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   of sucrose by the fruit 

ε   Bulk elastic modulus of storage tissue  MPa 

ε0   Proportionality factor of the bulk elastic modulus m-1 
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frφ    Fruit cell wall extensibility    MPa-1 h-1 
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Γ
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fr
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ΨP
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fr
πΨ    Osmotic potential in the fruit    MPa 
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fr
TΨ    Total water potential in the fruit   MPa 

x
TΨ    Total water potential in the stem xylem   MPa 

compartment 

ρ    Permeation coefficient of the fruit surface to g cm-2 MPa-1 h-1 
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1.1 Tomato production 

  

Wild species of tomato originate from the Andean region. Cultivated tomato (Solanum 

lycopersicum var. esculentum) most likely stems from Solanum lycopersicum var. 

cerasiforme, which was probably first domesticated in Mexico (Costa and Heuvelink, 2005).  

Only during the 16th century, tomato was introduced in Europe by the Spanish. Currently, 

world average consumption of tomato equals 20.3 kg capita-1 year-1, consumed either fresh or 

in processed form (FAOSTAT, 2014). The worldwide annual production of tomatoes reached 

almost 162 million tonnes in 2012 (FAOSTAT, 2014). Tomato production in Belgium and the 

Netherlands accounted for 231800 and 805000 tonnes, respectively in 2012. Although 

representing only a small part of the worldwide production, very high average yields of 46.3 

and 47.6 kg m-2 were realized (FAOSTAT, 2014). These average yields were calculated from 

the total tomato production and total cultivation area, thus considering both year-round and 

shorter cultures of different varieties of tomato. These average yields are considerably higher 

than the world average of 3.37 kg m-2 (FAOSTAT, 2014). This large difference is mostly 

explained by the use of different cultivars with indeterminate (Belgium and the Netherlands) 

and determinate growth (processing tomatoes in the majority of the world). Furthermore, in 

Belgium and the Netherlands, tomatoes are grown year-round in high-tech glasshouses. This 

year-round production implies high energy needs for heating of the greenhouses to maintain 

optimal growing conditions. Nowadays, various new energy-saving technologies and growing 

strategies are introduced to decrease the energy needs of greenhouse tomato cultivation, 

however, these technologies typically alter the greenhouse microclimate and, hence, also 

affect the plant. In order to maintain optimal growth, yield and quality of the tomatoes, a 

thorough insight into plant functioning and how plant processes respond to microclimatic 

conditions in the greenhouse is essential. To this end, many studies have yet been performed, 

and it is generally acknowledged that whole-plant water status is of great importance  to 

guarantee a good production and quality of greenhouse tomato (Mitchell et al., 1991; Johnson 

et al., 1992; Cuartero and Fernandez-Munoz, 1999; De Swaef et al., 2012).   
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1.2 Plant water status and its relation to plant growth and 

fruit quality 

1.2.1   Water potential as a measure of plant water status 

Water potential (Ψ; MPa) is widely used to describe the water status of plants and plant 

tissues, soil, and atmosphere. Total water potential consists out of four components, denoting 

the effect of different factors on the water potential (Jones, 2007):  

 

gmP ΨΨΨΨΨ π +++=               (Eq. 1.1) 

 

in which ΨP represents the hydrostatic potential, Ψπ the osmotic potential, Ψm the matric 

potential, and Ψg the gravitational potential, all expressed in MPa. The hydrostatic potential 

can be either negative (negative tension in the xylem) or positive (positive turgor pressure in 

living cells). Ψg equals 0.01 MPa m-1 and is, by consequence, only important in tall trees. Ψπ 

results from the osmotic activity of solutes present and can be calculated based on the Van ‘t 

Hoff equation. Finally, Ψm stems from capillary forces. Throughout the soil-plant-atmosphere 

continuum (SPAC), water flows passively in the direction of a decreasing water potential.  

 

1.2.2   Water transport in plants: basic principles 

1.2.2.1   Xylem transport 

Plants are able to fix atmospheric carbon dioxide (CO2) through photosynthesis using light 

energy. Photosynthesis provides the plant with organic compounds (primarily sugars) that are 

transported from the leaves (sources) to energy-demanding sinks (e.g. roots, fruits), where 

they can be used for storage, as building stones for synthesis of new components or as energy 

source. CO2 is taken up via small pores in the leaf surface called stomata (Fig. 1.1). The guard 

cells surrounding the stomatal pore control the stomatal opening and, hence, control the 

exchange of CO2 between leaf and atmosphere. When stomata are open water vapour can 

diffuse along a concentration gradient from the sub-stomatal cavity, where relative humidity 

(RH) is approximately 100%, through the stomatal pore to the atmosphere, where RH is 

generally lower (Jones, 1992). This process is known as transpiration and acts as the driving 

force for upward water transport through the xylem in plants. In addition to water loss through 



 

 

stomata, water vapour can also 

small compared to the water loss through 

Fig. 1.1 Cryo-SEM image of a stomata in the lower leaf epidermis of tomato

The water loss through transpiration

molecules from the sites of evaporation in the leaves to the roots (Meinzer 

to strong cohesion forces between the polar water molecules

water molecules and the cell walls of the

through the xylem finally reaching the leaves. This is generally known as the

tension (C-T) theory, which was

C-T theory is still widely accepted as the mechanism behind upward water transport.

conditions when transpiration is very low or absent, root pressure can build up and provide an 

alternative driving force for upward water transport (Steudle, 2001).

To allow upward water transport in the plant, water in the roots first has to be transported to 

the root xylem, located in the centre of the roots (Fig. 1.2). The conductive part of the xylem 

consists of xylem vessel elements 

the apoplast. Different pathways for water transport in the root

symplastic and transmembrane pathway (

apoplastic route, moves through the continuous network of cell walls and intercellular spaces. 

The symplastic route refers to the network of cell cytoplasm, 

plasmodesmata, whereas in the transmembrane pathway water moves from one cell to another 

crossing membranes. The apoplastic route is interrupted at the endodermis

the Casparian strip. The Casparian strip 

lignin in the primary cell wall and middle lamella (

capillaries in the cell wall, creating a ba

water and solutes are forced to cross the plasma membran
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also diffuse through the cuticle. Cuticular transpiration is 

small compared to the water loss through open stomata.  

 
SEM image of a stomata in the lower leaf epidermis of tomato (own photo).

 

The water loss through transpiration creates a tension along a continuous chain of water 

molecules from the sites of evaporation in the leaves to the roots (Meinzer 

cohesion forces between the polar water molecules and adhesive forces between the 

and the cell walls of the xylem vessels, the water column is pulled up 

through the xylem finally reaching the leaves. This is generally known as the

, which was first described by Dixon and Joly (1894). U

still widely accepted as the mechanism behind upward water transport.

hen transpiration is very low or absent, root pressure can build up and provide an 

alternative driving force for upward water transport (Steudle, 2001).  

To allow upward water transport in the plant, water in the roots first has to be transported to 

the root xylem, located in the centre of the roots (Fig. 1.2). The conductive part of the xylem 

ists of xylem vessel elements (in angiosperms), which are non-living cells belonging to 

Different pathways for water transport in the roots coexist

symplastic and transmembrane pathway (Fig. 1.; Taiz and Zeiger, 2006). Water following the 

apoplastic route, moves through the continuous network of cell walls and intercellular spaces. 

The symplastic route refers to the network of cell cytoplasm, interconnected

plasmodesmata, whereas in the transmembrane pathway water moves from one cell to another 

he apoplastic route is interrupted at the endodermis

The Casparian strip is characterised by the depositi

lignin in the primary cell wall and middle lamella (Chen et al., 2011), which blocks the 

capillaries in the cell wall, creating a barrier for the apoplastic water movement. As such, 

water and solutes are forced to cross the plasma membrane of these endodermal cells (Taiz 
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the root xylem, located in the centre of the roots (Fig. 1.2). The conductive part of the xylem 

living cells belonging to 

coexist: the apoplastic, 

Water following the 

apoplastic route, moves through the continuous network of cell walls and intercellular spaces. 

interconnected through 
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he apoplastic route is interrupted at the endodermis by the presence of 

characterised by the deposition of suberin and 

), which blocks the 

for the apoplastic water movement. As such, 

e of these endodermal cells (Taiz 
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and Zeiger, 2006). Hence, the Casparian strip has an important role in preventing the non-

selective apoplastic bypass, thereby protecting the vascular tissue from environmental stresses 

such as salt stress. It was also demonstrated that exposure to salt stress reinforces the 

Casparian strip (Karahara et al., 2004). The presence of this apoplastic barrier also allows the 

buildup of root pressure, as a consequence of the active loading of solutes into the root xylem, 

resulting in an osmotic water uptake (Kramer and Boyer, 1995). Consequently, a positive 

hydrostatic pressure in the root xylem develops, which is called root pressure (Taiz and 

Zeiger, 2006). Recently, a new mechanism for root pressure was proposed by Wegner (2014) 

in analogy with mammalian epithelia (Zeuthen, 2010). This recent new theory suggested that 

co-transport of water and solutes drives the secretion of water across the plasma membrane of  

xylem parenchyma cells. However, further experimental research in support of this hypothesis 

is needed.  

 
Fig. 1.2 Root anatomy and illustration of the different pathways of water movement in the roots (source: 

https://classconnection.s3.amazonaws.com/798/flashcards/447798/jpg 

/root_structure1321941304971.jpg). 
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1.2.2.2   Phloem transport 

In addition to xylem, facilitating the upward movement of water and minerals from the root 

system to the above-ground part of plants, the phloem establishes a second long-distance 

transport pathway. The phloem tissue is responsible for the transport of photoassimilates from 

the source regions (e.g. leaves) to sinks, which can be regions of growth or storage (e.g. stem 

and stem apex, roots, fruits…) (Taiz and Zeiger, 2006). Phloem typically consists of sieve 

elements, companion cells and parenchyma cells. The sieve elements are living sugar 

conducting cells, however, they lack a nucleus and tonoplast. The ends of the sieve tube 

elements are interconnected by a sieve plate, which contains large pores linking the 

protoplasts of the sieve tube elements (Fig. 1.3). Sieve tube elements are closely associated 

with a companion cell, through numerous plasmodesmata (Fig. 1.3; Oparka and Santa Cruz, 

2000). This close relationship is indicated with the term ‘sieve tube element and companion 

cell complex’ and allows the companion cell to take over some critical metabolic functions of 

the sieve tube element. Together they facilitate the sugar accumulation and sugar loading at 

the source site and sugar unloading at the sink site (Fig. 1.3). Different loading and unloading 

mechanisms exist, which can be active or passive, apoplastic or symplastic (Patrick, 1997; 

Turgeon, 2010; De Schepper et al., 2014). These will, however, not be discussed in this work.  
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Fig. 1.3 Conceptual representation of transport in the xylem (C-T theory) and the phloem (pressure-flow 

hypothesis proposed by Münch (1930)). Water potential values are indicative and do not rely on 

measurements (adapted from Nobel, 1999).  

 

Today, the pressure-flow hypothesis or Münch hypothesis (Münch, 1930) is still widely 

accepted as the mechanism driving phloem transport. This theory states that transport in the 

phloem originates from mass flow of water, driven by an osmotically generated pressure 

gradient between source and sink (Fig. 1.3). Loading of sugars at the source decreases the 

osmotic potential (Ψπ), allowing water movement from surrounding tissues causing an 

increase in the hydrostatic potential. Unloading of sugars at the sink site generates a less 

negative osmotic potential, causing water to move out of the phloem towards surrounding 

tissues, thereby lowering the hydrostatic potential. This way, a gradient in hydrostatic 

pressure along the phloem pathway between source and sink is maintained, driving the bulk 

flow of water and sugars.  

In tomato, sucrose is the main transport sugar (Damon et al., 1988; De Schepper et al., 2014). 

Studies revealed that carbon export from mature tomato leaves is determined by both the CO2 
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fixation and the amount of reserves (starch) available in the leaf (Ho, 1978; De Swaef et al., 

2013a). They suggested that leaves of tomato tried to maintain a balance between carbon 

input and output by changing the rate of carbon export upon temporary changes in 

environmental conditions. When altered environmental conditions persist, the rate of carbon 

transport will be regulated in proportion to the level of carbon reserves present in the leaf.   

In addition to transport of photoassimilates, phloem also plays a crucial role in long-distance 

signalling and plant defence (Lough and Lucas, 2006). 

1.2.2.3   Coupling of the xylem and the phloem 

In the stem, xylem and phloem are located close to each other. It can thus be expected that 

xylem and phloem work tightly together via hydraulic coupling. This hydraulic coupling 

enables water exchange between both tissues, driven by a water potential gradient (Hölttä et 

al., 2006), and allows the phloem to work as a storage tissue. The hydraulic coupling between 

xylem and phloem is illustrated in Fig. 1.3 and is based on the spatial correspondence of high 

and low osmotic potential in the phloem compartment and high and low water potential in the 

xylem vessels (van Bel and Hafke, 2005). Transpiration results in a tension gradient along the 

xylem (Fig. 1.3). On the other hand loading and unloading of assimilates at the loading and 

unloading sites in the phloem result in osmotically generated pressure gradients, driving 

phloem water flow (Fig. 1.3). A difference in total water potential between xylem and phloem 

then gives rise to radial water exchange. This is illustrated in Fig. 1.3 for the source level, 

where a total water potential of -0.8 MPa and -1.1 MPa in the xylem and phloem, 

respectively, results in radial water transport from the xylem into the phloem. Unloading at 

the sink site results in an increase in the osmotic potential of the phloem, and a consequent 

increase in the total water potential (less negative). This causes radial water transport from the 

phloem into the xylem (Fig. 1.3). Even when transpiration is absent, this hydraulic coupling 

results in upward water flow in the xylem to maintain the phloem flow, which is indicated by 

the term Münch counterflow (Windt et al., 2006). 

 

1.2.3   Plant sensors to monitor plant water status 

Plant water status plays a crucial role for optimal production and quality of tomato fruit. It is 

generally recognized that the plant itself is the best indicator of plant water status and for this 

reason, the use of plant sensors to study plant water relations and plant water status has gained 

increasing attention over the past years (Jones, 2004). A wide range of  plant-based methods 
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exist to indirectly assess plant water status. Below, a brief discussion of the methods of 

interest to this PhD work can be found.  

1.2.3.1   Sap flow measurements 

Sap flow ( xF ; g h-1) has been widely used as an indirect indicator for plant water status (Ehret 

et al., 2001; Jones, 2004). However, actual sap flow results from both the microclimatic 

conditions and the water availability in the root environment. As such, low sap flow rates can 

indicate both low water availability for the plant as well as low water demand from the 

atmosphere (Jones, 2004; De Swaef et al., 2009). Also, sap flow measurements tend to lag 

behind transpiration as water stored in living cells in the stem and other plant tissues 

(hydraulic capacitance) can be used to fulfil transpiration needs (Wronksi et al., 1985; Steppe 

et al., 2002; Steppe et al., 2006).  

The upward water flow through the xylem can be measured with sap flow sensors. Various 

methods of sap flow monitoring exist based on different measurement principles such as 

thermodynamics, electrics or nuclear magnetic resonance (Smith and Allen, 1996; Čermák et 

al., 2004; Vandegehuchte and Steppe, 2013). Sap flow sensors using thermodynamics apply 

heat to the stem, either in a continuous way or with heat pulses. Part of this heat is carried 

away by sap flow and forms the basis of quantification of sap flow using thermodynamics. 

Most of these sap flow sensors make use of needles which are drilled into the stem, making 

them inappropriate for measuring sap flow in herbaceous species such as tomato. The heat 

balance sap flow sensor (Fig. 1.A), however, is a non-invasive sensor, which can be applied 

on tomato stems. This sensor continuously supplies heat externally to the stem and sap flow 

(Fig. 1.4B) can be calculated by solving the heat balance taking into account axial and radial 

heat conduction, and convection of heat with the sap flow.  



 

 

Fig. 1.4 Heat balance sap flow sensor installed on a tomato stem 

pattern of a tomato plant measured with a heat balance sap flow sensor on 5 consecutive days between 20 

and 24 March 2012 (B). Grey areas indicate the nighttime periods

1.2.3.2   Stem diameter measurements

Stem diameter variations (SDV)

displacement transducers (LVDT; 

al., 1998) and contain valuable information on plant water status. S

because of changes in hydration status of the storage tissues in the stem

irreversible radial stem growth

and swelling (Fig. 1.B) (Klepper 

Steppe et al., 2006). Variations in x

variations, although their contribution is generally smaller than that of the phloem (Sevanto 

al., 2002; 2003). This pattern results from the time lag between

water uptake. Root water uptake 

transpiration in the morning, water uptake by the roots will not be sufficient to fulfil 

transpiration needs. As a result

surrounding the xylem to contribute to the transpiration stream

causing the stem diameter to decrease

can be observed and storage tissues are replenished resulting in a swelling of the stem

1.B). Due to the refilling of the storage ti

growth when a threshold turgor pressure is exceeded 

2006).  
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balance sap flow sensor installed on a tomato stem before insulation was applied 

pattern of a tomato plant measured with a heat balance sap flow sensor on 5 consecutive days between 20 

and 24 March 2012 (B). Grey areas indicate the nighttime periods.  

tem diameter measurements 

Stem diameter variations (SDV) can be continuously monitored with 

ransducers (LVDT; Fig. 1.A), linear potentiometers or strain gauges (Link 

contain valuable information on plant water status. Stem diameter will vary 

because of changes in hydration status of the storage tissues in the stem

stem growth (long term) and is characterized by a daily pattern of shrinking 

(Klepper et al., 1971; Simonneau et al., 1993; Daudet 

Variations in xylem diameter can also contribute to stem diameter 

variations, although their contribution is generally smaller than that of the phloem (Sevanto 

This pattern results from the time lag between leaf transpiration and root 

oot water uptake lags behind transpiration and, consequently,

transpiration in the morning, water uptake by the roots will not be sufficient to fulfil 

As a result, water is withdrawn from the living storage tissues 

contribute to the transpiration stream (radial water transport), 

causing the stem diameter to decrease (Fig. 1.B). In the evening, the opposite phenomenon 

can be observed and storage tissues are replenished resulting in a swelling of the stem

Due to the refilling of the storage tissue, turgor pressure increases, inducing 

growth when a threshold turgor pressure is exceeded (Fig. 1.B) (Lockhart, 1965; Steppe 
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was applied (A); Sap flow 

pattern of a tomato plant measured with a heat balance sap flow sensor on 5 consecutive days between 20 

can be continuously monitored with linear variable 

or strain gauges (Link et 

tem diameter will vary 

because of changes in hydration status of the storage tissues in the stem (short term) and 

pattern of shrinking 

Daudet et al., 2005; 

ylem diameter can also contribute to stem diameter 

variations, although their contribution is generally smaller than that of the phloem (Sevanto et 

transpiration and root 

and, consequently, at the onset of 

transpiration in the morning, water uptake by the roots will not be sufficient to fulfil 

water is withdrawn from the living storage tissues 

(radial water transport), 

In the evening, the opposite phenomenon 

can be observed and storage tissues are replenished resulting in a swelling of the stem (Fig. 

ssue, turgor pressure increases, inducing irreversible 

Lockhart, 1965; Steppe et al., 
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Fig. 1.5 Linear variable displacement transducer (L

stem diameter variations (B) characterized by shrinking

transpiration slows down in the evening

the nighttime period. 

 

During the growing season, stem diameter 

but stem growth rate generally slows down as the stem ages (Fig. 1.6

By the end of the growing season, the 

but the pattern of daily shrinking and swelling 

tissue at the top of the plant will continue growing, even at the end of the growing season.

such, stem diameter behaviour is strongly dependent on stem age, and, thus, location of the 

monitored stem part in the plant, which should be taken into account when interpreting stem 

diameter variation data. 

Fig. 1.6 Pattern of stem diameter variations of a tomato plant between day of the year (DOY) 100 and DOY 2

of the 2009 growing season. The plant was sown on

12

inear variable displacement transducer (LVDT) installed on a tomato stem (A) and typical pattern of 

stem diameter variations (B) characterized by shrinking at the onset of transpiration

tion slows down in the evening and irreversible growth during the night. The grey area represents 

During the growing season, stem diameter at the bottom of the plant first strong

generally slows down as the stem ages (Fig. 1.6; Hanssens 

By the end of the growing season, the older stem parts no longer show irreversible growth, 

but the pattern of daily shrinking and swelling is still present. On the contrary, y

tissue at the top of the plant will continue growing, even at the end of the growing season.

such, stem diameter behaviour is strongly dependent on stem age, and, thus, location of the 

the plant, which should be taken into account when interpreting stem 

 
Pattern of stem diameter variations of a tomato plant between day of the year (DOY) 100 and DOY 2

of the 2009 growing season. The plant was sown on 6 November 2008. 

 

installed on a tomato stem (A) and typical pattern of 

at the onset of transpiration, swelling when 

. The grey area represents 

first strongly increases, 

; Hanssens et al., 2012a). 

irreversible growth, 

On the contrary, young stem 

tissue at the top of the plant will continue growing, even at the end of the growing season. As 

such, stem diameter behaviour is strongly dependent on stem age, and, thus, location of the 

the plant, which should be taken into account when interpreting stem 

 
Pattern of stem diameter variations of a tomato plant between day of the year (DOY) 100 and DOY 274 
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Many studies have demonstrated that SDV are greatly influenced by microclimatic conditions 

and respond earlier to drought stress than sap flow (e.g. Naor and Cohen, 2003; Ortuño et al., 

2006; Vermeulen et al., 2008; De Swaef et al., 2009). Therefore, different indicators of plant 

water status are derived from SDV amongst which maximum daily shrinkage (MDS; 

difference between maximum and minimum stem diameter on a daily basis) and stem growth 

rate (SGR; difference between maximum stem diameter on two consecutive days) are most 

widely used (Fernández and Cuevas, 2010). These water stress indicators have already been 

successfully applied for irrigation in different orchards (Fereres and Goldhamer, 2003; 

Goldhamer and Fereres, 2004). However, interpretation of the pattern of stem diameter 

variations can be ambiguous since SDV are not solely affected by plant water status. Indeed, 

sugar content of the stem, stem age and fruit load also influence the pattern of SDV 

(Intrigliolo and Castel, 2005; De Swaef and Steppe, 2010; Fernández and Cuevas, 2010; 

Ortuño et al., 2010, Hanssens et al., 2012a; De Swaef et al., 2013a; De Swaef et al., 2014). In 

a study on tomato, Gallardo et al. (2006) observed that SDV-derived indices were strongly 

affected by the microclimate and crop age, complicating the definition of appropriate 

threshold values for these indices. 

