kgH2O mair
-3 or kgH2O kg air 

-1) to express humidity is required.  However, when 

considering plant responses to humidity, VPD is the most useful of the various humidity 

measures because of its relation with transpiration from the leaf.  VPD is directly related 

with the drying power of the air, and unlike relative humidity, its independent from air 

temperature.  

Humidity of the air can also be measured as a proportion of saturation value , 

which is the relative humidity (RH) and it is usually expressed as a percentage (RH = 

ea/es × 100%). RH is widely used in commercial horticultural practice. However, its 

value is of limited importance because it is not directly related with the drying power of 

the air given its dependence on air temperature. An additional advantage of the vapor 

 



 27

pressure deficit (VPD) is that it is a more sensitive indicator of the water vapor conditions 

and varies over a wider range with temperature change than relative humidity. 

Transpiration is the evaporation of water from aerial parts of plants, especially 

leaves but also stems, flowers and fruits.  Transpiration is a side effect of the plant 

needing to open its stomata in order to obtain carbon dioxide gas from the surrounding air 

for photosynthesis, and to evolve oxygen.  Transpiration also transfers heat by 

evaporation and cools the plant and it enables mass flow of water soluble mineral 

nutrients from roots to shoots.  Mass flow is caused by the decrease in hydrostatic (water) 

pressure in the upper parts of the plants due to the diffusion of water out of stomata into 

the atmosphere.  Water is absorbed at the roots by osmosis, and any dissolved mineral 

nutrients travel with it through the xylem. 

The rate of transpiration is directly related to whether the stomata are open or 

closed.  The amount of water transpired by a plant leaf depends on size and density of 

leaf stomata, as well as the microclimate radiation intensity, temperature, VPD, wind 

speed, and root water supply.  The reason that an increase in temperature will cause an 

increase in transpiration rate is because it increases saturated vapor pressure (es) , thus 

increasing the difference between saturated vapor pressure (es) and actual vapor pressure 

(ea). This results in increased vapor pressure deficit (VPD) which causes more water to 

evaporate from the cell walls inside the leaf to the surrounding air.  When more water is 

evaporated, the water potential gradient between the leaf interior and the outside air 

increases causing water to leave the leaf more quickly, thereby increasing the 

transpiration rate. 

 

http://www.answers.com/topic/evaporation
http://www.answers.com/topic/water
http://www.answers.com/topic/plant
http://www.answers.com/topic/leaf
http://www.answers.com/topic/stem-5
http://www.answers.com/topic/flower
http://www.answers.com/topic/fruit
http://www.answers.com/topic/stoma
http://www.answers.com/topic/carbon-dioxide
http://www.answers.com/topic/photosynthesis
http://www.answers.com/topic/mass-flow
http://www.answers.com/topic/plant-nutrition
http://www.answers.com/topic/plant-nutrition
http://www.answers.com/topic/root
http://www.answers.com/topic/shoot
http://www.answers.com/topic/diffusion
http://www.answers.com/topic/stoma
http://www.answers.com/topic/upper-atmosphere
http://www.answers.com/topic/osmosis
http://www.answers.com/topic/xylem
http://www.answers.com/topic/temperature
http://www.answers.com/topic/humidity
http://www.answers.com/topic/wind
http://www.answers.com/topic/water
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Greenhouse tomatoes are perennial, indeterminate plants. This means that after 

the initial juvenile stage, they continuously produce flowers, set fruit and fruits are 

harvested for the remainder of the plant life.  In such plants, after an initial period of 

exclusive vegetative growth (juvenile plant) in which only vegetative organs grow 

(leaves, shoots, stems, and roots) the plant enters a mature stage where it continuously 

develops vegetative organs (leaves, shoots, stems, roots) simultaneously with 

reproductive organs (flowers and fruits).  Therefore, in a mature indeterminate tomato 

plant, vegetative and reproductive developmental growth, overlap throughout the 

remaining life of the crop.  

Through photosynthesis plants produce organic compounds from oxidized forms 

of carbon (CO2) and hydrogen (H2O), which are reduced to the level of high energy 

carbohydrates, using solar radiation as the source of energy.  Carbohydrates produced by 

the photosynthetic process are referred to as photoassimilates. Sink organs are defined as 

net importers of photoassimilates (fruits, roots), while source organs are defined as net 

exporters of photoassimilates (leaves, stems). Photoassimilates production and 

distribution is responsible for whole plant respiration maintenance, as well as, for the 

development and growth of different plant organs.   

The relative importance of sources and sinks biomass relative to the entire plant is 

described by the sink to source ratio, which is used to quantify the predominant 

development tendency of the plant at any given time during the plant life cycle.  This 

ratio will be used to characterize plant growth status in this study.   
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1.1.2. Source and sink strength 

Biomass distribution is primarily regulated by sink strength, and is defined as the 

growth rate potential of an individual organ (De Koning, 1994; Marcellis and De Koning, 

1995).  Biomass distribution towards a specific organ is determined by its sink strength 

relative to the total sink strength of all plant parts together, i.e., photoassimilates are 

preferentially directed towards the strongest sink. Therefore, as the plant source/sink ratio 

changes throughout the plant lifecycle so does the sink strength. This change is caused by 

seasonal total available solar energy and the activities of such plant processes as fruit 

initiation, abortion, harvest, senescence, and simultaneous new shoot development and 

growth.  In productive tomato plants, source strength (photoassimilate availability) is 

lower than sink strength (assimilate demand) (Heuvelink et al., 2005). This is shown by 

the increase in fruit size after removal of some fruits at an early stage of fruit 

development. 

 

1.1.3. Plant growth status: balance, vegetative, reproductive  

It is commonly accepted and documented in numerous extension reports and 

greenhouse manuals from the Greenhouse and Processing Crops Research Center 

(Harrow, ON, Canada), The Ohio State University, and North Carolina State University 

(Portree, 1996; Peet and Welles, 2005) that the stem diameter of a well balanced 

hydroponic greenhouse indeterminate tomato plant should be approximately 1 cm 

measured at 15 cm below the apical meristem. Thicker stems have been assumed to 

indicate an overly vegetative plant often associated with high source/sink ratio, poor 
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flower and fruit set and slow fruit development, resulting in low productivity in the short 

term.  Thinner stems have been assumed indicative of an overly reproductive plant, often 

associated with excessively low source/sink ratio, which leads to slow plant growth and 

ultimately reduced productivity due to photoassimilate limitation (Papadopoulos 1991; 

Portree, 1996; Peet and Welles, 2005).  The balanced plant growth status was defined as 

used by the growers (Table 1.1.3.1.), and it included stem diameter, stem internode length, 

and position of terminal flower truss relative to the apical meristem.   

 

Table 1.1.3.1. Set of plant morphological characteristics and respective threshold values 
of variation currently used to define tomato plants developmental status as balanced, 
vegetative, or reproductive. 
 Plant growth status Source 
Morphological 
characteristic 

Balanced Vegetative Reproductive  

Stem diameter 
at 15 cm from apical 
meristem 

˜1 cm  >1 cm  < 1 cm Papadopoulos, 
1991; 
Portree, 1996 

Stem internodes 
length 

Regularly 
spaced  

Long 
internodes 

Short 
internodes 

Peet and Welles, 
2005 

Flower truss position 
relative to apical 
meristem 

10-15 cm 
below  

>15 cm 
below  

5 to 10 cm 
below 

Peet and Welles, 
2005 

 

A balanced plant status was here defined as the value of a selected plant 

morphological characteristic (SD15) obtained under near-optimum growing conditions 

(Control associated with standard salinity), which lead to near-optimum fruit production.  

The average value of plant stem diameter 15 cm below the apical meristem (SD15) 

observed in the Control EC 2.5 treatment combination was used as a reference to 

compare plant growth status between the different treatment combinations.  
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1.1.4. Role of greenhouse environmental control  

Environmental conditions such as air temperature have a great effect on plant 

development, flower and fruit development.  Night time temperatures below 15.5 ºC 

accelerate development of flower primordia.  Optimum air temperatures for normal plant 

growth and development and fruit set range between 18.5 and 26.5 ºC with day air 

temperatures varying between 21 and 29.5 ºC (higher temperatures for high radiation 

levels) and night air temperatures between 18.5 and 21 ºC (Jones, 1999). Air 

temperatures higher than 35 ºC interferes with pollen formation, leading to flower 

abortion and low fruit set, with consequent decrease in number of fruits and thus reduced 

sink strength.  Leaf temperature might be a more important factor than air temperature. 

Leaf temperature is a combined result of air temperature, vapor pressure deficit (VPD) 

and plant transpiration rate, and can be to some extent, controlled in greenhouses. 

Optimal leaf temperature for tomatoes ranges from 20 and 22 ºC (Jones, 1999).  

Vapor pressure deficit indirectly influences fruit growth due to its effect on 

transpiration.  Light intensity and CO2 concentration influence photoassimilate 

production and thus source strength.  Hence, for indeterminate crops, greenhouse 

environmental control strategies directly affect plant growth status.  To maintain high and 

consistent productivity through a long crop season, climate control strategies should not 

necessarily provide maximum proportion of photoassimilates diverted to fruits, as it is the 

case for determinate fruiting crops.  Instead, an optimal balance between physiological 

plant conditions and processes favoring biomass production (open stomata and gas 

exchanges) and processes minimizing damaging water stresses that may result in 
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suppressed transpiration and/or photosynthesis.  Plant growth (continuous leaf and shoot 

expansion, and fruit development) should be the long term goal in order to prevent 

overly-vegetative or overly-reproductive plants.  Ideally, photoassimilates would be 

adequately distributed towards both vegetative and reproductive organs so as to maintain 

a proper source/sink ratio or vegetative/reproductive balance through the life of the crop.  

 

1.1.5. Environmental factors to steer the plant 

Tomato growers have been successful in managing the greenhouse physical 

environment using factors such as air water vapor pressure deficit (VPD), air temperature, 

and nutrient solution electrical conductivity (EC) to promote preferential photoassimilate 

distribution to specific plant organs (steer the plant).  These environmental factors are 

used to maintain yields by preventing an unbalanced plant growth status, or to correct an 

unbalanced plant when it occurs.  For example, it has been commonly accepted that 

environmental reproductive signals to the plant consist in a combination of high vapor 

pressure deficit (VPD), large day-night temperature difference (DIF), and high electrical 

conductivity (EC) of the nutrient solution (Portree, 1996).  With such combination of 

environmental factors, the rate of water loss by transpiration is higher than the rate of 

water uptake by the plant.  As a consequence, water availability to plants is reduced, 

resulting in reduce plant growth and loss of plant vigor.  Plant vegetative growth is thus 

suppressed and plants reveal typical morphological characteristics of an overly 

reproductive plant defined in section 1.1.3.  It has also been commonly accepted that 

environmental vegetative signals are characterized by vapor pressure deficits lower than 
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1.0 kPa, even air temperatures between day and night (low DIF) and an EC of 

approximately 2.5 dS m-1.  Under such environmental conditions, plant transpiration rate 

closely follows the rate water uptake by roots.  As a result, the crop has an unlimited 

supply of water available for growth, vigorous vegetative growth is promoted and tomato 

plants may reach an overly vegetative growth status. 

 

1.1.6. Role of potential transpiration on plant growth status 

According to Monteith (1990), a decrease in stomatal conductance with 

increasing leaf-air vapor pressure deficit is caused by an increase in whole leaf 

transpiration rate.  Reduced stomatal conductance caused by closure of stomata due to 

increasing vapor pressure deficit could be explained by high leaf transpiration rates which 

increase water potential gradient between guard cells and surrounding epidermal cells, or 

lower leaf water potential. Both effects could directly decrease guard cells turgor pressure 

with respect to neighboring cells resulting in stomatal closure.  Therefore, transpiration is 

a key physiological process for leaf water status and plant growth because of its role in 

regulating stomatal conductance and thus gas exchange rates determining carbon dioxide 

(CO2) availability and assimilation.  This is in agreement with Cockshull (1988), who 

stated that direct manipulation of growth-related plant processes can improve yield and 

production efficiency. 

Environmental conditions such as vapor pressure deficit (VPD), light intensity, 

and air temperature have a direct effect on most plant growth responses due to their direct 

and/or indirect effect on transpiration. Plant transpiration reduces leaf water potential, 
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which in turn increases the gradient of water potential between roots and leaves, thus 

stimulating water and nutrient uptake (O’Leary, 1975).  

The transpiration stream can be regarded as the classical continuum column of 

water from the root environment with inflow from root water uptake, to the greenhouse 

atmosphere with outflow by water vapor diffusion through stomata.  Although the basis 

of Monteith combination equation describing water loss from plant canopies has been 

known for years, only recently has there been an increased understanding of the relative 

importance of environment in controlling water loss from plant canopies (Jones and 

Corlett, 1992). The concept of plant connection with the atmosphere or ‘degree of 

coupling to the atmosphere’ (Jones and Corlett, 1992) allows one to understand these 

relationships better.  A ‘well-coupled’ plant is more efficient in exchanging heat and 

mass (water vapor and CO2) with the passing air stream than the plant that is ‘decoupled’ 

such as one which has closed stomata, and suppressed root water uptake. As a 

consequence, sensible and latent heat exchange from the leaf and growth rate (mass 

exchange, CO2) may vary significantly depending on the degree to which the plant is 

connected to the atmosphere.  In the classical sense, the degree of ‘coupling’ depends on 

crop type (forest vs. grass), and extent of the area occupied by the crop.   

Different canopy transpiration demand due to VPD and air temperature at the 

canopy level (ET0) and salinity at the root level (EC) result in different ‘degrees of 

coupling’ with the atmosphere. This makes sense given the influence of potential 

transpiration and root zone salinity in stomatal movement and the direct relationship 
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between stomatal opening and the degree of coupling.  Plant transpiration impacts the 

degree of coupling and consequently plant water status and growth tendency.   

Stomatal movement has a major effect on the degree of ‘coupling’, consequent 

plant water potential (or osmotic potential), and therefore on photoassimilate production 

and distribution. Therefore, potential transpiration and root zone salinity are important 

factors in photoassimilate production and distribution affecting plant growth. Thus, 

different transpiration rates were provided through three different potential transpiration, 

ET0 (or air water vapor deficit levels) and two root zone salinity levels, defined by the 

electrical conductivity, EC of the nutrient solution to determine the effect on fresh weight 

production and distribution. 

 

1.1.6.1. VPD and EC as control factors of transpiration 

Given the continuum characteristic of the transpiration stream, it can be regulated 

from either or both ends of the plant.  From the leaves (through which transpiration 

accounts for about 90% of entire water uptake, (Heuvelink et al., 2005)), the transpiration 

stream can be regulated directly through water vapor pressure gradient between leaves 

and surrounding atmosphere, and indirectly through nutrient solution salinity.  Vapor 

pressure deficit (VPD) has a direct affect on transpiration because for a given stomatal 

conductance (gs), it affects the rate of water loss through leaves which in turn affect plant 

water potential (Jones and Tardieu, 1998).  From the roots it can be manipulated directly 

through the irrigation schedule and nutrient solution salinity, and indirectly through 
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manipulation of environmental factors which affect potential transpiration (ET0), such as 

vapor pressure deficit (VPD), and air temperature.  

Increased VPD increases potential transpiration due to an increased gradient 

between canopy and air around the leaf when leaf temperature is constant.  As long as 

greenhouse environmental conditions enable stomata to remain open, the rate of water 

diffusion from leaf surface to air increases until it reaches its potential for a particular air 

VPD and water uptake at root level.  As leaf cells loose water their water potential 

decreases, becoming more negative.  The increasingly more negative water potential is 

transmitted down to adjacent cells all the way to the roots, facilitating water uptake that 

feeds the water-plant-air continuum water column inside the xylem.   

However, potential transpiration (ET0) is regulated by two major resistances to 

water flow.  At the canopy level, stomatal, cuticular and boundary layer resistances 

regulate water outflow, determined by VPD, radiation, air and leaf temperature, and air 

speed.  At the root level, water-to-root resistance to water diffusion determined by the 

gradient between nutrient solution and root water potential, regulates water inflow and 

thus root water uptake.  The magnitude of each resistance determines the total potential 

transpiration and consequently plant water potential.  Therefore, within the range of 

values of VPD, air and leaf temperature, air speed, and EC inside the greenhouse, the 

resulting plant water potential might be similar even under different combinations of leaf 

water outflow and root inflow.  

Roots and stomata can be seen as ‘valve analogues’ through which transpiration 

flow rate is regulated by degree of stomatal opening as a function of VPD gradients 
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between leaf and air around the leaf and by the water potential gradient between nutrient 

solution in the root zone and water potential inside the root.  The capacity of each of 

these ‘valves’ determine transpiration rates and plant water potential, which in turn 

dynamically regulates transpiration flow rates through a feedback mechanism.  Therefore 

either ‘valve’ can restrict upward water flow, and thus equivalent transpiration flow rates 

can be reached by: 

1. closing leaf ‘valve’ (with low VPD) while opening the root ‘valve’ (with 

low EC or increased gradient between nutrient solution and root water 

potential)  

2. opening leaf ‘valve’ (with high VPD) while closing the root ‘valve’ (with 

high EC or reduced gradient between nutrient solution and root water 

potential). 

Furthermore, suppressed transpiration occurs when both ‘valves’ are closed (at low VPD 

and high EC), while transpiration is enhanced when both ‘valves’ are open (at high VPD 

and low EC). 

Given the relationship between transpiration rate and plant water potential, 

equivalent transpiration rates, should result in equivalent plant water potentials. 

Furthermore, given the relationship between plant water potential (especially leaves and 

fruits) and biomass distribution between different plant organs it is reasonable to assume 

modulation of transpiration may be used as a tool to promote preferable assimilate 

distribution towards the desirable organs.  
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1.2. Problem statement 

Steering the plant is term used by growers which refers to use of specific crop 

management practices and environmental control strategies to promote preferential 

photoassimilates to either fruits (reproductive organs) or leaves and stems (vegetative 

organs).  Steering the plant has become increasingly important for consistent yield and 

quality of greenhouse tomatoes and to maintain competitive leverage in the market yet, 

few studies have been performed to link the greenhouse physical environments with the 

distinctive vegetative or reproductive or balanced plant growth status as defined by a set 

of plant morphological characteristics.  Also no studies have related a particular plant 

growth status with the corresponding plant fresh weight distribution between 

reproductive and vegetative organs throughout the entire crop production cycle of an 

indeterminate greenhouse tomato crop.  Most such studies were performed in North 

America in experimental research centers including the Greenhouse and Processing 

Crops Research Center, Harrow, ON, Canada; North Carolina State University extension; 

and The Ohio State University extension.  These studies have provided several plant 

characteristics as indicators of vegetative or reproductive tomato plant growth status.  

They are also the only studies which specify a threshold value for defining a well 

balanced plant.   

The degree of departure from a balanced plant as a function of specific 

environmental conditions was never quantified. Also, the relationship between plant 

growth status based on plant morphological characteristics was never related to actual 

tomato production. Therefore, there was the need for validation of the terms vegetative 
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and reproductive with respect to their real effect on tomato production.  The following 

study is an attempt to validate the grower empirical approach using a quantified approach.   

 

1.3. Hypothesis 

The research hypothesis was that manipulation of the transpiration process 

through the plant canopy (water outflow) and/or root (water inflow): 

1. affect plant growth status as defined by plant morphological 

characteristics currently used by growers; 

2. can be used as a tool to manipulate plant growth status (steer the plant), to 

achieve and maintain a balanced plant growth status; 

3.  affect fresh weight production and distribution between reproductive and 

vegetative plant parts. 

4.  affect morphological changes and these represent fresh weight 

distribution between vegetative and reproductive plant parts. 

 

1.4. Research objectives 

The primary objective of this study was to quantify the effect of a set of 

environmental conditions which affect transpiration on a selected set of plant 

morphological characteristics from a pool of those commonly used in the controlled 

environment (greenhouse) tomato crop production industry as visual indicators of plant 

growth status.  A secondary goal was to correlate variations in these morphological 

characteristics with fresh weight production and distribution between different plant parts 
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(sinks).  This second goal was as an attempt to validate the concepts of vegetative and 

reproductive plant growth status. 

 

1.5. Approach 

Crop growth simulation models have become powerful research tools in 

agriculture, and specifically horticulture and viticulture for facilitating the understanding 

of processes involved in plant growth and yield, as well for the development of crop 

management strategies.  However, these efforts have required a comprehensive collection 

of biomass data sets for calibration and/or validation (Heuvelink, 1995; Castellan-Estrada 

et al., 2002).  Destructive measurements involving dry weights of the entire plants are the 

most accurate way of determining whole plant biomass and biomass distribution between 

different plant organs.  To be sufficiently comprehensive, this procedure is extremely 

time consuming and disruptive within a greenhouse production system, being practical 

only for research, not within a commercial production system. 

The approach was to establish quantifiable relationships between biomass of an 

individual plant and easily obtainable non-destructive measurements of plant 

morphological characteristics, such as stem diameter and stem elongation, internode 

length, and distance between last open flower and apical meristem.  This method has 

been widely applied in studies of perennial woody plants (Niklas, 1995; Brouat et al., 

1998).  
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1.5.1. Environmental factors used to steer the plant 

The primary factors used to control transpiration rate were: 1) potential 

transpiration (ET0) determined by the combination of vapor pressure deficit (VPD) and 

day-night air temperature difference (DIF), and 2) nutrient solution salinity determined 

by input EC.  Small vapor pressure deficit (VPD, kPa) combined with a small day-night 

air temperature difference (DIF, ºC) provides a low potential transpiration regime (LET0) 

and promotes plant vegetative growth, while the opposite environment of high VPD 

(kPa) and large DIF ( ºC), provides a high potential transpiration regime (HET0) and 

promotes plant reproductive growth.  Additionally, plant reproductive growth is further 

enhanced by increased salinity (EC, dS m-1) at the root level.  The different combinations 

of the above mentioned plant canopy and root physical environments were chosen due to 

their effect on transpiration rate.  Specifically, VPD and air temperature affect water 

outflow from the leaves to the atmosphere, while EC directly affects water inflow from 

the roots to the plant system.  

 

1.6. Scope of the study 

The relationships under investigation were those between plant transpiration rate 

and plant growth status.  Plant growth status was investigated first through quantification 

of selected plant morphological characteristics, and then, secondly, through quantification 

of plant fresh weight distribution to vegetative and reproductive organs associated with 

each growth status.  The later was necessary to validate the empirical relationship 

between plant growth status and yield.  
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The dependence of fresh weight distribution on transpiration rate is valid given 

that while plant growth rate depends mainly on net photosynthetic rate and 

photoassimilate availability; fruit fresh weight, and thus yield is highly influenced by 

plant water relations since fruit fresh weight depends on water inflow and accumulation 

in fruits.   

Transpiration was selected as the key process for studying plant growth responses 

given its importance on plant water content.  In general, more than 90% of the water 

taken by the roots is lost by transpiration.  The balance between the water uptake by the 

plant (inflow through roots) and transpiration (water outflow through leaves) determines 

plant water content.  Plant water content as quantified by plant water potential, in turn 

affects plant growth status in terms of fresh and dry weight production (biomass) and 

fresh weight distribution, through its effect on leaf stomatal conductance.  Leaf stomatal 

conductance (gs) affects gas exchange-modulated processes such as photosynthesis by 

CO2, and transpiration by water vapor, which in turn affects plant water content.  

Total yield of a tomato plant is determined by total biomass production and 

biomass distribution to fruits.  Biomass production is directly affected by net 

photosynthesis (Pn), which in turn is highly dependent on total light interception, and 

thus leaf area which is represented by leaf are index, LAI.  A high photosynthesis rate 

does not necessarily result in high fruit yields as biomass can be distributed to vegetative 

organs with no immediate relation to fruits.  For example, photoassimilate distribution to 

fruits can be low due to poor fruit set and thus low number of fruits on the plant resulting 

in low fruit sink strength, compared to the sink strength of vegetative parts.  
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According to the hypothesis (section 1.3.), for a given photoassimilate availability, 

vegetative (leaf area, shoot growth) or reproductive (flower development and fruit setting 

and development) growth can be affected by plant water status and stomatal conductance 

and manipulated through transpiration.  Six transpiration regimes created from 6 different 

ET0 and EC treatment combinations were evaluated to determine the accuracy of the 

hypothesis.   

 

1.7. Importance of the study 

There are no reports of studies scientifically designed to rigorously quantify the 

degree of plant morphological changes that result from changes in the environmental 

factors affecting transpiration.  Also, no study has ever been developed to establish 

relationships correlating biomass distribution to tomato fruits with readily obtained non-

destructive measurements such as plant morphological characteristics.  

The study provided easy and ready-to-use information regarding the departure 

from a balanced status, the direction of the unbalanced growth, and the potential for 

timely corrective actions before significant yield losses occur.  The quantified approach 

was an attempt to answer several key questions: 

1-  Can specific environmental conditions affect plant morphological 

characteristics in a predictable pattern; 

2-  Is there a relationship between variations in morphological characteristics and 

fresh weight production and distribution between vegetative and reproductive 

plant parts;  
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3-  Which of the production factors, including number of fruits, total fresh 

weight, average fruit weight, or total dry weight, are most affected by an 

unbalanced plant; 

4-  What is the magnitude of the greenhouse environmental changes that have to 

be provided to the plant to produce a measurable response on plant 

morphological characteristics and yield; 

5-  How much time will elapse from implementation of the environmental 

changes, and measurement of a significant effect on plant morphological 

characteristics.   

 

Many of the published greenhouse tomato studies have been performed in 

northern latitudes where the greenhouse VPD and radiation intensity are entirely different 

from those in semi-arid regions of the southwest of the USA, northern Mexico, southern 

of Europe, Middle East and northern Africa. In arid and semi-arid regions greenhouse 

grower faces the opposite situation than in the northern climates. In these regions, solar 

radiation is high throughout the year, with large vapor pressure deficit (VPD) that can 

cause stomatal closure and suppress gas exchanges with a subsequent detrimental effect 

on plant growth, yield, and economic returns.  Furthermore, in these regions, the 

irrigation water frequently has high salt concentration, which is aggravated by residual 

salt build up in the root substrate, throughout the year-round production period and 

further inhibits plant water uptake by the roots.  
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Arizona offered the ideal environment for these studies to answer the above 

questions for a semi-arid climate.  Furthermore, the importance of greenhouse tomato 

production industry in the southwest USA and northern Mexico is increasing at 

significant rates every year.  
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2. LITERATURE REVIEW 

2.1. Current situation   

There is a significant interest among greenhouse tomato growers to find ways to 

reduce cyclic changes in plant status and ultimately reduce subsequent yield fluctuations. 

Despite a significant number of greenhouse growers observing and tracking plant 

morphological characteristics in tomato plants, no quantitative studies could be found in 

the literature relating morphological variations with specific environmental conditions. 

Also, no studies were conducted to relate these with actual productivity and fruit quality.  

The few references on the subject are from research and Experimental stations (Harrow, 

ON, Canada; NCSU Experimental station) and are mostly based on experiments 

conducted with growers with limited control over the environmental conditions during 

the Experimental period (Papadopoulos, 1991, Portree, 1996, Peet and Welles, 2005). 

Nevertheless, such studies outlined a set of plant morphological characteristics best 

indicative of plant growth status (vegetative vs. reproductive vs. balance) and established 

a threshold value to define a balanced indeterminate-growth tomato plant. Some of the 

most common morphological characteristics and threshold values used to classify plant 

growth status of a tomato crop are presented in Table 1.2.4.1 (section 1.2.4). 

More sophisticated scientific research has led to development of dynamic growth 

models for crop production such as TOMGRO (Jones et al., 1989, 1991) and TOMSIM 

(Heuvelink, 1996) which simulate potential crop growth and yields as a function of a 

wide range of input variables. In both cases, the power of the models relies on access to 

sophisticated environmental and plant physiology data, as well as on plant destructive 
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measurements.  Even when such models are available to run on a Personal Computer, the 

complexity of the set of data required limits grower’s direct benefit from using such 

models.  

For estimation of dry mass accumulation over time TOMSIM requires plant 

physiological characteristics such as leaf photosynthesis rate at light saturation, CO2 

compensation point and leaf dark respiration rate.  It also requires physical characteristics 

that characterize radiation interactions with the crop such as extinction coefficient for 

diffuse radiation, and scattering coefficient of individual leaves.  Neither of these 

characteristics is easily accessible by the grower or other potential users of the model.  To 

adequately use such models and make sense of its outcome an extensive and deep 

knowledge regarding the complex phenomenon of tomato plant growth as a function of 

prevalent environmental conditions is required.  Despite their great merit as a research 

tool for predicting yield and quality, as well as climate and crop management control, the 

complex requirements of such models limits its practical use in the industry.  

For the greenhouse tomato grower an easier and more tangible approach would be 

useful for continuous crop growth monitoring and potential yield prediction.  As a result 

growers currently rely on subjective information regarding plant morphological 

characteristics as indicators of plant growth status, to make environmental adjustments 

and reduce yield losses from ‘out of balance’ plants.  

To date, an extensive number of studies regarding the effects of multiple 

environment combinations on plant responses have improved the current understanding 

of plant growth (biomass production) and yield (biomass distribution to fruits) (De 
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Koning, 1994; Marcellis, 1989, Li et al., 2001; Romero-Aranda et al., 2001, 2002); 

Guichard et al., 2005, Reina-Shanchez, et al., 2005).  One common factor among all 

these studies is the importance of moist air properties.  One such moist air property is air 

humidity, which is the amount of moisture that can be held by the air at a given air 

temperature.  Air humidity significantly affects transpiration and indirectly 

photosynthesis, through its effect on stomatal conductance in the short term.  In the long 

term, air humidity affects growth (biomass production) and fruit development rate, which 

affects whole-plant biomass distribution.  

 

2.2. Biomass production 

Biomass production is affected by the integrated amount of intercepted radiation, 

and therefore depends directly on the total radiation availability and on crop leaf area. 

Total leaf area is mainly determined by solar radiation levels, air temperature, air 

humidity, and CO2 concentration.  Crop management techniques are also an important 

factor.  

Radiation levels and atmospheric CO2 concentration directly influence total 

biomass production through its immediate effect on photosynthetic rate and in the long 

term through their influence on morphological adaptations such as leaf expansion (leaf 

area), stem morphology (diameter, internode length), and number of fruit sinks (fruit 

initiation, abortion, and/or senescence).  

Leaf area is usually smaller during the high radiation, high temperature summer 

months in both northern and southern European climates such as The Netherlands 
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(Heuvelink, et al., 2005) and south of Spain (Romero-Aranda 2001).  Several studies 

reported a saturation response curve between yield and leaf area index with increase in 

fruit yields up to a leaf area index (LAI) of 4, with no further increase in yield for higher 

LAI (De Koning, 1993; Heuvelink, 1999).  The reduction in leaf area and thus light 

interception during high radiation periods leads to lower yields and fruit quality.  A 

greater plant density would reduce this negative effect, but it would negatively affect 

yields when radiation levels are lower.   

Crop management techniques are another important and effective factor to 

improve biomass production throughout the crop season.  In modern greenhouse 

cultivation, a tomato crop starts with a lower plant density (in Dutch cultivation 2.1 – 2.5 

plants per m2) and in the beginning of spring a side shoot is allowed to grow in one or 

two of every four plants, increasing plant density during the high radiation months, 

maintaining a high LAI without the negative effects of over shading during low light 

season, or increased planting costs.  This crop management strategy also results in more 

uniform fruit size throughout the entire crop season. 

The air temperature effect on biomass production occurs through its effects on 

leaf development rate, leaf expansion, stem elongation and flower and fruit development. 

However, its effect is dependent on the development stage of the plant.  In young plants, 

increased air temperature influences leaf expansion and thus indirectly affects light 

interception, while in fully developed crops air temperature affects mostly maintenance 

respiration (Heuvelink and Dorais, 2005). Leaf area per plant dry weight, is positively 

correlated with average daytime air temperature (Heuvelink and Dorais, 2005).  Leaf area 
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per plant dry weight is also correlated with the difference between day and night 

temperature (DIF) being positively affected by increased DIF (positive DIF).  A negative 

DIF (daytime lower than night time temperature) has shown to negatively affect leaf 

growth (Heuvelink, 2005).  

Between 12 and 25 ºC, the morphological development of some plants is highly 

influenced by DIF (Erwin, et al., 1989).  This was particularly true for internode length in 

Lilium longiflorum in which 482% increase in internode length was observed when DIF 

increased from – 16 C to + 16 ºC (Erwin et al., 1989).  Other studies have confirmed the 

results from Erwin et al. (1989) in other plant species such as for chrysanthemum 

(Karlsson et al., 1989, Bertram et al., 1994; Cockshull et al., 1995). 

Similar to internode length, leaf expansion is also influenced by DIF, but studies 

with Phaseolus vulgaris showed that leaf expansion also increases with increasing DIF 

(Dale, 1965).  However, this is not always the case as for Cucumis sativus L. and Lilium 

longiforum leaf expansion did not increase with increasing DIF.  For Cucumis leaf 

expansion was greatest for equal day and night temperature of 20 ºC (zero DIF) (Erwin et 

al., 1994).  For Lilium leaf expansion was only affected by night time temperature and it 

increased with decreasing night temperature (Erwin et al. 1989). 