1.2.4   Tomato fruit growth and quality 

1.2.4.1   Tomato fruit growth 

Tomato fruits generally consist of 92-95% of water, depending on environmental conditions 

and genotype (Davies and Hobson, 1981). As water is the main constituent, tomato fruit 

growth will predominantly result from the water influx through the xylem ( fr
xF ) and the 

phloem ( fr
pF ) and the water loss due to fruit transpiration (frT ). This water influx originates 

from a gradient in hydrostatic and osmotic potential across the truss stalk and pedicel (fruit 

stalk). Tomato fruits typically exhibit a sigmoid growth pattern, independent of the point of 

time during the growing season. During growth, three different periods can be distinguished 

(Ho and Hewitt, 1986; Guichard et al., 2001). During the first period, the fruit grows slowly 

and mainly cell division takes place. The second period starts at approximately 15 days after 

anthesis (DAA) and is characterized by rapid growth resulting from cell elongation and 

expansion. During the final period, the fruit matures and mainly biochemical transformations 

occur. The pattern of fruit growth can be easily monitored with LVDTs (e.g. De Swaef et al. 

2012; Hanssens et al., 2014), linear potentiometers (Morandi et al., 2007) or strain gauges 

(Link et al. 1998). 
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Many studies have demonstrated that phloem is the main source of water and accounts for 80-

90% of the total water influx (Ehret and Ho, 1986; Ho et al., 1987; Grange and Andrews, 

1995; Guichard et al., 2005). It has been suggested that the low xylem contribution can be 

attributed to a high hydraulic resistance in the xylem pathway to the fruit (Lee, 1989; Van 

Ieperen et al., 2003) and low fruit transpiration (Ho et al., 1987). As such, xylem water influx 

is small, but of great importance for calcium import, which has a crucial role in the prevention 

of blossom-end rot (BER; Ho and White, 2005). Recently, water influx into tomato trusses 

has been studied with magnetic resonance imaging (MRI) and this study revealed 

contradicting evidence stating that most water is delivered by the xylem (Windt et al., 2009). 

Furthermore, Hossain and Nonami (2010) demonstrated through girdling experiments that 

xylem influx accounted for approximately 90% of the nighttime influx. Also, Clearwater et al. 

(2012) and Clearwater et al. (2013) recently suggested that xylem and phloem influx work in 

additive ways, meaning that xylem influx can at least partially replace phloem influx in case 

phloem influx is interrupted (e.g. after girdling). It may be clear that further insight into xylem 

and phloem flows and how these flows are affected by environmental factors and fruit age is 

essential. However, one of the major difficulties for studying xylem and phloem fluxes 

towards developing tomato fruits is the lack of appropriate sensors to measure sap flow 

through small plant parts such as a truss stalk or pedicel stalk.  

1.2.4.2   Fruit quality aspects 

Tomato production in Belgium mainly focuses on the fresh market. Therefore, not only yield 

but also fruit quality is important as consumers are increasingly demanding. Important quality 

aspects of tomato fruits for fresh consumption are the appearance of the fruit (colour, shape, 

size, absence of physiological disorders), texture, firmness and its organoleptic (taste and 

aroma) and nutraceutical (medicinal benefit) properties (Dorais et al., 2001a). Colour, shape 

and size are primarily determined by cultivar, although, greenhouse climate and cultivation 

management might also affect fruit size and appearance (Bertin et al., 2000; Dorais et al., 

2001a). Taste of the tomato fruit is strongly related to the ratio between reducing sugars and 

organic acids in the fruit (Ke and Boersig, 1996; Auerswald et al., 1999; Dorais et al., 2001a). 

The reducing sugars glucose and fructose account for approximately half of the dry matter 

content of  tomato fruit (Davies and Hobson, 1981), whereas the main organic acids citric and 

malic acid represent approximately 10-13% of the dry matter (Ho and Hewitt, 1986). Sucrose 

is the most important assimilate that is transported, although, sucrose content is limited to 

only 1% of the dry matter (Ho and Hewitt, 1986). During fruit development starch 
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accumulates and reaches a maximum between 25 and 30 DAA, after which it decreases due to 

breakdown, resulting in an increase of the reducing sugar content (Ho and Hewitt, 1986). 

Tomato fruits also provide an excellent source of various nutraceutical compounds among 

which minerals, vitamins and antioxidants. Especially lycopene has received a lot of attention 

recently. Lycopene is responsible for the red colour of the tomato fruit and several studies 

have demonstrated that it has a beneficial role in the prevention of different types of cancer 

and cardiovascular diseases (Dorais et al., 2001a).   

1.2.4.3   Factors affecting fruit growth and quality 

Different environmental, cultivation and genetic factors will affect fruit growth and quality. In 

the framework of this thesis, mainly factors affecting sugar and organic acid concentrations 

are discussed below.  

A first important factor affecting fruit quality is the genotype. The effect of genotype on sugar 

and acid content explains most of the difference in sweetness, sourness and overall flavour 

intensity (Stevens et al., 1979). As tomato production in Belgium and the Netherlands is an 

almost year-round production, plants will be exposed to a broad range of environmental 

conditions, so in addition to the genotype, also the greenhouse microclimate will affect the 

final quality of tomato fruits. Different studies have demonstrated that higher light intensity 

results in higher dry matter and soluble sugar contents, since more photoassimilates are 

available for the fruit (Winsor and Adams, 1976; Bertin et al., 2000; Dorais et al., 2001a; 

Anza et al., 2006). A study from Ho and Adams (1995) also suggested that the higher dry 

matter content under high light conditions might be the result of slight drought stress, causing 

a decrease in fruit water content. Light intensity also affects pigment content (e.g. lycopene; 

Dumas et al., 2003) and the occurrence of BER (Ho et al., 1993; Ilić et al., 2012). 

Nevertheless, little effect of light intensity on organic acid content was observed (Dorais et 

al., 2001a).  

Several studies have also evaluated the effect of vapour pressure deficit (VPD) on tomato fruit 

quality attributes. Bertin et al. (2000) and Guichard et al. (2005) demonstrated that 

maintaining VPD below 1.5 kPa through misting resulted in significantly lower dry matter 

content compared with uncontrolled VPD conditions (> 1.5 kPa). This can be explained by an 

increased fruit transpiration (36%) and a reduced xylem influx (-29%) under conditions of 

high VPD (> 1.5 kPa), whereas increasing the VPD hardly affected phloem influx (Guichard 

et al., 2005). However, when humidity is extremely low (1.5 – 2.2 kPa), a reduction in fruit 

growth was found, resulting from a reduced photosynthetic activity due to stomatal closure 
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(Dorais et al., 2001a). Also, an increase of the occurrence of BER was found at VPD higher 

than 1.5 kPa, as xylem influx will decrease as a consequence of the high transpiration rate of 

the plant. Bertin et al. (2000) also reported an increase in sugars:acids ratio upon an increase 

in VPD above 1.5 kPa.  

Temperature in the greenhouse will also affect fruit growth and quality. Ho and Hewitt (1986) 

demonstrated that fruit temperature affects fruit sink strength and influences metabolic 

processes that are involved in fruit quality. Shishido and Hori (1979) observed that more 

assimilates moved to fruiting trusses at 30°C/24°C (day/night) compared to roots, whereas 

17°C/12°C (day/night) resulted in more assimilates moving to roots. Fruit temperature also 

affects secondary metabolites (antioxidants), whereas sugars and organic acids are hardly 

influenced and only a small decrease in titratable acidity was found upon an increase in fruit 

temperature Gautier et al. (2008). 

Water availability in the root environment will also greatly affect fruit growth and quality. In 

general, drought stress and osmotic stress result in higher dry matter contents, sugar 

concentrations and organic acid concentrations (Mizrahi, 1982; Mitchell et al., 1991 Veit-

Köhler et al., 1999; Plaut et al., 2004). This increase in quality is often associated with a 

decrease in yield. Plaut et al. (2004) showed that salinity stress increases sugar concentration 

in the tomato fruit more than drought stress. According to Mitchell et al. (1991) drought stress 

and osmotic stress will affect water and fruit dry matter accumulation differently, both 

resulting in increased soluble solids content. Drought stress will primarily decrease fruit water 

content and slightly increase soluble sugar accumulation, whereas osmotic stress leads to 

decreased water accumulation and increased ion content, while hexose accumulation is not 

affected. The xylem water potential in the stem is very sensitive to water availability and by 

consequence, drought stress or osmotic stress will decrease the stem water potential of the 

plant. On the contrary, fruit water potential is hardly affected by environmental conditions 

during fruit development (Johnson et al., 1992; Guichard et al., 1999; Hanssens et al., 2012b). 

As such, drought and osmotic stress will result in a decreased water potential gradient 

between the stem and the fruits, explaining the reduced water accumulation and fruit growth 

(Guichard et al., 2001). The reduced xylem influx resulting from drought or salt stress also 

increases the risk of BER, as less calcium is imported into the fruits (Guichard et al., 2001).  

Finally, also cultivation management, including plant density, pruning and deleafing can 

affect fruit quality (e.g. by affecting light interception and photosynthetic capacity).  

It may be clear that improving tomato fruit quality often implies a decrease in yield. As both 

yield and quality are very important for tomato production in Belgium, a thorough insight in 
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the processes determining fruit yield and quality is crucial in order to improve both aspects 

without compromising one another.  

 

1.3 Models 

The use of models is very valuable to test hypotheses and scenarios, and to better understand 

complex systems. Furthermore, models provide an excellent tool for greenhouse climate 

management, production planning and cultivation management (Marcelis et al., 1998). For 

this reason, a broad range of models have been developed to describe water transport, yield 

and production in greenhouse crops. These models can be empirical (or descriptive), or 

mechanistic. Empirical models do not account for the processes and mechanisms which link 

input variables to the output of the model and, as such, parameters do not have a physiological 

meaning. Therefore, the use of empirical models is often restricted, and extrapolation to other 

species, locations and conditions usually makes prediction results unreliable (Marcelis et al., 

1998). On the contrary, mechanistic models mathematically describe the process or 

mechanism, which explains the behaviour of the system. As such, they can be used over a 

broader range of conditions and species, although recalibration is needed resulting in species-, 

time- and age-dependent parameter values (Steppe et al., 2008b; Hanssens et al., 2012a).  

1.3.1   Mathematical description of water transport and stem diameter 

variations 

A first mathematical description of water transport through plants was proposed by van den 

Honert in 1948. He compared water flow through the SPAC with the flow of electric current 

over a potential difference, allowing him to apply an analogy of Ohm’s Law (Fig. 1.7). As 

such xylem water flow between two points in the SPAC can be represented as follows: 

 

xx
R

F
∆Ψ=                            (Eq. 1.2) 

 

in which xF  is xylem water flow (g h-1), ∆Ψ is the water potential gradient between the points 

in the SPAC (MPa) and xR  is the hydraulic resistance between these two points (MPa h g-1).  

∆Ψ can represent a difference in total water potential as well as a gradient in pressure 

potential (∆ΨP). Eq. 1.2 can be applied for steady-state water flow, meaning that the water 
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uptake by the roots equals the water loss through leaf transpiration (Fig 1.7A). However, this 

is a simplification and many studies have shown that in reality, water uptake by the roots 

often lags behind transpiration (Perämäki et al., 2001; Steppe et al., 2002; Steppe and 

Lemeur, 2004; Steppe et al., 2006).  

 

 
Fig. 1.7 Conceptual visualization of modelling upward water flow in the SPAC according to  Ohm’s analogon: 

steady-state model (A); dynamic model incorporating capacitance of the tissues (B); visualization of the 

electric analogon for a tomato plant (C). R represents hydraulic resistance, C capacitance and Ψ water 

potential of the different compartments (adapted from Jones and Tardieu (1998)).  

 

As described in 0, internally stored water can be consumed to compensate for transpirational 

water loss when root water uptake lags behind. As such, water transport through the plant can 

not be considered a steady-state flow and Eq. 1.2 should be adapted to allow dynamic water 

flow. This can be achieved by including storage pools, which can be represented by a 

capacitance in the electric analogon (Fig. 1.7B; Molz et al., 1979; Steppe et al., 2006), 

allowing water exchange between the xylem and the storage compartment resulting in 

variation of the amount of water stored in the pools (Ws; g): 
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uitin

s
FF

dt

dW
f −==        (Eq. 1.3) 

 

where f (g h-1) is the net water flow into the storage compartment, which results from the 

inflow ( inF ; g h-1) and the outflow ( outF ; g h-1) causing a change in water stored in the pool 

(Ws). Models including these storage pools are called dynamic models (Fig. 1.7B) and were 

successfully used to link xylem water flow to stem diameter variations, resulting from xylem 

diameter variations and the radial exchange of water between the xylem and the elastic 

storage tissues (Perämäki et al., 2001; Hölttä et al., 2002, Steppe et al., 2006, Sevanto et al., 

2011). Studies demonstrated that the diurnal amplitude of phloem diameter variations is 

generally much larger than that of xylem diameter variations (Sevanto et al., 2002; 2003), 

wherefore xylem diameter variations are often omitted in dynamic models (Zweifel et al., 

2001; Steppe et al., 2006; De Swaef and Steppe, 2010). In 0, it was described that stem 

diameter variations result from a combination of reversible shrinking and swelling in response 

to radial water movement (elastic changes) and irreversible radial growth of the storage tissue 

(plastic changes). Elastic changes in the stem diameter can be related to changes in turgor 

pressure in the storage tissue caused by changes in the amount of water stored. The elasticity 

of the tissue will determine the magnitude of the change in turgor pressure in response to the 

change in water content and can be described by Hooke’s law (Jones, 1992; Génard et al., 

2001): 

 

dt

dW

Wdt

d s

s

s
P ⋅=

Ψ ε
           (Eq. 1.4) 

 

in which s
PΨ is the turgor pressure in the storage tissue (MPa) and ε the bulk elastic modulus 

of the tissue (MPa). This elastic modulus is supposed to be proportional to the stem diameter 

(D; m) and the turgor pressure (Tyree and Jarvis, 1982): 

 

s
PD Ψ⋅⋅= 0εε          (Eq. 1.5) 

 

with ε0 a proportionality factor (m-1). Upon an increase in the amount of water in the storage 

tissue, the turgor pressure will rise, causing a stress on the cell wall. When turgor pressure 
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exceeds a threshold value, stress relaxation of the cell wall will occur, resulting in a decrease 

in turgor pressure. This process can be described by the following equation (Lockhart, 1965; 

Cosgrove, 1986): 

 

)( ss
P

s
s
P

dt

d
Γ−Ψ⋅⋅−=

Ψ φε        (Eq. 1.6) 

In Eq. 1.6 sφ  represents the cell wall extensibility (MPa-1 h-1) and Γs the turgor threshold for 

cell wall yielding (MPa).   

These principles were successfully applied in a mechanistic flow and storage model for young 

beech and oak trees (Steppe et al., 2006) and apple trees (Steppe et al., 2008a). This model 

allowed to continuously estimate xylem water potential and turgor pressure in the storage 

tissue Recently, De Swaef and Steppe (2010) adapted this model for tomato allowing to 

elucidate the mechanistic link between tomato sap flow and stem diameter variations.  

Recent developments in mechanistic modelling of water transport in plants involves the 

mathematical coupling between xylem and phloem, based on the van den Honert concept 

(1948) and Münch hypothesis (1930), respectively (Daudet et al., 2002; Höllta et al., 2006; 

Lacointe and Minchin, 2008; De Schepper and Steppe, 2010; Mencuccini et al., 2014). 

 

1.3.2   Models for predicting tomato fruit growth and yield 

Different attempts have been made to predict tomato fruit yield and growth using models. 

Many of these models are based on dry matter production estimated from light interception 

and photosynthesis by the crop and, consequently, dry matter partitioning to the fruits (e.g. 

Jones et al., 1991; Heuvelink and Bertin, 1994). These models for biomass production and 

yield were in detail reviewed by Marcelis et al. (1998). However, tomato fruits mainly consist 

of water and, as such, water influx into the fruits will primarily determine fruit growth and 

production. This has led to the development of models that estimate water influx and water 

accumulation in the fruits (Lee, 1990; Bussières, 1994; Bussières, 2002). Recently, Liu et al. 

(2007) presented a biophysical model of tomato fruit growth, taking into account both water 

and carbohydrate accumulation. The model considers the developing tomato fruit as one big 

cell and estimates fruit growth resulting from fruit transpiration, water influx through the 

xylem and phloem and carbon import through the phloem. Furthermore, plastic and elastic 

deformations of the fruits are also incorporated in the model. Water flow into the fruits is 
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calculated based on differences in hydrostatic and osmotic potential between the stem and the 

fruit: 

 

)( fr
T

x
Tx

xfr
x LAF Ψ−Ψ⋅⋅=        (Eq. 1.7) 

))(( frp
p

fr
P

p
Pp

pfr
p LAF ππσ Ψ−Ψ⋅+Ψ−Ψ⋅⋅=     (Eq. 1.8) 

 

in which the superscripts x, p and fr refer to the xylem, phloem and fruit, respectively. Ax and 

Ap represent the exchange surface between the xylem and phloem vascular network and the 

fruit (cm²) and Lx and Lp the hydraulic conductivity between the xylem and the fruit and the 

phloem and the fruit, respectively (g cm-2 MPa-1 h-1). In tomato fruits, phloem unloading 

typically shifts from symplasmic to apoplasmic during fruit development. In the model of Liu 

et al. (2007), this shift is represented by the solute reflection coefficient ( pσ ), which evolves 

from 0 to 1 during fruit development. This biophysical fruit growth model was successfully 

coupled to the mechanistic flow and storage model of De Swaef and Steppe (2010) to study 

the effect of increased temperature and vapour pressure deficit on tomato fruit growth 

(Hanssens et al., 2012b).  

 

1.3.3   Towards a virtual fruit 

Fruit quality becomes more and more important, as consumers are increasingly demanding. 

Therefore, fruit quality attributes are currently introduced in fruit growth models, resulting in 

‘virtual fruit’ models. Fruit quality results from a complex interaction between different 

processes, which are strongly affected by environmental conditions and genotype (Génard et 

al., 2007). Therefore, virtual fruit models typically consist of a set of sub-models describing 

several processes at different levels. A first virtual fruit model was proposed for peach by 

Lescourret and Génard (2005), combining a carbon model (Lescourret et al., 1998), a water 

model (Fishman and Génard, 1998) and a sugar model (Génard et al., 2003). The carbon sub-

model describes carbon partitioning based on the demands of vegetative and reproductive 

organs and priority rules. Maintenance respiration has first priority, followed by vegetative 

and reproductive growth (depending on potential growth rates). The amount of carbon 

available depends on photosynthesis and mobilization of carbon from reserves. The water 

sub-model describes water and carbon transport to the fruits resulting from gradients in 

hydrostatic and osmotic pressure between the stem and the fruit. Three mechanisms of sugar 
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transport from the phloem to the fruit mesocarp were considered: mass flow, passive diffusion 

and active uptake. Finally, the sugar sub-model estimates the partitioning of unloaded sugars 

into sucrose, sorbitol, glucose and fructose. Enzymatic reactions are represented by 

differential equations according to the ‘rate law’ of chemical kinetics. This ‘rate law’ assumes 

that the rate of a reaction is proportional to the reactant concentration (Génard et al., 2007).  

Virtual fruit models provide a great opportunity to perform virtual experiments to study the 

effect of environmental variables and cultivation management on fruit growth and quality 

attributes, which are difficult to control in natural conditions (Génard et al., 2009; Lescourret 

et al., 2011). Furthermore, it allows to better understand the complex interactions and 

provides a tool for improving fruit quality. However, up till now, no virtual fruit model exists 

for tomato allowing prediction of quality attributes, although different sub-models (Liu et al., 

2007; De Swaef and Steppe, 2010) are yet available.  

1.3.4   Greenhouse climate modelling 

Tomatoes in Belgium and the Netherlands are grown in high-tech greenhouses which allow 

an accurate control of the greenhouse climate to optimize the growing conditions for the 

plants. The greenhouse climate results from the complex interaction between the outdoor 

conditions (radiation, temperature, relative humidity), the greenhouse construction, 

greenhouse climate control and the crop growing in the greenhouse. A thorough 

understanding of mass and heat transfer phenomena (convection, conduction, transpiration) is 

crucial in order to estimate the greenhouse microclimatic variables with greenhouse climate 

models. During the past decades, several greenhouse climate models have been developed 

with different level of complexity for describing the energy balance of the different 

components of the greenhouse (e.g. Bot, 1983; Boulard and Baille, 1993; Bontsema et al., 

2002). Greenhouse climate models provide a great tool for optimization of greenhouse design 

and management of the greenhouse climate and crop. Furthermore, they can be used to 

optimize energy savings and evaluate the effect of energy-saving strategies or cultivation 

practices on the energy needs of the greenhouse (Aaslyng et al., 1993; de Zwart, 1996; 

Bontsema et al., 2002; Markvart et al., 2008). 

In the past, different attempts were made to combine plant modelling and greenhouse climate 

modelling to optimize greenhouse operation (Gent and Enoch,1983; Gal et al., 1984; Seginer 

et al., 1986; Morimoto et al., 1995). However, very often, it lacks reliable crop models as they 

have to consider both long-term crop development as well as short-term dynamics of the crop 

(in response to changing weather conditions) (van Straten et al., 2000). To our knowledge, a 
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mechanistic plant model has not yet been used in such a context, although it provides a very 

powerful tool to analyse the response of different plant processes to changes in the 

greenhouse microclimate. This stresses the need for further studying of the possibilities of  

integrating a mechanistic plant model in a greenhouse climate model and its value for better 

control of the greenhouse climate based on plant behaviour.    

1.3.5   Systems for measuring and modelling plant processes used in 

practice 

The use of plant sensors and models in commercial tomato cultivation is still limited, 

although a few commercial systems are available. One of these systems is the ProDrainTM 

(HortiMaX, the Netherlands), which allows calculating growth, water uptake and 

transpiration of the crop based on changes in weight of the crop and substrate (Hanssens et 

al., 2010). Similar systems for optimization of irrigation in tomato are the Groscale (Priva, the 

Netherlands) and Aquabalance (Hoogendoorn, the Netherlands). SensorTom® (HortiMaX, the 

Netherlands) is an artificial tomato fruit that measures tomato fruit temperature. This sensor 

allows better control of fruit temperature to prevent condensation on the fruit surface. It also 

allows predicting fruit ripening rate. A similar sensor is the artificial tomato leaf (Plant 

Activity Sensor, Innogreen, Belgium). Furthermore, systems based on visual monitoring of 

the crop are also available (CropView, HortiMaX, the Netherlands; Priva Infrared Plant 

Temperature Sensor, Priva, the Netherlands).   

Sap flow sensors and sensors for measuring stem diameter variations or fruit growth have 

very recently been introduced on a commercial scale (PhytoSense, Phyto-IT bvba, Belgium). 

For a long time, one of the factors impeding the successful application of these sensors in 

commercial tomato cultivation was the lack of a system allowing good visualization and 

interpretation of these sensor data. The PhytoSense system now combines these sensors with 

fully automatic data processing and visualization to inform the grower about climatic 

conditions inside the greenhouse, direct plant responses and the health status of his plants.   

1.4 Motivation and outline of the thesis 

As fossil fuel prices continue to increase, great efforts are made to make greenhouse 

cultivation of tomato in Flanders and the Netherlands more energy-efficient. This involves 

introduction of new technologies and adaptation of growing strategies to reduce the energy 

needs of the greenhouse. However, this often implies changes in the greenhouse climate, and, 

hence, changes in plant behaviour. For growers, it is of utmost importance to maintain 
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optimal yield and quality of the fruits under these altered microclimatic conditions, as quality 

is one of the main factors influencing buying behaviour of consumers. This urges the need for 

a thorough understanding of how plants respond to these changes in the greenhouse climate 

and appropriate techniques to measure the plant responses. Furthermore, a better insight into 

the processes involved in fruit growth and fruit quality, and how these processes are affected 

by cultivation management and microclimate, will allow better control of fruit growth and 

quality.  

Recently, the use of plant sensors was introduced in horticulture. There is a growing interest 

in using these plant sensors as they can supply valuable information on plant water status. 

However, interpretation of the sensor data may be difficult as they result from the combined 

effect of different processes. Hence, mechanistic models, mathematically describing the 

processes taking place in the plant, are a prerequisite. The combination of plant sensors and 

mechanistic models can as such provide an excellent tool in horticulture to better and faster 

detect suboptimal growth conditions, and control and optimize yield and quality. 

 

Present thesis aims at further developing a mechanistic model for tomato, which involves 

processes at the stem, leaf and fruit level. In the subsequent chapters, the model is extended 

step by step, and finally integrated into a greenhouse climate model, as a first step towards a 

decision support system for tomato growers. 

 

In Chapter 2, a new non-destructive method to estimate root pressure based on a mechanistic 

flow and storage model for tomato and measurements of sap flow and stem diameter was 

validated for tomato and cucumber. A second part of this chapter focuses on the 

microclimatic factors affecting the development and magnitude of root pressure in tomato.  

 

Chapter 3 deals with the automatic detection of drought stress in tomato using the 

mechanistic flow and storage model, and a moving window calibration. The response of sap 

flow, stem diameter and fruit growth to reduced water availability in the rockwool medium, 

and irrigation events is discussed. Furthermore, hydraulic capacitance of the rockwool 

substrate was introduced in the model to allow better prediction of stem diameter variations in 

response to substrate water availability. 

 

Subsequently, the mechanistic flow and storage model was coupled to a biophysical fruit 

growth model to enable simulation of fruit growth (Chapter 4). Through combination of 
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girdling experiments and model simulations, the effect of different light intensities on the 

contributions of xylem and phloem to fruit growth was studied. Implications of these variable 

contributions for commercial practice are discussed.  

 

In Chapter 5, the model from Chapter 4 has been extended to allow prediction of hexose 

and citric acid concentrations during development of cherry tomato. To this end, differential 

equations based on the rate law of chemical kinetics were implemented in the model to 

describe the changes in hexose and citric acid concentrations. Patterns in osmotic potential 

and fruit turgor pressure (measured with a custom-made pressure sensor) were measured 

during fruit development, and compared with model simulations. Furthermore, the effect of 

EC of the nutrient solution on fruit quality attributes is studied in this Chapter. 

 

Chapter 6 deals with the development of a decision support system for tomato growers based 

on energy consumption of the greenhouse and plant responses to the greenhouse climate. To 

this end, the model from Chapter 4 was coupled with a sub-model to predict photosynthesis 

and phloem loading, and a sub-model for estimation of transpiration of the plant. Eventually, 

this plant model was integrated in an existing greenhouse climate model. The performance of 

this combined greenhouse climate and plant model was evaluated with data from two semi-

commercial greenhouses. Finally, plant response and energy needs of the greenhouse were 

calculated for different scenarios of outside conditions and climate settings. 

 

Finally, in Chapter 7, the most important outcomes from the previous chapters are 

recapitulated and discussed with respect to their significance for tomato cultivation in 

Belgium. From this, general conclusions are drawn. To end this chapter, perspectives and 

challenges for future research are briefly presented.  
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CHAPTER 2 

Non-destructive root pressure estimates in 

tomato and cucumber: method validation and 

microclimate analysis 

 

 

 

 

 

 

(adapted from: Hanssens J, Cornelis A, De Swaef T, Steppe K. 2014. Non-destructive root pressure estimates 

in tomato and cucumber: method validation and microclimate analysis. Annals of Botany submitted)  
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Abstract 

Root pressure serves as alternative driving force for upward water transport when 

transpiration is low or absent. Different benefits as well as physiological disorders have been 

associated with root pressure, but quantitative root pressure data is scarce. This chapter aims 

at validating a recently introduced non-destructive method to continuously monitor root 

pressure using plant sensors and a mechanistic plant model. The approach was used to 

pinpoint the factors that affect the development and magnitude of root pressure. To this end, 

tomato and cucumber plants were grown in a small greenhouse. Relative humidity was 

artificially increased to promote root pressure, and stem diameter response was compared 

between intact plants and plants of which the roots were cut. Additionally, root pressure was 

monitored with pressure transducers installed on excised stems. Data collected in two semi-

commercial greenhouses during the growing season of 2010 and 2011 were used to analyze 

microclimate effects on root pressure development. It was found that plants without roots did 

not show the typical root pressure-related stem diameter pattern, indicating that roots were 

causing the extra diameter increase when transpiration was very low. Measured and simulated 

root pressure corresponded well in intact plants. Developed root pressure showed a significant 

correlation with duration of development, mean nightly air temperature and mean nightly 

vapour pressure deficit. As such, the approach to detect and estimate root pressure based on 

stem diameter variations and sap flow measurements combined with mechanistic modelling 

was validated on tomato and cucumber and presents promising avenues to study the effect of 

microclimatic conditions on root pressure occurrence. 
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2.1 Introduction 

Many studies have emphasized the importance of plant water status for optimal production 

and quality of tomato and cucumber fruits (Mitchell et al., 1991; Chartzoulakis, 1992; 

Johnson et al., 1992; Cuartero and Fernandez-Munoz, 1999; Dorais et al., 2001a; Xianfa et 

al., 2002; Trajkova et al., 2006; De Swaef et al., 2012). Plant water status strongly depends on 

the balance between uptake of water by the roots and the loss of water through leaf 

transpiration. The cohesion-tension (C-T) theory is widely accepted for explaining water 

uptake and its upward transport in the xylem (Dixon and Joly, 1894; Meinzer et al., 2001). It 

describes leaf transpiration as the main driving force for the passive water uptake by the roots, 

creating a tension gradient along a continuous chain of water from leaves to roots. Under 

conditions when transpiration is very low or absent, root pressure can build up and act as an 

alternative driving force for upward water transport (Steudle, 2001). Root pressure originates 

from the active loading of solutes into the root xylem resulting in an osmotic water uptake 

(Kramer and Boyer, 1995). Recently, Wegner (2014) proposed a new mechanism for root 

pressure in analogy with mammalian epithelia (Zeuthen, 2010). He suggested that co-

transport of water and solutes drives the secretion of water across the plasma membrane of 

xylem parenchyma cells. Different phenomena can be related to the occurrence of root 

pressure. Under conditions of high root pressure, water can be squeezed out through the 

hydathodes, resulting in the formation of little water droplets at the leaf ends (guttation) 

(Kramer and Boyer, 1995). Excess root pressure can also cause cells to burst, thereby 

increasing the risk of pathogen infection. Furthermore, various physiological disorders such as 

watery tomato fruits and tomato fruit cracking (Dorais et al., 2001a) and glassiness of lettuce 

(Maaswinkel and Welles, 1986) can be related to excess root pressure. However, the 

development of root pressure can also be beneficial for the plants. It can promote the influx of 

calcium into plant parts with low transpiration such as tomato fruits (Bradfield and Guttridge, 

1984; Tachibana, 1991) or head leaves of cabbage (Palzkill et al., 1976; Palzkill and Tibbitts, 

1977). Furthermore, Clearwater et al. (2007) demonstrated a correlation between rootstock 

ability to develop root pressure and scion vigour in kiwi. Root pressure has also been linked to 

the refilling of embolized vessels (Sperry et al., 1987) and, thus, restoring hydraulic 

conductivity. As such, stimulation of root pressure can be interesting, although excessive root 

pressure should be avoided. The various physiological consequences of root pressure build-up 

urge the need for a better understanding of this phenomenon to better control its occurrence. 

However, the difficulty to measure root pressure in a continuous non-destructive way has 
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impeded root pressure research and prevented its practical application. Until recently, most 

methods to measure root pressure are destructive and imply installation of manometers on 

excised stems (Grossenbacher, 1938) or root pressure probes in excised roots (Steudle et al., 

1993), thereby limiting their practicability. Recently, Clearwater et al. (2007) used pressure 

transducers installed inside the kiwi root xylem to monitor root pressure, being a first non-

destructive method for measuring root pressure. More recently, De Swaef et al. (2013b) 

presented a new approach to continuously monitor root pressure in tomato based on a 

combination of sap flow and stem diameter measurements and a mechanistic flow and storage 

model. The method relates a sudden nighttime increase in stem diameter (D) to an increase in 

xylem water potential (ΨT
x) resulting from the development of root pressure under conditions 

of low transpiration. 

The present chapter aims to validate the approach developed by De Swaef et al. (2013b) on 

tomato and cucumber. Data collected at semi-commercial greenhouses were used to 

disentangle the microclimatic factors influencing the occurrence and magnitude of root 

pressure. Therefore, plant manipulations were used to determine whether the sudden 

nighttime increase in D was caused by the build-up of root pressure and the greenhouse 

climate was intentionally adapted to stimulate or prevent development of root pressure.  

2.2 Materials and methods 

In this study, four experiments were carried out. The first three experiments aimed at 

validating of the method on tomato and cucumber, whereas the goal of the fourth experiment 

was to study the microclimatic drivers affecting the development and magnitude of root 

pressure in tomato.  

 

2.2.1   Plant material and experimental setup for method validation 

(experiment 1-3) 

Tomato plants (Solanum lycopersicum L. ‘Admiro’) were grown in a small greenhouse 

compartment (2 x 2.5 x 4 m) at the faculty of Bioscience Engineering, Ghent, Belgium 

(51°03’N, 3°43’E). Two identical experiments were performed between 21 Nov. 2011 (Day 

of the year (DOY) 325) and 30 March 2012 (DOY 90). Plants were sown on 19 Aug. 2011 

and 4 Sep. 2011 and transplanted onto rockwool substrate (Master, Grodan, Hedehusene, 

Denmark) on 11 Oct. 2011 and 21 Nov. 2011 for the first and second experiment, 

respectively. In total, 22 and 20 tomato plants were grown in the first and second experiment, 
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respectively. A trickle irrigation system provided the plants with nutrient solution (EC 2.7 ± 

0.05 mS cm-1) at preset times to reach a drain percentage of at least 20%. Trusses were pruned 

to five fruits per truss and side-shoots were weekly removed. Plants were topped above the 

third truss. For the third experiment, 20 cucumber plants (Cucumis sativus ‘NUN 92079 

CUL’) were sown on 10 Nov. 2011 and transplanted onto rockwool substrate (Master, 

Grodan, Hedehusene, Denmark) on 24 Jan. 2012. The cucumber plants were fertigated with a 

trickle irrigation system six times a day (EC 3.0 ± 0.05 mS cm-1). The plants were trained 

onto high wires and one fruit out of three was allowed to develop.  

In both the tomato experiments and the cucumber experiment, air temperature (Ta) was set at 

22°C and 18°C during day and night, respectively, and assimilation lights were switched on 

between 0900 and 1600h. Photoperiod was not controlled and, consequently, depended on the 

natural light environment. An air humidifier (Boneco 7135, Plaston, Widnau, Switzerland) 

was used to increase the relative humidity (RH) during the night (between 1600 and 0900h) to 

stimulate the development of root pressure.  

2.2.2   Plant manipulations during experiment 1-3 

In both the tomato and the cucumber experiments, two plants were randomly chosen as 

control plants (Fig. 2.1A) . These plants were used to test the non-destructive method to 

estimate root pressure of De Swaef et al. (2013b). At regular times, two additional plants were 

selected and cut under water below the first leaf. The upper part containing the stem, leaves 

and fruits (Fig. 2.1B) was placed in nutrient solution (EC 2.7 ± 0.05 mS cm-1), whereas the 

bottom part containing the roots and the stem part below the first leaf was used to 

continuously monitor root pressure with a manometer (Fig. 2.1C). These continuous root 

pressure measurements could then be compared to the non-destructive estimates of root 

pressure on the control plants. After 7 to 10 days, two new plants were cut, as plant 

functioning gradually failed after cutting. At specific times, the rockwool substrate was 

enclosed with freezing elements during 50 min, to evaluate the effect of substrate temperature 

on root pressure. 

 



Non-destructive root pressure estimation 

33 
 

 
Fig. 2.1 Schematic representation of the different tomato plant manipulations: control plants for testing the non-

destructive method for root pressure estimation (A), upper plant part without roots placed in nutrient 

solution (B) and the bottom plant part containing the roots and the stem part below the first leaf to 

destructively monitor root pressure with a manometer (C). Sensors for microclimate monitoring are 

indicated (photosynthetically active radiation (PAR), relative humidity (RH) and air temperature (Ta)), as 

well as plant sensors (linear variable displacement transducer (LVDT) and heat balance sap flow sensor 

(HB). 

 

2.2.3   Plant physiological and microclimatic measurements during 

experiment 1-3 

Photosynthetic active radiation (PAR) was measured with a quantum sensor (Model QS, 

Delta-T Devices, Cambridge, UK) above the canopy. Additionally, air temperature (Ta; 

copper-constantan thermocouple; Type T, Omega, Amstelveen, the Netherlands) and relative 

humidity (RH; Type HIH-3605-A, Honeywell, Morristown, NJ, USA) were monitored at the 

same locations at 1.5m height. Vapour pressure deficit of the air (VPD) was calculated from 

Ta and RH according to Jones (1992). Furthermore, temperature in the rockwool substrate (Ts) 

was measured with a copper-constantan thermocouple (Omega, Amstelveen, the 

Netherlands). 

Sap flow (Fx) was measured on the control plants with heat balance sap flow sensors (Model 

SGA10-WS, Dynamax Inc., Houston, TX, USA) installed below the first leaf according to the 
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installation manual (van Bavel and van Bavel, 1990). Stem diameter (D) was monitored using 

linear variable displacement transducers (LVDT; Model 2.5DF, Solartron Metrology, Bognor 

Regis, UK) attached to both control plants and the upper part of the cut plants just above the 

sap flow sensor using custom-made stainless steel holders. Before installation, the initial stem 

diameter was measured with an electronic calliper. Root pressure was continuously measured 

on the excised stems using a manometer (pressure transmitter; Jumo Midas C08 Type 401002, 

Jumo Automation bvba, Eupen, Belgium) attached to stem with rubber tubing and silicone 

(TEC 7, Novatech N.V., Olen, Belgium) and sealed with Teflon tape (PTFE thread seal tape, 

RS, Northants, UK). In total, 14 patterns of the evolution of root pressure were collected 

during the two tomato experiments and seven during the cucumber experiment. All sensor 

signals were logged (CR1000, Campbell Scientific Inc., Logan, UT, USA) at 30-s intervals 

and averaged every 5 min. 

In addition to the continuous measurements, daily patterns (at 12h00, 14h30, 16h30 and 

18h30) of xylem water potential in the stem were determined with the pressure chamber 

(PMS instrument Company, Corvallis, OR, USA). Therefore, two leaves were enclosed in 

plastic envelopes covered with aluminium foil for one hour before they were cut and the water 

potential was measured.   

 

2.2.4   Model calibration and simulation 

The plant model and methodology originally developed by De Swaef et al. (2013b) were used 

in this study. In brief, this methodology combines a mechanistic flow and storage model, 

originally developed by Steppe et al. (2006) and based on the C-T theory,  with measurements 

of stem diameter variations. Several steps are involved in the approach. First, through forward 

simulation with sap flow as input variable, the xylem water potential in the stem (ΨT
x; MPa) 

and D are simulated. Second, model equations are rearranged, and measured D serves as input 

variable to simulate ΨT
x. As such, ΨT

x is determined both based on sap flow and stem 

diameter measurements. In a final step, the positive difference between ΨT
x estimated in the 

second and the first step is attributed to root pressure. Full details of the methodology can be 

found in De Swaef et al. (2013b). An overview of the model equations is given in Fig. 2.2. 

The forward model based on the C-T theory does not account for the mechanism of root 

pressure as root pressure is an alternative driving force for water uptake when transpiration is 

very low or absent. Therefore, this forward model was further extended, including measured 

root pressure on excised stems when sap flow fell below an arbitrary threshold value: 
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x
xsubstrate

x
T RF ⋅−Ψ=Ψ     if Fx ≥1.5 g h-1  (Eq. 2.1) 

r
x

xsubstrate
x

T PRF +⋅−Ψ=Ψ    if Fx <1.5 g h-1  (Eq. 2.2) 

in which Ψsubstrate is the substrate water potential (MPa), xR  the hydraulic resitance between 

the growing medium and the point of interest in the plant stem (MPa h g-1) and rP  the 

simultaneously measured root pressure on an excised stem (MPa). The performance of this 

extended forward model was evaluated under conditions of low transpiration. Model 

calibration and simulation were performed in PhytoSim (Phyto-IT bvba, Mariakerke, 

Belgium). For calibration, the simplex method developed by Nelder and Mead (1965) was 

used to minimize the weighted sum of squared errors between model predictions and daytime 

observation of D.  

 

 
Fig. 2.2 Overview of the original model, used for the forward simulation using sap flow (Fx) as input variable 

(A); Overview of the rearranged model for determination of ΨT
x using measured stem diameter (D) as input 

variable (B). Equations that were rearranged are indicated with a red frame. Ψsubstrate represents the water 

potential in the substrate, Fx the sap flow, ΨT
x the total water potential in the xylem compartment, Rx the 

hydraulic resistance in the xylem compartment, Ψπ
s, the osmotic potential in the storage compartment, R the 

universal gas constant, Ta the air temperature, Ws the water content of the storage compartment, MMsucr 

the molar mass of sucrose, ΨT
s the total water potential in the storage compartment, ΨP

s the turgor pressure 

in the storage compartment, r the hydraulic resistance between the storage and xylem compartment, Ms the 

mass of sucrose in the storage compartment, S the loading rate of sucrose in the storage compartment, D the 

stem diameter, ε the bulk elastic modulus, ε0 a proportionality factor, sφ the cell wall extensibility, L the 

length of the stem and Γs the turgor threshold for wall yielding in the storage compartment. The figure was 

adapted from De Swaef et al. (2013b). 



Non-destructive estimation of root pressure 

36 
 

 

2.2.5   Microclimatic factors affecting root pressure (experiment 4) 

To study the effect of microclimatic variables on the development and magnitude of root 

pressure in tomato, data from four semi-commercial greenhouses at two research facilities in 

Flanders (Horticulture Research Centre Hoogstraten (PCH) and Research Station for 

Vegetable Production Sint-Katelijne-Waver (PSKW)) collected in 2010 and 2011 were used. 

In each greenhouse, sap flow (Model SGA13-WS, Dynamax Inc., Houston, TX, USA) and 

stem diameter (Model 2.5DF, Solartron Metrology, Bognor Regis, UK) were continuously 

monitored on two tomato plants (Solanum lycopersicum L. ‘Admiro’ grafted on the rootstock 

‘Emperador’ in 2010 and Solanum lycopersicum L. ‘Soupless’ grafted on the rootstock 

‘Emperador’ in 2011). Additionally, RH (HMP50, Vaisala, Helsinki, Finland) and Ta (copper-

constantan thermocouple, Type T, Omega, Amstelveen, the Netherlands) were measured. 

Using the methodology from De Swaef et al. (2013b), deviating nighttime stem diameter 

patterns were related to root pressure, and the concurrent climatic conditions promoting root 

pressure development were studied.  

 

2.2.6   Statistical analysis 

Statistical analysis of the data was carried out with Sigmaplot 11 (Systat Software Inc., 

Chicago, USA). All statistical tests were performed at the 0.05 level. For comparison of root 

pressure magnitude of tomato and cucumber, a t-test was used (normal distribution and equal 

variance), whereas a rank sum test was used for comparison of measured and simulated root 

pressure magnitude of tomato (conditions for a t-test were not met).  

For analysis of factors affecting root pressure, a correlation analysis and multiple linear 

regression were performed.  

2.3 Results 

Figure 2.3 shows the daily pattern of substrate temperature and root pressure of two tomato 

plants (Fig. 2.3A and B) and a cucumber plant (Fig. 2.3C and D) that were cut around noon 

on day 1. For both species, a clear daily measured pattern of root pressure was found that 

closely corresponded to substrate temperature.  
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Fig. 2.3 Substrate temperature (Ts) in two rockwool slabs of tomato (DOY 31-37) (A); Root pressure (Pr) 

measured on two excised tomato stems growing on the rockwool slabs (DOY 31-37; 149-155 days after 

sowing) (B); Substrate temperature (Ts) in a rockwool slab of cucumber (DOY 72-78) (C); Root pressure 

(Pr) measured on an excised cucumber stem growing on the rockwool slab (DOY 72-78; 123-129 days after 

sowing) (D). The full and dotted arrow indicate the time instance at which the rockwool slabs of tomato 

plant 1 and 2, respectively, were enclosed with freezing elements to decrease substrate temperature. For 

cucumber, this is indicated with a full arrow. Plants were cut around noon on day 1 and measurements were 

performed during seven consecutive days. 

 

In tomato, root pressure decreased over time and was already halved on the third day, whereas 

in cucumber, no decreasing trend was observed, at least not within three days after cutting. 

The arrows indicate the time at which the substrate was enclosed with freezing elements. This 

resulted in a steep decrease in Ts (Fig. 2.3A and C) and a corresponding decrease in measured 

Pr,meas (Fig. 2.3B and D). While substrate temperature gradually increased following the 

removal of the freezing elements, tomato root pressure only slightly responded to this increase 

in substrate temperature, and was followed by a further decrease in the evening (Fig 2.3B). 