The mechanisms behind temperature effect on stem elongation and leaf expansion 

are not totally understood (Erwin et al., 1989). However, recent studies suggest that the 

mechanism might be associated with the action of phytochrome (Heuvelink and Dorais, 

2005).  
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Furthermore, for a constant daytime temperature, reduction of night temperature 

stimulates the development of flower primordia, and thus flowering rate, which under 

non-limiting growing conditions has a direct affect on fruit yields.  

 

2.3. Biomass distribution 

One well-known factor to indirectly determine biomass distribution between fruit 

and the remainder of the plant is plant temperature due to its rapid effect on fruit sink 

strength (Heuvelink, 1995b).  An increase in air temperature and subsequent plant 

temperature increases early fruit growth at the expense of vegetative growth. Therefore, 

in young plants high temperature increases photoassimilates distribution to fruits and 

increases the number of fruits on the plant.  The subsequent increased assimilate demand 

causes reduced leaf growth (reduced leaf area) as well as delays in the growth of newly 

set fruits and even flower abortion (Heuvelink et al., 2005). This effectively decreases 

fruit sink strength, and then after a period of time characterized by low fruit sink strength, 

the plant tends to recover its vegetative growth.  Assuming no limitation on the 

photosynthetic activity, the resulting increase in assimilate availability associated with 

low current fruit load leads to increased fruit set, and increased yield in later weeks as the 

new fruit trusses form strong sinks responsible for a second wave of strong fruit growth. 

Currently this is the accepted explanation for the underlying processes responsible for 

cyclic changes in source and sinks strength and observed yield fluctuations in tomato 

(Heuvelink et al., 2005).  
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Therefore, yield fluctuations result from alternating competitive advantage 

between fruit growth (biomass distribution to fruits) and vegetative growth (biomass 

distribution to leaves, stems, and shoots) or as defined, an alternating plant growth status. 

An unbalance in fruit load, triggered by temperature and/or assimilate availability 

changes, may therefore be responsible for the natural cyclic pattern of preferred 

photoassimilate distribution toward fruits and increase in fruit load.   

Natural yield fluctuations seem to be directly related to light integral and fruit 

temperature due to the combined effect on fruit maturation time, and therefore on the 

number of fruits harvested per week (Heuvelink et al., 2005).  However, it has been 

reported that even though regulating tomato fruit load through fruit pruning resulted in 

more uniform fruit load at a given time, it did not eliminate weekly yield fluctuations (De 

Koning, 1989).  According to De Koning (1989) this might be explained by the fact that 

temperature induced fruit growth rate may induce biomass distribution towards more 

developed fruits and delay growth rate of newly developed ones, and even lead to fruit 

abortion of the newest fruit.  Sink strength of a fruit is determined by fruit developmental 

stage, and it is lower for younger fruits (Heuvelink, et al., 2005). Small developing fruits 

may not be strong enough sinks to compete with vegetative growth, and therefore abort.  

The long term effects of temperature on yield fluctuation should not be confused 

with a direct immediate effect of temperature on biomass distribution.  Currently both a 

slight positive relation (Heuvelink, 1995c) and a significantly high positive relation (De 

Koning, 1994) between temperature and biomass distribution to fruits have been reported 

in the literature.  Other studies have suggested that the major factor regulating biomass 
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distribution is the sink strength of different plant parts (Ho, 1988; Marcellis and De 

Koning, 1995; Heuvelink, 1999; Heuvelink and Dorais, 2005).  Sink strength of an 

individual organ is defined by its capacity to upload and process photoassimilates, 

relative to other organs. According to such studies, what seems to be the dominant 

influence on fruit sink strength is the total number of fruits per plant, while temperature 

(within the range of 19 – 23 ˚C) and radiation (8 – 15 MJ m-2 day-1) have almost no 

influence in the fraction distributed to fruits (Heuvelink, 1995b). 

An increase in number of fruits per truss from 2 to 7, more than doubled the 

fraction of biomass distributed to the fruits when compared to overall plant biomass.  

However, with higher number of fruits per truss the individual fruit mass decreased due 

to reduced fruit growth rate and increased competition for photoassimilates between 

fruits (Heuvelink, 1995b). In the same study fruit growth period was not affected by fruit 

load but it was decreased by increased temperature resulting in final smaller fruit weight 

and size.  However, over time the sink effect of the number of fruits per plant is regulated 

by two counteracting effects. While a higher number of fruits per plant increases fruit 

sink strength, simultaneously photoassimilate distribution towards vegetative parts is 

reduced leading to decreased leaf area index (LAI) and subsequent reduction of 

intercepted light.  Then in the long term, high number of fruits per plant leads to reduced 

fruit set and growth rate due to limited photoassimilate availability.  

Tomato crop simulation with TOMSIM model of the effect of fruit pruning on 

photoassimilate distribution to fruits led to similar results.  For a beefsteak type tomato 

(typical weight 150 g or greater) the model predicted a reduction on the average dry 
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weight per fruit with increasing number of fruits per truss (Heuvelink and Bakker, 2003). 

According to this simulation, nine fruit per truss resulted in the greatest total fruit dry 

matter of 2.24 kg m-2 while significantly reduced average individual fruit dry weight 

(Heuvelink, and Bakker , 2003).   

The number of fruits per truss for maximum biomass distribution towards fruits 

depends on cultivar and type of tomato (genetic potential for fruit size). Therefore, for 

consistent yields throughout the production season, each particular tomato type requires 

that assimilate demand (defined as fruit capacity to receive and process photoassimilates, 

sink strength) is in balance with photoassimilate availability (dependent on instantaneous 

photosynthetic rate, source strength) (De Koning, 1994).   

 

2.3.1. Effect of vapor pressure deficit (VPD) 

The effect of vapor pressure deficit (VPD) on biomass distribution is somewhat 

unclear with both no effect (Heuvelink and Dorais, 2005) and some effect (Leonardi et al., 

2003) being reported in the literature.  The different results were likely due to the 

different climate conditions under which each study was conducted, namely northern 

Europe and the southern Mediterranean, respectively, which might have resulted in 

different plant responses to VPD.  

In a greenhouse under Mediterranean summer conditions, Guatier et al. (2001) 

determined that increasing leaf/fruit ratio increased the plant responses to a reduction in 

VPD (for a low VPD 1.28 kPa, and high VPD of 1.95 kPa).  Low VPD increased fruit dry 

weight, fruit size and fruit and leaf expansion, suggesting that fruit load affected biomass 
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distribution, and it was enhanced by reducing VPD.  It also suggested that total plant 

fresh weight was enhanced, and that higher fruit biomass might be the result of overall 

increased plant vigor compared to plants under higher VPD.  

 

2.3.2. Effect of electrical conductivity (EC) of nutrient solution 

Increased electrical conductivity (EC) of the irrigation nutrient solution increases 

plant water stress due to suppressed water uptake, by creating a physiological drought 

condition.  Limited water availability represents a reproductive ‘signal’ to the tomato 

plant (Peet and Welles, 2005).  Even though there is no evidence of a direct relationship 

between salinity and patterns of biomass distribution, the indirect effect of high salinity 

on increased fruit set is well established. Improved fruit set leads to increased number of 

fruits on the plant (Heuvelink et al., 2005), which in turn increases fruit sink strength and 

photoassimilate distribution to fruits. However, biomass distribution to the fruits seems to 

be a two step process, in which an initial reproductive signal leads to increased number of 

fruits, is followed by fruit development that is dependent on plant water status, 

environment, and sink strength. 

Tomato crop yields decreases with increased salinity within the root zone (Mass, 

1986; Li, et al., 2001; Reina-Sanchez, et al., 2005, Heuvelink et al., 2005).  With high 

root zone salinity, tomato yield defined as number of fruit and fruit weight, is decreased 

due to reduced water uptake to fruits and shorter maturation period resulting in smaller 

fruit size and weight (Reina-Sanchez, et al., 2005). Regarding dry matter content Li et al. 
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(2001) found a 0.2 % increase per dS m-1. However, in other greenhouse tomato studies 

both no effect and negative effect from high salinity have been reported.   

The cause of reduction of plant growth with high salinity has been a matter of 

some controversy.  It has been related to salt-induced disturbance of water balance and in 

the extreme to a loss of leaf turgor which can reduce leaf expansion and thus 

photosynthetic leaf area (Erdei L., et al., 1993; Huang et al., 1995). Toxic levels of Na 

and Cl in the leaves have been related to stomatal closure and to other non-stomatal 

factors such as reduction in total chlorophyll content.  Both factors present a limitation to 

photoassimilate production (Romero-Aranda, et al., 1996; Seeman, et al., 1985).  

 

2.3.3. Relationship between VPD and EC 

Decreased vapor pressure deficit (VPD) at the plant canopy level increases plant 

tolerance to high salinity at the root level.  Hoffman et al. (1971) reported that for bean, 

onion and radish crops, the salinity level at which yield was reduced to 50% was 

significantly higher under high relative humidity conditions.  O’Leary (1975) reported 

that high relative humidity overcame lethal levels of salinity in red kidney bean. 

Sonneveld (1988) reported that several greenhouse plants were less sensitive to root zone 

salt concentration than the same plants in field Experiments.  Romero-Aranda, et al. 

(2001, 2002) and Li et al., (2001) showed that under high salinity conditions up to 9 dS 

m-1, reduction in transpiration rate improved tomato plant water status and alleviated the 

negative effect of high root-zone salinity on plant growth and yield. 
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Plant water status is determined by the balance between water uptake by the roots 

(water inflow) and water loss from the stomata (water outflow) (Romero-Aranda, 2002). 

Total water potential status and more recently turgor water potential are believed to be 

responsible for plant physiological responses and growth (Jones and Corlett, 1992). 

Turgor water potentials and stomatal conductance are influenced by VPD and by salt 

concentration of the nutrient solution at the root level (Nonami et al., 1990, Romero-

Aranda, et al., 2000).  

Some of the most important environmental factors which affect plant biomass 

production such as radiation, VPD, and air temperature (through its effect on stomatal 

opening and therefore on net photosynthetic rate), also affect photoassimilate distribution 

due to its effects of stomatal conductance, and thus plant water potential (plant water 

status).  The common denominator of the two processes is stomatal conductance and 

corresponding plant water status. For many years plant water potential has been 

considered the primary factor regulating stomatal conductance (Jones and Tardieu, 1998). 

Currently, however, it appears that plant water potential is often a consequence, rather 

than a cause of stomatal control and of water flux through the plant (root uptake and leaf 

transpiration) (Davies and Zhang, 1991). 

Therefore, different combinations of environmental factors which affect potential 

transpiration such as radiation, air and leaf temperature, VPD, and salinity play an 

important role in determining photoassimilate distribution between fruit sinks and 

vegetative plant parts.  For example, under increased water stress conditions, 

maintenance of plant growth is achieved first by relatively rapid changes in stomatal 
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conductance, and then by longer adaptive responses including reduced leaf growth, early 

leaf senescence, enhanced root/shoot ratio, and altered stem and leaf morphology.  It 

follows that the degree of the water stress provided through the greenhouse canopy 

environment and nutrient solution EC may determine the magnitude of plant adaptive 

responses and therefore may be used to manipulate plant growth rates, plant growth status, 

fruit production and fruit quality.  
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3. MATERIAL AND METHODS 

Two experiments were conducted at the University of Arizona in the Controlled 

Environment Agriculture Center (CEAC) Tucson, Arizona.  Experiment 1 occurred 

between February 8 and June 5, 2003, and Experiment 2 occurred from August 14, 2003 

to May 12, 2004. 

 

3.1. Greenhouse description and layout 

The greenhouse structure was a free standing steel A-frame with a double wall 

polycarbonate glazing. The greenhouse was oriented north-south. The height to the gutter 

was 2 m and to the ridge was 4 m. Double wall polycarbonate panels were used to divide 

the greenhouse into three 7.6 m by 7.4 m separate compartments, each with an 

individually controlled environment.  

With in each compartment there were four north-south oriented rows.  Each row 

included two 2.4 m long blocks. The two external rows were guard rows and not 

considered for data collection most of the time.  

Two main irrigation 2.5 cm diameter PVC pipes distributed two different nutrient 

solutions to the different blocks within each compartment. At mid-length of each 

compartment east-west oriented 2.5 cm diameter sub-main pipes connected the main with 

the respective 1.3 cm diameter lateral black poly pipe which delivered the two different 

nutrient solutions to the block of plants. Each plant was top drip irrigated from the 

laterals through an individual 2 mm diameter feed tube attached to a 2 liter per hour 

pressure compensated emitter (Netafim, USA).  
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The nutrients were mixed with fresh water at pre-set rates with two separate sets 

of three injectors located in the head house directly connected to the north end of the 

greenhouse.  One set of injectors mixed the standard nutrient solution (EC 2.5 dS m-1) 

while the other set of injectors added a set amount of NaCl to the standard nutrient mix to 

achieve an increased salinity nutrient solution (EC 8.0 dS m-1).  The irrigation control 

strategy is further described in section 3.4.4.2.  The standard nutrient solution used was a 

three phase modified Hoagland solution and is described in Appendix D.  

An air distribution plenum system distributed modified moist air properties to 

each block of plants, at the base of the plant. The plenum consisted of a network of 20.3 

cm and 10 cm diameter PVC pipes connected to a plenum chamber and an air blower.  

The air distribution plenum is described in detail in section 3.2.2.  A plan-view of the 

greenhouse layout indicating three greenhouse compartments, air distribution plenum and 

irrigation system is presented in Figure 3.1.1. 
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Figure 3.1.1. Plan view of the three-compartment greenhouse layout showing air plenum and plant blocks. Continuous and dashed 
lines along east wall and plant blocks represent irrigation lines for standard EC 2.5 dS m-1 (dashed) and EC 8.0 dS m-1 (full). East-
West oriented thin dotted lines represent underground nutrient solution drainage catch pipes from each block draining into north-south 
oriented pipes which conduct drained nutrient solution to a sump tank buried 15 cm below grade. 
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Greenhouse environmental control system components represented in Figure 3.1.1. 

are described in detail below in sections 3.2.1. and 3.2.2.  

 
3.2. Greenhouse physical environment 

3.2.1. Climate data monitor and process control software 

All climate data was monitored every 2 seconds and averaged and recorded every 

15 minutes.  The climate conditions recorded were air temperature, relative humidity 

(RH), air vapor pressure deficit (VPD), photosynthetic active radiation (PAR), and 

carbon dioxide (CO2). 

Environmental conditions were continuously monitored and compared to the 

setpoints within the climate strategy of each compartment by an industrial monitoring and 

process control software package, PARAGON (Intec Controls, Walpole, MA). 

 

3.2.2. Air modification plenum  

During both experiments an independent air distribution plenum was operated in 

each one of the three compartments. For the two treatment compartments, the plenum 

delivered air with modified physical properties along each block of plants, at the root 

level.  This apparatus was designed to improve air temperature and moisture uniformity 

in the microclimate around the plants as dictated by the climate control strategy targeted 

in each compartment.  A direct-drive blower moved air through the plenum to help 

improve the desired air temperature uniformity adjacent to the plants within all 

greenhouse compartments.  A mist nozzle and a heat exchanger was located adjacent to 
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the blower and connected into an air distribution PVC pipe network to modify the moist 

properties of the air within the two treatment compartments (Figure 3.1.1.). 

One direct-drive air blower (4C589B, Dayton Blower, Chicago, IL, USA) per 

compartment was located close to the first cooling stage evaporative cooler unit (west 

wall) connected to a network of PVC pipes for air distribution. The blower was equipped 

with a 4-speed, 0.15 kW of power consumption (1/5 hp) GE motor with an air delivery 

capacity  of 495 L s-1 (1050 cfm) at 224 Pa of static pressure of 0.9” water column. 

In each compartment the PVC pipe air distribution network consisted of a 

centrally located east-west oriented 20 cm diameter PVC main air distribution pipe 

connected directly to a series of 10 cm diameter PVC pipes oriented north-south along 

each row of plants.  At the air inlet, the main 20 cm diameter pipe was attached to the 

blower.  Between the end of the central main pipe and the air blower, a 0.1 m3 plenum 

chamber was built to include the heat exchanger and the mist nozzles, which 

accomplished the modifications to the air distributed through the distribution PVC pipes. 

In the treatment compartments, air properties such as sensible heat and moisture 

content were modified inside the plenum chamber, by using one mist nozzle and one heat 

exchanger unit.  These systems added moisture and/or heat, respectively, to the incoming 

air according to the computer automated environment control strategy for each treatment 

compartment. 

The plenum mist nozzle was placed after the air outlet from the blower and 

sprayed water into the air upstream to the heat exchanger.  The purpose of the mist nozzle 
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in the plenum chamber was to reduce vapor pressure deficit (VPD) whenever it increase 

above the desired setpoint for each treatment compartment.  

The mist nozzle and the heat exchanger unit were both controlled by the computer 

and added water and/or heat, respectively to the incoming air.  The modified air 

downstream from the plenum chamber was first directed to the 20 cm diameter main 

PVC pipe and than distributed to the 10 cm diameter lateral PVC pipe at root level height 

along the base of each block.  Each 10 cm diameter lateral had fourteen 5 cm diameter 

holes spaced every 5 cm and oriented upwards for air distribution to the greenhouse.    

This apparatus was designed to distribute heat and moisture uniformly within the 

microclimate around the plants as dictated by the climate control strategy targeted in each 

compartment. Simultaneously when no air modification was required the plenum allowed 

for uniform air temperature and circulation throughout the compartment area avoiding 

excessively hot or cold microclimates. 

Only the two north-most compartments were the treatment compartments and the 

third south-most compartment served as the Control.  The control compartment blower 

and air distribution plenum was constructed without the mist nozzle and heat exchanger.  

The air blowers attached to the air distribution network operated continuously in all 

compartments.   

 

 

 

 

 



 65

3.2.3. Greenhouse heating system 

Two distinct systems provided the necessary heating, a heat exchanger in the air 

plenum system, and a gas fired air heater located overhead. These systems are described 

in detail in sections 3.2.3.1. and 3.2.3.2.. 

 

3.2.3.1. Heat exchanger 

In both treatment compartments, the heat exchanger was placed downstream from 

the mist nozzle and before the main air distribution pipe and connected to a hot water 

loop through a 1.9 cm diameter CPVC pipe.  The purpose of the heat exchanger was to 

provide a net gain in absolute humidity at approximately constant air temperature.  The 

heat exchanger units were commonly available aluminum casing car radiators (CSF, Inc., 

Rialto, CA, USA).  

A natural gas hot water heater (G62-75T75-4NV, American Water Heater 

Company, Johnson City, TN, USA) with a capacity of 284 L (75 gal), operating flow rate 

of 66.89 mL s-1 (63.7 gph), and an input rating of  22 kW (75,100 BTU hr-1), was used to 

heat the water in the CPVC hot water loop up to 71 ˚C (160 ˚F).  The hot water circulated 

continuously through the pipe loop toward each heat exchanger however it only provided 

heat when the solenoid valve located at the heat exchanger was activated by the computer 

control. 

 

 

 

 



 66

3.2.3.2. Overhead gas heater 

Each compartment was equipped with a natural gas fired hot air heater (3E406D 

Dayton Electric MFG, Chicago, IL) with a normal input of 17.6 kW (60,000 BTU hr-1), 

with a thermal efficiency of 81%, and thermal output capacity of 14 kW (48,600 BTU hr-

1).  Minimum gas supply pressure was 1.20 kPa (5.0” water column), and normal 

manifold pressure was 0.87 kPa (3.5” water column).  Each unit was located overhead at 

approximately 1.5 m from the ground, and oriented to exhaust the hot air in a North-

South direction.   

 

3.2.4. Greenhouse cooling system 

Cooling requirements in all compartments were achieved by two evaporative 

cooling units per compartment. 

 

3.2.4.1. Evaporative coolers 

In both experiments air cooling was achieved by evaporative cooling units 

(ES630D, Adobe Air, Inc., Phoenix, AZ).  Each evaporative cooler consisted of a blower 

and an evaporative cooler pump both located inside a metal container lined with 4 wet 

pads.  The blower had a 0.56 kW (¾ hp) non-reversible motor (Emerson Motor Division, 

St. Louis, Mo, USA) with an air flow rate capacity of 2,3600 L s-1 (5,000 cfm), 1725 rpm, 

249 Pa of SP (1.0” w.c. static pressure).  The evaporative cooler pump (EP 200 Adobe 

Air, Inc. Phoenix, AZ, USA), was 44 W and when activated maintained the moisture on 

the pads. 
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Each compartment was equipped with two evaporative cooler units, one located 

on the East and the other on the West wall.  Two corresponding exhaust vents were 

located on the opposite East and West walls.  Each evaporative cooler was operated 

independently providing two cooling stages for the climate control strategy.  The two 

exhaust vents were covered with automatically controlled louvers that opened only 

during cooling. 

 

3.2.4.2. High pressure fog system 

For Experiment 2, a 0.56 kW (0.75 hp), 208 V, high-pressure fog system (Mee 

Industries Inc., Monrovia, CA, USA) with an operating pressure of approximately 10.3 

MPa (1,500 psi) and a flow capacity of 0.063 L s-1 (1.0 gpm) was installed in all 

treatment compartments.  The system consisted of two main fog lines oriented north-

south parallel to the plant rows located at approximately 2 m from East and West wall 

and 1.5 m above maximum height of the plants.  Nozzles were spaced every 1 m oriented 

upwards at approximately 45˚ angle with respect to the vertical.  There were 6 nozzles 

per fog line for a total of 12 nozzles within each treatment compartment. 

 

3.3. Greenhouse target environments 

Different environmental conditions of air temperature and vapor pressure deficit 

(VPD) were required in each compartment during day and night periods.  Therefore, each 

control variable had different day and night target values.  A summary of the target 
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environmental conditions for all environments as well as target electrical conductivity in 

both experiments is presented in Table 3.3.1. 

 

 

Table 3.3.1. Information summary on the experiments: Experiment number (Exp.), 
growing period (from transplant to last harvest), environmental treatments and respective 
target environmental conditions for potential transpiration (ET0), vapor pressure deficit 
(VPD, kPa), and day and night air temperature difference (DIF, ˚C), and electrical 
conductivity (EC, dS m-1).  
Exp.  Growing  period Environments  Environmental conditions 
 from to ET0 VPD 

(kPa) 
DIF 

(˚C) 
EC 

(dS m-1) 
    HVPD 

LVPD 

 EC 8.0 
EC 2.5 

   HET0 
Reproductive 

 
2.0 

 
8 

8.0 
2.5 

 
1 

 
Feb 8 

 
Jun 5 

LET0 
Vegetative 

 
0.8 

 
0 

8.0 
2.5 

    
Control 

 
N/A 

 
4 

8.0 
2.5 

       
   HET0 

Reproductive 
 

2.0 
 

8 
8.0 
2.5 

 
2 

 
Aug 14 

 
May 6 

LET0 
Vegetative 

 
0.6 

 
0 

8.0 
2.5 

    
Control 

 
N/A 

 
4 

8.0 
2.5 

 

In both experiments, a high and a low potential transpiration (ET0) were provided 

in the treatment compartments.  The high potential transpiration (HET0) was for inducing 

reproductive growth with large vapor pressure difference (VPD) and high daytime air 

temperature.  The vapor pressure deficit and daytime air temperature set point for the 

HET0 treatment was 2.0 kPa and 26 ºC, respectively in both experiments.  The low 

potential transpiration (LET0) was for inducing vegetative growth with small VPD and 
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lower daytime air temperature.  In the LET0 treatment the set points were 0.8 kPa and 0.6 

kPa, for Experiment 1 and 2, respectively, and 20 ºC for daytime temperature in both 

experiments.  The air temperature setpoint for each light/dark-period was 26/18 ºC and 

20/20 ºC in the reproductive (HET0) and vegetative (LET0) treatments, respectively.  In 

the Control compartment, VPD was not controlled and the set point for day and night air 

temperatures was 22 /18 ºC, respectively.  Therefore the target day-night air temperature 

difference (DIF) was 8, 0 and 4 ˚C for the HET0, LET0 and Control environments, 

respectively.  The temperature regimes targeted in the Control are representative of day-

night air temperature regimes used in commercial greenhouses in the southwest USA.   

Plants within each environmental treatment were provided with a nutrient solution 

with an electrical conductivity (EC) of either 2.5 dS m-1, or 8.0 dS m-1.  The EC 2.5 dS m-

1 was considered standard for tomato crop production and therefore acted as the control 

EC, while EC 8.0 dS m-1 was the high salinity treatment.  At the onset of environmental 

treatments, the electrical conductivity provided to all plants was EC of 2.5 dS m-1, and 

then the salinity of the nutrient solution for the high salinity treatment was gradually 

increased from 2.5 dS m-1 to 8.0 dS m-1 by addition of NaCl to the nutrient solution.  The 

composition of the nutrient solution is presented in Appendix D.  

 

3.3.1. Measurement of greenhouse physical environment 

In all three compartments and outside the greenhouse, the air temperature (T air, 

ºC), relative humidity (RH, %), instantaneous photosynthetic photon flux (PPF, μmol m-2 
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s-1) and carbon dioxide concentration (CO2, ppm), were continuously monitored and 

recorded.  

 

3.3.1.1. Air temperature and relative humidity 

Air temperature and relative humidity were monitored by an air temperature and 

relative humidity sensor (HUMITTER 50Y, Vaisala, Inc., Woburn, MA,). Air 

temperature (T air) sensor had a measuring range between -10 and +60 ˚C and an 

accuracy of ± 8% (at 60 ˚C).  The humidity sensor had a measuring range between 10 and 

90 % RH and an accuracy of ± 3% at 50% RH.  

In both experiments the relative humidity (RH) and air temperature sensor 

(HUMITTER 50Y, Vaisala, Inc., Woburn, MA) was enclosed inside an aspirated white 

enclosure.  In Experiment 2 the enclosure was located in the center of each compartment 

hung from a support cable attached to the ceiling truss.  The enclosure was kept at top 

canopy level at all times during Experiment 2 by adjusting the support cable as necessary.  

However, in Experiment 1 the sensor was placed inside the plant canopy at 

approximately 90 cm above the air distribution plenum or above the root zone of the 

plant.  This location was chosen to improve sensitivity to micro-environmental changes 

given the limited capacity for controlling VPD in Experiment 1.  Being closer to the exit 

where modified air exit the plenum, the time between a change in environmental control 

variables and the activation of a cooling or heating device was smaller than if the sensor 

was located at the center of each compartment.  
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3.3.1.2. Vapor pressure deficit (VPD) 

Vapor pressure deficit (VPD) was one of the control variables used to manipulate 

transpiration.  Air temperature and relative humidity (RH) were used to calculate air 

vapor pressure deficit. 

VPD = es – ea       Eq 3.3.1.2.1. 

 

Where,  

VPD is vapor pressure deficit (kPa), 
ea is actual vapor pressure (kPa), 
es is saturated vapor pressure  
 

Saturated vapor pressure (es) was calculated from dry bulb air temperature using 

the following equation (ASHRAE Standards, 1983), 

 

ln (Ps/R) = (A + BT + CT2 + DT3 + ET4)  /  (FT - GT2)  Eq. 3.3.1.2.2. 

(Adapted from Keenan and Keyes, 1936 for 273.16 ≤ T ≤ 533.16). 

Where, 

T is dry bulb air temperature (Kelvin)  
R = 22.10564925  
A= - 27,405.526 
B = 97.5413 
C = - 0.146244 
D = 0.12558 ×10-3 

E = - 0.48502 ×10-7

F = 4.34903 
G = 0.39381 ×10-2 

 

Where, coefficients R through G are best fit regression coefficients.  
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Actual vapor pressure (ea) was then calculated from RH, 

 

ea = RH × es.        Eq. 3.3.1.2.3. 

 

Equation 3.3.1.2.2. was empirically developed for atmospheric pressure at sea 

level.  Therefore, the amount of error introduced in the calculation of VPD due to the 

elevation of Tucson at 732 m above sea level, was evaluated.  This was done by 

comparing the combination of dry bulb temperature and relative humidity (RH) for air 

temperature within the range experienced in this study.  The calculated saturated vapor 

pressure (es) and actual vapor pressure (ea) values were not significantly different up to 3 

significant digits.  Therefore, it was decided that for psychometric variables which are 

affected by atmospheric pressure, no correction for elevation was necessary.  

 

3.3.1.3. Photosynthetic photon flux (PPF)  

In both experiments measurement of photosynthetic photon flux (PPF) was 

achieved by using quantum sensors (PAR 400 – 700 nm) (LI-COR Biosciences L1905B, 

Lincon, NE).  PAR data was collected from one quantum sensor located at the top of the 

plant canopy in the center of each compartment.  The sensor was mounted on a horizontal 

plate attached to a straight pole.  The point of attachment allowed for frequent height 

adjustments to reposition at the top of the canopy.  
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All data was collected with a sampling frequency of 2 seconds, and averaged and 

registered every 15 minutes.  Photometric data (μmol m-2 s-1) was than converted into 

energy units per unit area (MJ m-2) corresponding to the 400-700 nm spectral range.  This 

conversion was done for ease of comparison with other published studies related with 

plant responses.  

 

3.3.1.4. Carbon dioxide 

In both experiments compressed carbon dioxide (99% pure) was used to enrich all 

three compartments independently of each other up to 700 ppm.  One carbon dioxide 

sensor (GMT220 series, Vaisala, Inc., Woburn, MA) per compartment was located mid-

height inside the canopy (approximately 1.5 m above the plenum, or above the root zone 

of the plant).  Sensor measurement range was from 0 – 2000 ppm with an accuracy (at 25 

˚C) of [< ± 20 ppm CO2 plus 2 % of reading] with an operating temperature and humidity 

range of - 20 to + 60 °C (-4 to +140 °F) and 0 - 100 % relative humidity (RH, non-

condensing). 

 

3.3.1.5. Weather Station 

An outside weather station was located on the south side of the greenhouse roof 

and included a set of sensors for air temperature, relative humidity, radiation and carbon 

dioxide.  These sensors were similar to the ones used inside the greenhouse 

compartments.  
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3.4. Greenhouse environmental control strategy 

Environmental treatments for each compartment such as potential transpiration 

(ET0) and electrical conductivity (EC) were implemented gradually 4 and 8 weeks after 

transplant for Experiments 1 and 2, respectively.  After treatments were initiated, each 

greenhouse compartment was provided a different ET0: high ET0 (HET0) and a low ET0 

(LET0).  The third and south-most compartment served as the Control in which vapor 

pressure deficit (VPD) was not controlled and the range of day-night air temperature 

difference (DIF) values was between the two treatment compartments, which was the 

desired goal.  

In each compartment, potential transpiration was combined with two salinity 

levels: standard salinity (EC 2.5 dS m-1) and increased salinity using NaCl (EC 8.0 dS m-

1).  The different ET0 and EC were chosen as being vegetative and reproductive plant 

development signals, according to the grower empirical knowledge (Table 3.4.1.).  
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Table 3.4.1. General symbols and range of values chosen for potential transpiration (ET0) 
and electrical conductivity (EC, dS m-1), corresponding ‘signal’ to the plants, and range 
of target vapor pressure deficit (VPD, kPa) and day-night air temperature difference (DIF, 
˚C) for Experiment 1 and 2. 

able 3.4.1. General symbols and range of values chosen for potential transpiration (ET

ET0 treatment ET Defined as Defined as ‘Signal’ to 
plant1

Range of target values Range of target values 

0) 
and electrical conductivity (EC, dS m-1), corresponding ‘signal’ to the plants, and range 
of target vapor pressure deficit (VPD, kPa) and day-night air temperature difference (DIF, 
˚C) for Experiment 1 and 2. 

0 treatment ‘Signal’ to 
plant1

   VPD (kPa) DIF (˚C ) 
LET0 low VPD + low DIF Vegetative 0.8 (0.6) 0 

     
HET0 high VPD + high DIF Reproductive 2.0 8 

     
Control VPD not controlled + 

intermediate DIF 
Balance NA 4 

EC treatment     
     

EC 2.5 dS m-1 EC 2.5; standard EC Vegetative 2.5  
EC 8.0 dS m-1 EC 8.0 Reproductive 8.0  

 
VPD values inside parenthesis refer to target VPD in Experiment 2.   
 
 

In each experiment, different compartments were provided different ET0. The 

only compartment that kept the same ET0 in both experiments was the Control (south-

most compartment). 

                                                

Figure 3.4.1. represents a simplified control flow diagram for the climate control 

strategy for air temperature, vapor pressure deficit (VPD), and carbon dioxide (CO2) used 

for both experiments for each compartment according to day and night time period set 

points (STPT) for each control variable: air temperature (˚ C ), VPD (kPa), and CO2 

(ppm).  

 
1 Vegetative and reproductive growth environmental signals to plants were assumed as 
used by growers. 
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Figure 3.4.1.  Climate control strategy for air temperature, vapor pressure deficit (VPD), and carbon dioxide (CO2) used for 
both experiments for each compartment according to day and night time period set points for each control variable. 
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Table 3.4.2., summarizes the type and location of all sensors used to monitor the 

controlled and computed input variables for the climate control strategy. 

 
Table 3.4.2. Input variables. Controlled and computed input variables and corresponding 
sensor type and respective location inside the greenhouse. 
Input 
variables 

Sensor 
type 

Sensor 
location 

 Control 
variables 

Sensor 
type 

Sensor 
location 

Computed 
variables 

PAR  
(μmol m-2 
s-1) 

Licor 
quantum 
sensor  

Attached to 
pole in 
middle of 
each 
compartment 

 RH (%) VPD 
(kPa) 

    Air 
temperature 
(º C ) 

 
 
Humitter 
50Y, 
Vaisala 
 

Inside 
aspirated 
white casing 
placed in 
middle of 
each 
compartment 

DIF 
( ˚C) 

     
CO2 (ppm) 

GMT220 
series, 
Vaisala 

Inside 
plenum  

 

 
 

Implementation of the day and night time setpoints were determined not by time 

of day but by solar radiation.  When the measured PPF was less than or equal to 100 

μmol m-2 s-1 then the control strategy provided nighttime setpoint conditions.  Special 

preventative procedures were included in the control strategy, including heater operation 

only in the night time, and supplemental CO2 only in daytime when not ventilating.   

Radiation (PPF, μmol m-2 s-1, 400 – 700 nm PAR) was an input variable to the 

computer program, and it provided the threshold value (100 μmol m-2 s-1 with a dead band 

of 10 μmol m-2 s-1) used to distinguish between the day and night time periods.  

The control variables were air temperature (T air), air relative humidity (RH), and 

carbon dioxide (CO2).  Humidity control was based on vapor pressure deficit (VPD) 

which was continuously calculated based on measurements of air temperature and 
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humidity according to the algorithm described in Eq. 3.3.1.2.1. (section 3.3.1.2.).  Day-

night air temperature difference (DIF) was also calculated based on the average 

difference between air temperature during day and night time periods. 

Air temperature and VPD set points for the day and night periods are presented in 

Tables 3.4.3. and 3.4.4.   

 
Table 3.4.3. Day and night air temperatures set points (STPT, ˚C), dead band (DB, ˚C) 
and cooling and heating stages for each potential transpiration (ET0) treatment in 
Experiments 1 and 2.  
Treatment Day 

STPT 
(˚C) 

DB 
( ˚C) 

Cooling stages Night 
STPT 
( ˚C) 

DB 
(˚C) 

Overhead 
Heating 

CO2 
(ppm) 

CO2 DB 
(ppm) 

LET0 
Vegetative 

20 2 1:STPT + 3 ˚C 
2:STPT + 5 ˚C 

20 2    

HET0 
Reproductive 

26 2  1:STPT + 3 ˚C 
2:STPT + 5 ˚C 

18 2 STPT-2 ˚C 700 
 

50 

Control 22 2 1:STPT + 3 ˚C 
2:STPT + 5 ˚C 

18 2    

 

Table 3.4.4. Day and night air vapor pressure deficit set points (STPT, air VPD day and 
night time, kPa), high and low alarms (kPa) and dead band (DB, kPa) for each potential 
transpiration (ET0) treatment in Experiments 1 and 2. 

Treatment  VPD day 
STPT 

DB 
 

High Alarm 
Low Alarm 

VPD night 
STPT 

  (kPa) 

LET0  
Vegetative 

 0.8 (0.6) 0.2 STPT + 0.2 
STPT - 0.3 

NA 

HET0  
Reproductive 

 2.0 0.2 STPT + 0.2 
STPT - 0.2 

NA 

Control 
Balance 

 NA NA NA NA 

Air VPD values inside parenthesis refer to target VPD in Experiment 2. 
 

In both experiments, there were 2 cooling stages.  During the first cooling stage, 

one evaporative cooling unit operated only its blower without the water pump to the wet 
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pad.  Therefore, it simply added fresh outside air and increased air circulation within the 

greenhouse and if outside air was below set point then it would reduce greenhouse air 

temperature.  The first cooling stage was activated whenever the air was 3 ˚C (Table 3.4.3, 

section 3.4) above set point but VPD inside the greenhouse was below set point.  

A 3 ˚C interval between air temperature set point and first cooling stage was 

necessary due to: 1) the small size of each compartment; 2) cooling equipment was 

oversized for the each one of the three smaller compartments created for the study.  

Frequently the set point would be exceeded before cooling system was deactivated.  

Furthermore, the climate control strategy during the daytime called for both cooling and 

heating from the heat exchanger, and therefore a too narrow temperature interval would 

result in frequent cycling of heating and cooling equipment.  

The second cooling stage included the activation of the blower and water pump of 

both evaporative cooling units.  The second stage of cooling was activated when air 

temperature increased 5 ˚C above set point in any compartment. 

In order to reduce the effect of different temperature regimes associated with 

different day-night air temperature conditions it was important to maintain a fairly 

constant 24 hour average air temperature among all compartments.  This was achieved by 

using the heat exchanger unit inside the plenum chamber.  The heat exchanger was 

activated each time the introduction of moisture in the air from evaporative cooling or 

humidification resulted in a cooling of more than 2 oC from the daytime air temperature 

set point (Figure 3.4.1.).  When a lower VPD but not lower air temperature was desired, 

the heat exchanger was activated to reheat the moistened cooled air to its original 
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temperature before delivery to the plants through the plenum.  This design strategy 

provided a net gain in absolute humidity at approximately constant air temperature.   

VPD was not controlled during the night time period in either experiment.  A day-

night control ‘lockout’ algorithm deactivated the mist systems inside the plenum 

container (for Experiment 1) and the high pressure fog system (for Experiment 2) when 

outside PPF was less than 100 μmol m-2 s-1 with a dead band of 10 μ mol m-2 s-1. During 

the night time period the overhead heater was activated each time air temperature 

dropped at least 2 ˚C below night temperature set point for each compartment (Figure 

3.4.1.). 

Carbon dioxide set point was 700 ppm with a dead band of 50 ppm (Figure 3.4.1.).  

Several overriding conditions for CO2 enrichment control were included such as: when 

venting/cooling was ON, a 5 minute delay was imposed after venting/cooling ceased; 

also, when the radiation threshold of 100 μ mol m-2 s-1 (with a dead band of 10 μmol m-2 

s-1) signaled ‘end-of-day’, the lockout of the CO2 solenoid was imposed preventing 

addition of carbon dioxide (Figure 3.4.1.)  

In Experiment 1 (February – June) the target low vapor pressure deficit (VPD) of 

0.8 kPa was provided by using only the air mist nozzle inside the air modification plenum 

within each compartment.  In Experiment 2 (August – May), VPD set point target was 

decreased to 0.6 kPa and was achieved through the installation of a high pressure fog 

system.  High pressure fog system was activated each time VPD increased above the 

desired set point value (0.6 kPa and 2.0 kPa for vegetative and reproductive environment, 

respectively).  For both treatments, the dead band (DB) was 0.2 kPa (Table 3.4.4.).  Each 
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time the fog system was activated, evaporative cooling occurred and air temperature was 

decreased.  Similar to Experiment 1, each time the air temperature decreased by more 

than 2 oC from the daytime air temperature set point, the heat exchanger unit was 

activated automatically through the computer control software to increase the air 

temperature back to near its original value.  

 

3.4.1. Environmental shift 

To demonstrate the possibility of using environmental conditions to change plant 

morphological characteristics, in both experiments, the environmental conditions were 

maintained in each compartment until significant changes in plant morphological 

characteristics were detected. This was phase I.  Once significant differences were 

observed for some of the morphological characteristics in the vegetative (LET0) and 

reproductive (HET0) -inducing environments, the environments were switched between 

the two treatment compartments and the plants were provided the opposite environment.  

This was phase II. 

The environmental shift was done automatically through the computer control 

system by switching environmental set points (air temperature and vapor pressure deficit, 

VPD) between the two treatment compartments. As a result, the same set of plants grew 

under two different canopy environmental conditions throughout the experimental 

periods. The salinity level provided to the roots was maintained constant throughout the 

entire experimental period.  
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3.4.2. Root environment 

Water and nutrient solution delivery for the entire greenhouse required a flow 

capacity of 9.6 L min-1 of nutrient solution based on 288 plants each being irrigated with 

a 2 liters per hour emitter.  This requirement was met with a pressurized poTable water 

source and by A-12-1% Dosmatic injection units (Dosmatic USA, Inc.).  The Dosmatic 

units had an injection rate range between 0.2% - 1.0% ( or 1:500 - 1:100), and flow rate 

range between 0.0019 – 0.7572 L s-1 (0.03 - 12 gpm) at an operating pressure range of 41 

– 690 kPa (6 - 100 psi).   

Two sets of three injector units each, automatically injected a predetermined 

amount of nutrients from three 200 times concentrated stock solution tanks (containing 

the macro and micro nutrients, calcium and iron, and nitric acid for pH regulation) into 

fresh water lines.  The diluted nutrient solution flowed to the different irrigation zones 

inside each compartment driven by the pressurized potable water source.  A set of main, 

sub-main and lateral irrigation lines delivered the nutrient solution to each individual 

plant through top drip irrigation through 2 L hr-1 pressure compensated emitters 

according to the irrigation schedule.  The irrigation schedule is mentioned ahead in 

section 3.4.2.2.  The composition of the nutrient solution is presented in Appendix D. 

 

3.4.2.1. Electrical conductivity (EC) 

A modified Hoagland nutrient solution was used in both experiments.  Nutrient 

solution of EC 1.4 dS m-1 was applied from transplant until fruit set in the second fruit 

truss, (Recipe 1, Appendix D).  Afterwards, the nutrient solution was increased to a 
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standard element concentration of EC 2.5 dS m-1 and it was provided through the 

remainder of the experimental period (Recipe 3, Appendix D).  

After treatments began, two distinct electrical conductivities (EC) were selected 

to induce the different responses regarding rate of plant water uptake.  The standard EC 

2.5 dS m-1 nutrient solution continued to be supplied to standard salinity plants. A 

nutrient solution with increased salinity of EC 8.0 dS m-1 obtained by addition of NaCl to 

the standard nutrient solution was supplied to the high salinity plants.  Therefore, both EC 

treatments supplied a similar amount of macro and micro nutrients so that no differences 

in plant growth (vigor) were expected from different nutrient element composition. 

Once treatments began, the electrical conductivity (EC) in the high EC treatment 

was increased at an approximate rate of 1.8 dS m-1 each day from 2.5 dS m-1 to 8.0 dS m-1 

at the drip by addition of NaCl at a rate of 0.16 kg NaCl per 1iter for a 100 times 

concentrated NaCl stock solution.  Commercial standard NaCl crystals (99.5% NaCl) 

were used. The final nutrient solution concentration at the drip was 1,599 ppm of which 

628 ppm was Na and 970 ppm was Cl.   

 

3.4.2.2. Irrigation control strategy 

In both experiments, the irrigation schedule (frequency and duration) was similar 

among all three compartments. The schedule was determined by daily measurements of 

drainage percentage in the lysimeter units. See section 3.6. for description of lysimeter 

units.  
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For both experiments, and throughout the entire experimental period, each 

irrigation event had a duration of 2 minutes which provided approximately 67 ml per 

irrigation event.  Irrigation frequency was determined to maintain the drainage percentage 

between 30 – 40% and was controlled based on integrated solar radiation.  The number of 

moles per square meter of integrated radiation, PPF was calculated and when the integral 

target of 10 moles for young plants and between 5 and 2.5 moles for mature plants was 

reached, an irrigation event was initiated.  Adjustments were made to the target number 

of moles by adjusting the irrigation frequency anytime the drainage percentage was out of 

the desired 30 to 40% range as measure in the HET0 EC 2.5 treatment combination.  

The light integration module for the irrigation control strategy was set to start 

accumulating moles once instantaneous outside PPF reached above 100 μmol m-2 s-1 

(same light threshold which controlled daytime VPD).  However, it should be noted that 

the light integration module was not reset at the end of each day which frequently 

resulted in an earlier first irrigation (triggered before target light integration on the 

current day was reached).  A maximum irrigation time off of 10 minutes was also 

introduced in order to prevent water deficiencies when radiation was low and light 

integration would take longer than 10 minutes to trigger an irrigation event.  
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3.4.2.3. Treatment combinations 

A summary of all potential transpiration (ET0) and electrical conductivity (EC) 

treatment combinations is presented in Table 3.4.2.3.1.  

 
Table 3.4.2.3.1. Potential transpiration (ET0) and electrical conductivity (EC, dS m-1) 
treatment combinations, and respective nomenclature used in the study.  

Potential transpiration  Electrical 
conductivity  

Treatment 
combination  

ET0 (VPD and DIF) EC (dS m-1) ET0 EC 
High Standard HET0 EC 2.5 
High High HET0 EC 8.0 
Low Standard LET0 EC 2.5 
Low High LET0 EC 8.0 

Control Standard Control EC 2.5 
Control High Control EC 8.0 

 

3.5. Crop management 

Tomato plants cv. ‘Rapsodie’ (Syngenta Seed Company) were seeded in 3.8 cm 

rockwool cubes and transferred into 7.6 cm × 7.6 cm rockwool blocks after true leaf 

emergence, which was roughly 14 days after sowing.  When the first 5 to 6 true leaves 

were developed and first flower buds were visible (28 days after sowing), 288 of the most 

vigorous seedlings were transplanted into the greenhouse on 7.6 cm × 15.2 cm × 91.4 cm 

rockwool slabs placed on top of eight 2.4 m × 0.3 m wooden supports per greenhouse 

compartment.  These supports were slightly sloped for drainage of excess nutrient 

solution.  There were 4 experimental and 4 guard row blocks (total of 8 blocks per 

compartment).  Each block had 2 slabs with a total of 6 plants per slab for a total of 12 

plants per block.  Crop density was 2.6 plants m-2 in North-South oriented rows in both 

experiments. 
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The total growing period was 17 weeks and 34 weeks after transplant (WAT) for 

Experiments 1 and 2, respectively.  The total experimental period was 13 and 26 weeks 

for Experiments 1 and 2, respectively.  The experimental period was divided in two 

distinct time periods or phases:  Phase I was defined as the period between the beginning 

of the environmental treatments and the environmental shift, and phase II as the period 

between the environmental shift and the end of the experiment. 

Plants were grown on the high wire system (Van de Vooren et al., 1986).  Fruit 

trusses were pruned to 4 to 5 fruits per truss every week.  Fruit pruning was performed in 

both Phases of Experiment 1, but discontinued during phase II of Experiment 2. 

All axillary shoots were removed weekly in order to maintain a single growing 

main stem.  Leaves were pruned weekly up to the developing fruit level to enhance 

canopy air circulation. In general this practice corresponded to maintaining 

approximately 13 fully developed leaves on the plant at pruning day. Plants were leaned 

and lowered weekly and wrapped around each block so that the plants in each block were 

provided the same microclimate.  

 

3.6. Water uptake  

Plant water uptake from root medium was measured each week for a period of 24 

hours in both experiments.  A mass balance was performed between the volume of 

nutrient solution supplied by a single dripper and the volume drained from one slab 

(containing 6 plants). The volume of nutrient solution supplied to one slab was measured 

from one extra emitter flowing into a glass bottle.  The excess drainage from the same 
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slab was collected in an 11 liter bucket.  The glass bottle collecting the efflux of nutrient 

solution and the bucket collecting the drainage constitute a lysimeter unit.  The lysimeter 

unit allowed calculation of water uptake as a water balance between the amount of water 

provided through the irrigation control system and the amount of drainage.  It also 

allowed calculating daily percent drainage as the amount of water discharged from the 

root zone during a 24-hour period.  Daily water uptake was calculated as the difference 

between the amount of irrigation water applied to each slab and the total volume of water 

drained from each slab during the period of 24 hours, by each plant.  The daily percent 

drainage was calculated as the fraction of the total amount of water provided to each 

plant which was drained during a period of 24 hours.  Target drainage was between 30% 

and 40% per day per plant and was measured in the HET0 EC 2.5 treatment combination. 

There was one lysimeter unit in one of the two experimental blocks per treatment 

combination for a total of 2×3 compartments = 6 lysimeters.  Lysimeters allowed 24 hour 

monitoring of plant water uptake and percent drainage from each treatment combination. 

This data provided daily information about the adequacy of irrigation schedule being 

provided to the plants (frequency and duration), indicating the need for irrigation 

adjustments whenever necessary. 

 

3.7. Plant physiological measurements 

3.7.1. Net photosynthesis, stomatal conductance and transpiration 

Net CO2 assimilation or net photosynthesis (Pn), stomatal conductance (gs), and 

transpiration (T), were measured through single leaf gas-exchange measurements, with a 
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CIRAS-2 portable photosynthesis system (PP Systems, Amesbury, MA, USA) at a 

constant 1500 µmol m-2 s-1 (PPF). All measurements were performed in the morning 

(8:00 to 12:00 am) in single fully developed leaves (5th leaf below the apical meristem). 

Measurements were performed in the lateral most distal leaflet in eight different plants 

for each potential transpiration (ET0) and electrical conductivity (EC) treatment 

combination. 

 

3.7.2. Leaf water potential 

Leaf water potential (ψw) was determined with a pressure chamber (Soil Moisture 

Equipment Corp., Santa Barbara, CA, U.S.A.) according to the technique followed by 

Scholander et al. (1965).  In all cases, leaf water potential (ψw) was measured in fully 

expanded leaves number 6 to 8 from apex on 6 plants per experimental block. It was 

assumed the first leaf to be the top leaf longer than 15 cm in length.  

Immediately after ψw was determined, the same leaf samples were labeled, stored 

in freezer bags, and frozen at – 80 ˚C.  Later, the sample leaves were thawed at room 

temperature and the osmotic potential (ψs) determined.  A sample of cell sap was 

collected by placing the thawed leaf material in a 10 μl air displacement micropipette. 

The osmotic potential (ψs) of the collected sample was measured by the dew point 

depression method (5500 WESCOR Vapor Pressure Osmometer).  Turgor pressure 

potential (ψp) was calculated as the difference between ψw and ψs according to equation 

3.7.2.1. 

psw ψψψ +=     Eq. 3.7.2.1. 
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where, 

 ψw is water potential (≤ 0) 

 ψs is osmotic potential (< 0) 

 ψp is turgor pressure potential (>0) 

 

Measurements were performed at predawn (between 3:00 and 5:00 am) in order to 

avoid environmental mid-day stress in January (phase I) and April (phase II).  To further 

determine the effect of the different ET0 canopy environments and EC during the higher 

stress hours of the day, water potential was also measured at mid-day conditions 

(between 12:00 to 15:00 pm).  The mid-day measurements were performed only at the 

end of phase II.  

Predawn measurements were performed to determine if leaf water potential was 

recovered for all different treatments combinations once plants reach an osmotic steady 

state throughout all tissues.  It was assumed that at predawn, root water uptake reached a 

minimum (low transpiration) and plants reached an osmotic equilibrium within its entire 

tissues.  Thus, under predawn conditions, leaf water potential was assumed to be 

representative of the entire plant water potential.  In April the same measurements were 

also performed at mid day stress conditions, to compare the range of leaf water potential 

values between stress and non-stress conditions. 
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3.7.3. Chlorophyll concentration  

To explain differences in net photosynthetic rate (Pn) the concentration of 

chlorophyll in the leaves was measured.  Determination of chlorophyll concentration on 

leaf tissue was performed with a UV-visible spectrophotometer (UV-1601, Shimatzu 

Scientific Instruments, Inc. Pleasenton, CA).  Chlorophyll extraction was performed 

according to Moran’s (1982) procedure using N,N-dimethylformamide (DMF) as the 

cholorophyllous pigments extraction agent. Chlorophyll a, b and total concentrations 

were estimated by measuring the absorbance of the extract solution at 647 and 664 nm, 

the spectral range of peak absorbance for chlorophyll a and b, respectively.  

 

3.8. Plant morphological parameters 

The effect of day and night temperature on plant morphological development such 

as leaf expansion, flowering rate and fruit development were not monitored in this study. 

This was due to the fact that average 24 hour temperature was approximately the same in 

all day and night temperature difference treatments, which would not allow for separating 

the effects of daytime from night time air temperatures.  Therefore, in this study the main 

temperature effect was only associated with day and night air temperature differences 

(DIF).  
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3.8.1. Plant morphological characteristics 

The specific plant morphological characteristics measured throughout the entire 

Experimental period included:  

1. stem diameter at 15 cm: stem diameter measured at 15 cm below apical 

meristem (SD15). 

2. stem elongation: length of stem grown from the previous week position of 

apical meristem, stem elongation (SE).  

3. internode 5 length: length of the 5th internode from the apical meristem, 

internode 5 length (IN 5L), and, 

4. open flower to apical meristem: length of stem from most recent open flower to 

apical meristem (OF AM). 

 

In both experiments, plant growth characteristics were measured weekly in five 

plants per experimental block and two experimental blocks per treatment combination (N 

= 10 per treatment combination and N = 20 in each compartment).  

In Experiment 1, six plant morphological characteristics were monitored.  Initially, 

plant morphological characteristics measured included stem diameter measured 15 cm 

below the apical meristem (SD15), stem diameter after seven days of growth (SD 7), 

internode 5 diameter (IN 5 d), internode five length (IN 5 L), stem elongation (SE) and 

distance between last truss with open flower and apical meristem (OF AM).  However, 

due to high correlations (r > 0.90, all cases) found between mean SD15 cm and SD 7 as 

well as IN 5 d, later the last two stem diameter characteristics were discontinued and only 
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SD15 was monitored along with IN 5 length, SE and OF AM resulting in a total of five 

plant morphological characteristics monitored through the entire Experimental period in 

both Experiments (Table 3.8.1.). 

 

Table 3.8.1. Description of plant growth characteristics measured throughout the 
Experiment 1 and 2, including description, symbols used and measurement procedure.  

Description Symbol 
used 

Units Measurement procedure 

Stem diameter at 15 cm from 
apical meristem 

*SD15 cm Locate apical meristem, and measure 
the stem diameter 15 cm below it.  

 
Stem elongation 

*SE cm Each week apical meristem position 
relative was market with tape on the 
support wire. The following week the 
difference between two consecutive 
marks represented the stem elongation. 

Stem diameter at 7 day 
intervals 

SD 7 cm Measure stem diameter at previous 
week location of apical meristem 

 
Internode 5 length 

*IN5 L cm Find first internode as the highest on 
the stem with a length higher than 1.5 
cm, count 5 internodes down. Measure 
the length between respective leaf 
insertions. 

Diameter of Internode 5  IN 5 d cm Measure the diameter of stem at mid 
point of IN 5  

Open flower to apical 
meristem 

*OF 
AM 

cm Distance between youngest flower 
opened and apical meristem 

* continued for both experimental periods. 

 

These morphological characteristics were selected because of their sensitivity to 

similar environmental factors (Costa, et al., 2004), and a high correlation with total fruit 

yield, as determined in a preliminary study by the author (data not published).  In this 

study it was also established that for indeterminate growth tomato plants, the internode 5 
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length represented the section of the plant stem in which further elongation had stopped 

(data not published).   

Stem diameter at 15 cm from apical meristem (SD15) was measured by locating 

the apical meristem, and measuring the stem diameter 15 cm below it. Stem diameter at 7 

day intervals (SD 7) was measured by marking the location of the apical meristem in the 

previous week and measuring the stem diameter at the mark location a week later.  The 

marks were made by taping the vine twine that supported the plants in the high wire 

system (Van de Vooren et al., 1986).  The length between the new mark and the previous 

week mark was the stem elongation (SE).  Each week, internode five was located by 

assuming the first internode on the plant was the top most internode, whose length was 

equal to or larger than 1.5 cm. Internode five length (IN 5 L) and respective diameter (IN 

5 d) was then measured.  Open flower to apical meristem (OF AM) was measured as the 

distance between the youngest flower opened and the apical meristem. 

A digital caliper with a 1/1000 cm precision range was used for all stem diameter 

measurements.  A metric tape with a 1/10 cm precision was used for all internode length 

measurements.  

 

3.8.2. Leaf area index 

Leaf area was determined by destructive measurements using a leaf area meter, 

(LI-COR Model 3100 Inc., Lincon, Nebraska, USA).  Destructive measurements were 

performed twice during Experiment 2, once at the end of phase I and phase II.  At the end 

of phase I, all leaves of four plants in guard rows were removed and leaf area measured.  
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Guard rows were used instead of experimental block plants, in order not to disrupt the 

plant density of the experimental blocks (2.6 plants per m2) in which sample plants 

continued to be monitored after environmental treatments were switched between 

compartment 1 and 2 for the duration of the experiment.  At the end of phase II, leaves 

from four plants from experimental blocks were used to measure leaf area in each 

canopy-root treatment combination (ET0 and EC).  At the end of phase I, the leaf area of 

the seventh leaf of four experimental plants was also measured and compared with the 

area of the seventh leaf from guard row plants.  These measurements were performed in 

order to assess if any possible differences in leaf area between the two phases could be 

attributed to the differences between guard rows and experimental block used for the 

destructive leaf area measurements.  For calculation of leaf area index (LAI), the floor 

area for all each experimental block was considered to be 2.44 m2 and equal for all 

treatment combinations. 

 

3.8.3. Stomatal density 

At the end of Experiment 2, epidermal tissue from leaves were removed from 

three leaves per treatment combination and the number of stomata present in the abaxial 

side counted using a Leica ATC 2000 microscope (400 × magnification).  Epidermal 

tissues were taken from the seventh leaf in three data plants.  Tissue samples were 

prepared by peeling epidermal tissue using laboratory forceps and mounting them on 

microscope slides with a drop of double de-ionized water and a glass cover slip and 

properly labeled.  
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3.9. Fresh weight production and distribution 

Fresh weight production was defined as the total fresh weight produced and 

accumulated through the life of the plant.  Fresh weight distribution was defined as the 

fraction of total fresh weight distributed to fruits, stems and leaves.  Currently, growers 

evaluate the plant growth status of an indeterminate tomato crop by visual inspection, 

often based on the vegetative appearance of the crop.  Plant vigor as well as 

morphological characteristics such as leaf area, leaf thickness and color, weekly stem 

elongation and stem thickness (diameter) are often used by growers as indicators of 

vegetative growth.  Given the absence of studies correlating actual fruit production with 

these vegetative-based indicators, likely the concept of a reproductive plant growth status 

emerged by contrast with the concept of vegetative plant growth status, rather than by 

actual quantification of fresh weight distribution between reproductive and vegetative 

parts, associated with variations in plant morphological characteristics and the 

corresponding environmental conditions that induce them.  For this reason, it was 

important to determine the effect of different environmental conditions, traditionally 

perceived as promoting a vegetative or reproductive plant growth, on the fraction of total 

fresh weight distributed to fruits and vegetative parts.  

Total fresh weight production and fresh weight distribution between fruits, stems 

and leaves in the six different treatment combinations was analyzed only for Experiment 

2, as leaf and stem fresh weight measurements were not performed in Experiment 1. In 

Experiment 2, the fresh weights of fruits and leaves were gathered weekly at the time of 
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harvest, as well as when fruit and leaf pruning was performed in two experimental blocks 

in each treatment combination.  

Unlike fruit and leaf fresh weights, stem fresh weights were not gathered weekly, 

as this would require weekly destructive measurements and replacement of destroyed 

plants with ones with similar development, so to maintain plant density throughout the 

experimental period. Stem fresh weights were measured for each treatment combination 

from two experimental blocks at three specific weeks after transplant (WAT): at time of 

transplant (WAT 0, August 14), before the environmental shift at the end of phase I 

(WAT 24, January 26), and at the end of phase II (WAT 38, May 6).  The relative growth 

curve of stems fresh weight in Experiment 2 was developed indirectly by an interpolation 

process.  Details of this interpolation process as well as the resulting stem relative growth 

curve for all 6 treatment combinations is described and presented in Appendix B.  The 

interpolated weekly stem fresh weight from both experimental blocks was used along 

with cumulative fruit and leaf fresh weight for purposes of statistical analyses.  

Fresh weight production and distribution was evaluated as cumulative data in 

order to reduce the effect of weekly variations.  Given the increasingly high standard 

error associated with statistical analysis of cumulative data, analysis of fresh weight 

production was also performed on a weekly basis. In both experiments, there was a good 

agreement between the two analyses for all fresh weight parameters analyzed.  The three 

week period immediately after the start of treatments and after the environmental shift 

was excluded in order to avoid data from the transitional period. 
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In both experiments flower and fruit development began before treatments started. 

Therefore, the onset of the reproductive stage was not influenced by the environmental 

treatments.  In Experiment 1 (February 2003 to June 2003), only fruit fresh weight data 

and number of fruits harvested was collected.  For this reason the statistical analyses for 

this experiment includes only the effect of potential transpiration and electrical 

conductivity on cumulative fruit fresh weight, cumulative number of fruits and average 

fruit weight.  Also, in Experiment 1 results for fruit fresh weight included only phase II. 

This was because the environmental shift was performed on April 16, three days after 

first harvest (10 weeks after transplant, WAT 10). Thus, all fruit production data was 

gathered in phase II. 

In Experiment 2 (August 2003 to May 2004), fresh matter distribution between 

vegetative parts (roots excluded), and reproductive parts was determined.  All plant parts 

from two experimental blocks per treatment combination (ET0 and EC), which were 

removed weekly according to standard crop management practices (leaf pruning), and 

fruits harvested and pruned during the entire experimental periods were collected and 

measured.  Weekly stem fresh weight was interpolated through a 3-step interpolation 

process described in detail in Appendix B. 

As in Experiment 1, first harvest also occurred 10 weeks after transplant, but in 

this experiment, phase I was allowed to continue for an additional 14 weeks before 

environments were shifted between treatment compartments on January 26 (WAT 24). 

Therefore, in Experiment 2, results for fresh weight production include data from both 

phase I and II.  
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3.10. Plant growth status 

Plant growth status was quantified by a regression analyses between the average 

weekly SD15 and the fresh weight ratio between reproductive and vegetative plant parts, 

defined by the ratio of total fruit fresh weight / total stems and leaves fresh weight, for 

each treatment combinations.  For the stem diameter 15 cm below apical meristem 

(SD15) each data point was the average of 5 plants per experimental block (N = 5).  The 

fruit/(stem + leaves) fresh weight cumulative ratio was developed from weekly fruit and 

leaf fresh weight per experimental block (N=12) for the period of each phase.  For stems, 

weekly data was originated from the stem growth curve calculated through the 

interpolation process described in detail in Appendix B.  Fresh weight production in all 

plant organs was than accumulated throughout the entire experimental period and the 

cumulative data used to build the cumulative ratio.  In this study, this cumulative ratio is 

referred to as the “Red / Green’ ratio.  The ‘Red / Green’ ratio could only be determined 

for Experiment 2 as fresh weight of all plant parts was not measured during Experiment 1.  

According to the regression analyses, a treatment with a significant correlation 

and a negative slope associated with an increase in ratio would indicate a reproductive 

plant growth status.  A treatment with a significant correlation with a positive slope 

associated with a ratio decrease would indicate a vegetative plant growth status.  This 

analysis gave a good insight to what growers ‘see’ throughout the life of the tomato crop 

and how the current distinctions of plant growth status might have been started. 
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3.11. Fruit quality 

Fruit quality characteristics were monitored weekly upon each harvest and 

included: fruit weight, and visual appearance (physiological disorders, generally 

deformed fruits, etc).  Fruits were classified into three distinct quality categories 

according to fresh weight thresholds and absence of visual defects: Class 1, Class 2 and 

presence of defaults, Culls (unmarketable yield).  Marketable yield was considered to be 

the sum of all fruit fresh weight from Classes 1 and 2. It was assumed that Class 2 fruits 

were all marketable fruits.  The criteria used to classify fruit quality are presented in 

Table 3.11.1. 

 

Table 3.11.1. Criteria used for classification of fruit quality in Experiment 1 and 2.   
 Marketable Unmarketable 

Fruit quality 
classification 

Class 1 Class 2 Culls 

Fresh weight1 > 150 g < 150 g < 150 g 
 

Visual 
appearance 

Absence of  
defects 

Absence of 
defects 

Deformed fruits 
BER2, cracking, 
scaring, boats 

1Fresh weight of individual fruits; 2 Blossom end rot. 
 

3.12. Experimental design 

The experimental design was a two factor design with two distinct phases.  The 

two major sources of variation were potential transpiration (ET0), and electrical 

conductivity (EC).  ET0 was defined as a combination of vapor pressure deficit (VPD) 

and day and night air temperature difference (DIF), and provided at three potential 

transpiration levels: low, LET0, high, HET0, and Control.  Each ET0 level was combined 
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with two salinity levels determined by electrical conductivity (EC) and provided at two 

levels: standard, EC 2.5 dS m-1 and high, EC 8.0 dS m-1.  Therefore, three levels of ET0 

were contrasted with two EC levels, resulting in 3 × 2 factor experimental design with 6 

different treatment combinations. 

For purposes of ANOVA, data from both phases was analyzed simultaneously. 

The possible lack of independence in the data generated by the environmental shift was 

accounted for by excluding three weeks of measured data after treatments started and 

three weeks after the environmental switch.  The three week period was assumed as a 

reasonable time given that the response of most characteristics monitored, responded in 

less than three weeks.  Furthermore, three weeks represents a plant physiological 

reference associated with the time between fruit set and mature green development stage. 