However, the daily pattern resumed the next day. In cucumber, root pressure fell to almost 
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zero when substrate temperature was decreased (Fig. 2.3D) and the daily pattern observed 

before cooling disappeared after cooling.  

The response of stem diameter variations of intact plants and detached plants without roots to 

artificially increased RH clearly differed (Fig. 2.4). During the nights where humidity was 

artificially increased with humidifiers (grey area) and VPD almost reached 0 kPa, a 

pronounced increase in stem diameter was measured in the intact plants (black line), which 

deviated from the general growth trend (indicated by the dotted line). However, plants without 

roots showed no such increase in stem diameter (grey line). It was also observed that the 

detached plants experienced some difficulty with water uptake during the day, resulting in a 

larger stem shrinkage compared to intact plants.  

 

Fig. 2.4 Comparison of stem diameter variations between an intact tomato plant (black line) and a tomato plant 

of which the roots were cut (grey line) on DOY 26-28 (A), DOY 45-47 (B), DOY 54-56 (C) and DOY 335-

337 (D). Dotted lines indicate the general growth pattern of the stems, connecting the maxima in the 

morning. Grey areas indicate the dark period and hatched boxes the periods during which relative humidity 

was artificially increased with humidifiers. 

 

The development of root pressure in tomato (Fig. 2.5A-E) and cucumber (Fig. 2.5F-J) upon 

increased nighttime RH was assessed using the methodology of De Swaef et al. (2013b).  



 

Fig. 2.5 Illustration of the method to estimate root pressure in tomato (A

pressure deficit (VPD) and photosynthetically active

simulation of the xylem water potential based (

inverse simulation of the xylem water potential using stem diameter as input variable (grey line) (C, 

Measured stem diameter (grey line) and simulated stem diameter using sap flow as input variable (forward 

simulation) (D, I); Simulated (black line) and measured (grey line) root pressure (P

and simulation for tomato and cucumber 

Grey areas indicate the periods during which relative humidity of the air was artificially increased with 

humidifiers.  

 

The use of humidifiers decreased VPD (Fig. 

lower sap flow (Fig. 2.5B and 

data, a first forward simulation was performed, showing a good correspondence between 
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Illustration of the method to estimate root pressure in tomato (A-E) and cucumber (F

pressure deficit (VPD) and photosynthetically active radiation (PAR) (A, F); Sap flow (B, G); Forward 

simulation of the xylem water potential based (ΨT
x) using sap flow as input variable (black line), and 

inverse simulation of the xylem water potential using stem diameter as input variable (grey line) (C, 

Measured stem diameter (grey line) and simulated stem diameter using sap flow as input variable (forward 

simulation) (D, I); Simulated (black line) and measured (grey line) root pressure (Pr

and simulation for tomato and cucumber were performed on DOY 52-56 and DOY 68

Grey areas indicate the periods during which relative humidity of the air was artificially increased with 

The use of humidifiers decreased VPD (Fig. 2.5A and F, grey areas), which was 

B and 2.5G), resulting from a lower transpiration. Using sap flow 

data, a first forward simulation was performed, showing a good correspondence between 

destructive root pressure estimation 

 

E) and cucumber (F-J). Vapour 

radiation (PAR) (A, F); Sap flow (B, G); Forward 

) using sap flow as input variable (black line), and 

inverse simulation of the xylem water potential using stem diameter as input variable (grey line) (C, H); 

Measured stem diameter (grey line) and simulated stem diameter using sap flow as input variable (forward 

r) (E, J). Measurements 

56 and DOY 68-70, respectively. 

Grey areas indicate the periods during which relative humidity of the air was artificially increased with 

A and F, grey areas), which was reflected in a 

G), resulting from a lower transpiration. Using sap flow 

data, a first forward simulation was performed, showing a good correspondence between 
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measured and simulated D during daytime and the nights with higher VPD for both tomato 

and cucumber (Fig. 2.5D and 2.5I). Xylem water potential resulting from the forward 

simulation can be found in Fig. 2.5C and H (black line) and the parameter values used for 

model simulation are summarized in Table 2.1. From Fig. 2.5D and I, it is clear that the 

original model was not able to simulate the sudden increase in D during the nights with near 

zero VPD (grey area). Rearranging the model equations using measured D as a supplemental 

input variable (inverse simulation) allowed estimating the xylem water potential causing the 

supplemental increase in D (Fig. 2.5C and H; grey line). This resulted in a deviation between 

forward and inverse estimates of xylem water potential during the humid nights, whereas 

differences were small and inconsistent during daytime and nights with higher VPD (Fig. 

2.5C and H). This difference between xylem water potential estimated in the forward and 

inverse simulation, was finally attributed to the occurrence of root pressure providing an 

additional pressure component in the xylem (Fig. 2.5E and J; black line). The magnitude of 

simultaneous measurements of root pressure on excised stems corresponded well with this 

simulated pressure component (Fig. 2.5E and J; grey line).  

Next, stem diameter variations were simulated (Fig. 2.6D) including measured root pressure 

(Fig. 2.6C) as an additional input variable in the original forward model when sap flow (Fig. 

6A and B) fell below an arbitrary threshold value of 1.5 g h-1 (Eq. 2.1 and 2.2). Accounting 

for measured root pressure under root pressure-promoting conditions markedly improved the 

estimation of stem diameter variations.  

 

Table 2.1 Overview of parameter values and initial conditions obtained from model calibration or literature. 

Parameter Tomato Cucumber Source 

Rx (MPa h g-1) 0.0025 0.0025 Initial calibration 

Ψsubstrate (MPa) -0.08 -0.08 Initial calibration 

φ s ( MPa-1 h-1) 0.00158 0.000576 Model calibration 

r (MPa h g-1) 0.1 0.1 De Swaef and Steppe 
(2010) 

Γ
s (MPa) 0.3 0.3 De Swaef and Steppe 

(2010) 
b (dimensionless) 0.8 0.8 Hanssens et al.  (2012a) 

Cs(0) (g g-1) 0.11 0.11 Liu et al. (2007) 

ε0(m
-1) 672 1082 Model calibration 

S (g h-1) 0.00164 0.000112 Model calibration 
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Fig. 2.6 Including measured root pressure as additional model input when sap flow is low. Sap flow of an intact 

tomato plant between DOY 52 and 56 (A); Detail of the nighttime sap flow (B). The dashed line indicates 

the arbitrary threshold value of 1.5 g h-1 used in the simulation; Measured root pressure on an excised 

tomato stem between DOY 52 and 56 (C); Comparison between the measured tomato stem diameter (grey 

line), the forward simulation using sap flow as input variable (dashed line) and the simulation including 

measured root pressure based on a threshold value of sap flow below which root pressure can develop (1.5 

g h-1; dark grey line) (D). 

 

Fig. 2.7 shows a boxplot of simulated (n = 10) and measured (n = 14) root pressure resulting 

from tomato experiment 1 and 2 in the small greenhouse compartment. Data were obtained 

from different plants monitored throughout these experiments. No significant difference 

between measured and simulated root pressure was found (p = 0.107; rank sum test), although 

measured root pressure tended to be a little lower than simulated values.  



Non-destructive estimation of root pressure 

42 
 

 
Fig. 2.7 Comparison between simulated (n = 10) and measured root pressure (n = 14) of tomato plants.  

 

Root pressure measured on excised tomato stems was significantly higher than on excised 

cucumber stems (n = 14 and n = 7, respectively) (Fig. 2.8). Mean measured root pressure 

during the night (1800 - 0800h) was 0.0456 MPa and 0.0331 MPa for tomato and cucumber, 

respectively, with maximum values of 0.106 MPa and 0.105 MPa. 

 
Fig. 2.8 Comparison between root pressure measured with a pressure transmitter installed on excised stem 

segments of tomato (n = 14) and cucumber (n = 7). Significant differences are indicated with different 

letters (t-test; p < 0.05). 
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Correlation between magnitude and characteristics of root pressure development and 

microclimatic conditions under the semi-commercial conditions is illustrated in Fig. 2.9 (n = 

16). A significant positive correlation was found between the duration of root pressure 

development (period during which the inverse simulation revealed a positive pressure 

component) and the magnitude of the developed root pressure (p = 0.008; Fig. 2.9A) as well 

as between the mean nightly air temperature and the magnitude of root pressure (p = 0.005; 

Fig. 2.9C). Furthermore, Fig 2.9B shows a rather weak but significant negative correlation 

with mean VPD between sunset and sunrise (p = 0.043). The multiple linear regression 

analysis revealed that only mean nightly air temperature added significantly to the prediction 

of root pressure and r-value of the multiple linear regression was 0.685. 

 
Fig. 2.9 Correlation analysis (n = 16) between simulated root pressure and duration of root pressure development 

(A), mean nightly vapour pressure deficit (VPD) (B) and mean nightly air temperature (C). r values indicate 

the Pearson product-moment correlation coefficient. Significant correlations are indicated with *. 
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2.4. Discussion 

 2.4.1   Root pressure pattern and effect of substrate temperature 

The typical root pressure pattern recorded on excised tomato stems is shown in Fig. 2.3B. 

Root pressure immediately started to build up once the manometer was connected to the 

excised stem. This increase continued for several hours, after which a daily pattern was 

established, which tended to decrease with time. Root pressure measurements on excised 

cucumber stems showed similar patterns as tomato, although absolute values were 

significantly lower (Fig. 8). Similar patterns were previously reported for cucumber (Lee et 

al., 2004b) and for other species (Grossenbacher, 1938 (Helianthus) and Henzler et al., 1999 

(Lotus japonicus)). Root pressure values measured in this study also corresponded closely 

with values of root pressure reported in earlier studies (Helianthus, Grossenbacher, 1938; 

grapevine, Sperry et al., 1987; Lotus japonicus, Henzler et al., 1999; Celastrus orbiculatus 

and Vitis riparia, Tibbetts et al., 2000; Cucumis sativus, Lee et al., 2002, 2004b; kiwifruit 

rootstocks, Clearwater et al., 2007). 

The daily pattern of root pressure clearly corresponded with the daily variation in substrate 

temperature in both tomato and cucumber. A sudden drop in substrate temperature (arrows in 

Fig. 3A and C) resulted in a drop in root pressure in both tomato and cucumber. However, the 

drop was more pronounced in cucumber, where root pressure fell almost to zero when 

substrate temperature reached 12°C, and the daily pattern did not resume after increasing the 

substrate temperature again. Lee et al. (2002) observed a decrease in root pressure of root tips 

of cucumber seedlings from 0.15-0.2 MPa at 25°C to 0 MPa at 8°C and they concluded that 

cucumber was very sensitive to low temperatures in the root environment. In Lee et al. 

(2004b) it was concluded that this rapid decrease in root pressure resulted from a decrease in 

the activity of the plasma membrane H+-ATPase which drives the active uptake of nutrients. 

A previous study also demonstrated that exposure of cucumber roots to low temperatures 

caused accumulation of hydrogen peroxide resulting in a decreased H+-ATPase activity (Lee 

et al., 2004a). Additionally, aquaporin activity decreases with temperature, thereby reducing 

the hydraulic conductivity of the roots of cucumbers (Lee et al., 2004b). In this study, Lee et 

al. (2004b) also demonstrated that after cold treatment of the roots at 10°C root hydraulic 

conductivity gradually recovered when temperature was gradually increased to 25°C. 

However, roots failed to fully recover hydraulic conductivity, implying that the cell-to-cell 

pathway was affected by the cold treatment. This can explain our results obtained on tomato 
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(Fig. 3A and B). In cucumber, we found little or no recovery of the root pressure pattern. Lee 

et al. (2002) observed cell destruction in cucumber roots after only 15 min of exposure to 

8°C. Probably, in our experiment, the long exposure to low temperature (50 min) together 

with the sharp drop in temperature have severely damaged cells, so that root pressure could 

not be restored. Henzler et al. (1999) demonstrated a daily pattern in expression of mRNA 

encoding aquaporins in Lotus japonicus, coinciding with a daily pattern in root hydraulic 

conductivity, showing maxima 6-8h after the start of the photoperiod. Contrastingly, Aroca et 

al. (2005) found increased amounts of aquaporins upon chilling maize roots. Also for tomato, 

a reduction in root water flow upon chilling was demonstrated for both a chilling sensitive and 

tolerant species (Bloom et al., 2004).  

Grossenbacher (1938) and Henzler et al. (1999) found a similar daily pattern in root pressure, 

independent of environmental conditions, pointing out a circadian rhythm in root pressure. In 

Lotus japonicus, this circadian rhythm coincided with a daily pattern in expression of putative 

aquaporins (Henzler et al., 1999). Our measurements do not refute the circadian rhythm, but 

point out that in addition to this rhythm, substrate temperature manipulations also affect root 

pressure. A decreasing trend in root pressure was observed in cut tomato plants (Fig. 3B) and 

in most cases root pressure fell to zero about 10 days after cutting. This may be explained by 

depletion of the energy necessary for active uptake of nutrients, resulting from blocking the 

influx of photosynthates due to excision of the upper plant part. 

 

2.4.2   Validation of the method 

According to De Swaef et al. (2013b) a sudden nighttime increase in stem diameter can be 

linked to the occurrence of root pressure producing a positive pressure component that 

increases xylem water potential, thereby promoting water influx into the storage tissues 

resulting in an increase in stem diameter. A mechanistic model based on the C-T theory is 

able to estimate changes in stem diameter as a response to transpiration, but when other 

mechanisms, such as root pressure, affect the stem diameter, the model fails. Deviations 

between model simulation and stem diameter measurements under microclimatic conditions 

promoting root pressure can as such indicate the occurrence of root pressure. To test the 

hypothesis that the deviating stem diameter increase, as observed in intact plants (Fig. 2.4), is 

caused by root pressure, the root system was cut in other plants to compare the behaviour 

under conditions promoting root pressure development. Removal of the root system prevented 

the strong nighttime increase in stem diameter. This indicates that the cause of the deviating 
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pattern must originate from a process or mechanism located in the roots, supporting the 

hypothesis of root pressure development. Furthermore, including measured root pressure 

patterns in the model markedly improved simulation of D, again supporting the root pressure 

hypothesis (Fig. 2.6). Our findings indicated that the deviating stem diameter pattern and 

simulated root pressure always occurred when RH was artificially increased with humidifiers 

(Fig. 2.5). Lövdahl and Odin (1992) suggested that daily changes in stem diameter of Norway 

spruce were a result of changes in RH at the stem surface, and that an increase in stem 

diameter resulted from hygroscopic processes in the bark causing water to be taken up from 

the air. According to their conclusions, a very high RH causes the stem diameter to increase. 

It remains, however, difficult to believe that a few percentage of RH increase can cause such a 

strong increase in stem diameter. It may also be possible that because of these higher RH, dew 

point temperature was reached, resulting in condensation on the leaves and consequent uptake 

of this water through the leaves. However, if the strong increase in stem diameter observed in 

our study would result from hygroscopic processes or leaf water uptake, a similar stem 

diameter behaviour should also take place in plants of which the root system was detached, 

which was obviously not the case in our study (Fig. 2.4). It is also known that stem age and 

sugar content of the storage tissue may affect stem diameter variations (Hanssens et al., 2012; 

De Swaef et al., 2013a). However, for reasons explained in De Swaef et al. (2013b), this was 

not likely to cause the sudden strong nighttime increase in stem diameter. Finally, irrigation 

can also cause a sudden uptake of water, resulting in a strong stem diameter increase in plants 

that are suffering from water shortage (De Swaef et al., 2012). In our present study, the latest 

irrigation event was at 2000h, ruling out the possibility that the strong diameter increase was 

caused by increased water availability in the substrate or sudden changes in EC.  

A close correspondence between simulated root pressure and simultaneously measured root 

pressure in the tomato experiment was found (Fig. 2.5E and J, Fig. 2.7). Nevertheless, 

simulated values tended to be somewhat higher than measured values. This might be 

explained by the presence of tiny leaks in the connection between stem and pressure 

transducer by which some of the root pressure could be released. Also, measured root 

pressure might underestimate actual root pressure in an intact plant, due to the decreasing 

trend in root pressure pattern observed after cutting (Fig. 2.3), resulting from carbon 

starvation of the roots as influx of assimilates was blocked after cutting. Nevertheless, the 

range of simulated (and measured) root pressures were well within the range reported in 

literature (0-0.2 MPa).  



Non-destructive root pressure estimation 

47 
 

Fig 2.5 illustrated the method for tomato and cucumber on one period of measurement. 

However, to obtain the data for Fig. 2.7, the method was used on different plants of various 

age and at different points of time. Performance of the model simulation on these different 

data sets was always good, given that the model was recalibrated using plant specific data. As 

such, the method was not affected by plant age, plant development or microclimatic 

conditions.  

 

2.4.3   Factors affecting root pressure 

Lack of available non-destructive methods to monitor root pressure in a continuous way has 

limited general investigations of the effect of microclimatic conditions on the development of 

root pressure. The approach used in our study may however boost this research and contribute 

to elucidate the major factors affecting root pressure. During the growing season of 2010 and 

2011, an extensive set of plant (D and Fx) and microclimatic (RH, Ta and PAR) data were 

collected, which was mined with our approach to detect root pressure development and link it 

to prevailing microclimatic conditions. As root pressure can only develop when transpiration 

is very low or absent, root pressure will generally occur during humid nights. Our tomato and 

cucumber experiments (Fig. 2.4 and 2.5) already indicated that lowering VPD by increasing 

RH to very high values (>95%) during the night resulted in the build-up of root pressure, 

whereas no root pressure was detected during nights with higher VPD. These observations 

were confirmed in the semi-commercial greenhouses, and the highest mean nightly VPD 

(between sunset and sunrise) during which a marked root pressure could be observed was 0.13 

kPa. Correlation analysis revealed a significant negative correlation between mean nightly 

VPD and root pressure. In tomato, stomata do not fully close during the night so transpiration 

may continue in addition to cuticular transpiration (Vermeulen et al., 2007). Bakker (1991) 

demonstrated that leaf conductance during the night was responsive to VPD, both because of 

changes in cuticular conductance and stomatal responses. A lower VPD will reduce the 

driving force for transpiration during the night, allowing a higher build-up of root pressure 

(Fig. 2.9B). Root pressure was also positively correlated with nighttime air temperature (Fig. 

2.9C) and the multiple linear regression analysis revealed that mean nightly air temperature 

significantly added to the prediction of root pressure. From the experiments in the small 

greenhouse, it was clear that measured root pressure lagged approximately two hours behind 

air temperature (results not shown), but more closely corresponded with substrate 
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temperature. Nevertheless, air temperature will greatly affect substrate temperature, with 

warmer nights yielding higher substrate temperature. 

In addition to the microclimate, also rootstocks can greatly affect the development of root 

pressure and, consequently, scion vigour. This was recently demonstrated in kiwi (Clearwater 

et al., 2007). Our approach can help to select appropriate rootstocks based on their affinity to 

build up root pressure. As such, this methodology can be used as a phenotyping tool to select 

optimal combinations of rootstock and graft. Due to the mechanistic nature of the model, the 

method can be used on a broad range of species, be it after recalibration of the model with 

species-specific measurements.   

2.5 Conclusion 

The strong increase in stem diameter under conditions of low VPD and transpiration during 

the night originated from a process taking place in the roots, supporting the hypothesis of root 

pressure. The approach of De Swaef et al. (2013b) that combines plant sensors and a 

mechanistic model to detect root pressure was validated for tomato and likewise performed 

well for cucumber. Taking destructively measured root pressure into account during humid 

nights improved the performance of the mechanistic plant model based on the C-T theory. 

Also, this method allows elucidating the major factors affecting root pressure. Finally, this 

methodology can be used as phenotyping tool in root stock selection.  
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Abstract 

It is generally acknowledged that an optimal plant water status is crucial for the production 

and quality of tomato fruits. Many studies have demonstrated that water deficit or salt stress 

may help increasing quality, but this improved quality is often accompanied by a decrease in 

yield. Nowadays, most tomatoes in Flanders are grown on artificial substrates, of which 

rockwool is the most common one. These substrates eliminate the risk of soil-borne diseases 

and allow better control of the root environment. Nevertheless, one of the major 

disadvantages of rockwool is its limited water buffering capacity, urging the need for regular 

irrigation. As such, decreasing irrigation frequency may rapidly induce drought stress leading 

to suboptimal conditions impeding plant and fruit growth. In this chapter, plant sensors and a 

mechanistic flow and storage model for tomato were combined to automatically detect 

drought stress in tomato plants. To this end, tomato plants were grown in a semi-commercial 

greenhouse, equipped with plant sensors and subjected to a period of control irrigation 

followed by a period of reduced irrigation. After initial model calibration with stem diameter, 

sap flow and xylem water potential data, the model was daily recalibrated using a moving 

window of stem diameter data of the four previous days. This moving window approach 

allowed incorporating time dependency of some model parameters. During the control period, 

simulated and measured stem diameter variations closely corresponded, but as drought stress 

increased, model simulation and measurement started to deviate. This suggested that a 

combination of plant sensors and the mechanistic plant model allowed a fast detection of 

suboptimal growth conditions, before visual stress symptoms could be observed. Furthermore, 

the pattern of stem diameter variations markedly changed when irrigation frequency was 

reduced and a strong response to irrigation events was observed. Moreover, close 

correspondence between stem diameter variations and estimated substrate volumetric water 

content was found after reducing the irrigation frequency. Finally, introducing hydraulic 

capacitance of the substrate in the model markedly improved model performance under 

conditions of drought stress.  
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3.1 Introduction  

Mature tomato (Solanum lycopersicum L.) fruits generally consist of 90-95% of water (Davies 

and Hobson, 1981). Most water enters the fruit through the phloem, whereas the xylem is 

generally believed to have a minor contribution (Ho et al., 1987; Guichard et al., 2005). 