To the main factors ET0 and EC, and interaction term, a random effect term was 

added to account for error.  Therefore the Experimental design can be represented by the 

model: 

Yij = μ + βi X1 + βj X2 + (α β)ij X12 + εijt 

Where, 

Yij – measured value for the i ET0 canopy treatment and j salinity treatment 

 μ – general average 

 βi – coefficient for canopy ET0 level (i=1,2,3) 

 βj – coefficient for EC level (j=1,2) 

 (α β)ij – coefficient for interactions between ET0 and EC 

 X1 – average value of canopy ET0 
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 X2 – average value of salinity level 

 X12 – interaction between canopy ET0 i and salinity level j   

εijt – error term 

 

There were 12 plants per experimental block and 4 blocks per canopy ET0 and EC 

treatment combination, resulting in a total of 48 plants per treatment combination, and 96 

plants per compartment, for a total of (96×3) 288 tomato plants.  Of the 288 total, the four 

outer blocks in each of the three compartments were considered as guard rows and the 

corresponding data not included in the analysis.  

For data analyses only 2 experimental blocks each with 12 plants each for a total 

of 24 plants per treatment combination and a total of 144 experimental plants (24 plants 

per treatment combination × 2 treatment combinations per compartment × 3 

compartments) were considered.  In order to limit the level of disturbance to the 

experimental blocks or its plant density, only when destructive measurements were 

necessary in the middle of the experimental period, guard row data was collected.  That 

was the case for leaf area, and leaf and stem dry weight measurements at the end of phase 

I (before the environmental switch).   
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3.13. Statistical analyses 

Data were subjected to analyses of variance (ANOVA), and correlation analyses 

procedures using JMP Statistics software package (JMP IN 5.1 academic version).  

Means were separated using either Tukey HSD test or Student-t test at a α = 0.05.   

Student t-test was used each time a single factor had only two levels such as the case of 

electrical conductivity.
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4. RESULTS AND DISCUSSION 

In this chapter, the environmental conditions experienced by the plants are 

described. The measured effects of the environment on the plant morphological 

characteristics, the plant physiological parameters, the plant production parameters, and 

the plant fresh weight distribution between reproductive and vegetative plant parts are 

described and discussed.  Plant growth status is characterized and correlations between 

important plant morphological characteristics and fresh weight distribution between 

reproductive and vegetative plant parts are presented and discussed.  

 

4.1. Environmental Conditions  

A summary of the daily average environmental conditions achieved in the low 

potential transpiration (LET0), high potential transpiration (HET0) and in the Control 

treatments in Experiments 1 and 2 is presented in Table 4.1.1.  These data include 

averages of air temperature during the light and dark period, air temperature difference 

between light and dark time period (DIF), average 24-hour air temperature, and vapor 

pressure deficit (VPD) for Experiments 1 and 2.  

In Experiment 1, the daily average vapor pressure deficit (VPD) achieved for the 

light period with an instantaneous light level above 300 µmol m-2 s-1 [corresponding to 

95% of cumulative PAR (mol m-2 per day) and 72% of the entire light time period], was 

1.7 kPa for the HET0.  The cooling and venting system lowered vapor pressure deficit to 

1.1 kPa in the LET0 treatment 27% above the desired set point of 0.8 kPa.  The 

evaporative cooling system, which included the low pressure misters located within the 
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air distribution plenum system, did not have the capability to keep the VPD set point for 

the LET0 treatment.  In both phases of Experiment 1, the insufficient capacity to add 

water to the environment and achieve set point resulted in an average VPD which was no 

different from that achieved in the Control.  The daily average VPD for the same light 

period in the Control environment was 1.1 kPa (Table 4.1.1.).   

For Experiment 2, a high pressure fog system was installed one meter above the 

high wire plant support cables.  This system was able to lower the VPD to an average of 

0.5 kPa and 0.7 kPa in the LET0 treatment, and to 1.7 and 1.8 kPa in the HET0 treatment 

for phase I and II, respectively.  The average daytime period VPD in the Control was 0.9 

kPa and 1.2 kPa during phase I and II respectively (Table 4.1.1.).  

In Experiment 1, the average daytime period air temperature for LET0 treatment 

exceeded 4 ºC from the target temperature (Table 4.1.1. and Table 3.3.1, section 3.3.). 

The average air temperatures during the daytime period (PPF > 300 μmol m-2 s-1) were 

26.7 ± 3.6 ˚C and 26.5 ± 2.4 ˚C for HET0, 24.5 ± 2.7 ˚C and 23.1 ± 1.8 ˚C for LET0 

treatment, and 22.6 ± 2.1 ˚C and 23 ± 2.0 ˚C in the Control, during phases I and II, 

respectively.  

In Experiment 2, the average air temperatures never exceeded 2 ºC from the target 

temperature during the daytime period and were 25.8 ± 0.5˚C and 26.3 ± 0.7 in the HET0, 

21.6 ± 0.5 and 21.9 ± 0.6 ˚C in the LET0 in phase I and II, respectively.  In the Control 

the average air temperature during daytime was between 22.6 ± 1.0 ˚C and 21.9 ± 1.0 ˚C 

(Table 4.1.1.).
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Table 4.1.1. Average daily vapor pressure deficit (VPD, kPa); light time period, dark period and 24-hour air temperatures (˚C), 
and air temperature difference between light and dark period (DIF, ˚C) achieved during phase I and II for Experiments 1 and 2.  
Environment Average VPD1 ± SD 

(kPa) 

Air Temperature ± SD  ( ˚C) 

  Light Period1 Dark Period2 DIF 24-hour 

 Phase I Phase II Phase I Phase II Phase I Phase II Phase I Phase II Phase I Phase II 

Experiment1 March-April April-June March-April April-June March-April April-June March-April April-June March-April April-June 

HET0 1.7 ± 0.6 1.6 ± 0.5 26.7 ± 3.6 26.5 ± 2.4 19.6 ± 2.5 19.5 ± 2.3 7.0 ± 0.5 6.9 ± 0.6 21.9 ± 2.6 22.7 ± 0.9 

LET0 1.1 ± 0.7 1.0 ±0.3 24.5 ± 2.7 23.1 ± 1.8 21.3 ± 1.5 19.9 ± 2.3 4.0 ± 0.4 3.1 ± 0.7 21.5 ± 2.1 22.1 ± 0.9  

Control 1.1 ± 0.5 1.1 ± 0.4 22.6 ± 2.1 23.0 ± 2.0 18.8 ± 1.1 19.7 ± 1.8 3.6 ± 0.8 3.2 ± 0.9 20.2 ± 1.5 22.1 ± 0.9 

Experiment2 Oct - Jan Jan - May Oct - Jan Jan - May Oct - Jan Jan - May Oct - Jan Jan - May Oct - Jan Jan - May 

HET0 1.7 ± 0.2 1.8 ± 0.2 25.8 ± 0.5 26.3 ± 0.7 19.9 ± 0.8 19.5 ± 1.5 5.7 ± 0.7 5.6 ± 0.9 22.1 ± 2.9 22.6 ± 3.5  

LET0 0.5 ± 0.1 0.7 ± 0.1 21.6 ± 0.5 21.9 ± 0.6 19.6 ± 0.7 21.7 ± 0.6 1.7 ± 0.5 0.1 ± 0.1 20.3 ± 1.1 21.7 ± 0.8  

Control 0.9 ± 0.2 1.2 ± 0.2 22.6 ± 1.0 21.9 ± 1.0 18.4 ± 1.4 19.7 ± 1.1 3.6 ± 1.7 3.4 ± 1.0 19.9 ± 2.4 21.4 ± 2.2 

SD = Standard Deviation; DIF = air temperature difference between light and dark period 
1 Corresponding to light period with PPF > 300 µmol m-2 s-1 

2 Corresponding to a dark period with PPF < 10 µmol m-2 s-1 
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Figure 4.1.1. Average air temperature during light period (PAR > 0 MJ m-2) versus inside 
daily radiation for each day of Experiment 2 (October, 2003 to May, 2004) according to 
each potential transpiration treatment (ET0). Blue ○ is air temperature in low potential 
transpiration (LET0, VPD1); green □ is air temperature in high potential transpiration 
(HET0, VPD2); red + is air temperature in the Control; yellow ◊ is outside daily radiation 
integral and air temperature (13-year data series (AZMET).  Blue line characterizes the 
average monthly outside air temperature and radiation pattern over the course of the year 
in Tucson, AZ.  
 

The narrow range of air temperatures [x-axis] maintained in each one of the three 

potential transpiration (ET0) treatments regardless of seasonal changes in day length, air 

temperature or radiation levels [y-axis], is clearly seen in Figure 4.1.1. The distinct 

average air temperature differences between the three potential transpiration (ET0) 

treatments, during the daytime period, are also clear in Figure 4.1.1.  The outside ambient 

conditions (yellow ◊) include daily radiation integral data as a function of outside air 

temperature for a 13-year data series as measured by AZMET, the meteorological service 

of the University of Arizona with station located 0.5 km away from the greenhouse.  The 
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blue trace represents the monthly average air temperatures and radiation for Tucson, AZ 

computed for the 13-year AZMET data series.  This trace characterizes the average 

monthly air temperature and radiation pattern over the course of the year in Tucson, AZ.  

It was important to maintain an approximately constant twenty-four hour air 

temperature in order to eliminate the direct effect of different day and night temperatures 

on plant growth and development in the different treatments.  In both experiments, the 

desired 24-hour average air temperature was 21 ˚C for all treatments.  For Experiment 1, 

the measured 24-hour average air temperature was less than 1.0 ˚C in phase I and within 

1.7 ˚C in phase II, from the target in each treatment throughout the experimental period.  

In Experiment 2, the average 24-hour air temperature was less than 1.1 ˚C from the target 

in phase I and less than 1.6 ˚C in phase II in each treatment throughout the experimental 

period (Table 4.1.1.).  The 24 hour average air temperature achieved in each potential 

transpiration treatment during Experiment 2 is illustrated in Figure 4.1.2.  
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Figure 4.1.2. Average twenty-four hour air temperature versus daily radiation for each 
day of Experiment 2. (October, 2003 to May, 2004).  Green o = air temperature in LET0 
(VPD1); red × = air temperature HET0 (VPD2); light blue diamond-shape = air 
temperature in Control; dark blue diamond = air temperature outside (13-year data series 
(AZMET)). 
 

In Experiment 1 phase I, the average air temperature difference between day and 

night period (DIF) was targeted to be 6.0, 0.0 and 4.0 ˚C, for the high potential 

transpiration (HET0), low potential transpiration (LET0) and Control treatments 

respectively.  Due to lack of cooling capacity to reach air temperature set point of 24 ˚C 

in the HET0 treatment during phase I (March - April) and II (April - June), the average 

light period air temperature exceeded set point in both phases, by approximately 2.7 ˚C 
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and 2.5 ˚C in phase I and II, respectively.  In this treatment, night time air temperature set 

point was 18 ˚C. The average night air temperature was 1.6 ˚C and 1.5 ˚C above set point 

in the HET0, likely due to poor heater control during the night.  These higher than target 

day and night time average air temperature resulted in an increase of the average 24-hour 

air temperature to 21.9 ˚C and 22.7 ˚C in phase I and II, respectively, and the average 

DIF to 7.0 ˚C in both phases (Table 4.1.1.). This corresponded to an increase of 0.9 ˚C 

(phase I) and 1.7 ˚C (phase II) from the target 24-hour temperature of 21 ˚C, and 1.0 ˚C 

from target DIF of 6.0 ˚C in both phases for the HET0.   

In the LET0 treatment, the day and night time air temperature set point was 20 ˚C. 

The lack of cooling capacity in the LET0 treatment resulted in an average daytime air 

temperature 4.5 ˚C and 3.1 ˚C above setpoint, during phase I and II, respectively.  During 

the same period, maintaining the night set point temperatures (20 ˚C) was not a problem, 

but the higher than target daytime air temperature resulted in a 24-hour average 

temperature approximately 0.5 and 1.1 ˚C higher than the desired 21 ˚C in phase I and II, 

respectively.  The average DIF was compromised being 4.0 ˚C and 1.3 ˚C higher than the 

target 0.0 ˚C DIF in phase I and II, respectively (Table 4.1.1.).  On average, day and night 

time air temperatures were very similar between the LET0 and the Control.  In the 

Control, average day and night time air temperature measured closely satisfied air 

temperature setpoint. This was indicative of the simplicity of controlling only one 

environmental variable (air temperature) and the difficulty associated with controlling the 

environment with respect to both air temperature and vapor pressure deficit. 
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Vapor pressure deficit was the most challenging environmental variable to control, 

especially in the LET0 treatment.  Lowering vapor pressure deficit was particularly 

difficult during the month of May in Experiment 1 (phase II), due to the low 

humidification capability of the low pressure misters, high outside vapor pressure deficit 

and the frequent need for cooling.  The hourly average VPD achieved for the most 

challenging period is presented in Figures 4.1.3. and 4.1.4.  Three days in May in all 

greenhouse compartments and outside was chosen as a representative sample of the 

average daily VPD values achieved in both Experiments.  The hourly averages are 

presented in Figure 4.1.3., which shows the average VPD achieved during the highest 

radiation period each day (PPF > 300 μmol m-2 s-1).  The highest average outside VPD of 

5.3 kPa during Experiment 1 was observed in May.  In these three days, daytime average 

VPD reached a maximum of 2.15 kPa and a minimum of 1.38 kPa in the HET0 and LET0 

treatments, respectively.  Inside the Control, VPD was not controlled and an average of 

1.2 kPa was measured during the daytime period (Figure 4.1.3.).  
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Figure 4.1.3. Hourly average air vapor pressure deficit (VPD) versus time of day in all 
three greenhouse compartments and outside for 24 hours for 3 days in May in Experiment 
1, when maximum air temperature outside was 36.5 ˚C. __ Compartment 1: target day 
VPD 0.8 kPa; ….. Compartment 2: target day VPD 2.0 kPa; _ _ _ Compartment 3 (VPD not 
controlled). 

 

During Experiment 2, the installation of the high pressure fog system, improved 

daytime average air temperatures in all treatments and the set point for VPD in the LET0 

was reduced to 0.6 kPa in order to achieve a greater difference between all ET0 

treatments.  In the LET0 average VPD was closer to target being 0.5 and 0.7 kPa during 

phase I and II, respectively.  Also, due to the cooling effect of the high pressure fog 

introduced whenever VPD was higher than 0.6 kPa, the average day and night 

temperatures never exceeded the set point of 20 ˚C by more than 1.6 and 1.9 ˚C in phase I 
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and II, respectively.  Night air temperature never exceeded the set point by more than 0.4 

and 1.7 ˚C in phase I and II, respectively.  This resulted in a 24-hour average temperature 

which was only 0.7 ˚C above target, and the average DIF was within 1.7˚C from a target 

of 0.0 ˚C in phase I, while in phase II target DIF was satisfied (Table 4.1.1.).  

In the HET0 treatment, the average daytime air temperature was approximately 

2.3 ˚C above setpoint in both phases during the day and 1.9 ˚C and 1.5 ˚C above set point 

during the night for phase I and II, respectively. This resulted in an average DIF of 

approximately of 5.7 and 5.6 ˚C in phase I and II, respectively, closely satisfying the 

target DIF of 6.0 ˚C for this treatment.  The 24-hour average temperature was 1.1 and 1.6 

˚C higher than target. 

During Experiment 2, the highest average outside VPD over a period of 3 days in 

May was higher than 5.0 kPa in May 9 (Figure 4.1.4.). During the highest radiation 

periods, within the three compartments, VPD reached a maximum of 2.3 kPa and a 

minimum of 0.4 kPa in the HET0 and LET0 treatments, respectively.  VPD was not 

controlled inside the Control compartment. The maximum VPD measured in the Control 

was 1.6 kPa (Figure 4.1.4.).  
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Figure 4.1.4. Hourly average air vapor pressure deficit (VPD) versus time of day in all 
three greenhouse compartments and outside for 3 days in May (end of phase II, 
Experiment 2) when maximum air temperature outside was 37 ˚C. __ Compartment 1, 
HET0 target day VPD 2.0 kPa; …. Compartment 2, LET0 target day VPD 0.6 kPa; _ _ _ 
Compartment 3 (VPD not controlled). 
 

The VPD control capabilities of the high pressure fog system installed for 

Experiment 2 and the adequacy of the climate control strategy employed is indicated by 

the consistent VPD values achieved for each treatment.  In May, while the average 

outside VPD was higher than 5.0 kPa (light time period), the automated high pressure fog 

system provided that VPD was maintained at approximately 2.0 kPa in both phases in the 

HET0 treatment, and between 0.5 and 0.7 kPa in phase I and II, respectively in the LET0 

environment, closely satisfying each treatment respective set points.  In both treatments, 

 



 114

the average VPD from 9:00 to 17:00 was maintained within 4% and 7.6 % from the 

setpoint VPD, for the HET0 and LET0 treatments, respectively.   

During phase I the average DIF was 0.3 ˚C and 0.4 ˚C below setpoint in the HET0, 

the Control, respectively.  It was 1.7 ˚C above set point in the LET0 treatment. During 

phase II, the average DIF was maintained close target being 0.4 ˚C and 0.1 ˚C, in the 

HET0 and LET0 treatments, and 1.4 ˚C above target in the Control (Table 4.1.1.). 

The average weekly integrated photosynthetic Photon Flux (PPF, MJ m-2) 

measured inside the three greenhouse compartments is presented in Table 4.1.2. 

 
Table 4.1.2. Integrated weekly average Photosynthetic Photon Flux (PPF, MJ m-2) and 
standard deviation (SD) inside and outside the greenhouse for Experiments 1 and 2.  

 PPF inside ± SD (MJ m-2 ) PPF outside ± SD (MJ m-2 ) 
 Phase I Phase II Phase I Phase II 
Experiment 1 March 6-April 16 April 17-June 4 March 6-April 16 April 17-June 4 
Compartment 1 11.0 ± 1.8 13.9 ± 1.0  
Compartment 2 10.2 ± 2.5 13.5 ± 1.7 
Control  11.0 ± 1.4  13.1 ± 1.4  

 
19.7 ± 4.6  

 
23.7 ± 0.9 

Max Dif 6.4 % 5.7 %   
 Phase I Phase II Phase I Phase II 
Experiment 2 Oct 8- Jan 26 Jan 27- May 6 Oct 8 - Jan 26 Jan 27- May 6 
Compartment 1 6.0 ± 1.2 9. 2 ± 2.4 
Compartment 2 6.0 ± 1.2 8.8 ± 3.0  
Control 5.3 ± 1.0  8.1 ± 2.7  

 
8.7 ± 1.6  

 
15.3 ± 1.6 

Max Dif 12.1% 11.4%   
 

The maximum difference in weekly average photosynthetic Photon Flux (PPF, 

MJ m-2) between compartments during the entire experimental period was less than 7 % 

and 6 % for phase I and phase II in Experiment 1 and 12 % in Experiment 2 (Table 

4.1.2.).  In each experiment, plants within the three compartments received approximately 

the same PPF and that the different times of year corresponding to each phase did not 
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result in different amount of light between the three compartments.  The smaller inside 

radiation in each compartment observed in Experiment 2 compared with Experiment 1, 

was likely due to the fact that Experiment 2 took place during the Fall and Winter months 

(October – May) as well as due to dust accumulated over time in the glazing surface. In 

Experiment 1 the greenhouse glazing was new.  

In Experiment 1, maximum outside weekly average PPF (MJ m-2) was observed 

in May (26.47 MJ m-2), while minimum during March (8.31 MJ m-2).  In Experiment 2, 

maximum outside weekly average PPF was 21.88 MJ m-2 in May and the minimum was 

5.07 MJ m-2 in November. 

 

4.2. Water uptake, percent drainage, drainage EC and pH  

4.2.1. Water uptake and percent drainage 

Water uptake is defined as the amount of irrigation water which is provided to the 

roots and is used the plant to satisfy needs for transpiration and growth.  The percent 

drainage is the amount of over-watering that occurred in excess of plant water daily needs.    

For both experiments water uptake and percent drainage for each treatment 

combination was calculated daily from the lysimeter units described in section 3.6.  The 

average water uptake and percent drainage per plant per day during each phase for all six 

ET0 and EC treatment combinations is presented in Table 4.2.1.1. and Table 4.2.1.2.  As 

expected in both experiments, average water uptake and percent drainage per day was 

affected by ET0 and EC treatments.   
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Table 4.2.1.1.  Average 24-hour water uptake and percent drainage for all six potential 
transpiration (ET0) and electrical conductivity (EC) treatment combinations, for phase I 
(March to mid April) and phase II (mid April to beginning June), in Experiment 1. Data 
from three weeks after beginning of treatments and after the environmental shift were 
excluded.   
  Treatment 

combination 
 Water uptake 

± 
St. Dev. 

Drainage 
± 

St. Dev. 
Experiment Phase ET0 EC 

target 
(ml plant-1 day-1) (%) 

1 I HET0 2.5 2015 ± 99 26 ± 12 
  LET0  1377 ± 50 49 ± 13 
  Control  1548 ± 56 45 ± 13 
  HET0 8.0 1236 ± 92 28 ± 8 
  LET0  870 ± 66 51 ± 12 
  Control  967± 74 50 ± 20 
1 II HET0 2.5 2387 ± 69 31 ± 5 
  LET0  1605 ± 71 40 ± 10 
  Control  1941 ± 56 44 ± 8 
  HET0 8.0 948 ± 38 45 ± 10 
  LET0  695 ± 105  54 ± 6  
  Control  1087 ± 31 58 ± 3 
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Table 4.2.1.2. Average 24-hour water uptake and percent drainage for all six potential 
evapotranspiration (ET0) and electrical conductivity (EC) treatment combinations, for 
phase I (October – end January) and phase II (January - May) in Experiment 2.  Data 
from three weeks after beginning of treatments and after the environmental shift were 
excluded. 
  Treatment 

combination 
 Water uptake 

± 
St. Dev. 

Drainage 
± 

St. Dev. 
Experiment Phase ET0 EC 

target 
(ml plant-1 day-1) (%) 

2 I HET0 2.5 2014 ± 120 38 ± 8 
  LET0  834 ± 40 59 ± 5 
  Control  1303 ± 56 54 ± 7 
  HET0 8.0 793 ± 89 57 ± 6 
  LET0  626 ± 64 65 ± 5 
  Control  882 ± 46 57 ± 6 
2 II HET0 2.5 1910 ± 199 59 ± 14 
  LET0  686 ± 69 62 ± 16 
  Control  1484 ± 186 53 ± 23 
  HET0 8.0 993 ± 77 66 ± 6 
  LET0  489 ± 52 78 ± 6 
  Control  863 ± 94 70 ± 10 

 

In the Control treatment with standard electrical conductivity (EC 2.5), daily 

water uptake per plant averaged over the time of each phase, was 1548 ± 56 ml plant-1 

day-1 and 1,941 ± 56 ml plant-1 day-1 for phase I and II, respectively in Experiment 1. For 

the same treatment combination, in Experiment 2, daily average water uptake was 1300 ± 

56 plant-1 day-1 and 1,484 ± 186 ml plant-1 day-1, for phase I and II, respectively (Table 

4.2.1.1., and Table 4.2.1.2.).  

In the Control, high electrical conductivity (HEC or EC 8.0) reduced daily 

average water uptake per plant to 967 ± 74 ml plant-1 day-1 and 1086 ± 31 ml plant-1 day-1 

for phase I and II, respectively in Experiment 1 and to 882 ± 46 ml plant-1 day-1 and 863 ± 

94 ml plant-1 day-1 for phase I and II, respectively in Experiment 2.  This corresponded to 
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a decrease of 38 and 44% in phase I and II, respectively for Experiment 1 due high EC.  

In Experiment 2, high EC reduced average water uptake by 32 and 42% in phase I and II, 

respectively.  

Compared with the Control treatment for the same electrical conductivity, high 

potential transpiration regime (HET0) successfully increased daily average water uptake, 

while low potential transpiration regime (LET0) decreased it.  For standard EC, HET0 

increased the daily average water uptake by 23% and 35 % from the Control with the 

same EC in Experiment 1 and 2, respectively during phase I.  During this phase for the 

same EC, LET0 decreased average water uptake per plant by 11% and 36% from the 

Control for Experiment 1 and 2, respectively.  

The higher percent increase in water uptake observed in the Control treatment 

during phase I in Experiment 2 compared with that of Experiment 1 is explained by the 

lower average vapor pressure deficit achieved in the Control in this Experiment (0.9 kPa) 

(Table 4.1.1.), while average daytime VPD in the HET0 treatment was similar in both 

Experiments (1.7 kPa).  Furthermore, a seasonal effect might also have occurred as phase 

I in Experiment 2 was completed in the fall and winter months (October – end January), 

with reduced light levels and day length, while in Experiment 1 phase I was completed 

during the Spring months (March – mid April) with increasing light levels. These 

seasonal differences are discussed later in more detail.   

During phase II, plants subjected to high potential transpiration (HET0) were 

previously growing under low potential transpiration (LET0) environmental conditions, a 

regime that suppressed transpiration.  During phase II, the increase in average water 
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uptake in the HET0 EC 2.5 dS m-1 treatment combination was 19 and 22% higher than the 

Control EC 2.5 dS m-1 for Experiment 1 and 2, respectively. This value was unexpectedly 

small compared with the 23 and 35% increase in water uptake from the Control observed 

in HET0 during phase I. It is reasonable to think that plants initially developed under 

environmental conditions which suppress transpiration, such as low vapor pressure deficit, 

might develop a weaker vascular system which could limit potential transpiration when 

plants are provided with environmental conditions that enhance transpiration. A 

mechanical limitation at the vascular system level could explain the lower percent 

increase in average water uptake observed in phase II of both Experiments in the HET0 

EC 2.5 dS m-1 treatment combination, the highest potential transpiration regime.  

During phase II, plants subjected to low potential transpiration (LET0) were 

previously growing under high potential transpiration (HET0) environmental conditions, a 

regime that enhanced transpiration.  During phase II, average water uptake in the LET0 

EC 2.5 dS m-1 treatment combination was 17 and 54 % lower than the Control EC 2.5 dS 

m-1 for Experiment 1 and 2, respectively.  The higher percent decrease of 36 and 54% in 

average water uptake from the Control in Experiment 2, compared with 11 and 17% 

decrease in Experiment 1, was due to the fact that vapor pressure deficit was reduced 

from 1.1 kPa in Experiment 1 to as low as 0.5 kPa in Experiment 2 (Table 4.1.1.). This 

corresponded to a decrease in vapor pressure deficit of more than 55% due to the 

installation of the high pressure fog system.  

For standard electrical conductivity, high potential transpiration treatments 

(HET0) did in fact enhance transpiration rate, while low potential transpiration treatments 
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(LET0) suppressed it. As expected, and within the range of ET0 values in the present 

study (as evaluated by average daytime VPD), the degree to which transpiration was 

enhanced or suppressed in the standard electrical conductivity was directly proportional 

to vapor pressure deficit.  

High electrical conductivity (EC 8.0 dS m-1) reduced the average daily water 

uptake in all potential transpiration treatments (ET0) compared with the standard EC (EC 

2.5 dS m-1).  In Experiment 1, an EC of 8.0 dS m-1 supplied by the irrigation resulted in 

38 % average water uptake reduction for the HET0, LET0 and Control, during phase I 

(Table 4.2.1.1.).  For Experiment 2 this reduction was 60%, 25% and 32% for the HET0, 

LET0 and Control, respectively during phase I (Table 4.2.1.2.).  During phase II, EC 8.0 

reduced water uptake by 60%, 57% and 44% in Experiment 1 (Table 4.2.1.1.) and 48%, 

29% and 42% in Experiment 2 (Table 4.2.1.2.) for the HET0, LET0 and Control 

treatments, respectively.  

For both phases, the greater variation of percent reduction in water uptake 

between ET0 treatments observed in Experiment 2 is indicative of the larger differences 

in ET0 achieved (as determined by vapor pressure deficit) in this experiment compared to 

those achieved in Experiment 1 (Table 4.1.1), which demonstrates the success of the 

environmental control strategy which used a high pressure fog system to lower ET0 by 

reducing vapor pressure deficit during Experiment 2. 

Water uptake is determined by transpiration rate, which in turn is strongly 

affected by air temperature, radiation intensity, duration of the light period, and leaf area. 

Radiation intensity and day length increases the number of hours in which plants are 
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actively transpiring each day, which in turn increases daily transpiration and water uptake. 

Thus, it was no surprise that daily water uptake had a seasonal affect. The time variation 

of daily water uptake data for the six treatment combinations for Experiment 1 and 2 is 

presented in Figures 4.2.1. and 4.2.2. 
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Figure 4.2.1. Daily water uptake (ml per plant per day) in Experiment 1 for all ET0 
treatments for EC 2.5 dS m-1 (above) and EC 8.0 dS m-1

 (below). Arrows mark the 
beginning of treatments (Mar 6, 2003; WAT 4) and date of environmental shift (Apr 16, 
2004; WAT 10). __ Compartment 1 (sequence: from HET0 to LET0); …. Compartment 2 
(sequence: from LET0 to HET0); --- Compartment 3 (Control).  
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Figure 4.2.2. Daily water uptake per plant (ml per plant per day) during the experimental 
period in Experiment 2 for all ET0 treatments under EC 2.5 dS m-1 (above) and EC 8.0 dS 
m-1 (below). Arrows mark the beginning of treatments (Oct 8, 2003; WAT 10) and date of 
environmental shift (Jan 26, 2004; WAT 24). __ Compartment 1 (sequence: from LET0 to 
HET0); …. Compartment 2 (sequence: from HET0 to LET0); --- Compartment 3 (Control). 

 

The seasonal effect was observed in both experiments, but was not as dominant 

for plants growing with high EC as in those growing with standard EC (Figures 4.2.1. and 

4.2.2.).  This demonstrates that the EC chosen for the high EC treatment was high enough 

to reduce/suppress water uptake, which was the goal in choosing such high EC values.  

Similar to water uptake, percent drainage is also affected by potential 

transpiration (ET0) and nutrient solution salinity levels measured as electrical 
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conductivity (EC).  There is a direct relationship between ET0 and EC on the amount of 

water plants uptake, and between water uptake and percent drainage.  The higher the 

potential transpiration (ET0) and lower the electrical conductivity (EC), the higher the 

amount of water the plant can uptake through the roots, and therefore the lower the 

percent of water drained out of the slabs.  

Furthermore, roots uptake irrigation water at a faster rate than the nutrients 

dissolved in the irrigation water.  Through time, this leads to salt accumulation in the root 

zone, which negatively affects root ability to further uptake water.  Salt accumulation in 

the root zone is a common problem in greenhouse environments characterized by high 

vapor pressure deficit, high daytime air temperatures and high radiation, i.e. 

environments similar to HET0 treatment, and is especially a problem when associated to a 

saline water source.  For this reason, in this study the irrigation schedule was designed to 

maintain a 30 - 40% percent drainage in the highest potential transpiration treatment 

combination (HET0 and EC2.5) as this was the treatment in which salt accumulation 

would most likely occur.  Since all treatment combinations were provided the same 

irrigation schedule, n even higher percent drainage was expected in all other lower 

potential transpiration and EC treatment combinations. 

As expected, in both Experiments percent drainage averaged over the period of 

each phase was maximum in the LET0 and EC 8.0 dS m-1 treatment combination with 51 

and 54 % drainage in Experiment 1 and 65 and 78 % drainage in Experiment 2, for phase 

I and II, respectively (Table 4.2.1.1. and 4.2.1.2.). The higher average percent drainage in 
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Experiment 2 compared with that in Experiment 1, agrees with the lower vapor pressure 

deficit (VPD) achieved in the LET0 due to the high pressure fog system used. 

In the Control, average percent drainage was nearly constant in both experiments. 

However, a time effect was observed with high EC.  This effect was particularly strong 

during phase II of Experiment 2.  In this phase, percent drainage increased to 70% from 

an average of 57% during phase I.  This suggests that during Experiment 2, salt 

accumulation in the bags was taking place during phase II in the roots subjected to high 

EC.  Furthermore, in Experiment 2 the total time roots were provided a high EC was at 

least 28 weeks, while in Experiment 1 it was only 12 weeks (Table 4.2.1.2.).  

 

4.2.2. Drainage EC  

The electrical conductivity (ECout) of the drainage water is an estimation of the 

actual EC within the plant root zone.   

On average for both Experiments 1 and 2, the EC increased from an average 

ECdrip of approximately 2.5 dS m-1 to an average ECout of 3.4 dS m-1 corresponding to 

an increase of 26%.  An average ECdrip of 7.8 dS m-1, increased to an average ECout of 

10.5 dS m-1 corresponding also to a 26% increase (Table 4.2.2.1. and 4.2.2.2.).  

In Experiment 1 in the LET0 EC 8.0 treatment combination, ECout increased from 

an average ECdrip of 8.1 dS m-1 to 12.8 dS m-1 in phase I, and from 7.7 dS m-1 to 9.5 dS 

m-1 in phase II, for an increase of 37% and 19%, respectively (average 28% increase).  In 

the same LET0 environment, the ECdrip of 2.5 dS m-1, which changed from an input of 

2.5 dS m-1 to ECout of 3.0 dS m-1 in phase I, and from 2.3 to 3.4 dS m-1 in phase II, 
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corresponded to an increase of 17% and 32%, respectively.  For both EC levels the 

increased ECout values are indicative of salt accumulation within the plant root zone.  

The amount of salt accumulated at the root level increased with increasing ET0 

(Table 4.2.2.1.).  This was particularly evident for the EC 8.0 treatment in which ECout 

was always maximum in HET0 with an average of 11.6 dS m-1, and was minimum in 

LET0 with an average of 9.5 and 9.9 dS m-1, while in the Control it was in the middle 

with an average of 9.7 and 10.9 dS m-1 for both phases in Experiment 1 and 2, 

respectively.  

These results are explained by the fact that roots uptake water driven by 

transpiration and plant growth at a faster rate than the mineral salts dissolved in the 

irrigation water. A certain amount of fertilizer salts accumulates around the root zone 

without being uptake by the roots.  As a consequence through time fertilizer salts tend to 

accumulate in the root zone, resulting in the increased ECout observed.  With time high 

root zone salinity reduces the plant ability to uptake water as smaller water potential 

gradient is established between the roots and its environment.  The degree of salt 

accumulation depends on the concentration of the nutrient solution at the drip (ECdrip) 

and for the same ECdrip level it depends on the rate of water uptake by the plant which is 

driven by transpiration rate.  Therefore, for each EC level the higher the potential 

transpiration (ET0) regime provided to the plants, the higher the expected EC at the root 

zone and thus, the higher the ECout. 
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Table 4.2.2.1. Average daily electrical conductivity ECout (dS m-1) of the drainage, and pH on all six potential transpiration 
(ET0) and input electrical conductivity (ECdrip, dS m-1) treatment combinations for phase I and phase II in Experiment 1. 
  Treatment 

combination 
 EC  

(dS m-1) 
 pH  

Experiment Phase ET0 EC target drip out drip out 
1 I HET0 2.5 2.4 ± 0.5 4.0 ± 0.9 5.8 ± 0.2 6.0 ± 0.3 
  LET0  2.5 ± 0.5 3.0 ± 0.4 6.1 ± 0.3 6.2 ± 0.4 
  Control  2.4 ± 0.5 3.3 ± 0.5 6.0 ± 0.1 6.4 ± 0.4 
  HET0 8.0 8.1 ± 0.6 12.8 ± 1.2 5.6 ± 0.6 6.0 ± 0.4 
  LET0  7.8 ± 0.5 9.4 ± 1.5 5.7 ± 0.4 5.9 ± 0.4 
  Control  7.8 ± 0.5 10.8 ± 2.9 5.6 ± 0.3 6.0 ± 0.6 
1 II HET0 2.5 2.4 ± 0.2 4.8 ± 0.7 6.2 ± 0.2 6.6 ± 0.3 
  LET0  2.3 ± 0.2 3.4 ± 0.5 6.2 ± 0.1 6.5 ± 0.3 
  Control  2.4 ± 0.2 3.2 ± 0.2 6.2 ± 0.1 6.7 ± 0.2 
  HET0 8.0 7.8 ± 0.1 10.3 ± 1.0 6.2 ± 0.1 6.6 ± 0.2 
  LET0  7.7 ± 0.2 9.5 ± 1.7 6.1 ± 0.2 6.4 ±0.4 
  Control  7.8 ± 0.1 8.6 ± 1.7 6.2 ± 0.1 6.5 ± 0.2 
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Table 4.2.2.2. Average daily electrical conductivity (ECout, dS m-1), and pH of the drainage for all six potential transpiration 
(ET0) and input electrical conductivity (ECdrip, dS m-1) treatment combinations in phase I and phase II in Experiment 2  
  Treatment 

combination 
 EC  

(dS m-1) 
pH 

Experiment Phase ET0 EC target drip out drip out 
2 I HET0 2.5 2.4 ± 0.3 3.6 ± 0.7 6.1 ± 0.4 6.5 ± 0.9 
  LET0  2.4 ± 0.2 2.6 ± 0.4 6.1 ± 0.3 6.3 ± 0.3 
  Control  2.4 ± 0.3 2.7 ± 0.4 6.0 ± 0.6 6.5 ± 0.5 
  HET0 8.0 7.8 ± 0.6 11.6 ± 0.6 6.0 ± 0.8 5.8 ± 1.1 
  LET0  7.7 ± 0.6 10.0 ± 0.6 5.9 ± 0.8 5.8 ± 1.1 
  Control  7.5 ± 1.1 11.1 ± 0.5 6.1 ± 1.4 6.2 ± 1.3 
Average    2.5 2.4 ± 0.3 2.9± 0.6 6.06± 0.4 6.4 ± 0.7 
Average   8.0 7.6 ± 0.6 10.9 ± 0.6 6.00 ± 0.8 5.9 ± 1.1 
2 II HET0 2.5 2.7 ± 0.6 3.6 ± 0.6 6.0 ± 0.6 5.8 ± 0.8 
  LET0  2.7 ± 0.6 3.0 ± 0.4 6.0 ± 0.6 6.1 ± 0.7 
  Control  2.7 ± 0.6 3.4 ± 0.7 6.0 ± 0.6 6.2 ± 0.2 
  HET0 8.0 8.2 ± 0.8 11.5 ± 1.0 5.9 ± 0.7 6.0 ± 0.7 
  LET0  8.2 ± 0.8 9.7 ± 0.6 5.9 ± 0.6 6.1 ± 0.7 
  Control  7.9 ± 1.3 10.6 ± 0.9 5.9 ± 0.6 6.1 ± 0.7 
Average   2.5 2.6 ± 0.5 3.2 ± 0.5 6.0 ± 0.5 6.2 ± 0.6 
Average   8.0 7.9 ± 0.8 10.6 ± 0.7 6.0 ± 0.5 6.1 ± 0.9 
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4.3. Effect of Environment on Plant Physiological Responses  

4.3.1. Net photosynthesis (Pn) 

Net photosynthesis data from single leaf gas-exchange measurements was 

obtained at the end of each phase for both experiments.  In Experiment 1, in phase I net 

photosynthetic rate was not significantly affected by ET0 or EC. No significant 

interactions between the two treatment factors were found.  Results are summarized in 

Table 4.3.1.1. and Table 4.3.1.2..  In Experiment 1, phase II, significant interactions were 

found between potential transpiration and electrical conductivity (p = 0.0132). These 

interactions were due to the fact the net photosynthesis was higher for all increased 

salinity treatments (EC 8.0) in most ET0 treatments, as well as for LET0 under both EC 

levels (Table 4.3.1.3.). 

In Experiment 2 at the end of phase I, net photosynthesis was significantly 

increased by increased salinity, while potential transpiration (ET0) had no effect (Figure 

4.3.1.1.). Despite no significant differences due to ET0, the greatest net photosynthetic 

rate was observed in the Control under high salinity (Figure 4.3.1.1.).  The minimum net 

photosynthesis was observed in the Control environment under the standard salinity 

levels (0.9 kPa and 23 0C average daytime air temperature) (Figure 4.3.1.1.).  Results for 

all other leaf gas exchange responses such as transpiration rate, leaf stomatal conductance, 

and net photosynthesis to transpiration ratio, for all treatment combinations are presented 

in Appendix C. 
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Figure 4.3.1.1. Net photosynthesis (Pn) for all treatment combinations in phase I ( ● )and 
II ( ○ ) during Experiment 2. Each data point represents the average of 8 single leaf gas-
exchange measurements.  

 

In Experiment 2, the higher net photosynthesis with EC 8.0 observed in phase I 

might have been due to the reduced mutual-shading between leaves given the smaller leaf 

area observed under increased salinity (38% smaller leaf area index compared to EC 2.5, 

see section 4.3.3.). It may also be possible that the decrease in mutual shading for leaves 

under high EC resulted in more high light adapted leaves, and consequently higher 

photosynthetic capacity.  Similarly, the lower net photosynthesis for EC 2.5 might have 

been due to larger leaf area and consequent high mutual shading between the fifth leaf 

level, and comparatively lower photosynthetic capacity under the high light source from 

the LED lamps in the leaf chamber (PPF 1500 μmol m-2 s-1, see section 3.7.1. for details) 

while performing the single-leaf gas exchange measurements.  These results are in 

agreement with those reported by Xu et al. (1995) who also reported an increase in 
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photosynthetic capacity of plants grown under high EC (4.0 and 5.5 dS m-1) when 

compared to EC 2.5 dS m-1 in greenhouse tomatoes grown in rockwool and NFT. 

At the end of phase II ET0 had a statistically significant effect on net 

photosynthesis (p = 0.0117) (Table 4.3.1.2.).  Compared to phase I, net photosynthetic 

response was reduced for EC 8.0 and was increased in EC 2.5 (Figure 4.3.1.2.).  This 

may have resulted from the natural decrease in leaf area observed during phase II in all 

treatment combinations resulting from higher solar radiation for that period of the year 

(April).  For higher radiation levels, leaf area under EC 2.5 was reduced, reducing over-

shading which through time likely increased the leaves photosynthetic capacity which 

would explain the increased Pn observed in phase II.  In the same phase, extended 

exposure to high EC might have reduced photosynthetic capacity of high EC leaves, 

compared to phase I.  For high EC, net photosynthesis decreased for increasing ET0 

(Figure 4.3.1.1.). For EC 2.5, maximum net photosynthesis was observed for LET0 with 

21.0 μmol m-2 s-1, 18.9 μmol m-2 s-1 in the Control and 21.2 μmol m-2 s-1 in the HET0 with. 

(Table 4.3.1.4., Figure 4.3.1.1.).  A summary of the physiological responses observed in 

Experiment 1 and 2 as affected by potential transpiration (ET0) and electrical 

conductivity (EC) is presented in Tables 4.3.1.1, 4.3.1.2., 4.3.1.3., and 4.3.1.4. 
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Table 4.3.1.1. Mean effect of potential transpiration (ET0) and electrical conductivity (EC, dS m-1) on net photosynthesis (Pn), 
transpiration (T), stomatal conductance (gs) and Pn/T ratio in Experiment 1.  
    Mean effect 
    Pn 

µmol m-2 s-1
T 

mmol m-2 s-1
gs 

mmol m-2 s-1
Pn/T 

Experiment Phase  Factor      
1 I ET0 HET0 20.13 a 9.99 a 749.43 a 2.00 a 
   LET0 20.49 a 10.64 a 935.19 a 1.96 a 
   Control 21.09 a 10.98 a 967.23 a 1.92 a 
        
  EC (dS m-1) 2.5 18.85 a 11.03 a 962.43 a 1.71 b 
   8.0 21.77 a 9.60 b 722.22 b 2.25 a 
  ANOVA      
  ET0  NS NS NS NS 
  EC  NS * * *** 
  ET0 × EC  NS NS NS * 
        
1 II ET0 HET0 14.93 b 8.19 a 543.79 a 2.22 a 

  LET0 18.39 a 8.38 a 427.64 a 1.69 b 
  Control 14.90 b 9.34 a 567.23 a 1.60 b 

        
  EC (dS m-1) 2.5 14.94 b 7.64 b 462.12 a 1.97 a 
   8.0 18.37 a 8.93 a 509.30 a 2.12 a 
  ANOVA      
  ET0  ** NS NS ** 
  EC  ** ** NS NS 
  ET0 × EC  * *** *** ** 
Means are from 4 plants per experimental block per treatment combination (N=4). SE is standard error.  
Significant differences were determined by ANOVA followed by Tukey HSD test or Student’s t test (α = 0.05). Means with 
the same letters are not significantly different. N=8, *** p < 0.0001, ** p < 0.01, * p < 0.05, NS p > 0.05. Three outliers 
excluded from analyses. 
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Table 4.3.1.2. Mean effect of potential transpiration (ET0) and electrical conductivity (EC, dS m-1) on net photosynthesis (Pn), 
transpiration (T), stomatal conductance (gs) and Pn/T ratio in Experiment 2.  
    Mean effect  
    Pn 

µmol m-2 s-1
T 

mmol m-2 s-1
gs 

mmol m-2 s-1
Pn/T 

Experiment Phase Factor      
2 I ET0 HET0 20.18 a 9.75 a 690.02 ab 2.15 b 
   LET0 20.43 a 8.97 b 782.51 a 2.36 ab 
   Control 19.78 a 7.41 b 564.88 b 2.60 a 
        
  EC (dS m-1) 2.5 17.54 b 8.61 a 693.09 a 2.24 b 
   8.0 23.05 a 8.78 a 665.19 a 2.87 a 
  ANOVA      
  ET0  NS *** * * 
  EC  *** NS NS *** 
  ET0 × EC  * * * NS 
        
2 II ET0 HET0 17.44 b 9.05 a 489.26 b 1.94 b 
   LET0 21.84 a 8.05 b 581.16 ab 2.60 a 
   Control 18.42 ab 9.32 a 695.62 a 2.07 a 
        
  EC (dS m-1) 2.5 18.75 a 9.32 a 712.60 a 2.07 b 
   8.0 18.85 a 8.29 b 464.76 b 2.34 a 
  ANOVA      
  ET0  ** ** ** *** 
  EC  NS ** *** ** 
  ET0 × EC  NS *** *** ** 
Means are from 4 plants per experimental block per treatment combination (N=4). SE is standard error.  
Significant differences were determined by ANOVA followed by Tukey HSD test or Student’s t test (α = 0.05). Means with 
the same letters are not significantly different. N=8, *** p < 0.0001, ** p < 0.01, * p < 0.05, NS p > 0.05. Three outliers 
excluded from analyses. 
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Table 4.3.1.3. Effects of potential transpiration (ET0), and electrical conductivity (EC, dS m-1) on single leaf Net 
photosynthesis (Pn, μmol m-2 s-1), Transpiration (T, m mol m-2 s-1), stomatal conductance (gs, m mol m-2 s-1), and Pn/T of 
tomato leaves for all six treatment combinations for Experiment 1.  

    Physiological parameters 

Experiment Phase Factor  
 

Pn 
µmol m-2 s-1

T 
mmol m-2 s-1

gs 
mmol m-2 s-1

Pn/T 

1 I ET0 × EC       

  HET0 2.5 20.1 a 10.7 a 903.6 a 1.9 bc 
   8.0 20.2 a 9.3 a 595.3 a 2.1 ab 
  LET0 2.5 17.6 a 11.4 a 1021.3 a 1.6 c 
   8.0 23.4 a 9.9 a 849.1 a 2.4 a 

  Control 2.5 20.6 a 12.2 a 1010.2 a 1.7 bc 
   8.0 20.3 a 11.3 a 608.4 a 1.80 bc 

  ANOVA      

 
 ET0

 NS NS NS ** 

  EC  NS * * NS 

  ET0 × EC  NS NS NS * 

1 II HET0 2.5 11.8 b 6.2 c 214.2 c 1.96 b 

   8.0 18.0 a 10.2 a 641.1 ab 1.78 b 
  LET0 2.5 18.1 a 9.1 ab 710.1 a 1.98 b 
   8.0 18.7 a 7.7 bc 377.5 bc 2.46 a 

  Control 2.5 13.9 b 8.4 bc 443.9 bc 2.18 a 

   8.0 18.3 a  7.3 bc 445.8 bc 1.90 b 

  ANOVA      

 
 ET0

 ** ** NS ** 

  EC  ** * NS NS 

  ET0 × EC  * *** *** ** 
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Means are from 4 plants per experimental block per treatment combination (N=4). SE is standard error.  
Significant differences were determined by ANOVA followed by Tukey HSD test or Student’s t test (α = 0.05). Means with 
the same letters are not significantly different. N=8, *** p < 0.0001, ** p < 0.01, * p < 0.05, NS p > 0.05. Three outliers 
excluded from analyses. 
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Table 4.3.1.4. Mean main effects of potential transpiration (ET0), and electrical conductivity (EC, dS m-1) on single leaf net 
photosynthesis (Pn, μmol m-2 s-1), Transpiration (T, m mol m-2 s-1), stomatal conductance (gs, m mol m-2 s-1), and Pn/T ratio of 
tomato leaves for all six treatment combinations for Experiment 2. 

    Physiological parameters 
(Mean ± Std Error) 

Experiment Phase Factor  
 

Pn 
µmol m-2 s-1

T 
mmol m-2 s-1

gs 
mmol m-2 s-1

Pn/T 

2 I ET0 × EC       
  HET0 2.5 19.39 bc 10.21 a 800.65 a 1.91 a 
   8.0 21.98 ab 9.29 a 579.40 ab 2.40 a 
  LET0 2.5 17.95c 9.23 a 818.73 a 2.07 a 
   8.0 22.92 ab 8.71 a 746.29 ab 2.70 a 
  Control 2.5 15.28 a 6.48 b 459.88 b 2.30 a 
   8.0 24.28 a 8.34 ab 669.88 ab 2.91 a 
ANOVA        
ET0    NS *** NS * 
EC    *** NS NS *** 
ET0 × EC    * ** * NS 
 II HET0 2.5 21.18 a 8.19 c 424.27 c 2.02 bc 
   8.0 18.73 a 9.92 ab 554.25 bc 1.86 c 
  LET0 2.5 22.01 a 8.75 bc 727.65 ab 2.43 ab 
   8.0 21.66 a 7.35 c 434.68 c 2.78 a 
  Control 2.5 18.91 a 11.02 a 985.89 a 1.76 c 
   8.0 18.93 a 7.62 c 405.36 c 2.38 ab 
ANOVA        
ET0    ** ** ** *** 
EC    NS ** *** ** 
ET0 × EC    NS *** *** ** 
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Means are from 4 plants per experimental block per treatment combination (N=4). Significant differences were determined by 
ANOVA followed by Tukey HSD test or Student’s t test (α = 0.05). Means with the same letters are not significantly different. 
N=8, *** p < 0.0001, ** p < 0.01, * p < 0.05, NS p > 0.05. Three outliers excluded from analyses. 
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In both experiments, potential transpiration (ET0) had a statistically significant 

effect on net photosynthesis only by the end of phase II. Given the similar environmental 

conditions for HET0 and LET0 provided to the plants in both experiments between phase 

I and II, the late effect of ET0 on net photosynthesis, might be partially explained by 

increased salt accumulation inside the bag, and the consequent alleviation of this stress 

under lower ET0 as shown in Figure 4.3.1.1. 

In both experiments, at the end of phase II, the highest net photosynthesis was 

observed in the lowest potential transpiration environment (LET0) (Table 4.3.1.1., Table 

4.3.1.2.).  The values were 18.39 and 21.84 μmol m-2 s-1 in Experiments 1 and 2, 

respectively.  This represented a 19 % and 20 % increase in net photosynthesis when 

compared with the high potential transpiration (HET0) treatment, for Experiment 1 and 2, 

respectively.  This represented an increase of 19% and 16% compared to the Control in 

experiments 1 and 2 respectively.   

 

4.3.2. Transpiration (T)  

Transpiration data from single leaf gas-exchange measurements (Ciras - 2) was 

obtained at the end of phase I and phase II , in both experiments. 

 

4.3.2.1. Experiment 1 

In Experiment 1, potential transpiration (ET0) had no significant effect on either 

phase.  Increased electrical conductivity (EC) significantly reduced transpiration by 13% 

compared with transpiration under EC 2.5 at the end of phase I (p = 0.0285).  However, 
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at the end of phase II, transpiration was significantly increased under EC 8.0 (Table 

4.3.1.1.).  This increase is better explained through the significant interactions observed 

between the two factors. At the end of phase II, with EC 8.0, high potential transpiration 

(HET0) significantly increased transpiration, while it significantly reduced it under LET0. 

Also, the marginal increase of transpiration with EC 8.0 under HET0 was more than 

proportional than its corresponding decrease in LET0 (Table 4.3.1.2.). These results 

indicate that the suppressed transpiration of the plants with LET0 EC 8.0 restricted water 

movement at the root and the aerial control points, which explains the significantly lower 

transpiration rates in this treatment combination as measured by single leaf as well as 

indicated by lower water uptake.  For the range of vapor pressure deficit (VPD), daytime 

air temperature, and high electric conductivity provided the plants in the HET0 EC 8.0 

treatment combination (average day VPD of 1.62 kPa, Table 4.1.1.) results suggest that 

VPD was high enough to overcome the resistance of water uptake by the roots presented 

by an increased salinity at the root level, resulting in enhanced transpiration.  

For both dates, transpiration rate in the LET0 EC 2.5 treatment combination was 

not significantly different than LET0 EC 8.0 or the Control under either electrical 

conductivity level (Table 4.3.1.3.).  These results conflict with the daily water uptake 

from the lysimeter in which LET0 and EC 8.0 water uptake was the lowest (Table 

4.2.1.1.). 

There were no statistically significant differences in transpiration rates between 

LET0 EC 8.0 and HET0 EC 2.5, each representing a minimum and a maximum 

transpiration potential, respectively.  The minimum transpiration rate observed under the 
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LET0 EC8.0 treatment combination confirms that when both sites where transpiration can 

be restricted are as such, transpiration is suppressed.  However, the reasons behind the 

minimum transpiration rate under HET0 EC 2.5 cannot be explained and does not agree 

with the highest water uptake of 2387 ml plant-1 day-1 observed for this treatment 

combination (section 4.2.1.). 

There were also no significant differences in transpiration rates, as measured by 

single leaf at the end of phase I and end of phase II, between LET0 2.5 and HET0 EC 8.0.  

The fact that similar and highest transpiration rates were measured in these treatment 

combinations indicates that the difference in potential transpiration between the LET0 and 

HET0 treatments was not as large as desired.   

 

4.3.2.2. Experiment 2 

In Experiment 2, the major factor affecting transpiration rate in both phases was 

potential transpiration (p<0.0001).  Electrical conductivity had no effect on transpiration 

rate at the end of phase I, but increased salinity significantly reduced transpiration rate by 

11% from 9.32 to 8.29 dS m-1 by the end of phase II (Table 4.3.2.1.).  In both phases, 

there were significant interactions between the two factors.  In general, for both EC levels, 

transpiration increased for increasing potential transpiration and for a given potential 

transpiration, it was reduced by increased salinity (Table 4.3.1.4.).  The exception was 

found in the Control where in phase I an increased salinity significantly increased 

transpiration by 22% compared to standard EC, and in phase II where an increased 

salinity significantly reduced transpiration by 31% while in all other treatments the 
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decreased due to high salinity was between 6% and 10%. This more than proportional 

decrease in transpiration due to increased salinity explains the interactions found in phase 

II.  

The different effects of electrical conductivity on transpiration between phase I 

and II, was likely due to the lower low potential transpiration (LET0) achieved in this 

experiment. This not only alleviated the negative effect of long exposure to high salinity, 

but it also reduced the transpiration rate (due to low transpiration demand) to values close 

to the transpiration rates observed in all other treatments in which transpiration was 

suppressed due to high EC.  The same was not observed in Experiment 1 where high EC 

significantly reduced transpiration sooner compared to Experiment 2 (end of phase I, 

Table 4.3.1.1.).  Again, these results attest to the higher difference in VPD and daytime 

air temperature (ET0) difference achieved due to the installation of the high pressure fog 

system in Experiment 2.  
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4.3.3. Stomatal Conductance (gs) 

In both experiments, ET0 had no significant effect on stomatal conductance (gs) 

while EC had both no affect and a significant effect depending on the phase (Table 

4.3.1.3., Table 4.3.1.4.).  However, in both experiments at the end of phase II there were 

significant interactions between the two factors.  In Experiment 1 phase I, stomatal 

conductance decreased with HEC in the LET0 treatment.  However, with HET0 it 

increased with increased salinity (Table 4.3.1.3.).  These responses concur with the 

reduced transpiration rate measured in LET0 and increased transpiration rates in HET0 

treatment with increased salinity in this phase.  

In Experiment 2, at the end of phase I, the maximum stomatal conductance was 

found in the each of three treatments, including HET0 EC 2.5, LET0 EC 8.0 and Control 

EC8.0.  These responses agree with the maximum transpiration rate measured in the same 

treatment combinations, with the exception of LET0 EC8.0, in which a higher stomatal 

conductance was associated with the lowest measured transpiration rate.  

In Experiment 2 at the end of phase II, the stomatal conductance was reduced 

with increased salinity (Table 4.3.1.4.).  However, with the exception of the Control EC 

2.5 treatment combination where the maximum stomatal conductance was observed, this 

reduction was not significant between all treatments.  The significant interaction resulted 

from the fact that the highest stomatal conductance measured in the Control with EC 2.5 

was associated with a more than proportional decrease in stomatal conductance for EC 

8.0 compared to the corresponding EC-dependent decrease observed in all other 

treatments (Table 4.3.1.4.).  
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4.3.4. Net photosynthesis to transpiration ratio (Pn/T) 

The ratio of the net photosynthesis to transpiration ratio (Pn/T) is an indicator of 

the plant biomass production efficiency, as it refers to the amount of carbon dioxide 

assimilated per unit water required for transpiration per unit leaf area for the same period 

of time.  A higher ratio indicates higher gas exchange efficiency for the photosynthetic 

process, and is a positive attribute for the plant.  In all treatments, Pn/T was greater than 

1.0, which represents a greater amount of carbon inflow by carbon dioxide, than for water 

outflow by water vapor during gas exchange.  Potential transpiration had a statistically 

significant effect on Pn/T for nearly all experiments (Table 4.3.1.2.).   

In Experiment 2 a statistically significant higher Pn/T was measured for the LET0 

and Control treatment in both phases (Table 4.3.1.2.), and a maximum was observed in 

the LET0 EC 8.0 treatment combination (Table 4.3.1.4.).  Therefore, even though the 

conditions were present for both sites where transpiration can be restricted (low VPD and 

high EC), stomata were sufficiently open and allowed for carbon dioxide assimilation. 

Simultaneously, the plant water loss through transpiration was minimized due to the 

small water vapor gradient between leaves and greenhouse air in this low VPD treatment.   

In most treatment combinations, Pn/T was significantly increased with increased 

salinity.  This resulted from either the effect of salinity which increased net 

photosynthesis (Experiment 1 all phases and Experiment 2 phase I), or from significantly 

reduced or no effect on transpiration rate (Table 4.3.1.4.).   
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4.3.5. Plant Water Status (Ψw, Ψs, Ψp)  

Plant water status was evaluated by leaf water potential. Usually water potential 

values decrease i.e. become more negative in the presence of water stress conditions. 

Water stress could be caused by excess salts in the nutrient solution or by transpiration 

demand that exceeds the capacity of the plant to move water through the roots, or both. 

The range of values for leaf water potential and its osmotic and turgor components is 

presented in Figures 4.3.5.1. and 4.3.5.2..  
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Figure 4.3.5.1. Leaf water potential (ψw, grey), osmotic potential (ψs, black), and 
pressure potential (ψp, white) at the end of phase I (A) and phase II (B) in Experiment 2 
as determined by different potential transpiration (ET0) and electrical conductivity (EC, 
dS m-1) treatment combinations measured at pre-dawn: 1, high ET0 and EC 8.0 dS m-1; 2, 
Control and EC 8.0 dS m-1; 3, low ET0 and EC 8.0 dS m-1; 4, high ET0 and EC 2.5 dS m-

1; 5, Control and EC 2.5 dS m-1; 6, low ET0 and EC 2.5 dS m-1. 
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Figure 4.3.5.2. Leaf water potential (ψw, grey), osmotic potential (ψs, black), and pressure 
potential (ψp, white) at the end of phase II in Experiment 2, as determined by different 
potential transpiration (ET0) and electrical conductivity (EC, dS m-1) treatment 
combinations measured at mid-day: 1, high ET0 and EC 8.0 dS m-1; 2, Control and EC 
8.0 dS m-1; 3, low ET0 and EC 8.0 dS m-1; 4, high ET0 and EC 2.5 dS m-1; 5, Control and 
EC 2.5 dS m-1; 6, low ET0 and EC 2.5 dS m-1. 

 

According to equation 3.7.2.1. (see section 3.7.2.), leaf water potential (ψw) can 

be maintained approximately constant under different leaf osmotic potentials.  This is 

accomplished through osmotic adjustments, which result in (or are followed by) turgor 

pressure adjustments.  In fact, all treatment combinations revealed similar water potential 

values.  Evaluation of the components of water potential revealed that osmotic potential 

(ψs) significantly decreased (increasingly more negative) with increased potential 

transpiration (ET0) and electrical conductivity (EC) with the lowest (more negative) value 

of -1.7 M Pa observed in the HET0 EC8.0 and Control EC 8.0 treatment combinations 

during measurements performed at mid day (stress conditions) (Figure 4.3.5.2.).  The 

highest turgor pressure potential was approximately 1.5 M Pa also observed in the HET0 

EC8.0 and Control EC 8.0 as well as in the LET0 EC 8.0 treatment combinations (Figure 
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4.3.5.2.).  The same response was observed on leaf water potential measured at predawn 

in phase I (Figure 4.3.5.1., A), and in phase II (Figure 4.3.5.1., B). 

Therefore for predawn and stress conditions, osmotic adjustments were in fact 

occurring in the tomato plants.  Osmotic adjustments are here defined as biochemical 

mechanisms that allow plants to adapt to situations in which influx of water into the plant 

is insufficient to meet basic needs, such as drought and/or hyper saline conditions. 

Through osmotic adjustments the cell actively accumulates solutes and as a result the 

osmotic potential drops promoting water flow into the cell with consequent increase in 

turgor pressure.  These plants regulate their osmotic potential to compensate for transient 

or extended periods of water stress by making osmotic adjustments, which results in a net 

increase in the number of solute particles present in the cell. 

For greater environmental stress provided to the plants there was a proportionally 

lower (more negative) osmotic potential and a corresponding proportionally higher (more 

positive) turgor potential (Figure 4.3.5.1., A, B.;Figure 4.3.5.2.).  As water potential is the 

balance between these two components (equation 3.7.2.1.), this resulted in similar leaf 

water potential for most treatment combinations. 

The exception was found in the HET0 EC 8.0 treatment combinations in phase II 

during mid day measurements (stress conditions), where leaf water potential measured at 

mid-day was significantly lower than all other treatments (Figure 4.3.5.2).  However, 

under predawn conditions, leaf water potential in HET0 EC 8.0 increased to a range 

similar to most other treatment combinations.  Therefore, it is suggested that at night, 

plants under HET0 recover from the daytime stress, as the water potential in the HET0 
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reaches the same level as other non-stress treatment combinations.  Interestingly, 

predawn measurements had the lowest (most negative) leaf water potential in phase II in 

the LET0 EC 2.5 treatment combination (- 0.17 M Pa).  Analysis of water potential 

components revealed that the most negative water potential in this treatment combination, 

resulted from the highest osmotic potential (less negative) associated with lowest turgor 

pressure potential (ψp), (Figure 4.3.5.1., B).  Therefore, for the less stressful environment, 

osmotic adjustments might not have been necessary, which would explain the more 

negative water potentials in this treatment combination (Figure 4.3.5.1., B). 

The wider range of osmotic and turgor responses observed during the mid day 

compared with those observed during predawn indicate higher levels of water stress for 

this period of the day (Figure 4.3.5.1. A, B.; Figure 4.3.5.2.). 

 



 147

4.3.6. Chlorophyll content 

Total chlorophyll content in leaves is an important parameter indicating plant 

capacity for production of photoassimilates. Low chlorophyll levels limit photoassimilate 

production. Detailed description of the methodology used to measure this parameter is 

presented in section 3.7.3.  Chlorophyll was measured at regular intervals during 

Experiment 2.  

Before treatments started there were no significant differences in chlorophyll 

content between plants in different compartments. During phase I, total chlorophyll 

content was significantly increased by high EC.  The main effects of ET0 and EC on total 

chlorophyll, chlorophyll a and b, are presented in Table 4.3.6.1. 
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Table 4.3.6.1. Main effects of ET0 and EC on chlorophyll a (Ca), b (Cb) and total (Ct) 
concentration in leaf tissue during Experiment 2.  
   Mean chlorophyll content (μg cm-2) 
Phase  Factor  Ct Ca Cb 
I ET0 HET0 83.64 b 62.59 b 21.05 a 
  LET0 86.38 ab 65.94 ab 20.43 a 
  Control 91.09 a 69.59 a 21.49 a 
      
 EC (dS m-1) 2.5 78.64 b 59.30 b 19.34 b 
  8.0 94.21 a 72.78 a 22.65 a 
 ANOVA     
 ET0  *  * NS 
 EC  *** *** *** 
 ET0 × EC  NS NS NS 
      
II ET0 HET0 106.11 a 78.12 a 27.98 a 
  LET0 93.85 b 68.59 b 25.26 b 
  Control 96.44 b 70.61 b 25.83 ab 
      
 EC (dS m-1) 2.5 98.98 a 72.30 a 26.68 a 
  8.0 98.62 a 72.59 a 26.03 a 
 ANOVA     
 ET0  *** *** NS (p=0.078) 
 EC  NS NS NS 
 ET0 × EC  NS NS NS 
Means are from 7 plants per treatment combination (N=7). Significant differences were 
determined by ANOVA followed by Tukey HSD test or Student’s t test (α = 0.05). 
Means with the same letters are not significantly different. 
 *** p < 0.0001, ** p < 0.01, * p < 0.05, NS p > 0.05. 
 