Water influx through the xylem is driven by a gradient in total water potential between stem 

and developing fruits (Liu et al., 2007). On the other hand, the driving force behind phloem 

influx gradually shifts from a gradient in pressure potential during early fruit development to 

a gradient in total water potential as the fruits mature and the plasmodesmic connection with 

the enlarging fruit cells disappears (Damon et al., 1988; Ruan and Patrick, 1995; Brown et al., 

1997). The balance between influx of water through the xylem and the phloem, and water loss 

through fruit transpiration are the key determinant for the increase in fruit fresh weight 

(Bussières, 1994; Liu et al., 2007). From this, it can be concluded that an optimal plant water 

status is of utmost importance for good quality and growth of fruits as already stated by 

several authors (Mitchell et al., 1991; Johnson et al., 1992; Cuartero and Fernandez-Munoz, 

1999; De Swaef et al., 2012). Plant water status is strongly affected by the balance between 

water supply from the soil or artificial substrate and the transpirational water loss resulting 

from the atmospheric water demand. Several studies have demonstrated that osmotic stress or 

drought stress contribute to a reduction in fruit fresh weight, resulting in higher dry matter 

content (Mizrahi, 1982; Mizrahi et al., 1988; Plaut et al., 2004). As such, increasing the 

electrical conductivity (EC) of the nutrient solution or reducing the amount of irrigation water 

can increase fruit quality, although this may result in a lower production. At this point, 

improved knowledge about the influence of substrate water management on plant water 

relations is crucial to realize an optimal control of tomato fruit production and quality.  

Stem water potential is generally considered to be the best indicator of plant water status 

(Choné et al., 2001; Intrigliolo and Castel, 2004) as it reflects the result of water supply and 

demand. Therefore, the use of plant sensors to assess plant water status has received a lot of 

attention during the past years. Measurements of stem diameter variations (SDV) and the 

indices derived from these measurements (e.g. maximum daily shrinkage, stem growth) have 

been successfully used for irrigation scheduling in fruit trees and tomato (Goldhamer and 

Fereres, 2001; Fereres and Goldhamer, 2003; Intrigliolo and Castel, 2004; Gallardo et al., 

2006; De Swaef et al., 2009). However, successful interpretation of these data remains 



Automatic detection of drought stress in tomato  
 

53 
 

difficult since stem diameter is not solely influenced by plant water status, but also stem age, 

fruit load and sugar content of the stem affect the SDV pattern (Intrigliolo and Castel, 2005; 

De Swaef and Steppe, 2010; Fernández and Cuevas, 2010; Ortuño et al., 2010; Hanssens et 

al., 2012a; De Swaef et al., 2013a; De Swaef et al., 2014). The use of mechanistic models 

may help in overcoming this difficulty as it provides a tool to study the complex behaviour of 

plants and helps to better understand the mechanisms driving the plant response. De Swaef 

and Steppe (2010) adapted a mechanistic flow and storage model, originally developed for 

trees (Steppe et al., 2006). In Chapter 2, this model was successfully used to detect and 

estimate root pressure in tomato and cucumber. This flow and storage model allows the 

estimation of xylem water potential in the stem (ΨT
x), turgor pressure in the storage 

compartment (ΨP
p) and stem diameter of tomato based on continuous measurements of sap 

flow (Fx). However, it does not account for substrate water management, and its effects on 

plant water potential and stem diameter variations. Instead, an optimal water supply, 

represented by a constant substrate water potential (Ψsubstrate) equal to the osmotic potential of 

the nutrient solution is assumed. Nevertheless, De Swaef et al. (2012) clearly demonstrated 

that water availability in the substrate strongly influenced the response of stem diameter 

variations. Therefore, a deviation between model simulation assuming optimal water supply 

and continuous measurements of stem diameter can indicate drought stress conditions and 

suboptimal plant growth. As such, the combination of the mechanistic flow and storage model 

and plant sensors can serve as an early warning system to detect water deficit and sub-optimal 

growth.  

Nowadays, artificial substrates, of which rockwool is the most common one (Raviv and Lieth, 

2008), are commonly used in greenhouse cultivation. It was reported that 94% of greenhouse 

tomatoes, cucumbers, pepper and strawberries are grown on substrates (Bergen et al., 2010). 

The use of rockwool, and other artificial substrates, eliminates the risk of soil-borne 

pathogens and allows better control of the root environment (Bougoul et al., 2005). However, 

rockwool has a low water buffering capacity (da Silva et al., 1995, Bougoul et al., 2005; De 

Swaef et al., 2012), and, hence, volumetric water content of the substrate decreases 

considerably with decreasing matric potential. Although matric potential in rockwool 

substrate is less negative compared to natural soils, hydraulic conductivity drops dramatically 

with small decreases in matric potential, causing the risk that water flow towards the roots is 

impeded, even at high substrate volumetric water content, resulting in stress conditions for the 

plant (da Silva et al., 1995, Bougoul et al., 2005, De Swaef et al., 2012). Furthermore, as 

plants growing on rockwool are typically irrigated with nutrient solution, salts are expected to 
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accumulate when the rockwool substrate dries out. As such, osmotic potential of the available 

water will become more negative, making plant water uptake even more difficult, despite the 

small change in matric potential (Jones and Tardieu, 1998). To largely overcome these 

problems, tomato plants growing on rockwool substrate are frequently irrigated based on solar 

radiation sums to reach a drain percentage of 30 to 50%.  

The goal of this chapter was to evaluate the ability of the model presented in Chapter 2 to 

detect water deficit in tomato. To this end, tomato plants grown on rockwool substrate in a 

semi-commercial greenhouse were subjected to a reduced irrigation regime and plant 

responses were continuously measured with plant sensors. The mechanistic model was used to 

simulate stem diameter variations based on sap flow measurements and a moving window 

calibration was used to account for time-dependency in some of the model parameters. 

Furthermore, the patterns of stem diameter variation and fruit growth were compared with 

estimated substrate volumetric water content. Finally, substrate hydraulic capacitance was 

introduced in the model to enable the plant response simulations to changes in substrate 

volumetric water content.  

3.2 Materials and methods 

3.2.1   Plant material and experimental setup 

Tomato plants (Solanum lycopersicum L. ‘Admiro’) grafted on the rootstock ‘Emperador’ 

were grown in a greenhouse (720 m²) at PSKW (Sint-Katelijne-Waver, Belgium). Plants were 

sown on 2 November 2011 and transplanted onto 15-L rockwool slabs (Grotop Master, 

Grodan, Hedehusene, Denmark) on 2 January 2012 at a density of 2.27 plants m-2. Plants were 

grown according to commercial practice, side-shoots were weekly removed and trusses were 

pruned to five fruits per truss. The experiment started on 12 February 2012 (day of the year 

(DOY) 43) and ended on 15 March 2012 (DOY 75). Nutrient solution (EC of approximately 

2.5 dS m-1) was provided with a drip irrigation system based on solar radiation sums (50 J  

cm-2) to attain a drain percentage of 30-50% under control conditions, depending on the 

weather conditions. Drain was continuously measured with the ProDrainTM installed in the 

greenhouse.  Irrigation was reduced between 20 February (DOY 51) and 8 March 2012 (DOY 

68), and between DOY 54 and 63, plants were irrigated only twice a day at 10h00 and 11h00. 
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3.2.2   Plant physiological and microclimatic measurements 

Sap flow (Fx; g h-1) of two tomato plants was measured with heat balance sap flow sensors 

(Model SGA13-WS, Dynamax Inc., Houston, Texas, USA) installed below the first leaf 

according to the installation manual (van Bavel and van Bavel, 1990). Stem diameter 

variations (D; mm) of these plants were monitored with linear variable displacement 

transducers (LVDT; model DF5.0, Solartron Metrology, Bognor Regis, UK) attached to the 

stem using custom-made stainless steel holders. Additionally, fruit growth was measured 

continuously with LVDTs (model DF5.0, Solartron Metrology, Bognor Regis, UK) installed 

on the third fruit of the first truss. Initial stem and fruit diameter was measured prior to 

installation using an electronic calliper. 

Photosynthetically active radiation (PAR; µmol m-2 s-1) was measured using two quantum 

sensors (JYP1000, SDEC, France) located just above the canopy. Relative humidity (RH; %) 

and air temperature (Ta; °C) were monitored in the top of the canopy (3m height) and in the 

canopy (1.5m height) using a capacitive sensor (HMP50, Vaisala, Helsinki, Finland) and a 

copper-constantan thermocouple (Type T, Omega, Amstelveen, The Netherlands), 

respectively, mounted in an aspirated radiation shield. Vapour pressure deficit of the air 

(VPD; kPa) was calculated according to Jones (1992) using Ta and RH measurements. Sensor 

signals were logged every 30s with a data logger (CR1000, Campbell Scientific Inc., Logan, 

UT, USA) and averaged every 5 min. Irrigation data were collected from the greenhouse 

climate computer (HortiMaX MultiMa II, Pynacker, The Netherlands). 

On DOY 67 and 74, xylem water potential in the stem (ΨT
x; MPa) was determined with the 

pressure chamber (PMS Instruments, Corvallis, OR, USA). Therefore, leaves were enclosed 

in aluminium envelopes at least 1h prior to the measurement to prevent transpiration.  

3.2.3   Modelling, calibration and simulation 

In this Chapter, the forward model, presented in Chapter 2, is used. An overview of the 

model and its equations is given in Fig. 2.2A. Slight adaptations made to the model and model 

calibration are outlined below. 

3.2.3.1   Moving window calibration 

In Chapter 2, the mechanistic flow and storage model was used to perform short-term 

simulations of stem diameter variations. However, several studies have demonstrated that 

parameters representing plant physiological characteristics change over time (Steppe et al., 

2008a; Steppe et al., 2008b; Hanssens et al., 2012a). The original model described in Fig. 



Automatic detection of drought stress in tomato 
 

56 
 

2.2A does not account for time-dependency in model parameters. In this chapter, the model 

was therefore recalibrated daily to enable longer-term simulation and to allow time-dependent 

changes in the values of model parameters. This recalibration procedure was performed daily 

using a moving window of four previous days of measurements of D to determine new values 

for the model parameters. The model calibration was performed by means of the simplex 

method (Nelder and Mead, 1965) for minimizing the sum of squared errors between simulated 

and measured stem diameter. Initial calibration was performed with measured data of stem 

diameter variations of the first four days. For the moving window calibration, previously 

calibrated model parameter values were used as initial value for recalibration. Initial values of 

turgor pressure in the storage compartment and sucrose content of the storage compartment at 

the beginning of the period of the moving window were obtained from the model simulation. 

Automatic calibration then determined new parameter values based on stem diameter data of 

the four previous days. After determination of these parameter values, simulation of the next 

24 h was performed. Initial values for this simulation were obtained as the final values of the 

model variables of the previous simulation (stem diameter, turgor pressure in the storage 

compartment and sucrose content of the storage compartment). Suitable parameters for daily 

recalibration were determined by identifiability analysis as described by De Pauw et al. 

(2008). The plant parameters sφ , ε0 and S  were found to be identifiable and were recalibrated 

daily (Table 3.1). These parameters were assigned new values daily at midnight. Other 

parameter values were taken from literature or determined based on independent 

measurements (xR  and Ψsubstrate; Table 3.1) and kept constant over the simulation period. An 

overview of the parameter values used for the simulation can be found in Table 3.1.   

 

Table 3.1 Overview of model parameters, their definition and unit, and initial conditions used for simulation of 

plant 1 and 2.  

Parameter Definition Value 

substrateΨ  (MPa)  Substrate’s water potential -0.08 (this study) 

Rx (MPa h g-1) Hydraulic resistance between substrate and xylem 0.0025 (this study) 

Cs(0) (g g-1) Initial sucrose concentration in the storage tissue 0.11 (Liu et al., 2007) 

r (MPa h g-1) 

 

Hydraulic resistance between xylem and storage 

tissue 

0.1 (De Swaef and Steppe, 2010) 

Γ
s (MPa) Threshold for cell wall yielding 0.3 (De Swaef and Steppe, 2010) 

n Form parameter in the van Genuchten equation 4.2034 (De Swaef et al., 2012) 
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α (cm-1) Form parameter in the van Genuchten equation 0.1133 (De Swaef et al., 2012) 

 m Form parameter in the Mualem equation 0.7621 (De Swaef et al., 2012) 

sΘ ( m3 m-3) Saturated volumetric water content 0.8926 (De Swaef et al., 2012) 

 
rΘ ( m3 m-3) Residual volumetric water content 0.0145 (De Swaef et al., 2012) 

 Csubstrate (m
3 MPa-1) Hydraulic capacitance of the rockwool substrate 0.012101  (this study) 

S (g h-1) Change of sucrose content of the storage tissue -0.0173 – 0.0181 (this study) 

ε0 (m
-1) Proportionality constant 916-5000 (this study) 

sφ (MPa-1 h-1) 
Cell wall extensibility of the storage tissue 0.0000578 – 0.0147 (this study) 

 

Model development, implementation, calibration and simulation were performed in PhytoSim 

(Phyto-IT BVBA, Mariakerke, Belgium). For simulations, a fourth-order Runge-Kutta 

numerical integrator with a fixed step size (0.01 h) was used. 

 

3.2.3.2   Substrate water management 

Volumetric water content in the substrate was assessed using the water reservoir approach 

(Jones and Tardieu, 1998). Changes in substrate volumetric water content (vΘ ; m3 m-3) result 

from plant water uptake, irrigation (Irrig; m3 h-1) and drain of nutrient solution when the 

substrate is saturated (Drain; m3 h-1):  

substrate

plantsxv

V

DrainNFIrrig

dt

d −⋅−
=

Θ
      (Eq. 3.6) 

with Vsubstrate the volume of the rockwool slab (m3) and Nplants the number of plants per 

rockwool slab (Nplants = 6 in this study). The volumetric water content (vΘ ) can be related to 

the matric potential of the substrate (h; cm) by the van Genuchten equation (1980):  
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where rΘ  and sΘ  are the residual and saturated volumetric water content (m3 m-3), 

respectively, and α (cm-1) and n (-) two parameters. The relative hydraulic conductivity of the 

substrate (Krel; -) can be estimated according to the Mualem equation (1976): 
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in which m = 1 – 1/n. Parameters of the van Genuchten equation (1980) and the Mualem 

equation (1976) were taken from De Swaef et al. (2012) and can be found in Table 3.1. The 

initial volumetric water content was assumed to be equal to the saturated volumetric water 

content measured by De Swaef et al. (2012), as calculation of the volumetric water content 

started after the last irrigation event during the well-watered control period (DOY 50). 

Finally, substrate capacitance (Csubstrate; m
3 MPa-1) was introduced as an additional parameter 

in the model, in analogy with the capacitance of plant tissues used in dynamic plant models. 

The capacitance represents the ratio of the change in substrate volumetric water content 

(calculated from substrate volumetric water content and substrate volume) to the change in 

substrate water potential (Ψsubstrate): 

substrate

v
substrate d

d
C

Ψ
Θ

=        (Eq. 3.9) 

This approach allowed changing the substrate water potential based on changes in substrate 

water content. We opted for an approach with substrate hydraulic capacitance to determine 

the changes in substrate water potential, as introduction of a capacitance allows dynamic 

simulations, and no longer assumes stationary water flow. 

3.3 Results 

Details of the microclimate between DOY 43 (12 February 2012) and 65 (5 March 2012) are 

shown in Fig. 3.1. PAR was low as the experiment was conducted at the end of winter and 

weather was often cloudy (Fig. 3.1A). Also, VPD was relatively low, especially during the 

dark period between DOY 59 and 63 (Fig. 3.1B). As a result, sap flow was low and showed 

close correspondence with PAR and VPD (Fig. 3.1C).  
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Fig. 3.1 Photosynthetically active radiation (PAR; A); Vapour pressure deficit (VPD; B); Mean sap flow of two 

tomato plants (C) between DOY 43 and 65 at PSKW. 

 

Simulated and measured stem diameter variations were compared during the control period 

(Fig. 3.2A and B) and the period with reduced irrigation (Fig. 3.2C and D). Model simulation 

and measurement closely corresponded during the control period. Radial stem growth 

gradually slowed down during the control period (Fig. 3.2A and B), although the plants were 

still fully irrigated. Nevertheless, the model was able to capture this decrease in stem growth. 

At DOY 55, simulated and measured stem diameter started to deviate (Fig. 3.2C and D). The 

model still predicted an increase in stem diameter, whereas measurements indicated a 

stagnation of growth. As drought stress proceeded, the pattern of stem diameter variations 

started to differ from the normal pattern of shrinking and swelling and the model was no 



Automatic detection of drought stress in tomato 
 

60 
 

longer able to simulate the SDV dynamics. Visual symptoms of water shortage were only 

visible on DOY 65.  

 

 

 

 

Fig. 3.2 Comparison between simulated (grey line) and measured (black line) stem diameter variations (D) 

during the control period for plant 1 (A) and 2 (B) and during the period with reduced irrigation for plant 1 

(C) and 2 (D). Initial model calibration was performed on data of the first four days (DOY 43-46) (black 

box). From the fifth day on, a moving window of four previous days of stem diameter variation data was 

used for daily recalibration (grey box). The dashed line indicates the start of the reduced irrigation period. 

 

A detail of stem diameter variations in response to irrigation is displayed in Fig. 3.3. At the 

start of the reduced irrigation treatment, D showed the typical pattern of shrinking and 

swelling in combination with irreversible growth and no effect of the irrigation events on the 

pattern of stem diameter could be observed (Fig. 3.3A and B). However, a markedly different 

pattern was observed when the substrate became drier and stem growth ceased. Also, a clear 
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response to the irrigation events could be noticed (Fig. 3.3C-F). After the first irrigation event 

in the morning, stems started to swell and maximum stem diameter was reached, after which a 

gradual decrease in stem diameter followed until the next irrigation event on the following 

day. Furthermore, at the onset of transpiration in the morning, the decrease of stem diameter 

accelerated as can be seen in detail in Fig. 3.3E and F. In addition to stem diameter, also sap 

flow responded to the irrigation event and plants demonstrated a strong increase in water 

uptake after irrigation (Fig. 3.3E and F).  

During the period of reduced irrigation, cumulative water uptake by the plants gradually 

exceeded cumulative irrigation, which can be clearly seen from DOY 59 (Fig. 3.4A). This can 

also be seen in Fig. 3.4B, which shows the estimated volumetric water content of the 

rockwool slab on which the plants were growing, calculated according to Eq. 3.6. On the first 

three days, vΘ  reached its maximum value after the irrigation events and substrate matric 

potential was near zero (Fig. 3.4C). After the third day, the substrate gradually dried out, as 

plant water uptake exceeded irrigation. The small peaks in vΘ , corresponding with the dips in 

h reflect the irrigation events, which temporary increased the substrate water content and 

water availability. 
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Fig. 3.3 Pattern of stem diameter variations (D) of plant 1 (A) and plant 2 (B) at the beginning of the reduced 

irrigation period. Pattern of stem diameter variations (D) of plant 1 (C) and plant 2 (D) during the second 

week of the reduced irrigation period. Detail of the response of stem diameter variations (D) and sap flow 

(Fx) of plant 1 (E) and plant 2 (F) in response to irrigation on DOY 61. Irrigation events are indicated with 

vertical lines.  

 

From Fig. 3.4D, it can be seen that the relative hydraulic conductivity of the substrate 

decreased very fast with small changes in substrate water content when substrate water 

content was still high (DOY 51-54). However, Krel remained low and showed smaller 
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variations when volumetric water content of the substrate further decreased to its minimum 

value (DOY 59-63). 

 
Fig. 3.4 Comparison between cumulative plant water uptake (black bars) and cumulative irrigation (grey bars) 

(A); Estimated volumetric water content in the rockwool slab ( vΘ ; B); Matric potential in the rockwool 

slab (h) calculated according to Eq. 3.7 (C); Relative hydraulic conductivity of the substrate (Krel) 

calculated according to Eq. 3.8 (D). The dashed line indicates the start of the reduced irrigation period. 

 

In the morning of DOY 63, vΘ  reaches a minimum value of approximately 0.5 m3 m-3. By 

that time, matric potential was approximately -0.88 kPa. When comparing Fig. 3.3C and D 

and Fig. 3.4B) a close correspondence between vΘ  and the pattern of stem diameter 

variations is observed, with peaks in vΘ  coinciding with peaks in stem diameter. These peaks 

in vΘ  are also reflected in small increases in Krel (Fig. 3.4D), although changes in Krel were 

more pronounced when volumetric water content of the substrate was higher (DOY 51-54). 

Fruit growth was also affected by reducing irrigation (Fig. 3.5). At the end of the control 

period, fruit growth rate was fairly constant (daily fruit growth of approximately 0.5 mm day-1 

and 0.4 mm day-1, for plant 1 and 2, respectively), although a slightly increased growth rate 

during the day was sometimes noticed (Fig. 3.6A and B). When drought stress progressed, 
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fruit growth almost stopped (approximately 0.2 mm day-1 and 0.05 mm day-1 for plant 1 and 

2, respectively; Fig. 3.5C and D).  

 
Fig. 3.5 Increase in measured fruit diameter (Dfr) of plant 1 (A) and plant 2 (B) at the end of the control period. 

Increase in measured fruit diameter (Dfr) of plant 1 (C) and plant 2 (D) during the second week of the 

reduced irrigation period. Irrigation events are indicated with vertical lines. Fruits were approximately 25 

days old on DOY 52. 

 

The model failed to simulate the deviating pattern of stem diameter variations under drought 

stress conditions (Fig. 3.2C and D). The model predicted shrinking of the stem in response to 

the increased sap flow during the day and failed to capture the swelling in response to 

irrigation and improved substrate water availability. Including substrate capacitance in the 

model markedly improved the model performance under drought conditions, as is shown in 

Fig. 3.6.  
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Fig. 3.6 Performance of the model including substrate capacitance (Csubstrate = 0.012101 m3 MPa-1  and assumed 

constant over the simulation period) under drought stress conditions. Comparison between simulated stem 

diameter (D; grey) and measured stem diameter (black) for plant 1 (A) and plant 2 (B). 

 

The better prediction of stem diameter in response to reduced irrigation results from a better 

estimation of x
TΨ  as substrate water potential now varies as a function of volumetric water 

content (Fig. 3.7). This resulted in much lower xTΨ  when substrate volumetric water content 

decreased. One measurement of x
TΨ  was available during this period, and the model including 

the hydraulic substrate capacitance approached this measurement more realistic than the 

original model (Fig. 3.7A). Irrigation events resulted in an increase in xylem water potential 

in the stem as substrate water potential became less negative due to an increase in substrate 

volumetric water content (Fig. 3.7B). The original model was not able to capture these 

dynamics, because x
TΨ  was only dependent on sap flow in this model. 

 

Fig. 3.7 Comparison between total xylem water potential in the stem ( x
TΨ ) simulated by the original model 

(grey line), the model including substrate hydraulic capacitance (black line) and total xylem water potential 
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in the stem measured with the pressure bomb (grey dots) (A). Detail of the simulated response of total 

xylem water potential in the stem (x
TΨ ) to irrigation events during a period with drought stress simulated 

by the original model (grey line) and the model including substrate hydraulic capacitance (black line) (B). 

The vertical lines indicate irrigation events. 