During phase I, an increase in EC of 5.5 dS m-1 resulted in a 14% increase of total 

chlorophyll (Ct) and chlorophyll a (Ca), and 12 % increase in chlorophyll b (Cb).  High 

Ct content was due to high Ca, and both were significantly increased in the Control and 

LET0 treatment.  The increase in chlorophyll content with high EC observed in phase I 

agrees with the darker green color observed in high EC plants.  These results agree with 

those reported by Romero-Aranda et al. (2001), who observed a significant 13 to 15% 
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increase in chlorophyll content per unit area with increased salinity from 0 mM of NaCl 

(Control) to 70 mM of NaCl in two different tomato cultivars.  

Tomato plants adapted to high EC after a period of time as during phase II, the 

effect of EC was no longer present and only ET0 had a significant effect on chlorophyll 

content.  During phase II, Ct Ca and Cb were increased across all treatments.  During this 

period, HET0 significantly increased Ct and Ca (p < 0.0001), and there was a slight effect 

on increasing Cb (p = 0.0789).  No significant interactions between ET0 and EC were 

found in either phase.  Ca/Cb ratio was not significant different during each phase (data 

not shown). 

Excess accumulation of Na and Cl ions in the leaves have been reported as 

explanations for reduction in physiological responses such as stomatal closure and in 

photochemical activity such as reduction in total chlorophyll concentration with 

detrimental effect on photoassimilate production and overall plant growth (Romero-

Aranda et al., 1996; Seeman et al., 1985). However, the opposite was observed and high 

concentration of NaCl in the nutrient solution enhanced total chlorophyll content in 

leaves. Therefore it can be concluded that photochemical activity and photoassimilate 

production was not limited by high EC. These results partially explain the high net 

photosynthesis (Pn) observed at the end of phase I in all high EC treatments regardless of 

ET0 (Table 4.3.2.1., and Figure 4.3.1.1.). Higher Ct, Ca and Cb content could support a 

higher rate of CO2 assimilation assuming no limitations at the carboxylation mechanism 

level (Seeman et al., 1985).  
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4.4. Effect of Environment on Plant Morphological Parameters 

4.4.1. Plant morphological characteristics  

The plant morphological characteristics that were monitored throughout 

Experiments 1 and 2 included, stem diameter measured at 15 cm below the apical 

meristem (SD15), stem elongation during each 7-day period (SE); length of the fifth 

internode from the apical meristem (IN5 L); and the distance along the main stem 

between the newest open flower to the apical meristem (OF AM). Each plant growth 

characteristics as well as the experimental procedure used in this study is described in 

detail in Table 3.8.1. (see section 3.8.1.).  

 

4.4.1.1. Effect of potential transpiration (ET0) and electrical conductivity (EC) on plant 

morphological characteristics 

Electrical conductivity of the nutrient solution (EC) was the major factor affecting 

the plant morphological characteristics studied.  In all cases, average weekly plant 

morphological characteristics decreased in size (diameter or length) as a result of high 

electrical conductivity (EC 8.0, dS m-1).  In both experiments, EC 8.0 significantly 

reduced average stem diameter 15 cm below the apical meristem (SD15), stem elongation 

(SE), length of internode five (IN5 L), and distance between open flower and apical 

meristem (OF AM) compared to low electrical conductivity (EC 2.5, dS m-1). 

In general, the magnitude of the decrease of average plant morphological 

characteristics due to EC 8.0 was influenced by the potential transpiration (ET0) 

environment provided to the pants, with larger decreases associated with higher ET0 
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treatments, such as HET0 and Control.  This was particularly the case for SD15 and SE 

where significant interactions were observed between ET0 and EC.  

Statistical analyses of the effects of ET0 and EC on all plant morphological 

characteristics monitored in Experiments 1 and 2 are presented in Table A-1 and A-2, 

respectively in Appendix A.  In both experiments, significant interactions between ET0 

and EC were found for SD15 and SE in different phases for Experiments 1 and 2 (Table 

A-1, Table A-2. Appendix A).  These interactions are illustrated in Figure 4.4.1.1.  

A time course plot for all morphological characteristics monitored in each 

treatment combination is also presented in Figures A-1 and A-2 in Appendix A. 
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Figure 4.4.1.1. Interactions between potential transpiration (ET0) and electrical 
conductivity (EC, dS m-1) for stem diameter 15 cm from apical meristem (SD15, cm) and 
stem elongation in a 7-day period (SE, cm) in Experiment 1 and 2. Significant 
interactions observed in: A – SD15 in phase II of Experiment 1; B – SD15 in phase I of 
Experiment 2; C – SD15 in phase II of Experiment 2; D – SE in phase I of Experiment 1; 
E – SE in phase I of Experiment 2; F – SE in phase II of Experiment 2. 
__●__, Control; …○…, LET0; ---▼---, HET0. 

 

For SD15 and SE, interactions between ET0 and EC resulted from the fact that the 

negative effect of EC 8.0 in reducing SD15 and SE was alleviated by reducing potential 

transpiration (LET0).  
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For SE, interactions between ET0 and EC resulted from higher SE observed in the 

HET0 environment with EC 2.5 associated with a more than proportional decrease with 

EC 8.0, compared to all other ET0 environments (Figure 4.4.1.1., D, E, F). 

The magnitude of the decrease in SD15 due to EC 8.0 was directly proportional to 

ET0, being larger for increasingly higher ET0. With EC 8.0, SD15 was reduced by 11%, 

22% and 26% (Experiment 1, phase II) and by 19%, 26% and 29% (Experiment 2, phase 

I) in the LET0, Control and HET0, respectively (Figure 4.4.1.1, A, B).  

In both cases, interactions were due to a less than proportional decrease in SD15 

observed in the LET0 than the corresponding decrease observed in the HET0 and Control 

treatments.  In all cases, the average SD15 in the LET0 EC8.0 treatment combination was 

significantly higher than all other treatments (Figure 4.4.1.1., B) or similar (not 

statistically different) to the Control and LET0 (Figure 4.4.1.1., A). 

Similar to SD15, the stem elongation (SE) was also reduced by EC 8.0 and the 

reduction was greater for increasingly high ET0.  With EC 8.0, SE was reduced by 1.6%, 

10%, and 68% in the LET0 (from 16.6 to 16.4 cm), the Control (from 18.5 to 16.7 cm) 

and in the HET0 (from 20.3 to 16.9 cm), respectively (Experiment 1 phase I) and by 13% 

(from 17.97 to 15.6 cm), 10% (from 17.8 to 16.1 cm), and 25% (from 19.6 to 14.7 cm) in 

the LET0, Control and HET0 environments, respectively in Experiment 2, phase I (Figure 

4.4.1.1, D, E).  In Experiment 2 phase II (Figure 4.4.1.1., F), the interactions were due to 

a more than proportional decrease in SE due to EC 8.0 in the HET0 treatment than that 

observed in the Control. EC 8.0 significantly reduced SE by 11% (from 16.224 to 14.52 
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cm) in the LET0, by 14.5% in the Control (from 19.435 to 16.615 cm), and by 21% in the 

HET0 (from 20.128 to 15.819 cm) (Figure 4.4.1.1, F).  

The fact that SE was significantly higher HET0 with EC 2.5 (Figure 4.4.1.1., D, E, 

F), was to be expected as HET0 was characterized by a higher VPD associated with a 

higher day-night air temperature difference (DIF), known to promote stem elongation of 

cut flowers (Erwin et al., 1994).  Therefore, the maximum SE observed in the HET0 was 

likely the result of corresponding higher DIF.  This was particularly true for Experiment 

1, where the environmental differences between the HET0 and the LET0 and Control 

environments were more pronounced with respect to DIF than VPD (Table 4.1.1.) 

With an EC of the nutrient solution as high as 8.0 dS m-1 the effect of DIF on 

stem elongation is no longer valid.  In all cases, reducing potential transpiration is an 

effective tool to alleviate the negative effect of high EC on SD15 and SE.  

 

4.4.1.2. Effect of ET0 and EC on SD15 

Of all plant morphological characteristics monitored, the stem diameter measured 

15 cm below the apical meristem (SD15), revealed the highest sensitivity to 

environmental changes, and was the only one with a clear time-variation response.   

There was a good agreement between average daytime vapor pressure deficit 

(VPD) and corresponding SD15 variations with time.  This was especially true in 

Experiment 2.  The time-variation for SD15 and VPD in Experiment 1 and 2 is presented 

in Figures 4.4.1.2.1. and 4.4.1.2.2.. 
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Figure 4.4.1.2.1. Variations in average weekly stem diameter 15 cm below apical 
meristem (SD15, cm) and vapor pressure deficit (VPD, Pa) with time in Experiment 1 in 
Compartment 1 (sequence: from HET0 to LET0, A), Compartment 2 (sequence: from 
LET0 to HET0, B), and the Control (no environmental shift, C). …▲… average weekly 
daytime VPD (Pa); __○__, average weekly SD15 (cm) with EC 2.5 dS m-1;__●__, average 
weekly SD15 (cm) with EC 8.0 dS m-1. For SD15 N=10.  Arrows indicate time of 
environmental shift. 
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Figure 4.4.1.2.2. Variations in average weekly stem diameter 15 cm below apical 
meristem (SD15, cm) and vapor pressure deficit (VPD, Pa) with time in Experiment 2 in 
Compartment 1 (sequence: from HET0 to LET0, A), Compartment 2 (sequence: from 
LET0 to HET0, B), and the Control (no environmental shift, C). …▲… average weekly 
daytime VPD (Pa); __○__, average weekly SD15 (cm) with EC 2.5 dS m-1;__●__, average 
weekly SD15 (cm) with EC 8.0 dS m-1. For SD15 N=10.  Arrows indicate onset of 
treatments and environmental shift. 
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In the Control (average daytime VPD between 0.9 and 1.2 kPa in Experiment 1 

and 2), SD15 was approximately constant for each EC in both experiments. With EC 2.5, 

average SD15 varied between 0.9 and 1.1 cm for all experiments and all phases. With EC 

8.0 in phase I, SD15 varied between 0.8 and 0.9 cm in Experiment 1 and between 0.7 and 

0.8 cm in Experiment 2.  In phase II, SD15 varied between 0.84 and 0.98 cm in 

Experiment 1 and between 0.7 and 0.8 cm in Experiment 2 (Figure 4.4.1.2.2, C).  

With EC 2.5, SD15 fluctuated between 0.9 and 1.2 cm across all ET0 

environments in phase I for both experiments.  During this phase, variations in SD15 

were almost exclusively due to EC 8.0 and no significant differences were observed 

between different ET0 within the same EC level.  Greater distinctions in SD15 response 

with ET0 were observed in phase II. By comparison with the Control treatment, in phase 

II LET0 increased SD15 which varied between 1.1 and 1.2 cm (Figure 4.4.1.2.2, A, B) in 

Experiment 1 and 2.  In the HET0 average SD15 was reduced and varied between 0.9 and 

1.0 cm in Experiment 1 and between 0.8 and 1.0 in Experiment 2 (Figure 4.4.1.2.2, B).  

 

4.4.1.3. Effect of environmental shift on SD15 

The effect of the environmental shift was particularly strong for plants under EC 

8.0 and this effect was especially evident in Experiment 2.  In Experiment 2, a reduction 

in ET0 from HET0 (average daytime VPD of 1.7 kPa) to LET0 (average daytime VPD of 

0.7 kPa, Table 4.1.1., section 4.1.), increased SD15 from 0.72 cm at the time of shift to 

0.83 cm, two weeks after the shift and to 0.98 cm by the end of experimental period.  

Therefore, by lowering ET0 (VPD and DIF), there was a 13% recovery in the average 
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SD15 within two weeks.  By the end of the experimental period, SD15 had recovered 

26% of the value before the shift (Figure 4.4.1.2.2, A).  For the same phase, an increase 

in ET0 from LET0 (daytime average VPD of 0.5 kPa, Table 4.1.1.) to HET0 (daytime 

average VPD of 1.8 kPa, Table 4.1.1.) reduced SD15 from 0.8 cm before the shift to 0.68 

cm by the end of the experimental period, a 16% reduction due to HET0. In the Control 

with EC 8.0, SD15 remained approximately constant.  This was to be expected given that 

environmental conditions were maintained approximately constant in the Control.  

With EC 2.5, SD15 was also increased by reducing ET0. SD15 increased from 

1.07 cm in the HET0 environment before the shift to 1.23 cm in the LET0 two weeks after 

the shift (13% increase), and stabilized at 1.15 cm (7% final increase) by the end of the 

experimental period.  Similarly, an increase in ET0 from LET0 (0.5 kPa) to HET0 (1.8 

kPa) decreased SD15, from 1.0 cm before the shift to 0.82 cm by the end of the 

experimental period, corresponding to an 18% decrease due to an increase in ET0. 

The proportional and consistent variations in weekly average SD15 according to 

ET0 observed in Experiment 2 indicated that the increased capability to maintain 

consistent ET0 environments according to set points throughout the experimental period. 

Furthermore, the proportional decrease in SD15 for increasingly high ET0, is indicative of 

the higher distinction achieved between the three environmental treatments. 

 

4.4.1.4. Effect of ET0 and EC on other plant morphological characteristics 

The mean effect of potential transpiration (ET0) and electrical conductivity (EC) 

treatment combinations in all plant morphological characteristics monitored in both 
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phases in Experiments 1 and 2 was statistically analyzed and is presented in Tables A-1 

and A-2, respectively (Appendix A).  In Experiment 1 during phase I, EC 8.0 

significantly reduced stem elongation (SE) by 68% in the HET0 treatment. However, in 

the LET0 and the Control treatments EC had no significant effect on SE in this phase. 

Also, in phase II, EC had no significant effect on SE in any ET0 treatment.  In Experiment 

1, EC had no effect on IN5 L and OF AM in both phases (Table A-1, Appendix A). 

In Experiment 2 during phase I, the remaining plant morphological characteristics, 

SE, IN5 L and OF AM were also significantly reduced by EC 8.0 in most ET0 treatments. 

EC 8.0 decreased average SE with increasing effect for increasingly higher ET0. In the 

LET0 treatment SE was reduced by 13% (from 17.967 to 15.634 cm), in the Control by 

10% (from 17.826 to 16.092 cm), and in the HET0 by 25% (from 19.643 to 14.708 cm). 

IN5 L was significantly reduced by 15% in the LET0, and 18% in the HET0, while EC 

had no significant effect on IN5 L in the Control. OF AM was significantly reduced by 

26% in the LET0, 27% in the Control and 35% in the HET0 (Table A-1, Table A-2, 

Appendix A). 

In phase II, EC 8.0 significantly reduced SE compared to EC 2.5. In the Control, 

EC 8.0 reduced SE by 15% from 19.435 to 16.615 cm, in the HET0 by 21% from 19.643 

to 14.708 cm. In the LET0 increased EC had no effect (Table A-2, Appendix A).  

IN5 L was not affected by EC 8.0 in both phases. OF AM was only significantly 

reduced by higher EC in the LET0 treatment (26% from 16.823 to 12.491 cm) (Table A-2, 

Appendix A). 
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Increased EC has a negative effect on all plant morphological characteristics 

studied.  As for SD15, the morphological characteristics SE, IN5 L and OF AM, these 

results also prove that for an EC as high as 8.0 dS m-1, reducing ET0 to the average values 

achieved in the LET0 reduces the effect of high EC. 
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4.4.2. Leaf area index  

The leaf area index (LAI) offers indirect information about the plant vegetative 

growth. Since that LAI directly reflects the leaf area available for interception of 

radiation (PAR, 400-700 nm), it directly impacts plant potential for photoassimilate 

production.  Therefore, it was important to evaluate the effect of different ET0 and EC 

treatment combinations on LAI, in order to uncover a possible relationship with 

photoassimilate production.  

LAI was measured only in Experiment 2.  LAI was destructively measured in 4 

plants from two experimental blocks for each treatment combination at the end of phase I 

and II. The resulting leaf area for each set of 4 plants was added and then multiplied by 3 

to account for the 12 number of plants per block.  Finally LAI was calculated by dividing 

the total leaf area per block by the corresponding floor area.  The floor area for each 

experimental block was considered constant (2.44 m2). 

In both phases LAI was significantly reduced by increased electrical conductivity 

(EC) regardless of the potential transpiration (ET0) environment provided.  By the end of 

the experiment, ET0 had a significant effect on LAI, with a statistically significant 

increase for LET0.  These results are summarized in Table 4.4.2.1. 
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Table 4.4.2.1. Main effect of potential evapotranspiration (ET0) and electrical 
conductivity (EC) on leaf area index (LAI, m2 m-2) measured at the end of phase I and II 
during experiment 2.  

 Mean Effects ± SE 
 LAI (m2 m-2) 
Factor Phase I Phase II 
EC (dS m-1)   

4.71 ± 0.30 a 3.38± 0.17 a 2.5
3.12 ± 0.15 b 2.46 ± 0.10 b 8.0

   
ET0   

3.61 ± 0.39 a 3.19 ± 0.38 a LET0
3.94 ± 0.35 a 2.63 ± 0.19 b HET0
4.19 ± 0.25 a 2.95 ± 0.27 ab Control

ANOVA   
EC ** ** 
ET0 NS * 
EC × ET0 NS NS 
  
Phase  

Phase I 3.91 a 
Phase II 2.92 b 

ANOVA  
Phase  *** 
Phase × ET0 NS 
Phase × EC  NS 
Phase × ET0× EC NS 

Significant differences were determined by ANOVA followed by Tukey HSD test or 
Student’s t-test (α = 0.05). *** p < 0.001, ** p < 0.01, * p <0.05, NS p > 0.05.  Columns 
followed by different letters are statistically different. Means are estimated LAI for two 
experimental blocks, N = 12 plants per block. 
 

Increased nutrient solution electrical conductivity (EC) significantly reduced LAI 

by 34% from 4.71 to 3.12 m2 m-2 in phase I, and 27% from 3.38 to 2.46 m2 m-2 in phase 

II regardless of potential evapotranspiration (ET0) provided to the plants (Table 4.4.2.1.).  

No significant effect of ET0 was observed during phase I (p = 0.49).  However in phase II, 

the high potential transpiration treatment (HET0) significantly reduced LAI (p = 0.05) by 
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18% compared with the low potential transpiration (LET0) but did not statistically reduce 

LAI compared to the Control.  Although there was no significant difference between 

LET0 and the Control in phase II, LAI was higher for LET0 (3.19 m2 m-2) and lower for 

HET0 (2.95 m2 m-2). 

As illustrated in Table 4.4.2.1., leaf area index was significantly reduced from 

phase I (October-January) to phase II (January-May).  Potential transpiration (ET0) 

played a significant role on the degree of LAI decrease in phase II, with lower LAI for 

increasingly high potential transpiration regimes.  During phase II, LAI decreased 33% in 

HET0, 30% in the Control and 13% in LET0 (Table 4.4.2.1.).  This was likely due to a 

seasonal effect associated with increased radiation levels in the spring months in which in 

phase II took place.  Leaf area decrease during periods of increased radiation is a 

common problem observed in widely different climates such as The Netherlands and 

South of Spain, and is often referred to as ‘short leaves syndrome’ (Nederhoff et al., 

1992; Romero-Aranda, 2001).  The reduced leaf area decreases the relative amount of 

incident photosynthetic active radiation (PAR) which is actually intercepted by the crop, 

limiting photoassimilate production and further reducing leaf area (Heuvelink and Dorais, 

2005).  

Besides the seasonal effect of increased radiation levels, other factors that may 

have contributed to decrease in LAI during phase II compared to phase I might be 

associated with decrease photosynthetic efficiency under high light, and lower air CO2 

concentration due to higher ventilation rate to keep air temperature set points.  
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Another important factor was the lack of fruit pruning during phase II, which 

might have contributed to an increased competition for photoassimilates between fruit 

sinks and vegetative parts such as leaves and stems.  These results are described in detail 

in section 4.5. 

 

4.4.3. Stomatal Density 

Stomatal density of three leaves per treatment combination was determined at the 

end of Experiment 2 (refer to section 3.8.3. for methodology used). It was assumed that 

different daytime transpiration rates induced by different daytime vapor pressure deficit 

and air temperature can steer tomato plants towards a reproductive growth status, while 

the opposite set of environmental conditions steers plants towards a vegetative growth 

status, as traditionally defined by the growers.  Thus, according to the working hypothesis, 

transpiration rate is the determining factor for plant growth status.  Given the effect of 

stomatal density on plant transpiration rate as well as the effect of transpiration rate on 

stomatal density, investigating the effect of the different potential transpiration treatments 

on stomatal density was not only logical but important.   

Under normal environmental conditions of temperature, vapor pressure deficit, 

and carbon dioxide concentration (CO2), stomata are usually open and therefore, directly 

affecting leaves gas exchange rate. Under these conditions, the number of stomata per 

unit area (stomatal density) also directly affects leaves gas exchange capacity.  The 

higher the stomatal density, the higher the volume of CO2 influx and the higher the loss 

of water vapor.  
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Plants have different adaptation mechanisms to cope with different environmental 

conditions that affect their overall water status which is directly affected by water uptake, 

and water transport to plant organs.  All of these processes are determined by plant 

transpiration rates.  One of such adaptation mechanisms is the ability to close the stomata 

when water loss is occurring at a rate which exceeds the photosynthetic demand for CO2. 

Another adaptation mechanism is the ability to vary the number of stomata per leaf unit 

area.  The ability to increase or reduce stomatal density is a long-term morphological 

adaptation likely associated with a feedback loop mechanism from plant water status, in 

order to assure minimum transpiration water loss (water savings) under high transpiration 

demand, or maximum transpiration rate under suppressed transpiration conditions.  

Stomatal density was evaluated at the end of Experiment 2, and the respective 

results are presented in Table 4.4.3.1. 
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Table 4.4.3.1. Mean number of stomata per mm2 and standard error (St Error) as affect by 
potential transpiration (ET0) and electrical conductivity (EC) at the end of Experiment 2. 

 Number of stomata 
per mm2

Factor Mean ± Std Error 
ET0  

LET0 49.73 ± 2.15 a 
HET0 35.15 ± 1.74 b 

Control 34.48 ± 2.74 b 
EC (dS m-1)  

2.5 40.78 ± 2.61a 
8.0 38.79 ± 2.33 a 

ANOVA  
ET0 *** 
EC NS 
ET0 × EC NS 

Significant differences were determined by ANOVA followed by Tukey HSD test (α = 
0.05). *** p < 0.001, ** p < 0.01, * p <0.05, NS p > 0.05.  Columns followed by the same 
letters are not statistically different. N = 6 per treatment combination. 
 

Potential transpiration (ET0) had a statistically significant effect (p< 0.0001) on 

stomatal density while electrical conductivity (EC) had no effect.  The maximum number 

of stomata per unit area was observed in the LET0 environment with an average of 49.7 

stomata mm-2 providing a 31 % significant increase compared to the Control (34.5 

stomata mm-2) and a 29% increase compared to the HET0 (35.2 stomata mm-2) (Table 

4.4.3.1).  These results differ from those reported by Romero-Aranda et al. (2001), in 

which the stomatal density of leaves (fifth leaf) was proportionally reduced with the 

increase of NaCl (0, 35, and 70 mM of NaCl) supplemented to a complete nutrient 

solution for two greenhouse tomato cultivars grown over a period of 2 months in the 

south of Spain.  
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No significant interactions were found between potential transpiration and 

electrical conductivity.  The fact that stomatal density increase was not observed in the 

Control in either EC levels proves that the increase observed in the LET0 in both EC 

levels was in fact promoted by a decrease in potential transpiration and was not 

influenced by electrical conductivity levels.  

The significantly higher stomatal density in plants growing with LET0 conditions 

were associated with a higher net photosynthesis measured in this environment (section 

4.3.1.).  Thus, with high light and sufficient water conditions allowing full stomata 

opening, it is reasonable to assume that higher net photosynthesis measured for LET0 was 

enhanced by the higher stomatal density observed in this treatment. 

In the current experimental design it is not possible to separate the effects of 

potential transpiration induced by the vapor pressure deficit (VPD) from those due to 

day-night air temperature difference (DIF).  Despite this fact, it is worth noting that the 

increase in stomatal density under the LET0 treatment agrees with the results from 

Bakker (1991), in which stomatal density, measured at the 5th leaf of tomato plants, was 

significantly increased under similar vapor pressure deficit (VPD) growing conditions 

(0.2 vs. 1.0 kPa). 

These results could be explained as a morphological adaptation to high humidity 

(low VPD) as a way for the plant to compensate for the resulting low transpiration 

demand.  Non-limiting water availability resulted in significantly higher number of 

stomata per unit area, and thus increased overall transpiration rates under a potential 

transpiration treatment which tends to suppress transpiration as determined by water 
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uptake (section 4.2.1.) and the potential for increased CO2 assimilation capacity (section 

4.3.1.).  These results can also explain the thicker stem diameter 15 cm below the apical 

meristem (SD15) observed within each EC level in the LET0 treatment in both phases of 

Experiment 2 (Table A-2, Appendix A.). 

 

4.5. Effect of environment on fresh weight production and distribution  

The secondary goal of this study was to establish the practical meaning of the 

concept vegetative or reproductive plant growth status.  According to this classification, it 

would be reasonable to assume that in vegetative plants fresh weight is preferentially 

distributed to stems and leaves, while in a reproductive plant, fresh weight preferentially 

distributed to fruits.  The environmental conditions associated with each case would thus 

be considered vegetative or reproductive growth environments, respectively. 

 

4.5.1. Total fresh weight of fruits, stems and leaves 

To determine whether or not there is a relationship between the environmental 

conditions and vegetative or reproductive plant growth status, it was important to 

determine the total plant fresh weight as well as fresh weight of all plant components and 

to establish their relative importance with respect to each other. The plant components 

that were monitored include the total fresh weight of reproductive parts (including pruned 

and harvested fruits), as well as the total fresh weight of vegetative parts, including leaves 

and stems. Roots were excluded.  The fresh weight of all plant components were then 

compared across potential transpiration environments for each EC level.  
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In both experiments fresh weight production and distribution was significantly 

affected by electrical conductivity, while potential transpiration had a mixed effect and 

was mostly EC-dependent.  On average, in both experiments the cumulative total fruit 

fresh weights were significantly reduced by high electrical conductivity (EC8.0), while 

potential transpiration (ET0) had no effect on these responses. In Experiment 2, only 

cumulative total stem and leave fresh weights as well as average fruit weights were 

significantly affected by potential transpiration. These results are presented in Tables 

4.5.1.1. and 4.5.1.2.. 

 

Table 4.5.1.1. Main effects of potential transpiration (ET0) and electrical conductivity 
(EC, dS m-1) on cumulative fruit fresh weight (Fruit Fw, kg m-2), number of fruits (N 
fruits m-2), and average fruit fresh weight (Avg Fruit Fw, g fruit-1) during the fruit 
production period in Experiment 1. 

  Fresh weight 
  Fruit Fw  

(kg m-2) 
N Fruits 

(fruits m-2) 
Avg Fruit Fw 

(g fruit-1) 
Factors     
ET0 HET0 10.2 a 51.3 a 193.8 a 
 LET0 9.4 a 48.1 a 190.9 a 
 Control 10.5 a 47.4 a 206.9 a 
     
EC (dS m-1) 2.5 11.7 a 50.4 a 224.2 a 
 8.0 8.4 b 47.5 a 170.2 b 
ANOVA     
ET0  NS NS NS 
EC  ** NS *** 
ET0 × EC  NS NS NS 

Significant differences determined by ANOVA at α = 0.05. Means with same letters are 
not significantly different according to Tukey HSD test and Student-t test at p = 0.05. 
***p < 0.001 ,  ** p < 0.01,  NS is not significant at p > 0.05. For fruits and leaves each 
data point represents the cumulative weekly average of two experimental blocks, N=12. 
Plant density was 2.58 plants per m2.  
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In Experiment 1, an increase from EC 2.5 to EC 8.0 dS m-1 at the drip 

significantly reduced cumulative fruit fresh weight and average fruit weight, while it had 

no effect on the number of fruits (Table 4.5.1.1.).  Cumulative fruit fresh weight was 

reduced from 11.7 kg m-2 to 8.4 kg m-2, a 28% decrease compared to the EC 2.5 (Table 

4.5.1.1.).  Average fruit weight was reduced from 224 g per fruit in EC 2.5 to 170 g per 

fruit with EC 8.0, a 24% decrease directly due to high EC (Table 4.5.1.1).  

In Experiment 1, potential transpiration did not significantly affect cumulative 

fruit fresh weight, number of fruits or average fruit weight.  However, in Experiment 2, 

high potential transpiration significantly reduced average fruit weight.   

Table 4.5.1.2. includes a summary of the main effect of potential transpiration and 

electrical conductivity on cumulative total fresh weight and fresh weight distributed to 

fruits, leaves and stems as well as number of fruits, and average fruit weight during each 

experimental phase in Experiment 2. 
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Table 4.5.1.2. Main effects of potential transpiration (ET0) and electrical conductivity 
(EC, dS m-1) on cumulative total plant fresh weight, fresh weight of fruits, leaves and 
stems, cumulative number of fruits (N Fruits, fruits m-2), and average fruit weight (Avg, 
fruit weight, g fruit-1) during phase I (October – January) and phase II (January – May) in 
Experiment 2. 
  Fresh weight 
Factor   Total Fruits Stems Leaves N Fruits  Avg Fruit 

weight 
Phase I   (kg m-2) (fruits m-2) (g fruit-1) 
ET0 HET0 12.39 a 9.40 a 1.22 b 1.97 a 53.8 a 146.3 b 
 LET0 11.66 a 8.72 a 1.26 ab 1.86 a 51.0 a 165.3 a 
 Control 12.81 a 9.70 a 1.37 a 1.93 a 51.9 a 169.4 a 
        
EC (dS m-1) 2.5 13.75 a 10.38 a 1.40 a 2.18 a 52.8 a 186.0 a 
 8.0 10.83 b 8.17 b 1.16 b 1.66 b 51.6 a 134.6 b 
ANOVA        
ET0  NS NS ** NS NS ** 
EC  ** ** *** ** NS *** 
ET0 × EC  NS NS ** NS NS NS 
        
Phase II        
ET0 HET0 10.74 a 7.80 a 1.77 b 1.16 b  63.1 a 121.4 b 
 LET0 11.74 a 8.50 a 1.89 a 1.52 a 54.7 a 169.1 a 
 Control 12.66 a 9.31 a 1.99 a 1.36 ab 67.5 a 149.1 ab 
        
EC (dS m-1) 2.5 13.95 a 10.37 a 2.10 a 1.48 a 62.1 a 175.8 a 
 8.0 9.48 b 6.70 b 1.67 b 1.22 b 61.4 a 117.3 b 
ANOVA        
ET0  NS NS *** * NS ** 
EC   *** *** *** * NS *** 
ET0 × EC  NS NS *** NS NS ** 
Significant differences determined by ANOVA at α = 0.05. Means with same letters are 
not significantly different according to Tukey HSD test and Student-t test at p = 0.05. 
***p < 0.001 ,  **p < 0.01,*p < 0.05,  NS is not significant at p > 0.05. For fruits and 
leaves data represents the mean of cumulative weekly fresh weight from two 
experimental blocks, N=12.  For stems data represents the mean total stem weight from 
two experimental blocks as interpolated from a 3-step process described in Appendix B, 
N = 4. Plant density was 2.58 plants per m2. 
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In Experiment 2, electrical conductivity (EC) was the most significant factor 

determining plant total fresh weight production and distribution toward different plant 

components. In both phases, EC significantly affected mean cumulative total plant fresh 

weight, cumulative fresh weight of fruits, leaves and stems, as well as average fruit fresh 

weight in both phases. In phase I of Experiment 2, an increase in EC from EC 2.5 to EC 

8.0 dS m-1 at the drip, significantly reduced mean cumulative total fruit fresh weight from 

10.38 to 8.17 kg m-2, a 21% reduction.  Mean stems fresh weight was also significantly 

reduced from 1.40 to 1.16 kg m-2, a 17% reduction due to EC.  Leaf fresh weight 

significantly decreased from 2.18 to 1.66 kg m-2, a decrease of 24% due to EC (Table 

4.5.1.2.).  As in Experiment 1, the cumulative total number of fruits (total sum of class 1, 

class2, and culls fruits) was not significantly affected by electrical conductivity in both 

phases of Experiment 2 (Table 4.5.1.2.). 

Similarly, in phase II, an increase in EC from EC 2.5 to EC 8.0 dS m-1 at the drip, 

significantly reduced mean cumulative total plant, fruits, stems and leaves fresh weight. 

In this phase, increased EC significantly reduced mean cumulative fruit fresh weight 

from 10.37 to 6.70 kg m-2, a decrease of 35% compared to EC 2.5.  The larger percent 

reduction in fruit fresh weight observed in this phase compared with Experiment 1 (28%), 

and phases I of Experiment 2 (21%), was likely due to longer exposure to high electrical 

conductivity, and consequent excess salt accumulation in the root zone, which increased 

resistance to water uptake by roots.  This result agrees with the high drainage electric 

conductivity of 11 dS m-1 observed from EC 8.0 at drip (Table 4.2.2.2.). The high EC in 

the root zone probably limited fruit development and growth due to suppressed water 
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influx into fruits, which agrees with the significant decrease in average fruit fresh weight 

observed in high EC in both experiments.  On average the decrease in average fruit 

weight due to EC was 24% in Experiment 1 (Table 4.5.1.1.), and 28% and 33% in phases 

I and II of Experiment 2, respectively (Table 4.5.1.2.). 

High electrical conductivity also significantly reduced leaf fresh weight from 1.48 

to 1.22 kg m-2, and stem fresh weight from 2.10 to 1.67 kg m-2. This corresponded to a 

decrease of 18 and 20% for leaves and stems, respectively (Table 4.5.1.2.).  Leaf fresh 

weight decrease agrees with the significant decrease in leaf area index (LAI) due to high 

EC, observed in phase I (34%), and phase II (27%) (Table 4.4.2.1.).  Also, a lower leaf 

area index likely reduced the relative amount of photosynthetic active radiation (PAR) 

intercepted by the leaves, thus reducing photoassimilate production.  This in turn would 

explain the decrease in stem and leaf fresh weight in high EC observed in both phases. 

Potential transpiration had a significant effect on mean fresh weight of stems in 

both phases.  In phase I, stem fresh weight was significantly reduced from 1.37 kg m-2 in 

the Control to 1.22 kg m-2 in the HET0 treatment (11% reduction). LET0, with 1.26 kg m-2 

was not significantly different from the Control.  In phase II, HET0 reduced stem from 

1.99 kg m-2 in the Control to 1.77 kg m-2 (11% reduction).  In both phases, significant 

interactions were found between ET0 and EC for stem fresh weight (Table 4.5.1.2.). 

These interactions are presented and discussed ahead.  In phase II, HET0 significantly 

decreased mean cumulative leaf fresh weight by 14.7% compared to the Control.  
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Also, high potential transpiration (HET0) significantly reduced average fruit 

weight by 13.6% in phase I and in this environment the effect of high transpiration 

increased with time from salinization as this reduction reached 18.5% in phase II.  

In both phases, potential transpiration (ET0) had no significant effect on mean 

cumulative total plant fresh weight, or cumulative total fruit fresh weight. Water potential 

under predawn (non-stress) and mid day (stress) conditions revealed similar leaf water 

potential values across most treatment combinations.  Therefore, as expected different 

potential transpiration regimes resulted in different transpiration rates in most cases. 

However, different transpiration rates did not translate in different plant water content as 

evaluated by leaf water potential.  Leaf water potential was similar between the six 

treatment combinations with an increasingly lower (more negative) osmotic potential for 

increasingly higher potential transpiration with high salinity (Figure 4.3.5.1., Figure 

4.3.5.2.).  It is suggested that the similar water potentials were achieved through osmotic 

adjustments occurring on stressed plants at all times (Figure 4.3.5.1., Figure 4.3.5.2.).  

Similar total fruit fresh weight might be the result of similar leaf water potential, 

achieved at the expenses of significant osmotic adjustments occurring internally.  The 

ability of a plant to undergo osmotic adjustments is associated with its resistance to 

excess environmental stress (drought or salinity).  That is the case of tomato plants, 

which are known to grow and maintain production in saline soils. 

Despite no statistically significant differences in mean cumulative fruit fresh 

weight between different ET0 environments, in both phases, the highest mean cumulative 

fruit fresh weight was observed in the Control treatment with 9.7 and 9.3 kg m-2, in phase 
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I and II, respectively. This compares to 8.7 and 8.5 kg m-2 in the LET0 and 9.4 and 7.8 kg 

m-2 in the HET0 treatment for phase I and II, respectively (Table 4.5.1.2.).  The highest 

mean cumulative total plant and fruit fresh weight observed in the Control was to be 

expected since the Control environment represented the standard commercial 

environment for tomato crop production.  

In phase II, HET0 significantly reduced mean cumulative total stem and also mean 

cumulative leaf fresh weight, as well as average fruit weight compared to the Control. In 

this phase, high potential transpiration (HET0) was characterized by an average daytime 

vapor pressure deficit of 1.8 kPa and 5.6 ºC day-night air temperature difference (DIF) 

(see Table 4.1.1.).  HET0 significantly reduced mean stem fresh weight by 11% compared 

to the Control and leaf fresh weight from 1.36 kg m-2 in the Control (average daytime 

VPD of 1.2 kPa and 3.4 ºC DIF) to 1.16 kg m-2, a 15% decrease.  Leaf fresh weight was 

highest in the low potential transpiration (LET0) treatment (average daytime VPD of 0.7 

kPa and 0.1 ºC DIF) with an average cumulative total of 1.52 kg m-2 in phase II, a non 

significant 11% increase from the Control, and a significant 24% increase from the HET0 

treatment.  These results agree with the significantly higher leaf area index (LAI) 

observed in phase II in the LET0 and Control treatments with an average LAI of 3.19 and 

2.95 m2 m-2, respectively. In the high potential transpiration treatment (HET0), the 

average LAI was 2.63 (Table 4.4.2.1.).  

In phase II, mean stem fresh weight was highest in the Control with 1.99 kg m-2, 

and was not significantly different in the LET0 with 1.89 kg m-2.  Stem fresh weight was 

significantly lower in the HET0 treatment with 1.77 kg m-2 (Table 4.5.1.2.).  Therefore, 
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compared to the Control a decrease in ET0 resulted in a 5% decrease in stem fresh weight, 

while an increase in potential transpiration reduced stem fresh weight by 11%.  

These results confirm the highly significant effect of electrical conductivity on 

fresh weight production of all plant parts.  Also, results show that the impact of high 

electrical conductivity on total fresh weight, as well as fruit and leaf fresh weight is not 

affected by potential transpiration (ET0).  In addition, of all fresh weight plant 

components, stems fresh weight and average fruit weight are the most sensitive to 

different potential transpiration regimes.  High potential transpiration regime (HET0) 

resulted in a significant reduction of stem fresh weight in both phases compared to the 

LET0 and the Control (Figure 4.5.1.2.).  However, for stems fresh weight and average 

fruit weight, due to the significant interactions found, the effect of potential transpiration 

seems to be dependent on electrical conductivity.  The significant interactions for stem 

fresh weight and average fruit weight observed between potential transpiration and 

electrical conductivity are indicated in Figure 4.5.1.1. 

 



 177

A

2.5 8.0

S
te

m
 fr

es
h 

w
ei

gh
t (

kg
 m

-2
)

0.9

1.0

1.1

1.2

1.3

1.4

1.5

B

2.5 8.0

St
em

 fr
es

h 
w

ei
gh

t (
kg

 m
-2

)

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3

C

Electrical conductivity (EC, dS m-1)
2.5 8.0

A
ve

ra
ge

 fr
ui

t w
ei

gh
t (

g 
fru

it-1
)

80

100

120

140

160

180

200

220

 

Figure 4.5.1.1. Interactions between potential transpiration (ET0) and electrical 
conductivity (EC, dS m-1) for stem fresh weight (kg m-2) observed in phase I (A) and 
phase II (B), and average fruit weight (g fruit-1) in phase II (C) in Experiment 2.  __●__, 
Control; …○…, LET0; ---▼---, HET0. 
 

 

In all potential transpiration treatments (Figure 4.5.1.1.), stem fresh weight and 

average fruit weight decreased with high EC.  The significant interaction observed for 

stem fresh weight resulted from different causes in phase I (A) and II (B).  In phase I, the 
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significant interaction was due to the fact that the decrease in stem fresh weight observed 

in the high potential transpiration regime (HET0) was more than proportional to the 

corresponding decrease observed in the Control and LET0 treatments.  This result agrees 

with a similar interaction found for stem diameter measured at 15 cm below the apical 

meristem (SD15), which for EC 8.0 showed a more than proportional decrease under the 

HET0, when compared to the corresponding decrease in the Control or LET0 in phase II 

of Experiment 1 and phase I of Experiment 2 (Table A-1, Table A-2, Appendix A).  This 

means that the decrease in stem fresh weight observed in the HET0 EC 8.0 treatment 

combination was directly associated with a significant decrease in average stem diameter 

measured 15 cm below the apical meristem (SD15).  The parallel between the two stem 

related results was to be expected as a higher stem weight is likely associated with thicker 

stem.  

The significantly lower SD15 and stem fresh weight observed in the HET0 EC8.0 

treatment combination was likely associated with the high water stress level imposed in 

this treatment combination. However, evaluation of single leaf gas-exchange observed in 

this treatment combination reveals that despite significantly reduced leaf stomatal 

conductance, net photosynthetic and transpiration rate were not suppressed (Table 

4.3.1.4.).  This suggests that in this treatment combination photoassimilate production 

was not limited but plant respiration might have been significantly increased, due to high 

daytime air temperatures, negatively impacting plant growth.  The effect of different air 

temperatures on plant respiration rate was not investigated. 
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In phase II, the significant interaction was due to a more than proportional 

decrease in stem fresh weight due to increased EC in the root zone observed in the low 

potential transpiration regime (LET0) compared to the corresponding decrease observed 

in the Control or HET0 treatments (Figure 4.5.1.1.).  The greatest decrease of stem fresh 

weight observed in phase II in the LET0 EC 8.0 treatment combination was likely the 

result of suppressed transpiration due to low potential transpiration regime (LET0) and 

high EC provided.  In these plants, transpiration was further suppressed by prolonged 

exposure to high electrical conductivity. A suppressed transpiration in the LET0 EC 8.0 

treatment combination agrees with the 70% lower 24-hour average water uptake observed 

for these plants (489 ± 52 ml per day) compared to the Control with standard EC (1484 ± 

186 ml per day) (section 4.2.1.). The se results also agree with the significantly lower 

transpiration rate measured in the LET0 EC 8.0 treatment combination compared to all 

other treatment combination as measured by single leaf gas-exchange measurements 

(Ciras - 2) at the end of phase II (section 4.3.).  

Average fruit fresh weight was significantly reduced with high electrical 

conductivity for all potential transpiration regimes.  However, in phase II the effect of 

ET0 on average fruit weight was EC-dependent, as indicated by the significant interaction 

observed between the two treatment factors (Table 4.5.1.2.). The interaction was due to a 

less than proportional decrease in average fruit weight observed in the low potential 

transpiration treatment, LET0 compared to the Control treatment for EC 8.0 (Figure 

4.5.1.1., C).  This means that with EC 8.0, average fruit weight was significantly 

improved by low potential transpiration compared to the HET0 and Control environments. 
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Average fruit weight was increased from approximately 100 g per fruit in the Control and 

HET0 to 160 g per fruit in the LET0 (Figure 4.5.1.1.).  Lower average fruit weights were 

observed in the HET0 EC 8.0 treatment combination, where transpiration was not 

suppressed as evaluated by single leaf gas-exchange measurements (Table 4.3.1.4.) and 

by measurements of daily average water uptake with 993 ± 77 ml per plant per day 

compared to 863 ± 94 ml per plant per day in the Control for the same EC level, and 1484 

± 186 ml per plant per day in the Control for standard EC 2.5 (Table 4.2.1.2.).  However, 

in the HET0 EC 8.0 treatment combination, stomatal conductance (gs) and net 

photosynthesis to transpiration ratio (Pn/T) was significantly lower compared to most all 

other treatment combinations (Table 4.3.1.4.).  This partially explains the significantly 

lower average fruit weight and stem fresh weight observed in this treatment combination 

compared to all other treatment combinations.  

For the levels of potential transpiration achieved a reduction in potential 

transpiration helped alleviate the negative effect of high electrical conductivity on 

average fruit weight and thus improves fruit quality.  This is in agreement with studies 

reported by Li et. al (2001), in which reduced vapor pressure deficit ( 0.30 - 0.35 kPa) 

alleviated the negative effects of high salinity (9 dS m-1) and increased tomato fruit fresh 

weight by 8%.  However, in the present study the positive effect of LET0 on fruit weight 

was only significant after a prolonged exposure to high EC (during phase II). 

The higher average fruit weight in the LET0 was due to a significant increase in 

the percentage of marketable fruits (Class 1 and Class 2) and corresponding significant 
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decrease in percentage of culls compared to all other potential transpiration treatments.  

The effect of potential transpiration on fruit quality is described later in section 4.7.   

Average fruit weight was the only fruit production parameter significantly 

affected by potential transpiration in both phases.  This result suggests that within the 

range of physical environment achieved, the most important effect of potential 

transpiration on fruit production was related to water influx to fruits, rather than on 

preferential photoassimilates distributed to fruits.  Water influx to fruits is driven by 

water potential gradients between fruits and stems and petioles.  Leaf water potential 

measurements were performed for all treatment combinations at mid-day (stress) and 

under predawn (non-stress) conditions (see section 3.7.2. for methodology used).  At mid 

day, a significantly lower (more negative) leaf water potential was found in the HET0 EC 

8.0 treatment combination (-0.21 MPa), compared to all other treatment combinations 

(from -0.08 to -0.12 MPa) (Figure 4.3.5.2.).  The lowest leaf water potential was 

observed despite osmotic adjustments.  This result can be best explained by a high 

transpiration rate driven by high daytime (PPF larger than 300 μmol m-2 s-1) average 

vapor pressure deficit of 1.8 kPa and average air temperature of 26 ºC (Table 4.1.1.), not 

being met by water influx to roots, due to high root zone salinity.  Under these conditions, 

water loss through transpiration was not being replenished at the same rate, which results 

in decreased leaf water potential.  The more negative water potential observed provides a 

strong indication of limited water availability for plant and fruit growth, and thus limited 

available water to move into fruits, which partially explains the significantly lower 

average fruit weight observed in the HET0 EC 8.0 treatment combination (Figure 
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4.5.1.1.).  The same applies to the significantly lower stem fresh weight observed in both 

phases and lower cumulative leaf fresh weight in phase II under the same treatment 

combination (Table 4.5.1.2.).  Total cumulative fresh weight distribution to fruits, leaves 

and stems through time during phase I (October – January) and phase II (January – May) 

in all six potential treatment combinations for Experiment 2, is presented in Figures 

4.5.1.2. and 4.5.1.3.   
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Figure 4.5.1.2. Phase I cumulative fresh weight of fruits (A, D), leaves (B, E) and stems 
(C, F) for EC 2.5 dS m-1 (left boxes) and EC 8.0 dS m-1 (right boxes) during phase I 
(October – January) of Experiment 2 in LET0, ●; HET0, ○; Control,▼. Arrows indicate 
date environmental treatments started and date of environmental shift in Compartments 1 
and 2. Each data point represents the cumulative weekly average of two experimental 
blocks (N=12).  Stems fresh weight represents cumulative weekly growth from two 
experimental blocks as interpolated through a 3-step process described in Appendix B (N 
= 4). 
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Figure 4.5.1.3. Phase II cumulative fresh weight of fruits (A, D), leaves (B, E) and stems 
(C, F) for EC 2.5 dS m-1 (left graphs) and EC 8.0 dS m-1 (right graphs) during phase II 
(January – May) of Experiment 2 in HET0, ●; LET0, ○; and Control, ▼. Each data point 
represents the cumulative weekly average of two experimental blocks (N=12).  Stems 
fresh weight represent cumulative weekly growth from two experimental blocks as 
interpolated through a 3-step process described in Appendix B (N = 4).  

 

From Figures 4.5.1.2 and 4.5.1.3, the negative effect of high electrical 

conductivity on cumulative fresh weight of all plant components such as fruits, leaves 
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and stems was clearly indicated by the lower slope of all curves from EC 8.0 dS m-1 data 

(D, E, F graphs), compared to those of EC 2.5 dS m-1 data (A, B, C graphs).   

With EC 8.0, cumulative fruit, leaf and stem fresh weight was not different 

between all three ET0 treatments.  Stem fresh weight was highest in the Control with 1.35 

kg m-2 in phase I and 1.9 kg m-2 in phase II (Figure 4.5.1.1., A, B; Figure 4.5.1.2., F; 

Figure 4.5.1.3., F).  In phase II, lowest stem fresh weight was found in both LET0 and 

HET0 with an average stem fresh weight of 1.6 kg m-2 (Figure 4.5.1.1, A, B; Figure 

4.5.1.3., F).  This was likely due to reduced stomatal conductance which resulted in 

suppressed transpiration in LET0 EC 8.0 and lower net photosynthesis in HET0 EC 8.0 

(Table 4.3.1.4.).  Cumulative leaf fresh weight was increased by LET0 suggesting that 

reduced transpiration alleviated the stress imposed by high EC.  This positive effect was 

observed only after an extended period of exposure to high salinity and was not found 

regarding fruits or stems (Figure 4.5.1.3., E). 

With EC 2.5, in both phases, potential transpiration had no effect on any of the 

components of total fresh weight.  A slight effect was observed at the end of phase II, 

mostly due to a decrease in cumulative fruit and stem fresh weight in the HET0 (Figure 

4.5.1.3, A, C).  This decrease, also observed with EC 8.0, might reflect the advance stage 

of development of the crop (plants were 8 months old) and an extended exposure to high 

transpiration and high daytime air temperature conditions, rather than an effect from 

potential transpiration. 

Electrical conductivity was the most important factor for fresh weight production.  

EC 8.0 reduced cumulative fruit fresh weight and an extended exposure to high EC 
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further reduced fruit fresh weight. Also, potential transpiration had no significant effect 

on fruit fresh weight production or number of fruits (Table 4.5.1.1., and Table 4.5.1.2.).  

Furthermore, from Experiment 2, the total fresh weight production (sum of fruits, stems 

and leaves fresh weight) as well as number of fruits in each phase was not significantly 

affected by potential transpiration. In this experiment, potential transpiration only 

significantly affected average fruit weight, as well as fresh weight of stems (phase I and 

II) and leaves (phase II).  In phase II, average cumulative stems and leaves fresh weight 

was significantly reduced in the HET0 compared to the Control and LET0.  In these two 

treatments the average fruit weight was also higher (Table 4.5.1.2.). 

The most important result is that the higher average cumulative fresh weight 

accumulated in stems and leaves in the LET0 and Control were not associated with a 

lower total fruit fresh weight production, neither was the lower fresh weight in vegetative 

parts observed in the HET0 associated with a higher fruit fresh weight production.  In fact, 

towards the end of phase II, a higher cumulative fresh weight to stems and leaves in the 

Control and LET0 environments, was associated with higher cumulative fresh weight to 

fruits. For the same period, cumulative fresh weight to stems, leaves and fruits were 

significantly reduced in the HET0 environment. 

According to these results, the cumulative total plant fresh weight, fresh weight of 

fruits, stems and leaves decreases with high EC.  However, for each EC level, total fruit 

fresh weight was proportional to total vegetative fresh weight, for a wide range of 

environmental conditions.  The se results agree with the greater fruit production observed 

in the more generally vigorous plants, which due to more vegetative growth are perceived 
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and classified as vegetative.  By contrast, a less vigorous plant, (smaller stem and leaf 

fresh weight) might be perceived and classified as reproductive. 

 

4.5.2. Percentage of total fresh weight distributed to fruits 

The percentage of total plant fresh weight distributed to fruits, as affected by each 

potential transpiration treatment for each EC level, is presented in Figure 4.5.2.1.  The 

percentage of total fresh weight distributed to fruits in each phase was kept separate in 

order to determine the effect of the environmental shift and consequent environment-

driven variations in morphological characteristics on fruit yields compared to total fresh 

weight production observed in the same set of plants.   
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Figure 4.5.2.1. Percentage of total fresh weight distributed to fruits as affected by 
potential transpiration (ET0) for EC 2.5 dS m-1 (A), and for EC 8.0 dS m-1 (B) during 
phase I (left curve) and during phase II (right curve) in Experiment 2. Arrow indicates 
week of environmental shift. ●, LET0; ○, HET0; ▼, Control. 
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The fraction of fresh weight distributed to fruits followed a saturation-type 

response with time (Figure 4.5.2.1.) indicating that in each phase, a steady-state 

distribution was reached between fruit removal (harvest, fruit pruning), fruit development, 

leaf removal (leaf pruning) and leaf development, and stem growth.  

Once steady-state was reached, the fraction of total fresh weight distributed to 

fruits was approximately 78% in phase I and 80% in phase II for EC 2.5.  Therefore, 

despite differences in transpiration environments and plant water uptake, in each phase, 

this fraction was approximately the same for all ET0 environments (Figure 4.5.2.1.). 

These values closely agree with the 84.2% of total fresh weight distributed to fruits and 

reported by De Koning (1994) for a long season indeterminate tomato crop.  Commonly, 

for indeterminate plants, the fresh weight distributed to fruits represents approximately 

85% of all plant fresh weight (Heuvelink and Dorais, 2005).  Higher and lower values 

can be found depending on the number of trusses harvested and crop management 

practices (Heuvelink and Dorais, 2005).  

De Koning (1994) reported a fraction of total dry weight distributed to fruits 

(harvest index, HI) of 71.5%, while Cockshull et al. (1992) reported a HI of 69% (plants 

without side shoots).  These values compare with an HI of 53-71% with an average of 

58% for field grown semi-determined tomatoes (Scholberg et. al., 2000).  Field tomatoes 

for the processing industry commonly have smaller HI, between 57 and 67% (Hewitt and 

Marrush, 1986; Cavero et al., 1998).  

Similar fraction of total fresh weight distributed to fruits observed between all 

treatment combinations, agrees with the proportional increase in fresh weight of all plant 
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parts in the Control and LET0, and proportional decrease in fresh weight of all plant parts 

in HET0.  The slight increase observed from phase I to phase II agrees with the lower 

cumulative leaf fresh weight associated with a slightly higher cumulative fruit fresh 

weight per unit area in all ET0 environments in phase II (Figure 4.5.1.2, A; D; Figure 

4.5.1.3., A, D). 

In phase II, the cumulative growth curve of stems shows a decrease in all ET0 

environments.  This curve is presented in Figure B-1 (Appendix B).  Several reasons 

might be associated with this decrease such as increased number of fruit load due to 

discontinued fruit pruning and/or to a seasonal effect as a response to higher radiation 

levels, and plant age.  As a result, in this phase the rate at which fresh weight was 

accumulated in the stems was lower than in phase I.  

Also, in phase II fruit pruning was discontinued.  This increased the number of 

fruits per truss which started to be harvested 6 weeks after the environmental shift.  The 

lower rate of fresh weight distributed to stems likely resulted from the increase in fresh 

weight distributed to fruits.  The increase in fruit fresh weight associated with a decrease 

in stem fresh weight explained the increase in the reproductive to vegetative fresh weight 

ratio or ‘Red/Green’ cumulative ratio, observed in all treatments combinations after the 

environmental shift (phase II).  The ‘Red/Green’ cumulative ratio for each ET0 within 

each EC level and each phase is illustrated in Figure 4.5.2.2. 
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Figure 4.5.2.2. Effect potential transpiration (ET0) and electrical conductivity (EC, dS m-

1) on Fruit/ (Stem + Leaf) cumulative ratio (‘Red/Green’ ratio), for EC 2.5 dS m-1 (A), 
and EC 8.0 dS m-1 (B) during phase I (before environmental shift) and phase II (after 
environmental shift) in Experiment 2. Arrow indicates beginning of harvest and week of 
environmental shift. ●, Compartment 1 (LET0 – HET0 treatment sequence); ▼, 
Compartment 2 (HET0 – LET0 treatment sequence); ○, Compartment 3 (Control). 
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Similar to the percentage of total fresh weight distributed to fruits (Figure 

4.5.2.1.), the ‘Red/Green cumulative ratio also followed a saturation-type curve with time.  

This indicates that a steady-state distribution between weekly fruit removal (harvest 

and/or fruit pruning), leaf removal (leaf pruning), leaf development, and stem growth was 

reached.  Steady-state was reached in both phases i.e. before the environmental shift 

(phase I) and after the environmental shift (phase II).  

In phase I, once a constant distribution between reproductive and vegetative parts 

was reached, the ‘Red/Green’ ratio was approximately 3.3 for all ET0 environments under 

both EC levels (Figure 4.5.2.2. A, B).  After the environmental shift (phase II) and for 

each EC level, the ‘Red / Green’ ratio increased and a higher steady-state distribution was 

reached after weeks after transplant 36 (WAT 36).  The new steady state was similar 

between the Control and the HET0 and both were significantly higher than the ratio 

reached under LET0.  Steady-state was reached at approximately 4.6 for the Control and 

HET0 and 4.0 in the LET0 treatment with EC 2.5 (Figure 4.5.2.2., A).  With EC 8.0, the 

ratio reached a steady state at 4.0 in the Control and HET0 treatment, and 3.6 in the LET0 

(Figure 4.5.2.2., B).  The higher steady state distribution observed in phase II was a direct 

result of increased number of fruits per truss due to discontinued fruit pruning. 

A close evaluation of the relative contribution of the cumulative fresh weight of 

each plant component to the ‘Red / Green’ ratio during phase II (Figure 4.5.1.3.) explains 

the significantly lower ratio observed in the LET0 during phase II.  The lower ‘Red / 

Green’ ratio observed in phase II in the LET0 treatment for both EC levels was due to 

enhanced vegetative growth compared to reproductive growth (Figure 4.5.1.3.), an 
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indication of a vegetative plant.  However, the corresponding SD15 were closer to a 

balanced plant both EC levels, which invalidates the classification of vegetative plant 

growth status.  

With EC 8.0, plants were under salinity stress for a long period and were already 

preconditioned, which explains the lack of distinct responses until late in the season.  

The significantly higher ratio observed in the Control and HET0 for both EC 

levels seems to have different causes in each case.  While in the Control the ratio was 

higher due to an increase in all plant components and a more than proportional increase 

in the cumulative fruit fresh weight compared to the increase in leaf and stem cumulative 

fresh weight (Figure 4.5.1.3.), in the HET0 the ratio was higher due to a decrease in 

cumulative fresh weight in all plant components with a more than proportional decrease 

in stems and leaves compared to the decrease in cumulative fruit fresh weight (Figure 

4.5.1.3.).  

These results agree with the comparatively higher cumulative total fresh weight 

observed in the Control in phase II (Table 4.5.1.2., Figure 4.5.1.3.).  This is an important 

result as it validates that the Control environment, the standard environment used in the 

greenhouse industry for tomato production, is the most effective for long growing season 

of greenhouse tomato in semi-arid climates.  

Given that plant water content influences plant growth, development and yields 

(Li et al., 2001), it can be hypothesized that the similar SD15 and similar reproductive to 

vegetative ratios observed across all ET0 for each EC level were the result of osmotic 
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adjustments occurring in the plant which resulted in similar water potentials in all plants 

across all ET0 environments.  This hypothesis would need to be investigated.   

The change in fruit pruning practices from phase I to phase II, revealed that ET0 

only affected fresh weight ratio in the LET0, when the number of fruits per truss 

increased to approximately 7-8 fruits per truss (higher fruit/leaf ratio).  This effect was 

mostly due to an increase in vegetative fresh weight when the number of fruits per truss 

increased.  This is an important result as it revealed a functional relationship between 

cultural practices and fresh weight distribution to fruits and vegetative plant parts that 

would otherwise remain hidden.   

However, given the fact that fruit pruning was discontinued (total number of fruits 

per truss changed from 5 in phase I to 7-8 in phase II), and this occurred at a different 

time of year, a seasonal effect might have been present and might have affected the fresh 

weight distribution.  Future studies would be necessary to conclusively establish whether 

the lack of differences in fresh weight distribution between treatment combinations, was 

due to, a) similar plant water content due to osmotic adjustments; b) change in number of 

fruits per truss associated with higher light levels; or c) a combination of both effects. 

 

4.6. Plant Growth Status  

Vegetative and reproductive plant growth status was quantified as an attempt to 

validate the current empirical concept of vegetative and reproductive plants used by 

growers to identify greenhouse tomato plant growth status.  The classification of plant 

growth status by the grower has been based on visual observations of stem diameter 
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variations and other morphological characteristics related to plant growth and vigor.  

Therefore, the concepts of vegetative and reproductive growth status developed from 

fresh weight based observations.  For this reason in this study, plant fresh weight data 

was used to characterize plant growth status.  

Plant growth status was quantified by assuming a linear relationship between 

average weekly stem diameter at 15 cm from apical meristem (SD15) and reproductive to 

vegetative fresh weight or ‘Red / Green’ ratio.  The ratio was defined by the total 

cumulative fresh weight of fruits to the total cumulative fresh weight sum of stems and 

leaves (‘Red/Green cumulative ratio).  

On average, for indeterminate tomato plants, approximately 70 % of total fresh 

weight is distributed to fruits and 30 % to vegetative parts (stems and leaves).  This 

results on a reproductive to vegetative ratio of 7:3, corresponding to an average 

fruit/(stem + leaves) fresh weight ratio of 2.3.  Furthermore, commercial growers have 

classified a balanced plant as having a stem diameter of approximately 1 cm at 15 cm 

below the apical meristem (SD15), with little tolerance for higher or lower stem thickness 

values.  Thus, according to the proposed relationship, it would be reasonable to assume 

that, a balanced plant would be characterized by a concentration of data points around the 

coordinate (2.3, 1.0).  Thus, a vegetative or reproductive tomato plant would be defined 

by the degree and direction of departure of data points from this coordinate. 

To determine the effect of different potential transpiration regimes and electrical 

conductivity on plant growth status as defined by the relationship between 

reproductive/vegetative fresh weight ratio and weekly variations in average stem 
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diameter 15 cm from apical meristem (SD15), a regression analysis was performed 

between the two variables.  Data measured during phase I (October - January) and phase 

II (January - May) for two experimental blocks for each treatment combination was used 

for the regression analysis.   

According to this regression analysis, a best fit curve with a significantly negative 

correlation (negative slope) between SD15 and fruit/(stem + leaves) fresh weight ratio 

with most fresh weight ratio above 2.3 and SD15 below 1.0 cm would indicate a 

reproductive plant growth status as it would significantly correlate a decrease in SD15 

(thinner stems) with an increase in the fraction of fresh weight distributed to fruits 

compared to that distributed to vegetative parts (stems and leaves).  A treatment with a 

significant positive correlation (positive slope) associated with a fresh weight ratio below 

2.3 and a SD15 above 1.0 cm, would indicate a vegetative plant growth status as it would 

significantly correlate an increase in SD15 (thicker stems) with increased fresh weight 

distributed towards vegetative parts (stems and leaves) compared to reproductive parts 

(fruits).  

In the linear regression model, the coefficient of determination, r 2 reflects the 

proportion of the total variation observed in the dependent variable (SD15) accounted by 

variations in the independent variable (fruit/(stem + leaves) fresh weight ratio).  Only 

statistically significant regressions (p < 0.05) prove direct linear relationships between 

SD15 and reproductive/vegetative fresh weight ratio.  The coefficients from the 

regression analysis for all treatment combinations in Experiment 2 are presented in Table 

4.6.1. 
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Table 4.6.1. Regression analysis between stem diameter 15 cm from apical meristem 
(SD15, cm) and fruit/(stem + leaves) fresh weight ratio ((F/(S + L) fw ratio) for all 
treatment combinations during phase I (October – January) and phase II (January – May) 
in Experiment 2. 

     SD15 cm 
      
 Phase  Compartment Treatment EC slope r2 p<0.05 

3 Control  2.5 + 0.008 0.002 NS 
2 HET0 2.5 + 0.093 0.060 NS 

 
I 

1 LET0 2.5 + 0.109 0.230 * 
3 Control  2.5 - 0.140 0.540 ** 
2 LET0 2.5 + 0.020 0.010 NS 

 
II 

1 HET0 2.5 - 0.220 0.720 ** 
3 Control  8.0 + 0.069 0.260 * 
2 HET0 8.0 + 0.142 0.240 * 

 
I 

1 LET0 8.0 + 0.012 0.004 NS 
3 Control  8.0 - 0.060 0.130 NS 
2 LET0 8.0 + 0.300 0.850 *** 

 
 
 
 
 
F/(S + L) 
fw ratio 

 
II 

1 HET0 8.0 - 0.300 0.720 ** 
Fruit/(Stem + Leave) fresh weight ratio (‘Red / Green’ ratio) was calculated with weekly 
cumulative data for fruits and leaves. Stems data was obtained from weekly growth curve 
as interpolated from 3-step process described in Appendix B.  
 