3.4 Discussion 

3.4.1   Plant response to reduced irrigation 

The pattern of stem diameter variations drastically changed as the period of reduced irrigation 

proceeded (Fig. 3.3A-D). Under well-watered conditions, stem diameter of tomato plants 

shows a typical daily pattern of shrinkage and swelling (De Swaef and Steppe, 2010). This 

pattern reflects changes in hydration status of the storage tissue in the stem as a consequence 

of radial water movement between these tissues and xylem. This radial water movement 

results from the time lag between transpiration and root water uptake (Perämäki et al., 2001; 

Steppe et al., 2002; Steppe and Lemeur, 2004). In the morning at the onset of transpiration, 

xylem water potential in the stem will decrease (cfr. Fig. 3.7B, original model). As a result, 

water will flow from the elastic storage tissues into the xylem. In the evening, when 

transpiration slows down, xylem water potential will rise again, and the opposite phenomenon 

can be observed where storage tissues are replenished. During the drought stress period, the 

stem of plant 1 and 2 continuously shrank during the day (Fig. 3.3C and D). As the substrate 

gradually dried out, water availability and, consequently, matric potential of the substrate 

decreased (Fig 3.4B and C). In the soil-plant-atmosphere continuum, water flows passively in 

the direction of a decreasing water potential. As such, xylem water potential in the stem needs 

to decrease to maintain the water potential gradient for upward water flow allowing the plant 

to extract water from the drying substrate. This low water potential in the xylem will also 

promote radial water flow from the storage tissues. As such, internal water storage will be 

depleted to fulfil transpiration needs, causing the stem to shrink (Fig. 3.3C-F. This decrease in 

stem diameter upon drought stress application corresponds with the observations of De Swaef 

et al. (2012) who also found a decrease in stem diameter after withholding irrigation in 

tomato.  

At the moment of irrigation, a sharp increase in stem diameter in both plants was observed 

and maximum stem diameter was reached shortly after the irrigation event (Fig. 3.3C-F). The 

irrigation event caused an increase in substrate volumetric water content and, consequently, 

matric potential of the substrate became less negative (Fig. 3.4B and C), However, compared 
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to natural soils, matric potential in drying rockwool substrate never reaches low values. 

According to the results of De Swaef et al. (2012), matric potential only decreased -1 kPa 

when vΘ  decreased from saturated conditions to 0.4 m3 m-3. In our study, the minimum 

estimated matric potential reached -0.88 kPa. It may be clear that this decrease in matric 

potential is negligible compared to the osmotic potential of applied nutrient solution (-0.08 

MPa). However, the small increase in matric potential after irrigation can result in a large 

increase in hydraulic conductivity of the substrate (Fig. 3.4 D; Da Silva et al., 1995; De Swaef 

et al., 2012). Furthermore, when the substrate becomes drier, an increase in EC of the water 

remaining in the substrate can be expected, resulting in a decreased osmotic potential of the 

substrate solution. We measured EC values of the substrate solution up to 10 mS cm-1 after 

withholding irrigation in tomato plants fertigated with nutrient solution with EC of 2.5 mS 

cm-1. This corresponds with an osmotic potential of -0.36 MPa. As such, it can be expected 

that the irrigation events (Fig. 3.3) have resulted in a less negative osmotic potential together 

with an increase in substrate hydraulic conductivity, improving water availability. 

Consequently, the plants did no longer need to develop a low water potential in the xylem to 

extract water from the substrate leading to a temporary increase in xylem water potential in 

the stem (cfr simulation in Fig. 3.7B). This increase in x
TΨ  also promotes radial water 

transport from the xylem into the storage tissues, causing the storage tissues to be replenished 

and the stem diameter to increase (Fig. 3.3C-F). The increased water availability in the 

substrate was also reflected in the strong increase in water uptake (sap flow) following 

irrigation (Fig. 3.3E and F). This response in sap flow upon irrigating drought-stressed tomato 

plants was also observed by Vermeulen et al. (2007). Under well-watered conditions, sap 

flow and stem diameter variations show an inverse pattern in response to changes in the 

microclimate and an increase in sap flow typically corresponds with a decrease in stem 

diameter (De Swaef and Steppe, 2010). Here, the increase in sap flow was accompanied by an 

increase in stem diameter, indicating that increased sap flow contributed to replenishment of 

storage tissues. Also, the increase in sap flow could not be explained by sudden changes in the 

greenhouse microclimate and was therefore attributed to increased availability of water in the 

substrate following irrigation. When sufficiently irrigated (control period or beginning of 

reduced irrigation treatment), no response in stem diameter or sap flow to irrigation events 

was detected. As such, an increase in sap flow or stem diameter following irrigation could be 

used as drought stress indicator because it reflects that water availability was insufficient to 

meet the plant’s transpiration need before irrigation.  
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As no direct measurements of volumetric water content were available, vΘ  was calculated by 

the water reservoir approach. As starting point for vΘ , it was assumed that the substrate was 

saturated after the last irrigation event during the control treatment. This resulted in a high 

volumetric water content between 0.7 and 0.9 m3 m-3 at the beginning of the reduced 

irrigation period (Fig. 3.4B) and a matric potential between -0.4 and -0.6 kPa during daytime. 

These matric potential values were less negative compared with measurements performed by 

De Swaef et al. (2012), reporting a matric potential between -0.5 and -1 kPa in the rockwool 

substrate of tomato plants watered once a day at midnight. In a following-up experiment, we 

measured (GS3, Decagon Devices Inc., Pullman, USA) volumetric water contents between 

0.7 and 0.8 m3 m-3 in well watered control tomato plants, and between 0.5 and 0.6 m3 m-3 in 

plants that received 60% of the control irrigation and showed clear symptoms of drought 

stress such as reduced growth and stem growth.   

Different studies mentioned an increase in stem shrinkage or increase in maximum daily 

shrinkage in response to drought stress (Goldhamer and Fereres, 2001; Fereres and 

Goldhamer, 2003), which also has been reported for tomato (Gallardo et al., 2006; De Swaef 

et al., 2012). Maximum daily shrinkage has therefore often been proposed as a suitable 

indicator for irrigation scheduling and drought stress detection. However, we did not observe 

this increased daily shrinkage, but stems swelled instead during the day, which can be 

explained by the time of irrigation. In the study of De Swaef et al. (2012), plants were 

irrigated at midnight, with decreasing substrate volumetric water content during the day, 

resulting in stem shrinkage. Stem diameter did not fully recover from this shrinkage until 

plants were irrigated at night. In our study, plants were irrigated during daytime according to 

commercial practice. As such, partial storage tissue replenishment and recovery of the stem 

diameter took place following the irrigation event. This suggests that the use of (thresholds 

for) maximum daily shrinkage might not be suitable for drought stress detection in 

commercial tomato cultivation. 

Measurements of tomato fruit growth with LVDT sensors showed a fairly constant growth 

rate during control irrigation and at the start of the reduced irrigation treatment (Fig. 3.5A and 

B). This corresponds with the fruit growth measurements of De Swaef et al. (2012) on well-

irrigated tomato plants. The apparent increase in fruit growth during daytime in well-irrigated 

plants can be partly explained by the temperature effect on water expansion in the fruit. When 

fruit temperature increases during the day, water present in the fruit will expand, causing a 

small increase in fruit diameter. Applying a temperature correction for water expansion in the 
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fruit (Leonardi et al., 2000) reveals that this increased fruit growth rate is less pronounced 

than expected from LVDT measurements. An additional explanation for the apparent increase 

in fruit growth is therefore the reinforcement of the total water potential gradient between the 

stem xylem and the fruit in the afternoon, when transpiration decreases, which promotes 

xylem water influx into the fruits and causes fruit growth rate to increase. During the drought 

stress period (DOY 60-65), fruit growth slowed down and mainly happened in the period 

following irrigation (Fig. 3.5C and D). Fruit growth results from the balance between influx 

of water through phloem and xylem, and fruit transpiration (Bussières, 1994). Water influx is 

driven by a gradient in hydrostatic and osmotic potential between stem and fruit (Liu et al., 

2007). This gradient, driving water into developing fruits, most likely reduced because 

drought stress lowered stem water potential (Fig. 3.7), while fruit water potential remains 

fairly constant (Johnson et al., 1992; Guichard et al., 1999). After irrigation, xylem water 

potential in the stem and turgor pressure recovered (cfr. simulation in Fig. 3.7B), at least 

partially, thereby re-establishing or increasing the driving force between stem and fruits 

resulting in a temporary increase in fruit growth rate. On DOY 63, irrigation was more 

abundant than on the other days (Fig. 3.5C and D), which resulted in a stronger and longer 

increase in fruit growth rate (Fig. 3.5C and D) as well as a better recovery in stem diameter 

(Fig. 3.3C and D).  

 

3.4.2   Plant sensors combined with modelling to detect drought stress  

The mechanistic flow and storage model performed well under control irrigation and with 

good correspondence between measured and simulated stem diameter (Fig. 3.2A and B). 

During the control period, overall stem growth slowed down and could be attributed to the 

low light intensities between DOY 43 and 51 (Fig. 3.1A), whereas between DOY 36 and 42 

weather was very sunny. Similar stem diameter behaviour when cloudy days followed a 

period of sunny weather was found by De Swaef et al. (2013a). Additionally, fruit load 

increased during this period: as more trusses appeared, an increasing number of fruits were 

set, causing transport of more assimilates to the fruits than to the stem. The model captured 

this decreasing growth well and daily recalibration revealed that storage tissue sugar content 

decreased (S < 0) together with a slight decrease in sφ . This decrease in sφ  with aging 

tomato stems has also been reported by Hanssens et al. (2012a). 
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As drought stress progressed, simulated and measured stem diameter started to deviate. On 

DOY 55, the model continued to predict stem growth, whereas measurements indicated that 

stem growth was stopped. From DOY 59 onwards, the original model was no longer able to 

simulate the deviating pattern in stem diameter variations. The model assumed optimal water 

availability (represented by a constant  Ψsubstrate of -0.08 MPa) and deviation between 

simulation and measurement might therefore be considered as fast drought stress indicator. 

Although visual drought stress symptoms were only seen at DOY 65, the comparison between 

model simulation and measurement already indicated a marked deviation from estimated 

optimal stem growth rate on DOY 55.  

The experimental setup did not allow a simultaneous comparison between a control treatment 

and a drought stress treatment. It can be argued that cessation of growth of the stem during the 

reduced irrigation treatment resulted from aging of the stem rather than an effect of restricted 

water availability. However, Fig. 1.6 in Chapter 1 indicates that stem growth continues until 

later in the growing season. Furthermore, after reduced irrigation treatment, plants were 

allowed to recover and the irrigation regime from the control period was re-established. 

Monitoring of stem diameter variations during this period indicated that stem growth resumed 

and stem growth rate equalled values observed in the control period, which indicates that 

cessation of stem growth did not result from physiological aging of the stem.  

Different authors studied SDV-derived indices for irrigation scheduling and drought stress 

detection (Goldhamer and Fereres, 2001; Fereres and Goldhamer, 2003; Intrigliolo and 

Castel, 2004; Gallardo et al., 2006; De Swaef et al., 2009). In order to successfully apply 

these indices, threshold values should be determined. However, the study of Gallardo et al. 

(2006) clearly demonstrated that SDV-derived indices in tomato were strongly affected by 

microclimatic conditions and crop age. This corresponds with our results (Hanssens et al. 

2012a) which show that the response of stem diameter variations to water status changes with 

stem age. As such, defining appropriate threshold values for SDV-derived indices remains a 

major challenge for its successful application in irrigation scheduling and drought stress 

detection (cfr. Fereres and Goldhamer, 2003). Our approach of combining a mechanistic flow 

and storage model with continuous measurements of stem diameter variations mainly 

overcomes this problem. The moving window approach allows simulating plant behaviour 

using past plant behaviour. We opted for a moving window size of four days as it was found 

to be a good compromise between responsiveness of the model and stability of the model 

parameters to changes in the microclimate (Steppe et al., 2008a; Baert, 2013). A smaller size 

would lead to unrealistic parameter values and model simulations under variable weather 
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conditions (sunny and cloudy days) as the model would respond too fast to changes in plant 

physiological condition or changes in the microclimate (Steppe et al., 2008a). The moving 

window approach was chosen because no time-dependency of model parameters was 

incorporated into the model, while certain parameter values are known to be age-dependent 

(Steppe et al., 2008a,b; Hanssens et al., 2012a). Through daily model recalibration we could 

account for this age-dependency and for changes in the microclimate affecting stem water 

(Hanssens et al., 2012a) and carbon status (changes in parameter S; results not shown).  

Finally, measurement of stem diameter and sap flow combined with a mechanistic model is 

considered a promising tool for improved water management control and may serve as an 

early-warning system for drought stress. Many studies have demonstrated that reducing 

irrigation or increasing the EC of the nutrient solution results in higher fruit dry matter content 

and, hence, better fruit quality (Mizrahi, 1982; Mizrahi et al., 1988; Plaut et al., 2004). 

However, it remains hard to realize this in practice, as increase in quality is often associated 

with a decrease in yield. Combining plant measurements with modelling may help resolving 

this issue, as conditions compromising stem growth and normal behaviour can easily be 

detected at an early stage.   

 

3.4.3   Including substrate hydraulic capacitance in the model  

In an attempt to better predict the stem diameter response to reduced water availability, 

hydraulic capacitance of the rockwool substrate was introduced into the model. To this end, 

the substrate was considered as a storage pool, represented by its hydraulic capacitance (Jones 

and Tardieu, 1998). Introduction of substrate capacitance allowed to vary Ψsubstrate in the new 

model based on estimated volumetric water content in the substrate (Eq. 3.8). It might be 

argued whether this approach is a too strong simplification of reality, since plants will 

experience changes in osmotic and matric potential as well as changes in hydraulic 

conductivity of the rockwool substrate. Nevertheless, this simple model modification allowed 

us to vary substrate water potential based on substrate volumetric water content changes, 

which markedly improved stem diameter variation predictions (Fig. 3.6). A decrease in xTΨ  

now results from both an increase in Fx and a decrease in Ψsubstrate, markedly changing the 

pattern of simulated x
TΨ  (Fig. 3.7). When an irrigation event causes an increase in volumetric 

water content, substrate water potential will increase (Eq. 3.8), causing an increase in x
TΨ  

(Fig. 3.7A) and promoting radial water flux towards the storage tissues, resulting in an 
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increase in stem diameter. The original model was not able to simulate an increase in xTΨ  

when substrate volumetric water content increased and, consequently, failed to predict stem 

swelling following irrigation (Fig. 3.2C and D). When the substrate dries out, Eq. 3.8 results 

in a decrease in substrate water potential, causing a gradual decrease in xTΨ  and consequently 

radial water movement from storage tissues into the xylem.  

It is also worth mentioning that although Krel was halved between DOY 51-54 (Fig. 3.4D and 

Fig. 3.3A and B), it had no clear effect on stem diameter variations. Only when substrate 

volumetric water content decreased further, and Krel remained low, the stem diameter pattern 

started to change and reflect changes in substrate volumetric water content (DOY 59-64 on 

Fig. 3.4D and Fig. 3.3C and D). This suggests that changes in hydraulic conductivity will 

have a smaller impact than changes in substrate volumetric water content. This is supported 

by De Swaef et al. (2012), who found that under deficit irrigation Krel hardly increased 

following irrigation, whereas stem diameter strongly increased.  

3.5 Conclusions 

Combination of continuous measurements of stem diameter variations and a mechanistic plant 

model with a moving window for automatic recalibration of parameter values allowed early 

detection of drought stress in tomato. However, the model failed to simulate stem diameter 

response to drought stress and increased substrate water availability following irrigation. 

Including substrate hydraulic capacitance markedly improved model performance under 

conditions with reduced water availability, although this approach needs to be confirmed with 

additional measurements of substrate water potential and xylem water potential in the stem. 

Finally, changes in osmotic potential and substrate hydraulic capacitance upon drying are 

more likely to affect stem diameter variations than the decrease in matric potential.  



 

 

 

 

 

CHAPTER 4 

High light decreases xylem contribution to fruit 

growth in tomato 

 

(adapted from: Hanssens J, De Swaef T, Steppe K. 2014. High light decreases xylem contribution to fruit 

growth in tomato. Plant, Cell and Environment DOI: 10.1111/pce.12411)  
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Abstract 

Recently, contradicting evidence has been reported on the contribution of xylem and phloem 

influx into tomato fruits, urging the need for a better understanding of the mechanisms 

involved in fruit growth. So far, little research has been done on quantifying the effect of light 

intensity on the different contributors to the fruit water balance. However, as light intensity 

affects both transpiration and photosynthesis, it might be expected to induce important 

changes in the fruit water balance. In this study, tomato plants (Solanum lycopersicum L.) 

were grown in light and shade conditions and the fruit water balance was studied by 

measuring fruit growth of girdled and intact fruits with linear variable displacement 

transducers combined with a model-based approach. Results indicated that the relative xylem 

contribution significantly increased when shading lowered light intensity. This resulted from 

both a higher xylem influx and a lower phloem influx during the daytime. Plants from the 

shade treatment were able to maintain a stronger gradient in total water potential between 

stem and fruits during daytime, thereby promoting xylem influx. It appeared that the xylem 

pathway was still functional at 35 days after anthesis and that relative xylem contribution was 

strongly affected by environmental conditions.   
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4.1 Introduction 

Many authors have emphasised the importance of whole-plant water status in order to 

guarantee a good production and quality of greenhouse tomato (Solanum lycopersicum L.) 

(Mitchell et al., 1991; Johnson et al., 1992; Cuartero and Fernandez-Munoz, 1999; De Swaef 

et al., 2012). Tomato fruit quality is mainly determined by dry matter content, whereas 

production is strongly dependent on fresh weight, since mature tomato fruits contain 

approximately 92-95% of water (Davies and Hobson, 1981; Pearce et al., 1993; Dorais et al., 

2001a). Several studies have demonstrated that water deficit and salinity influence the fruit 

soluble solids content (Mizrahi, 1982; Mizrahi et al., 1988; Sakamoto et al., 1999; Plaut et al., 

2004). As such, cultivation management can improve tomato fruit quality, although the 

increase in quality is often associated with a decrease in fresh yield. However, as yield and 

quality are equally important, a thorough insight into the underlying processes influencing 

quality and yield is crucial to further improve both aspects without compromising one 

another. 

Tomato fruit growth results from the balance between influx of water, nutrients and 

assimilates in the fruits and losses due to fruit transpiration. Water influx into the tomato fruit 

stems from a gradient in hydrostatic and osmotic potential across the truss stalk and pedicel 

(fruit stalk) and occurs through both the xylem and the phloem, with contributions of 10-20% 

and 80-90%, respectively (Ehret and Ho, 1986; Ho et al., 1987; Grange and Andrews, 1995; 

Guichard et al., 2005; Liu et al., 2007). It has been shown that xylem contribution further 

decreases during tomato fruit development (Ho et al., 1987). Although water influx through 

the xylem is small, it is of major importance for the transport of calcium, which is associated 

with the prevention of blossom-end rot (Ho and White, 2005). Several studies have suggested 

that the low xylem contribution may be attributed to both a high resistance in the xylem 

pathway in the pedicel (Lee, 1989; Van Ieperen et al., 2003) and low fruit transpiration (Ho et 

al., 1987).  

Recently, Windt et al. (2009) have studied xylem and phloem influx into tomato fruits using 

magnetic resonance imaging (MRI). It was found that at least 75% of the net water influx into 

the developing tomato fruits originated from the xylem. This finding is contradictory to what 

is generally accepted, but we believe that it might have been a consequence of the low light 

intensities (350 µmol m-2 s-1) used during that particular experiment. Furthermore, a girdling 

experiment during the night revealed that xylem influx into tomatoes represented 
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approximately 90% of the total nocturnal influx (Hossain and Nonami, 2010). Recently, 

Clearwater et al. (2012) also found that xylem and phloem influx contributed equally to the 

kiwi fruit water balance during ripening, contradicting earlier studies on grapes (Greenspan et 

al., 1994), apple (Lang, 1990) and tomato fruits (Ho et al., 1987), and it was suggested that 

the complete loss of xylem flow in ripening fruits should be re-examined. This recently 

reported, contrasting evidence about the relative contributions of xylem and phloem urges the 

need for a thorough understanding of the mechanisms involved in fruit growth. So far, little 

research has been done on the effect of light intensity on the different contributors (i.e. xylem, 

phloem and transpiration) to the fruit water balance in tomato. Since light intensity affects 

both transpiration and photosynthesis, it might be expected that different light intensities 

induce important changes in the fruit water balance.  

To gain more insight in the mechanisms driving fruit growth and the interactions with 

microclimatic variables and their effect on fruit quality and yield, biophysical fruit growth and 

quality models are crucial. Liu et al. (2007) described a model which combines both water 

and carbon accumulation in tomato fruits. In this model, fruit growth is described as the result 

of fruit transpiration, water influx through the xylem and phloem, and carbon influx through 

the phloem. The influx of water through the xylem and the phloem is calculated based on 

differences in hydrostatic and osmotic potential between stem and fruit. Recently, De Swaef 

and Steppe (2010) developed a mechanistic flow and storage model for a tomato stem, which 

was originally developed for trees (Steppe et al., 2006). This model allows simulation of the 

xylem water potential in the stem and the osmotic potential and turgor pressure in the stem 

phloem compartment, using sap flow data as input. Combination of both the fruit and the stem 

model should enable estimation of fruit growth based on continuous measurements of sap 

flow.  

This paper aims at testing the hypothesis that light intensity may alter the relative contribution 

of xylem and phloem to water influx into developing tomato fruits. Plants were therefore 

grown in light and shade conditions and truss stalks were heat-girdled to block phloem influx 

into the fruits and distinguish the xylem and the phloem influx. The models of De Swaef and 

Steppe (2010) and Liu et al. (2007) were coupled and modified to enable estimation of the 

contribution of xylem and phloem, based on the volumetric growth of intact and heat-girdled 

tomato fruits.  
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4.2 Materials and methods 

4.2.1   Plant material and experimental setup 

Tomato plants (Solanum lycopersicum L. cv. Admiro) were grown in a small greenhouse 

compartment (2 x 2.5 x 4 m) at the Laboratory of Plant Ecology, Ghent, Belgium. Plants were 

sown on 1 February 2011 and transplanted into rockwool slabs (Master; Grodan, Hedehusene, 

Denmark) on 23 March 2011. A trickle irrigation system provided the plants with nutrient 

solution (EC = 2.7 ± 0.05 mS cm-1) six times a day and excess water could freely drain. 

Trusses were pruned to three fruits per truss and all side-shoots were removed. In total, 12 

tomato plants were grown, six of which were placed under a shade screen (TFE PH 77 O, 

Bonar TF, Zele, Belgium; light transmission of approximately 25%), on 23 April 2011, when 

fruits of the third truss were set. Experiments started after two weeks of acclimation to the 

shade conditions. In the shade treatment and the light treatment, four plants were continuously 

monitored.  

 

4.2.2   Plant physiological and microclimatic measurements 

Sap flow rates ( xF , g h-1) were measured with heat balance sap flow sensors (Model SGA10-

WS, Dynamax Inc., Houston, TX, USA; accuracy ~10%) installed below the first leaf 

according to the operation manual (van Bavel and van Bavel, 1990). Furthermore, fruit 

growth was continuously monitored using linear variable displacement transducers (LVDT; 

Model 2.5 DF, Solartron Metrology, Bognor Regis, UK; accuracy ±2.5 µm). Custom-made 

stainless steel holders were used for installing the LVDTs on the first fruit of each truss. 

Measurements of fruit growth started approximately 35 days after anthesis (DAA). The mass 

of water in the fruit ( frW , g) was calculated from fruit diameter (frD , m), using an empirical 

correlation determined prior to the experiment on fruits of the same cultivar (n = 257; R² = 

0.9948; p < 0.0001): 

8212.25105.26 frfr DW ⋅⋅=        (Eq 4.1) 

Direct measurements of sap flow through small plant parts such as the truss stalk of tomato 

are scarce since most of the currently available sap flow sensors are only suitable for stems or 

branches of greater dimension. In this study, a new non-invasive mini heat field deformation 

(HFD) sensor (Hanssens et al., 2013) was used for measuring the dynamics of water influx 

through intact and heat-girdled truss stalks (fruitF ) of plants of the light and shade treatment. 
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Continuous monitoring of the shape of the heat field around a heater element allowed 

calculating the dynamics of fruitF , which were compared to simulated fruitF  patterns. As 

such, four plants per treatment were equipped with a sap flow sensor, an LVDT sensor on the 

stem and the fruit and a mini HFD sensor installed on the truss stalk.   

Photosynthetically active radiation (PAR; Model QS, Delta-T Devices, Cambridge, UK) was 

measured above the canopy in both treatments. Additionally, relative humidity (RH; Model 

HIH-3605-A, Honeywell, Morristown, NJ, USA) and air temperature (Ta; copper-constantan 

thermocouple, Omega, Amstelveen, The Netherlands) were measured in each treatment in the 

vicinity of the monitored plants. Vapour pressure deficit (VPD) of the air was then calculated 

according to Jones (1992). Sensor signals were logged at 30-s intervals (CR1000, Campbell 

Scientific Inc., Logan, Utah, USA).  

 

4.2.3   Girdling technique 

Study of the relative contribution of xylem and phloem to fruit growth has frequently been 

done by analysis of the growth of intact, girdled and detached fruits (Lang and Thorpe, 1989; 

Guichard et al., 2005; Morandi et al., 2011). Girdling of the truss stalk destroys the phloem, 

whereas the xylem vessels are assumed to remain intact. Based on the assumption that dry 

matter influx can be neglected compared to water influx, xylem and phloem fluxes are 

quantified, given that fruit transpiration is known, which is crucial to establish the complete 

fruit water balance.  

In the present study, heat-girdling of the truss stalk was performed according to the technique 

of Guichard et al. (2005). A constantan yarn was wrapped around the truss stalk and heated 

by means of an electrical signal (1.55A) for 2.5 minutes. This way, the truss stalk temperature 

increased, thereby destroying the phloem. Five days after the start of the fruit growth 

measurements, two monitored trusses were heat-girdled in each treatment, whereas the two 

other trusses remained intact. Fruit transpiration was calculated based on the permeation 

coefficient of the fruit surface and the VPD (Leonardi et al., 1999). In the present study, this 

permeation coefficient was determined based on the weight loss of detached fruits from the 

light and the shade compartment. Fruits of different size were harvested, sepals were removed 

and the wound was sealed. Weight loss was monitored at 5-min. intervals and then related to 

the VPD of the air and the fruit surface to determine the permeation coefficient. The fruit 
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surface ( frA , cm²) was assessed based on a predetermined empirical relationship between 

fruit surface and frW : 

6641.0
94.5 frfr WA ⋅=         (Eq. 4.2) 

This girdling experiment was repeated three times on different trusses (the second, third and 

fifth truss of each plant) between May and July 2011. 

 

4.2.4   Model development, calibration and simulation 

In this study, the models developed by De Swaef and Steppe (2010) and Liu et al. (2007) 

were coupled and adapted. Whole-plant sap flow xF  was used as input to the model described 

in Fig. 4.1. xF  can be linked to the total water potential in the stem compartment ( x
TΨ , MPa) 

by the flow-resistance concept (van den Honert, 1948): 

x
xsubstrate

x
T RF ⋅−Ψ=Ψ        (Eq 4.3) 

in which Ψsubstrate is the water potential in the substrate (MPa) and xR  the hydraulic resistance 

in the xylem compartment (MPa h g-1). xR was determined based on measurements of x
TΨ  

with the pressure bomb (PMS Instruments, Corvallis, OR, USA). Therefore, four leaves per 

treatment were enclosed in aluminum envelopes at least 1h before measurement to prevent 

transpiration. These measurements were performed at 9h00, 11h00, 13h00, 15h00 and 17h00 

to study the daily pattern of xylem water potential in the stem. 

Fruit growth results from the water fluxes into and out of the developing fruit: 

frfr
p

fr
x

fr

TFF
dt

dW −+=        (Eq. 4.4) 

with frW the mass of water in the fruit (g), frxF  and fr
pF  the water influx through the xylem 

and the phloem (g h-1), respectively, and frT  the transpiration of the fruit (g h-1). For heat-

girdled fruits, fr
pF  equals zero and fruit growth will result from xylem influx and transpiration 

efflux.  
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Fig. 4.1 Overview of the model with the input variables indicated in red. x
TΨ  = total water potential in the stem 

compartment; Ψsubstrate = water potential in the substrate; xF  = sap flow; xR  = hydraulic resistance in the 

xylem compartment; fr
πΨ  = osmotic potential in the fruit; R  = universal gas constant; airT  = air 

temperature; frC  = concentration of reducing sugars in the fruit; MM  = molar mass of glucose; Z  = the 

contribution of hexoses to the fruit total osmotic potential; fr
TΨ  = total water potential in the fruit; fr

PΨ  = 

hydrostatic potential in the fruit; xA  = exchange surface between the xylem vascular network and the fruit; 

a  = proportionality constant; frA  = fruit surface; fr
xF  = water influx through the xylem; xL  = hydraulic 

conductivity between the xylem and the fruit; frT  = fruit transpiration; ρ  = permeation coefficient of fruit 

surface to for water vapour; VPD  = vapour pressure deficit; frW  = fruit water content; frΓ  = fruit turgor 

threshold for wall yielding; frε  = fruit elastic modulus; frφ  = fruit cell wall extensibility; 
fr

pF  = water 

influx through the phloem. 

 

The water influx from the xylem to the expanding fruit is driven by a difference in total water 

potential ( TΨ , MPa) between the stem and the fruit and was calculated based on the flow-



High light decreases xylem contribution to fruit growth in tomato 
 

 82 

resistance concept (Fishman and Génard, 1998; Lechaudel et al., 2007; Liu et al., 2007; Hall 

et al., 2013): 

)( frfr
P

x
Tx

xfr
x LAF πΨ−Ψ−Ψ⋅⋅=       (Eq. 4.5) 

where the superscripts x and fr refer to xylem and fruit, respectively. xL  is the hydraulic 

conductivity of the water pathway from the xylem to the expanding fruit (g cm-2 MPa-1 h-1) 

and xA  is the exchange surface of the xylem vascular network (cm²), which is considered to 

be proportional to frA  (Liu et al. 2007). The fruit’s total water potential equals the sum of the 

osmotic potential ( fr
πΨ , MPa) and the hydrostatic potential (frPΨ , MPa). For the calculation of 

fr
πΨ , a constant concentration of reducing sugars was assumed over the simulation period, as 

this simulation period was limited to a short period of 24 h: 

ZMM

CTR fr
airfr

⋅
⋅⋅

−=Ψπ         (Eq. 4.6) 

in which R is the universal gas constant (8.31 MPa g mol-1 K-1), airT  the air temperature (K), 

frC  the concentration of reducing sugars in the fruit (g g-1), MM the molar mass of glucose 

(180.16 g mol-1) and Z the contribution of hexoses to the fruit total osmotic potential. For 

fruits grown in the light compartment, a frC  of 0.03 g g-1 was used in accordance to previous 

measurements in a summer crop of tomato (unpublished results), whereas for fruits from the 

shade compartment, a lower frC  of 0.02 g g-1 was assumed (value based on an autumn crop 

harvested between 20 October and 19 December; Massot et al., 2010). 

Finally, changes in fruit volume resulting from water accumulation were related to the 

hydrostatic potential, and elastic fruit volume variations were represented by the fruit elastic 

modulus ( frε , MPa) (Lockhart, 1965; Ortega, 1985; Lechaudel et al., 2007):  









Γ−Ψ⋅⋅−⋅=

Ψ
)( frfr

P
frfr

fr

fr

frfr
P W

dt

dW

Wdt

d φε
    (Eq. 4.7) 

where frφ  is the fruit cell wall extensibility (MPa-1 h-1) and frΓ  the turgor threshold for wall 

yielding (MPa). frφ  was calculated according to Liu et al. (2007): 

)exp(1

max

tk
fr

⋅+
= φφ         (Eq. 4.8) 

in which maxφ and k  are two parameters.  

In the model of Liu et al. (2007), xL  was assumed to be proportional to the conductivity of 

the phloem pathway. Their proportionality factor was based on literature estimates of water 
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influx via the xylem and the phloem. Since the present study aims at evaluating the effect of 

differences in light intensity on the contribution of xylem and phloem to tomato fruit growth, 

values of xL  were estimated by automatic calibration of the model for girdled trusses 

described in Fig. 4.1, using experimental data of volumetric growth of the heat-girdled fruits. 

As heat-girdling blocks phloem influx, only xylem influx and fruit transpiration determine the 

volumetric growth of these fruits. xL  was estimated for each heat-girdled fruit using a period 

of 12 hours during the night following the girdling event and by minimizing the sum of 

squared errors between the measured and simulated fruit diameter, which was calculated from 

the simulated frW . Nighttime data were chosen, because the effect of temperature on fruit 

expansion could then be assumed to be minimal. Other model parameters were taken from 

literature or estimated from experimental data (Table 4.1). All model simulations were 

performed for a truss consisting of three fruits of equal dimension. 

 

Table 4.1 Overview of model parameters 

Parameter Definition Value 

substrateΨ  (MPa)  Substrate’s water potential -0.08 (this study) 

xR (MPa h g-1)  Hydraulic resistance between the substrate and 

the xylem 

0.0025 (this study) 

 

maxφ  (MPa-1 h-1) Maximum cell wall extensibility 0.2 (Liu et al., 2007) 

k (h-1) Time constant 0.0066 (Liu et al., 2007) 

a (-) Proportionality factor 0.011 (Liu et al., 2007) 

frΓ  (MPa) Turgor threshold for wall yielding 0.1 (Grange, 1995) 

 
frC (g g-1)  

  

Fruit’s reducing sugar concentration 0.03 (light compartment)   

0.02 (shade compartment) 

xL   (g cm-2 MPa-1 h-1) Hydraulic conductivity of the xylem pathway 

to the fruit 

0.0303- 0.106 (this study) 

frε  (MPa) Fruit elastic modulus  10 (this study) 

Z (-) Contribution of hexoses to fruit total osmotic 

potential 

0.52 (Mitchell et al., 1991) 
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For intact fruits, model equations were slightly rearranged (Fig. 4.1) and frW , calculated from 

fruit diameter measurements, was used as an additional input variable in order to estimate the 

phloem contribution from the fruit water balance: 

frfr
x

fr
fr

p TF
dt

dW
F +−=        (Eq. 4.9) 

Fruit growth data from intact fruits, recorded prior to the girdling event, were used to 

calculate the phloem influx. Xylem influx could be accurately estimated with xL  values 

determined by model calibration with data from girdled fruits. For the non-girdled fruits, a 

mean xL  for each treatment was used.  

Model development, calibration and simulation were carried out using PhytoSim (Phyto-IT 

BVBA, Mariakerke, Belgium). Model calibration was performed by means of the simplex 

method (Nelder and Mead, 1965). For simulations, a fourth-order Runge-Kutta numerical 

integrator with a fixed step size (0.01 h) was used. 

 

4.2.5   Sensitivity analysis 

A sensitivity analysis was performed with PhytoSim to identify the parameters which have 

the strongest effect on the model output. Absolute sensitivities were calculated by:  

j

jjijji

j

i tytyy

θ
θθθθ

θ ∆
∆−−∆+

=
∂
∂

2

),(),(
     (Eq. 4.10) 

with iy the simulated variable and jθ the parameter. Relative sensitivity functions were then 

determined as (De Pauw et al., 2008): 

j

i

i

j
ji

y
x

sc
s

θ
θ

∂
∂

=,          (Eq. 4.11) 

in which isc  is a scaling factor for which the value of the variable was used. Finally, 

parameter values were ranked according to their sensitivity index jSI : 

∑ ∑
= =

=
N

i

K

k
kjij s

K
SI

1 1

2
,,

1
       (Eq. 4.12) 

where j is the considered parameter, i the variable, k the sensitivity time instance within a 

sensitivity function, N the number of variables and K the number of time instances for a 

particular sensitivity function. 
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4.2.6   Statistical analysis 

Statistical analysis of differences between the light and the shade treatment was done using a 

t-test as conditions for a t-test (normal distribution and homoscedasticity) were met. Statistical 

analysis was carried out with Sigmaplot 11 (Systat Software Inc., Chicago, USA) and all 

statistical tests were performed at the 0.05 level. 

4.3 Results 

The mean daily sum of PAR was approximately 75% lower under the shade screen (Fig. 

4.2A). Additionally, mean daily VPD was lower in the shade treatment (2.01 kPa) than in the 

light treatment (2.90 kPa) (Fig. 4.2B), although this difference was not significant (p = 0.086). 

This resulted from both a slightly higher RH and a slightly lower Ta under the shade screen. 

As a result from the lower light intensity and VPD, mean daily sap flow totals were markedly 

reduced in this treatment (707 g day-1) compared to the light treatment (1781 g day-1) (results 

not shown). Estimated values of xL  for the heat-girdled fruits varied between 0.0303 and 

0.1060 g cm-2 MPa-1 h-1. Mean xL  for the plants grown under the shade screen was 

significantly higher (0.0773 g cm-2 MPa-1 h-1) compared to the plants grown under high light 

intensity (0.0395 g cm-2 MPa-1 h-1) (p = 0.002). These mean xL  values were used as an 

approximation of xL  in non-girdled fruits growing in the shade and the light treatment, 

respectively. Fig. 4.2C shows the mean relative contribution of xylem to fruit growth over a 

period of 24 h for plants grown in conditions of high and low light intensity (n = 21 and n = 

28, respectively). The mean relative water influx through the xylem was significantly (p < 

0.001) higher for the plants growing under the shade screen (30.4%) compared to those 

exposed to high light intensities (20.7%). 
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Fig. 4.2 Mean daily sum of PAR (A), mean daily VPD (B) and mean relative xylem contribution to tomato fruit 

growth (C) in the light and the shade treatment. Each bar represents a mean with standard error. Different 

letters indicate a significant difference (t-test; p < 0.05). 

 

In Fig. 4.3, the relative xylem contribution is plotted against the mean daily VPD for both 

treatments. Each point represents a mean value, calculated for at least three trusses over a 24-

h period. The relative amount of water imported through the xylem appears to decrease with 

increasing VPD. Furthermore, the relative xylem contribution was clearly higher in the shade 

treatment than in the light treatment over the measured VPD range.  
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Fig. 4.3 Mean relative xylem contribution to fruit growth of tomato plants grown in the light (grey) and shade 

(black) compartment as a function of mean daily VPD. Symbols represent the mean of at least three plants 

with standard error.  

 

Fig. 4.4 displays the dynamics in xF , x
TΨ  and fr

TΨ  (Fig. 4.4C and D) in response to the 

microclimatic conditions in the light and shade treatment (Fig. 4.4A and B) during a 24-h 

period (mean of two plants). The resulting simulated components of the fruit water balance 

are shown in Fig. 4.5. Daytime x
TΨ  of plants grown in the light treatment showed markedly 

more negative values compared to the shaded plants as a result of the high transpiration rates 

(Fig. 4.4C and D). On the contrary, frTΨ  remained rather constant throughout the day in both 

treatments. Consequently, the daytime total water potential gradient between the stem and the 

fruits was greatly reduced for plants exposed to high light intensities, resulting in a decreased 

fr
xF  (expressed per g fresh weight (FW) Fig. 4.5A), especially during the sunniest hours of 

the day, with a mean fr
xF  of  0.00019 g g-1 FW h-1 and 0.00062 g g-1 FW h-1 between 12h and 

18h in the light and shade treatment, respectively. frT  was higher under conditions of high 

light intensity, as a consequence of the higher VPD and the larger fruit surface (Fig. 4.5C). 

Simulated dynamics in fr
pF  indicated an increase during the afternoon and evening and a 

rather constant lower influx at night and in the morning (Fig. 4.5B). Daytime fr
pF  was lower 

when the plants were shaded. In the light treatment, a mean value of 0.0032 g g-1 FW h-1 was 

simulated during the afternoon (12h-18h), whereas under the shade screen, mean fr
pF  was 

approximately 0.0024 g g-1 FW h-1. Mean nighttime fr
pF  was similar in both treatments.  
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Fig. 4.4 PAR (solid line) and VPD (dotted line) in the light (A) and the shade (B) treatment; Sap flow (xF ; solid 

line) and simulation results of the total water potential in the xylem ( x
TΨ ; dotted line) and the fruit ( fr

TΨ ; 

dashed line) in the light (C) and the shade (D) treatment.  

 

In the light treatment, x
TΨ  occasionally dropped below fr

TΨ  when transpiration reached 

maximum values in the afternoon (Fig. 4.4C). This resulted in a reversed gradient in TΨ  and 

a small xylem backflow from the fruits towards the stem was simulated (Fig. 4.5A).  



                                               High light decreases xylem contribution to fruit growth in tomato 
 

 89 

 

Fig. 4.5 Simulation results of the xylem influx ( fr
xF ; A), the phloem influx (

fr
pF ; B) and fruit transpiration 

( frT ; C) in the light treatment (solid line) and in the shade treatment (dotted line). Graphs cover a 24-h 

period prior to the girdling event of the third experiment, starting at 35 DAA.  

 

Simulated xylem influx was compared with fruitF  dynamics measured with the mini HFD 

sensor on the stalk of a girdled truss (Fig. 4.6A). Overall, measured dynamics agreed well 

with model simulations, indicating a decrease in xylem influx during the day, which was more 

pronounced in the morning at the onset of transpiration and in the afternoon, when light 

intensity and temperature were at their maximum. Furthermore, HFD dynamics revealed a 

rather constant and higher xylem influx during the night. A clearly different pattern of influx 

was observed for an intact truss. Again, simulated total influx corresponded well with fruitF  

dynamics measured on the intact truss stalk (Fig. 4.6B).  



High light decreases xylem contribution to fruit growth in tomato 
 

 90 

 
Fig. 4.6 Comparison between the simulated xylem influx and the sap flow dynamics through the truss stalk of a 

girdled truss of a tomato plant over a 24-h period (A); Comparison between the simulated total influx and 

the sap flow dynamics through the peduncle of an intact truss of a tomato plant over a 24-h period (B). 

 

Figure 4.7 shows the sensitivity results for the relative xylem contribution to different model 

parameters. The concentration of reducing sugars in the fruit was the most influential model 

parameter, whereas relative xylem contribution was nearly insensitive to fruit elastic 

properties ( frε ). 

 

Fig. 4.7 Sensitivity index for the relative xylem contribution to different model parameters: frC  (concentration 

of reducing sugars in the fruit); xR  (hydraulic resistance in the xylem compartment); xL  (hydraulic 

conductivity between the xylem and the fruit); frε  (fruit elastic modulus).  
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4.4 Discussion 

4.4.1   Model-based approach for determining Lx, xylem and phloem influx  

The relative contribution of xylem and phloem to fruit growth is commonly assessed by 

girdling. This technique separates xylem and phloem flow by blocking the phloem influx into 

the fruit, thereby assuming that xylem influx is not affected. However, this technique may 

suffer from some constraints. Indeed, when the phloem influx is interrupted, the fruit’s 

osmotic potential may change, as sugars are no longer imported. This change in osmotic 

potential will alter fr
TΨ , which in turn affects the total water potential gradient between the 

stem and the fruit, thereby inducing changes in fr
xF . This will give rise to systematic errors in 

the estimation of xylem and phloem fluxes (Fishman et al., 2001). Therefore, in this study, a 

model-based approach was used to assess the contribution of xylem and phloem influx to 

tomato fruit growth. Girdling of the truss stalk served as a means to determine xL , whereas 

fruit growth data of the intact fruits from the period prior to the girdling event were used for 

estimating xylem and phloem fluxes. As such, errors introduced by interrupting the phloem 

influx and altering the fruit’s osmotic potential were avoided. A second constraint is that 

girdling may possibly harm the xylem. However, in their study, Guichard et al. (2005) 

observed that the xylem in the truss stalk was not severed after heat-girdling and it was still 

functional after several hours. We evaluated the effect of heat-girdling by measuring xylem 

hydraulic conductivity of the truss stalk using the technique of Sperry et al. (1988). After 

reaching a stable flow through the truss stalk, heat girdling was performed. As no effects 

could be observed, we concluded that heat-girdling did not affect xylem conductivity (results 

not shown). Furthermore, MRI was used to examine xylem flow in tomato stems following a 

heat-girdling treatment, and first results suggest no pronounced effects of girdling on xylem 

flow for at least two days following the girdling event. 

Liu et al. (2007) assumed that xL  is proportional to phloem hydraulic conductivity based on 

contributions of xylem and phloem reported earlier in the literature. However, we 

hypothesised that xylem contribution may vary, depending on microclimatic conditions. 

Values of xL  were therefore determined using the volumetric growth of heat-girdled fruits. 