Significant correlations were observed in all potential transpiration regimes and 

electrical conductivity.  Low potential transpiration resulted in positive correlations 

between the two factors, both significant and non significant depending on the EC level 

and phase of treatments.  High potential transpiration resulted in significant negative 

correlations in phase II regardless of EC level.  The Control had significantly correlations 

at both EC levels in different phases with positive correlations in phase I and negative 

correlation in phase II (Table 4.6.1.).  The regression analyses are best illustrated in 

Figure 4.6.1. 
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Figure 4.6.1. Regression analyses between stem diameter 15 cm from apical meristem 
(SD15) and cumulative Fruit / (Stem + Leaves) ratio (or ‘Red / Green’ ratio) for each 
treatment combination during phase I in LET0, A; HET0, B; and Control, C, and phase II 
in HET0, D; LET0, E; and Control, F, in Experiment 2. (●) EC 2.5 dS m-1, (○) EC 8.0 dS 
m-1.  
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The distribution of data points with respect to reproductive to vegetative fresh 

weight ratio (‘Red / Green’ ratio) within each treatment combination was different 

between phase I and II (Figure 4.6.1.).  In phase I, with fruit pruning to 5 fruits per truss, 

a constant ratio was reached between 2.5 and 3.5 corresponding to the steady-state level 

observed in Figure 4.5.2.2.  This range was observed for all ET0 treatments, regardless of 

positive or negative variations in SD15 (Figure 4.6.1., A, B, C).  In phase II, the steady-

state distribution was reached between 3.0 and 4.5 for all ET0 treatments.  This range was 

also observed regardless of positive or negative variations in SD15 (Figure 4.6.1., D, E, 

F).  The higher steady-state level reached in phase II was a direct result of the 

discontinued fruit pruning which resulted in approximately 7-8 fruits per truss in all ET0 

treatments.  

The most important result was found in the Control EC 2.5 during phase II where 

a significant decrease in SD15 (between 1.2 and 0.9 cm) was associated with an increase 

in the fruit / (stem + leaves) or ‘Red / Green’ ratio, which ranged between 3.0 and 4.6. 

The fact that the SD15 was maintained close to the ‘threshold’ for a balanced tomato 

plant, suggests that in the Control a balanced tomato plant, (not a reproductive one) as 

evaluated by the SD15, was associated with higher fresh weight distributed to fruits.  

A highly significant positive correlation was observed between variations in SD15 

and fresh weight ratio in the LET0 EC 8.0 treatment combination in which as much as 

85% of the variation in the ‘Red / Green’ ratio explains the variations in SD15 (Table 

4.6.1.).  Also, a significantly negative correlation between variation in SD15 and fresh 

weight ratio was found for the HET0 environment with both EC levels.  For these 
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treatment combinations, variations in ratio explain 72% of the variation in SD15 (Table 

4.6.1.).  This result was expected due to the significant decrease in stem fresh weight 

(Table 4.5.1.2.) associated with thinner stems and hence lower SD15 observed in the 

HET0 under both EC levels, particularly under EC 8.0 (Figure 4.4.1.2.2.).  

For EC 2.5, SD15 of plants in the HET0 treatment varied between 0.8 - 0.9 cm 

and between 0.9 - 1.1 cm for the Control. These SD15 are not considerably distant from 

those observed in the LET0, 1.1 - 1.2 cm, and likely all these plants would be classified as 

balanced according to the close proximity to the threshold of 1.0 cm used by growers to 

classify a balanced plant.  

Therefore, despite specific responses of SD15 to different ET0 environments, 

within the range of ET0 environments achieved the resulting range of SD15 for each EC 

level, does not allow the establishment of distinct categories of tomato growth status 

given the fairly similar SD15 achieved for different ET0.  Likely, in this experiment, 

plants from most ET0 environments with EC 2.5 would be classified as balanced plants 

given the small departure from the threshold of 1 cm in stem diameter 15 cm below 

apical meristem (SD15).  Plants from most ET0 environments with EC 8.0 would be 

classified as reproductive. 

This means that for the range of ET0 achieved in phase II, plants with lower SD15, 

likely considered reproductive, did not enhance fresh weight distribution to fruits 

compared to all other ET0 environments.  Plants with higher SD15, likely classified as 

vegetative were never reached even in the most ‘vegetative inducing’ canopy treatment. 

Plants with a SD15 close to 1 cm and thus classified as balanced were observed in 
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different environments.  However, only in the Control EC 2.5 and HET0 EC 2.5, the fresh 

weight ‘Red / Green’ ratio was increased beyond 4.0, towards the end of phase II (Figure 

4.5.1.3., Figure 4.6.1.).   

Considering the results from phase I alone, results agree with the similar 

percentage of total fresh weight distributed to fruits, and the fresh weight ratio of 3.2 

achieved in phase I for all ET0 treatments as most reproductive to vegetative fresh weight 

ratio data points were concentrated between 2.5 and 3.5.  When associated with an 

average SD15 close to 1.0 cm these plants would likely be classified as balanced. 

However, as illustrated in Figure 4.6.1 (phase I), this was the case in all ET0 treatments 

(Control, LET0 and HET0) for both EC levels.  Thus in this phase, the range of fruit / 

(stem + leaf) fresh weight ratio or ‘Red / Green’ ratio was independent from potential 

transpiration regime provided or from increase or decrease in SD15 (Figure 4.6.1., A, B, 

C). 

A vegetative growth environment such as the LET0 EC 2.5 resulted in stem 

diameters close to 1.2 cm in most weeks.  Given the small the departure from the 1.0 cm 

‘balance’ threshold value, these plants would also likely be classified as balanced.  

However, this treatment combination was associated with a significant positive 

correlation with a fruit/ (stem + leaf) fresh weight ratio above 2.3 (between 2.5 and 3.5). 

Therefore, these results were more likely due to a balanced and vigorous plant than to a 

vegetative plant, in which case the ratio should fall below 2.3 and SD15 further from 1.0 

cm. 
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Considering the results from phase II alone, only in the Control with a SD15 

ranging between 0.9 and 1.2 cm, likely classified as a balanced plant, the reproductive to 

vegetative fresh weight ratio or ‘Red / Green’ ratio, was enhanced without negative 

impact on growth of vegetative parts (Figure 4.5.1.3.).  Thus, within the range of 

potential transpiration regimes achieved in the current study, the ‘Red / Green’ ratio was 

less sensitive to potential transpiration than SD15.  Also, for higher number of fruits per 

truss (phase II), fresh weight distribution to fruits as evaluated by the ‘Red / Green’ ratio 

was enhanced in the Control EC 2.5 treatment combination, and reduced in the LET0.  In 

the LET0 EC 2.5, this decrease was due to more than proportional total cumulative stems 

and leaves compared to the respective cumulative fresh weight to fruits, an indication of 

vegetative growth.  However, the average SD15 in these plants was never larger than 1.2 

cm, also close to the ‘balance’ threshold.  In the Control, the increase in the ‘Red / Green’ 

ratio was due to a higher cumulative total fruit fresh weight associated with intermediate 

leaf and stem total cumulative fresh weight compared to all other ET0 treatments (Figure 

4.5.1.3.), an indication of a growth conditions which promote a balanced growth between 

all plant parts.  Therefore, it can be concluded that the Control was the most effective 

environment for sustainable increase in fruit production without compromising vegetative 

growth and future plant development and crop yields. 

Thus, for the range of environmental conditions achieved, the relationship 

between variations in average SD15 of tomato crops and preferential fresh weight 

distribution to fruits or vegetative parts has no practical significance, and different plant 

growth status could not be distinguished through this approach. 
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4.6.1. Relation to commercial grower 

It should be mentioned that in both phases, strong correlations between SD15 and 

plant overall vegetative characteristics were observed.  These results strongly suggest that 

the perception that may have led growers to distinguish between vegetative, reproductive 

and balanced growth was in fact based on visual observations of plant vigor including 

stem thickness.  Average stem diameter 15 cm below apical meristem (SD15) was 

positively correlated with several visual characteristics which are indicative of plant vigor, 

such as leaf fresh weight, leaf area index (LAI), number of leaf emitted per week, and 

leaf/fruit fresh weight ratio (Table 4.6.2.).  

 

Table 4.6.1. Correlation coefficient (r) between stem diameter 15 cm below apical 
meristem (SD15 cm) and leaf fresh weight (Leaf fw, kg plant-1), leaf area index (LAI, m2 
m-2), leaf emission rate per week (Leaf week-1), and leaf/fruit fresh weight ratio, during 
phase I (October - January) and phase II (January - May) in Experiment 2.   
  Correlation coefficient (r ) 
  Leaf Fw  

(kg plant-1) 
LAI 

(m2 m-2) 
Leaf week-1 Leaf/Fruit fw ratio 

Phase I  0.71 0.88 0.71 0.61 SD15 cm Phase II 0.92 0.69 0.71 0.24 
 

The strong positive correlation coefficients (r), indicate that when growers ‘see’ 

thicker SD15 they also ‘see’ an increase in leaf fresh weight, leaf area, leaf emission rate 

per week, and leaf / fruit fresh weight ratio.  As a result plants ‘look’ more vegetative and 

are classified as such.  The opposite characteristics are associated with a thinner SD15 

and those plants ‘look’ less vegetative and thus are classified as reproductive.   

The currently used concept of reproductive and vegetative plant growth status of a 

tomato crop as defined by observations of plant morphological characteristic such as stem 
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diameter could not be related with preferential fresh weight distributed to fruits or 

vegetative parts.  Therefore, for the range of ET0 and SD15 achieved, yields were not 

directly influenced by ET0, but the relative fraction of fresh weight distributed between 

fruits and vegetative parts was associated with total fresh weight production.  Hence, 

overall plant vigor and a good balance between fruits and vegetative parts results in 

higher yields as observed in the Control (Figure 4.5.2.2.). 

These results might have been due to the effect of high radiation levels 

characteristic of semi-arid climates such as in Arizona and the range of temperatures and 

vapor pressure deficit achieved inside the greenhouse.  With the same environmental 

conditions associated with lower light levels, an indeterminate tomato plant can readily 

develop stem diameters as large as 1.8 cm, a strong indication of an overly vegetative 

plant.  However, stem diameters of this size were never observed, and the departure 

above the 1 cm threshold for SD15 was very small in all potential transpiration 

environments.  For the industry standard electrical conductivity of 2.5 dS m-1, in the 

LET0 and Control treatments, plants produced more leaves and stems, compared to those 

in the HET0 in the same EC level.  However, this did not negatively affected fruit 

production.  In the Control EC 2.5 fruit production was even enhanced.  In the Control, 

plants were characterized by good vigor and would be at best an example of a balanced 

tomato plant.  Also, HET0, assumed to be a reproductive growth environment did not 

enhance relative fresh weight distributed to fruits over vegetative production as expected 

according to the traditional reproductive growth status.  
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These results are of practical significance as they suggest that for semi arid 

climates, lowering potential transpiration is in fact a vegetative signal to the plant as it 

increased cumulative fresh weight to stems and decreased fresh weight distributed to 

fruits (lowest ratio in phase II, Figure 4.5.1.6.).  In these regions the challenge is to 

increase fruit production while using the least amount of water possible, thus the addition 

of water to the environment is not the most effective way to increase production.  More 

effective would be to target environmental conditions similar to the Control with EC 2.5 

which achieved greater fruit yields due to greater plant vigor, while reducing water 

consumption for cooling or humidification.  

Given that this set of environmental conditions and salinity levels are similar to 

those traditionally used in commercial operations, these experimental results validate that 

the current environmental conditions used by growers are in fact the most effective 

growing conditions for indeterminate tomato fruit production in long crop seasons in 

semi-arid climates.  
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4.7. Fruit quality  

 
Fruit quality as affected by potential transpiration (ET0) and electrical 

conductivity (EC) was evaluated by a set of characteristics such as average fruit weight 

(kg fruit-1), percent of Class 1 fruits (>150 g per fruit), percent of Class 2 fruits (< 150 g 

per fruit), and percent of Cull fruits (deformed fruits) as well as percent of Culls due to 

blossom end rot (BER).  In both experiments, high electrical conductivity (EC 8.0) 

significantly reduced average fruit fresh weight, and percentage of Class 1 fruits. The 

percentage of Culls and BER was increased with EC 8.0.  

Despite no significant differences in total fresh weight, total fruit fresh, as well as 

number of fruits in each phase, between all ET0 environments (Table 4.5.1.1., see section 

4.5.1.), average fruit weight was significantly influenced by ET0.  This response was due 

to the fact that ET0 had a significant effect on the percentage of Class 1, Class 2 and Cull 

fruits. The effect of ET0 on the distribution between different fruit quality categories is 

presented in Table 3.7.1. 
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Table 3.7.1. Main effects of potential transpiration (ET0) and electrical conductivity (EC, 
dS m-1) on the weekly percentage of class 1 fruits (Class 1, %), class 2 fruits (Class 2, %), 
and Culls (Culls, %), and percentage of culls due to BER during phase I (October – 
January) and phase II (January – May) in Experiment 2. 
  Class 1, % Class 2,% Culls,% Culls due 

to BER,% 
Factor      
Phase I      
ET0      

 HET0 46.2 b 41.9 a 9.6 a 51.8 a 
 LET0 57.8 ab 32.5 ab 9.1 a 37.0 a 
 Control 62.8 a 28.6 b 8.0 a 52.1 a 

      
EC (dS m-1)      

 2.5 72.6 a 19.7 b 7.2 b 36.8 b 
 8.0 38.6 b 48.9 a 10.6 a 57.1 a 

ANOVA      
ET0  ** * NS NS 
EC  *** *** ** * 
ET0 × EC  NS NS NS NS 
Phase II      
ET0      

 HET0 29.5 b 63.1 a 6.6 a 59.5 ab 
 LET0 34.7 ab 61.5 a 4.4 a 46.5 b 
 Control 39.1 a 53.7 b 5.3 a 73.5 a 

      
EC (dS m-1)      

 2.5 63.2 a 33.6 b 1.9 b 34.1 b 
 8.0 5.2 b 85.2 a 9.0 a 85.6 a 

      
ANOVA      
ET0  ** ** NS * 
EC  *** *** *** *** 
ET0 × EC  NS ** NS * 
Significant differences determined by ANOVA at α = 0.05. Means with same letters are 
not significantly different according to Tukey HSD test and Student-t test at p = 0.05. 
***p < 0.001 ,  ** p < 0.01,  NS is not significant at p > 0.05.  
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The greater average fruit weight observed in the Control and LET0 environments, 

is explained by the significantly larger percentage of Class 1 fruits (more than 150 g), and 

a corresponding significantly smaller percentage of Class 2 fruits (less than 150 g) and 

Culls (extremely small or deformed fruits) produced in these environments.  The 

significantly smaller average fruit weight in the HET0 treatment is explained by a 

significant decrease in the percentage of Class 1 fruits and significant increase in Class 2 

and Culls (Table 3.7.1.). Average fruit weight was calculated based on all fruits. Thus, for 

the same number of total fruits and total fruit weight observed in all ET0 treatments 

(Table 4.5.1.1. and Table 4.5.1.2.), a higher percentage of larger fruits and lower 

percentage of smaller fruits, explains the increased overall average fruit weight in the 

Control and LET0 treatments.  

Percentage of Class 2, Culls and BER increased with high EC for all ET0 

environments (Figure 3.7.1.).  However, this increase was different for different potential 

transpiration regimes.  LET0 increased average fruit weight by increasing the percentage 

of Class 2 fruits more than proportional to the Control or HET0 treatment, for EC.8.0. 

Simultaneously, the LET0 EC 8.0 treatment combination provided a greater increase in 

the percentage of Culls fruits caused by BER compared to the Control and HET0 for same 

EC level.  This explains the significant interaction found for the percent of Class 2 fruits 

and percentage of Culls due to BER (Figure 3.7.1.). 
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Figure 3.7.1. Interactions between potential transpiration (ET0) and electrical 
conductivity (EC, dS m-1) for the percentage Class 2 fruits and percentage of Cull fruits 
due to blossom end rot (BER) observed in phase II in Experiment 2.  __●__, Control; …○…, 
LET0; ---▼---, HET0. 

 

Additionally, in Experiment 2, the average fruit weight decreased between phase I 

and II for both EC levels and ET0 environments (Table 4.5.1.2.).  Therefore, the average 

fruit weight was not only negatively affected by high EC, but also by the increase in 

number of fruits developing on the plant due to discontinued fruit pruning practices 
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during phase II.  The cumulative number of fruits increased from an average of 53 in 

phase I to an average of 62 in phase II for both EC levels (Table 4.5.1.2.). 
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5. CONCLUSIONS  

Electrical conductivity (EC, dS m-1) was the most significant environmental factor 

affecting all parameters in this study.  Reduction in water uptake and tomato plant growth 

with high EC (EC 8.0) explains the significant reductions in morphological responses 

such as stem diameter, stem elongation, leaf area, stomatal density, as well as in 

physiological responses such as stomatal conductance, and transpiration rate in most 

cases. 

Of all plant morphological characteristics monitored, stem diameter measured at 

15 cm below apical meristem (SD15) was the most sensitive to environmental changes 

(ET0 and EC) and it was the only characteristic that demonstrated a clear variation with 

time.  Providing the plants with an opposite potential transpiration environment caused 

opposite responses compared to the previous environment.  Changes in environmental 

conditions influenced SD15 within 1 to 2 weeks from its implementation.  Thus, it was 

confirmed that SD15 of the plant is an adequate indicator of environmental conditions 

present in the greenhouse. 

LET0 significantly increased stem diameter 15 cm below apical meristem (SD15), 

while HET0 reduced SD15 compared to the Control regardless of EC level.  However, the 

magnitude of the response was EC-dependent with significantly lower SD15 for EC 8.0 

regardless of ET0.  In the Control environment SD15 varied within a narrow range of 

values, stabilizing between 0.9 and 1.1 cm for EC 2.5 and between 0.7 and 0.8 cm for EC 

8.0.  For EC 2.5, most environments provided to the plants resulted in SD15 close to 1 

cm, which is the current threshold used by growers to classify a balanced tomato plant.  
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For EC 8.0, only LET0 plants satisfied this threshold and all other environments resulted 

in SD15 lower than 1 cm and thus were classified as having a reproductive growth status.   

Plant production parameters such as total fresh weight, and leaf, stem and fruit 

fresh weight, as well as, average fruit weight were also reduced with EC 8.0.  The 

reduced fresh weight production was in part a result of reduced leaf area observed in high 

EC plants.  

Cumulative total stem and leaf fresh weight as well as average fruit weight was 

significantly increased in the LET0 and Control treatments, while HET0 had the opposite 

effect.  HET0 and/or EC 8.0, limited water influx into fruits, which limited water 

availability for fruit growth and caused a significant decrease in the percentage of Class 1 

fruits and a significant increase in the percentage of Cull fruits with consequent decrease 

in average fruit weight. 

For the range of environmental conditions achieved, reproductive environments 

reduced SD15, while vegetative environments hardly increased SD15.  Also, analysis of 

fresh weight distribution between reproductive and vegetative plant organs (fruit / (stem 

+ leaf) cumulative ratio) showed no correlation between thinner stem diameters, an 

indication of reproductive growth, and preferential fresh weight distribution to fruits 

compared to vegetative parts.  The ratio between fresh weight of fruits and vegetative 

organs (stems and leaves) was similar for most potential transpiration environments, 

regardless of environment-driven variations in SD15.  Thus, the environment-driven 

variations in SD15 towards a more balanced or reproductive growth, were not associated 

with distinct responses for fresh weight distribution between fruits and vegetative organs. 
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Therefore, in this study, the currently used concept of vegetative and reproductive 

plant growth status of a tomato crop as defined by observations of plant morphological 

characteristic such as stem diameter could not be validated with respect to preferential 

fresh weight distribution towards different plant organs.  

In the Control EC 2.5 treatment higher fruit yields were associated with a higher 

overall plant vigor, a condition more likely to maintain fruit production for a long period 

of time.  Therefore, it can be concluded that the Control EC 2.5 was the most effective 

environment for sustainable increase in fruit production without compromising vegetative 

growth, future plant development and crop yields.  As the Control is characterized by 

environmental conditions commonly used in the greenhouse tomato industry, these 

results validate that such environment is in fact the most efficient for tomato greenhouse 

production in long crop production seasons in semi arid climates.   
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6. STUDY LIMITATIONS AND FUTURE RESEARCH 

In all potential transpiration treatments achieved in this study, the values for vapor 

pressure deficit and air temperature were not significantly different from normal 

environmental conditions for tomato plant growth.  This might have limited the effects of 

potential transpiration on stem diameter and on fresh weight distribution between 

reproductive and vegetative plant organs.   

Another limitation of the study was that the direct effect of day and night time air 

temperatures on plant development such as development of flower primordia, rate of leaf 

appearance, and fruit set and growth, was not taken into consideration.  Given the direct 

effect of these plant responses on fresh weight production and distribution between 

different plant organs, future studies should focus on a wider set of plant morphological 

characteristics and plant development parameters.   

Therefore, future research should investigate the effect of more extreme air 

temperatures and vapor pressure deficits during the day, night, and average 24 hour, on a 

wider selection of plant responses including the rate of flower appearance, and fruit 

maturation.  As a next step towards quantification of growth status in greenhouse tomato 

plants, fresh weight production and distribution should also be investigated to determine 

whether the constant fresh weight distribution between reproductive and vegetative plant 

organs observed in the present study is valid under extreme growing conditions.  

A third limitation of the present study was that fresh weight distribution between 

different plant organs was evaluated for only one spring-summer crop season, but fruit 

pruning practices were different throughout this season.  Therefore, further research 
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studies with different levels of fruit pruning throughout the crop season, would be 

necessary to determined whether the number of fruits per truss have an influence on the 

fresh weight distribution between reproductive and vegetative organs.   

Also, as fresh weight distribution is mostly driven by osmotic related gradients 

between different plant parts, and thus is more directly related with plant water content 

than with plant photosynthetic capacity, future research focusing on quantification of dry 

mass (biomass) production and distribution between reproductive and vegetative organs 

is suggested as a better approach to quantify plant growth status for greenhouse tomato 

crops. 
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APPENDIX A – PLANT MORPHOLOGICAL CHARACTERISITCS   
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Table A-1. Mean effects of treatment combinations, potential transpiration (ET0) and electrical conductivity (EC, dS m-1) on 
plant morphological characteristics such as stem diameter 15 cm below apical meristem (SD15, cm); stem elongation, (SE, 
cm); length of fifth internode, (IN5 L, cm); and distance between last open flower an apical meristem, (OF AM, cm) during 
phase I and phase II for Experiment 1. 
  Mean plant morphological characteristics (cm) 

  SD15 SE IN5 L OF AM 
ET0 EC     

Phase I      
2.5 1.186 a 20.267 a 5.550 a 15.700 a HET0  
8.0 0.968 b 16.933 bc 5.167 a 11.783 ab  
2.5 1.210 a 16.666 bc 4.817 a 11.879 ab LET0
8.0 1.022 b 16.400 c 5.117 a 9.400 b  
2.5 1.251a 18.534 ab 5.948 a 12.212 ab Control 
8.0 1.023 b 16.733 bc 5.050 a 8.589 b  

ANOVA      
ET0  NS *** NS ** 
EC  *** *** NS *** 
ET0 × EC  NS ** NS NS 
Phase II   

HET0 2.5 1.049 a 20.012 abc 5.310 a 13.940 a 
 8.0 0.781 d 19.217 bc 6.000 a 10.457 ab 
LET0 2.5 0.973 b 20.011abc 5.750 a 11.087 ab 
 8.0 0.865 c 18.718 c 5.840 a 9.043 b 
Control  2.5 1.126 a 20.756 ab 5.988 a 13.310 a 
 8.0 0.878 c 21.056 a 5.667 a 10.900 ab 
ANOVA      

ET0  *** ** NS * 
EC  *** NS  NS ** 
ET0 × EC  *** NS NS NS 

Significant differences were determined by ANOVA followed by Tukey HSD test and Student’s t test (α = 0.05). N = 10.   
***  p < 0.0001, ** p < 0.01, * p <0.05, NS p > 0.05.  Means followed by the same letters are not significantly different. 
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Table A-2. Mean effects of treatment combinations, potential transpiration (ET0) and electrical conductivity (EC, dS m-1) on 
plant morphological characteristics such as stem diameter 15 cm below apical meristem (SD15, cm); stem elongation, (SE, 
cm); length of fifth internode, (IN5 L, cm); and distance between last open flower an apical meristem, (OF AM, cm) during 
phase I and phase II for Experiment 2. 
  Mean plant morphological characteristics (cm) 

  SD15 SE IN5 L OF AM 
ET0 EC     

Phase I      
HET0  2.5 1.042 a 19.643 a 6.283 ab 17.791a 
 8.0 0.733 d 14.708 d  5.138 c 11.591b 
LET0 2.5 1.032 a 17.967 b 6.508 a 18.290 a 
 8.0 0.831 b 15.634 cd 5.554 bc 13.466 b 
Control 2.5 1.040 a 17.826 b 5.987 abc 16.295 a 
 8.0 0.778 c 16.092 c 5.808 abc 11.829 b 
ANOVA      

ET0  *** NS NS * 
EC  *** *** *** *** 
ET0 × EC  *** *** NS  NS 
Phase II   

HET0 2.5 0.962 c 20.128 a 6.760 a 17.073 a 
 8.0 0.732 e 15.819 bc 5.593 abc 13.618 ab 
LET0 2.5 1.120 a 16.224 bc 5.606 abc 16.823 a 
 8.0 0.917 c 14.452 c 5.254 c 12.491b 
Control  2.5 1.038 b 19.435 a 6.688 ab  15.219 ab 
 8.0 0.799 d 16.615 b 5.402 bc 13.722 ab 
ANOVA      

ET0  *** *** NS NS 
EC  *** *** *** *** 
ET0 × EC  NS * NS NS 

Significant differences were determined by ANOVA followed by Tukey HSD test and Student’s t test (α = 0.05). N = 10.   
***  p < 0.0001, ** p < 0.01, * p <0.05, NS p > 0.05.  Means followed by the same letters are not significantly different.
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Figure A-1. Weekly average fluctuation of all plant characteristics monitored in all 
treatment combinations in Experiment 1. Arrow indicates time of environmental shift 
(WAT 10). 
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Figure A-2. Weekly average fluctuation of all plant characteristics monitored in all 
treatment combinations in Experiment 2. Arrows indicate the beginning of treatments 
(WAT 8) and time of environmental shift (WAT 24).
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APPENDIX B – INTERPOLATION OF CUMULATIVE STEM FRESH WEIGHT  

 
In Experiment 2, a 3-step interpolation process was used to determine the weekly 

fresh and dry weight for stems from all treatment combinations. The 3-step process used 

is described below. 

Stems fresh and dry weight data for each treatment combination and all 

experimental blocks was gathered destructively only at three specific dates: at time of 

transplant at week after transplant zero (WAT 0), before the environmental shift at the 

end of phase I (WAT 24, January 26), and at the end of phase II (WAT 38, May 6).  

In WAT 0, stem data was the average of 10 sample plants, while in WAT 24 and 

38 stem data was the average of 4 plants from each experimental block and from all 

treatment combinations. In order not to interfere with the Experimental blocks plants, the 

average stem weight for WAT 24 was gathered from plants from the guard rows. At this 

date, the tip of all Experimental plants from all experimental blocks was plants were 

marked with plastic tape. At the end of phase II, the length of the stem was cut into two 

sections which corresponded to the growth in phase I and in phase II. The weight of 4 

stems from experimental plants corresponding to phase I was compared to that of 4 stems 

from guard rows. There was no statistical significant difference between the two sets and 

therefore average stem weight for phase I was assumed to be representative of that of 

experimental blocks.   

The slopes of the curves of stem fresh and dry weight vs. cumulative PAR inside 

the greenhouse between week after transplant (WAT) WAT 0 and WAT 24 and between 
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WAT 24 and WAT 38 was then calculated for all six treatment combinations. These 

slopes were then used to interpolate the cumulative weekly stem fresh and dry weight 

based on average weekly photosynthetic active radiation (PAR) inside the greenhouse. 

Initially, inside greenhouse PAR was obtained from total solar radiation from 

AZMET, the meteorological station located at the Turf Grass Research Center in Tucson, 

less than 1 mile from the greenhouses in which this study was conducted. A 0.38 factor 

was applied to convert daily total solar radiation data into daily photosynthetic active 

radiation (PAR) data. Then, the coefficient of attenuation for the greenhouse glazing was 

calculated based on 15 minute average of outside and inside PAR values for the entire 

Experimental period. The average coefficient of attenuation of 60% was then applied to 

outside PAR to determine the amount of PAR reaching the inside of the greenhouse. It 

was assumed this amount of radiation reached the plant canopy. Then, the following 3-

step process was used to interpolation weekly average stem fresh weight as a function of 

inside weekly average PAR. The same 3-step interpolation process was used to determine 

weekly stem dry weight. These steps included: 

 

1. Plot cumulative inside greenhouse PAR vs. stem fresh weight gathered in WAT 0, 

WAT 24, and WAT 38 to determine the stem relative growth rate for each phase and 

for two experimental blocks for all treatment combinations. 

2. For each treatment combination and both experimental blocks, the stem relative 

growth rate between WAT 0 and WAT 24 (b1) represents the slope for phase I, while 

the relative growth rate between WAT 24 and WAT 38 (b2) represents the slope for 
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phase II. The average slope from the two experimental blocks per treatment 

combination was used. 

3. Use slopes b1 and b2 calculated for phase I and II, respectively to interpolation 

weekly stem fresh weight as a function of photosynthetic active radiation (PAR) 

applying equation 1: 

∑
+

+ +×=
1

1

WAT

WAT
WATiWAT yPARby     (1) 

 

Where: 

Y is stem fresh weight 

 WAT, is week after transplant 

 bi, is slope for phase I (i= 1) and phase II (i = 2)  

 PAR is weekly average photosynthetic active radiation (MJ m-2)  

 

The slopes for stem fresh and dry weight cumulative curve for each phase in each 

treatment combination for two experimental block are presented in Table Slopes below.  
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Table B-1. Slopes of the best fit curve for the stem fresh weight vs. cumulative 
photosynthetic active radiation inside the greenhouse (PAR) for each Experimental block 
in all treatment combinations for phase I and II for Experiment 2. 
 

 Compartment 1 Compartment 2 Compartment 3  
 Fresh weight slope   
    EC 2.5 dS m-1

Phase    Block 
I 1.344 1.264 1.637 4 
II 0.628 0.800 0.467 4 
I 1.432 1.549 1.154 5 
II 0.292 0.885 0.9403 5 
     
    EC 8.0 dS m-1

I 1.169 1.025 1.214 3 
II 0.478 0.488 0.506 3  
I 1.066 0.984 1.419 6 
II 0.197 0.687 0.329 6 
     

  Dry weight  slope   
    EC 2.5 dS m-1

Phase    Block 

I 0.137 0.138 0.169 4  
II 0.073 0.082 0.064 4  
I 0.138 0.147 0.148 5  
II 0.024 0.102 0.079 5 
     
    EC 8.0 dS m-1

I 0.139 0.122 0.153 3 
II 0.043 0.094 0.041 3 
I 0.120 0.122 0.135 6 
II 0.017 0.072 0.051 6 

 

For the interpolation of cumulative stem growth curve, average slope from the 

two Experimental blocks per treatment combination was used. The interpolated 

cumulative stem growth curve for all 6 potential transpiration and electrical conductivity 

treatment combinations during phase I and II in Experiment 2 is presented below (Figure 
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B-1).  The cumulative growth curve for stems fresh weight follows a sigmoid pattern 

with time. 
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Figure B-1. Cumulative stem fresh weight (kg m ) for EC 2.5dS m  ( ● ) and EC 8.0 dS 
m  ( ○ ) during phase I (left boxes) and II (right boxes) for each potential transpiration 
treatment in Experiment 2. Each data point represents the cumulative weekly average of 
two Experimental blocks calculated from a sample of 4 plants. Arrows indicate date 
environmental treatments started and date of environmental shift in compartments 1 and 2

-2 -1

-1

. 
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APPENDIX C – GAS EXCHANGE RESPONSES IN ALL TREATMENT 

COMBINATIONS 
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Figure C-1. Gas exchange responses as affected by potential transpiration (ET0) and 
electrical conductivity (EC, dS m-1) in all treatment combinations at the end of phase I 
( ● ) and II ( ○ ). Each data point is an average of 8 leaves per treatment combination 
(N=8). 
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APPENDIX D – COMPOSITION OF MODIFIED HOAGLAND STOCK NUTRIENT 

SOLUTION  

Table D-1. Composition modified Hoagland nutrient solutions used in different 
development stages of the tomato crop.  Quantities are for a 200 times concentrated stock 
solution for a 140 L tank. 

Macro/Micro 
Stock tank 1 

Recipe 1 (g) 
Transplant to fruit 

set in truss 2 

Recipe 2 (g) 
Fruit set in truss 2 

to truss 5 

Recipe 3 (g) 
After fruit set in 

truss 5 
KNO3 0 6,885.98 15,987.00
KH2PO4 5,778.85 5,778.85 4,795.20
K2SO4 5,287.21 1,656.68 4,435.75
MgSO4. 7 H2O 18,577.38 17,148.39 17,148.39
H3BO3 44.82 44.82 44.82
MnCl2. 4 H2O 55.45 55.45 55.45
CuCl2. 2 H2O 3.75 3.75 3.75
MoO3 2.08 2.08 2.08
ZnSO4. 7 H2O 40.61 40.61 40.61
 

Calcium /Iron 
Stock tank 2 

Recipe 1 (g) Recipe 2 (g) Recipe 3 (g) 

Ca(NO3)2 17,08 20,048.54 20,048.54
Fe 330 560.18 560.18 560.18

 
Stock tank 3 Recipe 1 (ml) Recipe 2 (ml) Recipe 3 (ml) 

Nitric Acid 2,527 2,527 2,527
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