Our results showed higher values for xL  in shaded plants. From Fig. 4.4C and D, it was clear 

that x
TΨ  was more negative in plants from the light treatment. The specific microclimatic 

conditions in the light treatment may have induced cavitation, leading to a decrease in xylem 
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conductivity. Nevertheless, mean xL  obtained for plants in the light treatment (0.0395 g cm-2 

MPa-1 h-1) corresponded well with the value of Liu et al. (2007) (0.033 g cm-2 MPa-1 h-1).  

Flow conducting tissues in the truss stalk and pedicel of tomato consists of an outer and an 

inner phloem ring with a xylem ring in between. It can therefore be questioned whether heat-

girdling also affected the inner phloem ring. Guichard et al. (2005) showed that heat-girdling 

also disorganised the inner phloem ring, thereby destroying its function. Furthermore, MRI 

results indicated that flow through this inner phloem ring ceased after approximately 30 DAA 

(Windt et al., 2009). For these reasons, we assumed that flow in this inner phloem ring was 

absent after girdling, but it remains unknown whether light intensity has an effect on the time 

of cessation of flow through this inner ring.  

Both xL  and xR  were assumed constant during model simulation (for simplicity reasons), 

although previous studies demonstrated that xylem hydraulic conductivity might change 

during the day (e.g. Zwieniecki and Holbrook, 1998; Windt et al., 2006). Windt et al., (2006), 

for instance, found a reduction in flow-conducting area during the night, although it might 

have been possible that slow-moving water became indistinguishable from stationary water.  

Sensitivity analysis (Fig. 4.7) showed that relative xylem contribution was sensitive to 

parameters related to carbon (frC ) and water ( xL  and xR ). Fruit sugar concentration has an 

important effect on fruit water potential, which, together with stem water potential, is the 

major driving force for water flow towards the developing fruits. Model calibration for 

girdled fruits yielded a range of xL  values. Because xL  has a strong influence on the model 

outcome (sensitivity analysis), additional simulations were performed with minimum and the 

maximum xL  values obtained for each treatment, still indicating a significant difference in 

relative xylem contribution between the light and the shade treatment. 

 

4.4.2   Effect of light intensity on xylem and phloem influx into tomato 

fruits 

In the literature, it is generally believed that most water enters the tomato fruit through the 

phloem. However, the study of Windt et al. (2009) gave contrasting evidence that the xylem 

accounted for 75% of water influx into developing tomato fruits. We hypothesised that this 

high contribution of xylem water could stem from the low light intensity used in that study. In 

fact, xylem influx is very sensitive to changes in whole-plant water status and thus 



                                               High light decreases xylem contribution to fruit growth in tomato 
 

 93 

microclimatic conditions. Under well-watered conditions, increasing irradiance will cause 

transpiration to rise, resulting in a drop in xTΨ  (Johnson et al., 1992; De Swaef and Steppe, 

2010). On the other hand, fr
TΨ  remains rather constant during the day (Johnson et al., 1992; 

Guichard et al., 2005). By consequence, frxF  can be expected to be lower during the day than 

at night, due to a smaller gradient in TΨ  between stem and fruits (Ehret and Ho, 1986; 

Johnson et al., 1992). This pattern was confirmed by the dynamics of influx through a girdled 

truss stalk (Fig. 4.6A). Furthermore, Guichard et al. (2005) demonstrated a reduction in xylem 

water influx upon an increase in VPD of the air (cf. Fig. 4.3). Several studies have reported on 

a xylem water efflux (backflow) from the fruit towards the stem in conditions of high 

transpiration (Johnson et al., 1992; Guichard et al., 2005). Therefore, the estimated 

contribution of xylem to fruit growth can be expected to vary with environmental conditions. 

Our findings suggest that low light intensity significantly increases the proportion of xylem 

water contributing to fruit growth (Fig. 4.2C and 4.3). It was found that xylem influx 

accounted for approximately 30.4% of the total influx when shading lowered light intensity, 

compared to 20.7% under high light intensity. These findings also help explaining the high 

xylem contributions (75%) reported by Windt et al. (2009). In our simulations, nighttime 

xylem contribution mostly exceeded 50%, occasionally reaching more than 90%, which is in 

agreement with the results from Hossain and Nonami (2010), who found high xylem 

contributions up to 90% under dark conditions. The significant increase in xylem contribution 

could however not solely be attributed to the higher xL  values in plants under the shade 

screen. The increase in relative xylem contribution resulted from both a higher fr
xF and a 

lower fr
pF  during the daytime (Fig. 4.5A and B). Fig 4.4C and D showed that xF  was greatly 

reduced under the shade screen, resulting in a less negative x
TΨ . As such, the tomato plants 

growing under the shade screen were able to maintain a stronger gradient in TΨ  between 

stem and fruits during the day (Fig. 4.4C and D), thereby promoting xylem water influx into 

the fruits.  

fr
pF  appeared to be lower for plants exposed to low light intensity. The loading of sucrose 

from the leaves into the sieve tubes is the major driving force for mass flow in the phloem 

(Komor, 2000, De Schepper et al., 2013). The rate of this loading process is determined by 

the interaction between synthesis and hydrolysis of sucrose, the formation of starch and the 

mobilization from starch reserves (Komor, 2000, De Schepper et al., 2013). When radiation is 
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reduced, photosynthesis rates will decrease. Ho (1976) demonstrated a proportional 

relationship between the rate of photosynthesis and the rate of carbon export when leaves of a 

tomato plant were subjected to different light intensities. Furthermore, a linear relation 

between the sucrose content in the exporting leaf and the net export rate was found in soy 

bean and no export saturation could be noted (Fader and Koller, 1983). It can thus be 

expected that carbon export, and consequently, loading of sucrose into the phloem, was lower 

for plants growing under the shade screen, thereby creating a lower hydrostatic pressure at the 

source end of the phloem pathway towards the fruits. This may have reduced the phloem’s 

hydrostatic pressure gradient between the stem and the fruit, causing fr
pF  to be lower with 

respect to the plants growing under high light intensity. Our observations agree with the 

results obtained by Morandi et al. (2011) on apple trees, showing that shading decreased the 

growth rate due to a reduction in phloem influx. 

VPD differed between both treatments (Fig. 4.2B). Despite the high VPD values, plants did 

not suffer from drought stress and no visual stress symptoms could be observed. Nor stem 

diameter variations or sap flow responded to irrigation events (results not shown), indicating 

that the plants were well watered (De Swaef and Steppe, 2010). Xylem contribution decreased 

with increasing VPD (Fig. 4.3) in both the light and the shade treatment, which is in 

accordance with previous observations (Guichard et al., 2005). However, this decrease 

appears to be more pronounced in the shade compartment, suggesting that VPD has a stronger 

effect on fruit water balance when light intensity is low.  

In general, the simulated patterns of frxF , fr
pF  and frT  (Fig. 4.5) corresponded well with the 

literature. Guichard et al. (2005) reported a lower fr
xF during the day than at night as a result 

from a reduced gradient in TΨ  between stem and fruits due to transpiration. Additionally, 

direct measurements of fruitF  dynamics through a girdled truss stalk using the mini HFD 

sensor revealed dynamics which were closely related to the simulated pattern of xylem influx 

(Fig. 4.6A). These dynamics indicated that xylem influx was greatly influenced by 

environmental conditions and demonstrated a decrease at the onset of transpiration in the 

morning and an additional decrease when light intensity and temperature in the greenhouse 

increased in the afternoon. On the contrary, fr
pF  and frT  both displayed a maximum during 

daytime. Such opposite diurnal cycles of frpF  and fr
xF  with maximums during the day and the 

night, respectively, were also reported by Ehret and Ho (1986). Because of these opposite 
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diurnal cycles of fr
pF  and fr

xF , relative xylem contributions were determined over a 24-h 

period.  

During tomato fruit development, sugar import into the sink cells progressively shifts from 

symplasmic to apoplasmic (Damon et al., 1988; Ruan and Patrick, 1995; Brown et al., 1997). 

In the model of Liu et al. (2007), this shift is represented by the solute reflection coefficient 

pσ , which gradually increases from zero to one during fruit development. This resulted in a 

dominance of apoplasmic unloading of sugars, driven by a gradient in total water potential, 

from 30 DAA onwards. However, in our study, dynamics in fr
xF  and fr

pF  clearly revealed 

different patterns, even at 35 DAA, indicating that different driving forces for phloem and 

xylem influx co-existed, and suggesting that the symplasmic connection was still present 

driving phloem influx into the fruit sink cells to a large extent by a gradient in hydrostatic 

pressure rather than total water potential. Additionally, several authors have reported on a 

decrease in xylem contribution during fruit development. Ho et al. (1987) demonstrated a 

decrease to approximately 10% at five weeks after pollination and to 1-2% at maturity. Our 

results suggest that even at five weeks after anthesis (35 DAA), the xylem connection was 

still functional and accounted for 20.7 and 30.4% of the contribution in the light and shade 

treatment, respectively. This is in agreement with the observations of Windt et al. (2009) in 

tomato and Clearwater et al. (2012) in kiwi fruit, suggesting that xylem influx remained 

functional throughout the complete truss development.  

When we compared growth of fruits before and after the girdling event, a steady increase in 

xylem contribution was observed in the days following girdling, up to 60% on the third day 

after girdling (results not shown). The high transpiration and consequential water loss from 

the fruits may have lowered fruit water potential, thereby promoting xylem influx. This 

suggests that influx through the xylem can at least partially replace phloem influx and that 

phloem and xylem work in an additive way. This behaviour has already been suggested for 

kiwifruit (Clearwater et al., 2012; Clearwater et al., 2013).   

 

4.4.3   Implications for commercial practice 

The sugar and acid content are main determinants of tomato fruit quality (Dorais et al.,  

2001a). Since our results suggest that light intensity affects the relative importance of the 

vascular flows towards the fruit, this will also have implications for fruit quality. Fig. 4.2C 

and 4.3 suggested that xylem influx will increase and phloem influx will decrease under 



High light decreases xylem contribution to fruit growth in tomato 
 

 96 

conditions of low irradiance. This might result in a reduced fruit total solids content and, by 

consequence, a lower quality, since sugars are solely imported through the phloem. As tomato 

fruit production in Belgium is an almost year-round production, this might have implications 

for the quality of fruits, harvested throughout the year, since plants are subjected to changing 

outdoor microclimate conditions. Fruits, grown and harvested during winter, early spring and 

late autumn can be expected to have a lower total solids content and thus lower quality, 

resulting from an increased contribution of the xylem and a decreased photosynthesis due to 

low light intensities. Data of dry weight content of tomato fruits harvested over a complete 

growing season, confirm this finding (results not shown). On the other hand, during summer, 

xylem contribution will be substantially lower, thereby increasing the risk of blossom-end rot 

(BER), due to calcium deficiency. Indeed, Ho et al. (1993) demonstrated a linear relationship 

between the incidence of BER and the product of average daily irradiance and daily 

temperature. Our results suggest that the application of shade on very sunny days may 

decrease the risk of BER by increasing the xylem water and, thus, Ca influx. This is supported 

by the results of Ilić et al. (2012) who observed a 50% decrease in the occurrence of BER 

upon shading.  

The growing insight into the dynamics of water and photoassimilate flow into the tomato 

fruit, and the fruit in general, and their responsiveness to environmental conditions will allow 

controlling and manipulating them to improve production and quality. Additionally, since we 

used a mechanistic model, these findings are also transferable to other species, be it after 

recalibrating the model with crop specific measurements. 

4.5 Conclusions 

The combination of girdling experiments and a model-based approach revealed the effect of 

different light intensity on the xylem and phloem fluxes contributing to tomato fruit growth. 

Xylem and phloem influx were strongly affected by light intensity and the relative xylem 

contribution significantly increased upon shading. This mainly resulted from a higher xylem 

influx and a decreased phloem influx during the daytime, whereas nighttime xylem fluxes 

were high for plants of both the light and the shade treatment. Model simulations revealed that 

light intensity influenced the fluxes by affecting whole-plant water status and that plants from 

the shade treatment were able to maintain a stronger gradient in total water potential between 

the stem and the fruits during daytime, which, together with a higher xylem hydraulic 

conductivity, resulted in an increased xylem influx during daytime. The dynamics in xylem 

and phloem influx at 35 DAA suggest that the symplasmic connection was still present and 
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that the xylem influx remained functional. The variable contributions of xylem and phloem, 

resulting from different light intensities, are expected to affect fruit quality, especially when a 

year-round production is envisaged.  
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A virtual fruit model for predicting quality 
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Abstract 

Tomato fruit quality aspects have become a major issue for tomato growers in Flanders and 

high yield is no longer the only objective. Fruit quality results from the interaction between 

different quality attributes (size, appearance, shape, dry matter content, organoleptic and 

nutraceutical quality) and can be controlled in different ways. To allow an improved control 

of fruit quality, a thorough insight into plant functioning is crucial. Fruit growth in tomato 

results from the balance between influx of water, carbon and nutrients through the xylem and 

phloem and water loss through fruit transpiration. Gradients in hydrostatic and osmotic 

potential between stem and fruit are the major driving forces for water influx. Different 

models have been developed to predict tomato fruit growth in terms of dry matter or water 

content, or both. Recently, a virtual fruit model has been developed for peach that allows 

predicting peach fruit growth as well as different quality attributes. The aim of the present 

study was to develop a virtual fruit model that estimates glucose, fructose and citric acid 

concentration in cherry tomato fruit and to study the effects of electrical conductivity (EC) of 

the nutrient solution on tomato fruit quality attributes and fruit water potential. To this end, 

tomato plants (Solanum lycopersicum L. ‘Juanita’) were grown at EC of 2.5, 3 and 5 mS cm-1. 

The different components of the fruit water potential were measured throughout fruit 

development and fructose, glucose and citric acid concentrations at different stages during 

fruit development were determined. A virtual fruit model for tomato was developed by 

including submodels for sugar and citric acid concentrations in the model of Liu et al. (2007).  

Results showed that turgor pressure in developing cherry tomato fruits exhibited a bell-shaped 

pattern, which was not affected by EC. Osmotic potential of fruits grown at higher EC was 

significantly lower and allowed maintaining turgor pressure at lower fruit total water 

potential. The virtual fruit model estimated cherry tomato fruit growth and glucose and 

fructose concentrations well, but fruit turgor was overestimated. Such a virtual fruit model for 

tomato can create avenues for an improved control of fruit quality as it allows performing 

virtual experiments. However, to use the virtual tomato fruit model for such purposes, it will 

need further improvement to better estimate the different components of the fruit water 

potential.  
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5.1 Introduction 

Tomato cultivation in Flanders and the Netherlands is mainly focused on the fresh market. 

Nowadays, consumers become increasingly demanding for high quality products. As quality, 

together with the price of the product are the main factors influencing buying behaviour of 

consumers (Wandel and Bugge, 1997), tomato fruit quality aspects became a major issue for 

tomato growers and high yield is no longer the only objective (Dorais et al., 2001a; Dorais et 

al., 2008).  

Growth of tomato fruits originates from the influx through xylem and phloem, and fruit 

transpiration, resulting in water and dry matter accumulation in the fruits. Several studies have 

demonstrated that phloem is the main source of water for developing tomato fruits and that 

xylem has only a minor contribution (Ehret and Ho, 1986; Ho et al., 1987; Grange and 

Andrews, 1995; Guichard et al., 2005). However, in Chapter 4 it was demonstrated that 

relative contributions of xylem and phloem are strongly affected by environmental conditions, 

whereby decreasing light intensity can increase xylem influx. This creates opportunities for 

manipulating these fluxes to improve fruit quality. Water influx through the xylem is driven 

by a gradient in total water potential between stem and developing fruits (Liu et al., 2007). On 

the other hand, phloem influx and import of sucrose has been suggested to shift from 

symplastic to apoplastic, when the plasmodesmic connection with the fruits disappears during 

development (Damon et al., 1988; Ruan and Patrick, 1995). As such, the driving force for 

phloem flux will gradually change from a gradient in hydrostatic potential (turgor pressure) to 

a gradient in total water potential (Liu et al., 2007). In contrast, N’tchobo et al. (1999) 

suggested that movement from the phloem towards the fruit predominantly occurs 

symplastically in tomato, even at 40 days after anthesis (DAA).  

Quality of tomato fruits results from the interaction between different quality attributes. 

Tomato fruit quality for fresh consumption is firstly determined by the appearance of the fruit 

(color, shape and size) and the absence of physiological disorders (e.g. fruit cracks, gold 

specks and blossom-end rot) (Dorais et al., 2001a). Secondly, texture, firmness and dry matter 

content are also important quality attributes (Dorais et al., 2001a). Finally, taste and aroma 

(organoleptic quality) and content of health-promoting compounds such as carotenoids, 

minerals and vitamins (nutraceutical quality) are also very important for consumers (Dorais et 

al., 2001a). In the present chapter, the focus will be mainly on the organoleptic quality of 

tomato fruits, and more specific reducing sugar and organic acid concentrations. The ratio 

between hexoses (glucose and fructose) and organic acids has a major influence on the taste 
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of tomato fruits (Ke and Boersig, 1996; Auerswald et al., 1999; Dorais et al., 2001a). In ripe 

tomato fruits, approximately half of the dry matter consists of reducing sugars (Ho, 1996). 

Still, sugar concentrations are reported to vary strongly according to species (e.g. Yelle et al., 

1988) and growing conditions (e.g. Dorais et al., 2001b). Although sucrose is the main 

transport sugar in tomato (Ho, 1976), its concentration in the fruit is generally very low (≤ 1% 

of the dry matter (Ho and Hewitt, 1986; Davies and Hobson, 1981)). Starch content in tomato 

fruits is also rather low but increases until three weeks after anthesis to approximately 20% of 

the dry matter, after which it declines to approximately 1% of the dry matter in mature green 

fruits (Dorais et al., 2001a). Other studies report starch accumulation until 30-40 DAA, after 

which it drops drastically when fruits start to ripen (Cuartero and Fernández-Munoz, 1999). 

N’tchobo et al. (1999) investigated starch synthesis in tomato fruits and found that 

approximately 25% of the imported sucrose was converted into starch. The percentage 

sucrose converted into starch appeared to be independent of fruit age. Concentrations of 

organic acids in tomato fruit are generally lower than sugar concentrations and the main 

organic acids, being malic and citric acid, account for approximately 10-13% of the dry 

matter (Ho and Hewitt, 1986).  

Quality of the harvested fruits can be controlled in different ways. First, the selected genotype 

will greatly determine sourness, sweetness and overall flavour intensity of the harvested fruits 

(Stevens et al., 1979). Additionally, cultivation management will also strongly affect final 

quality of the harvested product. Many studies have evaluated the effect of microclimatic 

conditions on tomato fruit quality. Higher light intensities were reported to positively affect 

tomato fruit quality due to higher dry matter and reducing sugar content resulting from higher 

assimilate availability (Winsor and Adams, 1976; Bertin et al., 2000; Dorais et al. 2001a; 

Anza et al., 2006). Ho and Adams (1995) suggested that the effect of light intensity on dry 

matter content could also be indirect by causing a slight drought stress resulting in lower fruit 

water content. Increasing the vapour pressure deficit can also result in higher dry matter 

content of the fruits as fruit transpiration is increased and xylem influx decreased due to a 

smaller gradient in total water potential between stem and fruit. This lower gradient in total 

water potential results from a decrease in the xylem water potential in the stem upon 

increasing VPD, whereas the fruit total water potential is less affected (Johnson et al., 1992). 

Organic acid content has been shown to be less affected by microclimatic conditions: light 

intensity had only little effect on organic acid concentrations (Dorais et al., 2001a), and Bertin 

et al. (2000) reported no clear effect of high VPD on malic and citric acid concentration. 

Temperature is also expected to affect metabolic processes involved in fruit quality (Ho and 
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Hewitt, 1986), but only a small effect of temperature on titratable acidity (mainly dependent 

on the main organic acids, being citric and malic acid) was observed upon an increase in 

temperature (Gautier et al., 2008). In addition to the microclimate, management of the root 

environment can also impact tomato fruit quality. Different studies have shown that water 

deficit or high electrical conductivity (EC) of the nutrient solution resulted in an increase in 

dry matter content, sugar concentration and organic acid concentration (e.g. Mizrahi, 1982; 

Mitchell et al., 1991; Veit-Köhler et al., 1999; Plaut et al., 2004). This was explained by a 

decreased water accumulation in the fruit. Unfortunately, an increase in quality is often 

accompanied by a decrease in yield. Dorais et al. (2001b) reported that EC values ranging 

between 4.6 and 8 mS cm-1 decreased fruit yield resulting from a reduction in fruit size, and 

that ECs between 3.5 and 9 mS cm-1 favoured quality. According to Cuartero and Fernandez-

Munoz (1999), the refractometric index (°Brix), used as a measure for the soluble dry matter, 

increased by 10.5% per mS cm-1 above 2 mS cm-1. They also report an increase in titratable 

acidity when EC increased from 2 to 14 mS cm-1. Similarly, Auerswald et al. (1999) found an 

increase in titratable acidity between 26% and 42% when EC increased from 1 to 6 mS cm-1, 

whereas the increase in reducing sugar content was approximately 20%.  

In the past, different attempts have been made to predict tomato fruit growth, based on either 

dry matter partitioning (Jones et al., 1991; Heuvelink and Bertin, 1994) or water accumulation 

(Lee, 1990; Bussières, 1994; Bussières, 2002). The biophysical fruit growth model of Liu et 

al. (2007) takes both water and carbon influx into account. Recently, De Swaef and Steppe 

(2012) successfully coupled the model of Liu et al. (2007) to a mechanistic flow and storage 

model for tomato stems developed by De Swaef and Steppe (2010), later on used to study the 

response of fruit growth to elevated temperature and vapour pressure deficit (Hanssens et al., 

2012b). In Chapter 4, this model was used to elucidate the effect of light intensity on xylem 

contribution to tomato fruit. Recent developments in fruit modelling involve the introduction 

of quality attributes in fruit growth models resulting in ‘virtual fruit’ models, as proposed for 

peach (Lescourret and Génard, 2005). Since fruit quality results from the interaction between 

different processes, such virtual fruit models consist of several submodels describing 

processes at different levels. As such, the virtual peach model of Lescourret and Génard 

(2005) combines a carbon model (Lescourret et al., 1998), a water model (Fishman and 

Génard, 1998) and a sugar model (Génard et al., 2003). Génard et al. (2010) further extended 

this model with a submodel for fruit respiration (Cannell and Thornley, 2000), skin 

conductance (Gibert et al., 2005), citric acid (Lobit et al., 2003) and ethylene emission 

(Génard and Gouble, 2005). A model describing malic acid accumulation in fruits was 
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developed by Lobit et al. (2006). For a detailed description of these models, the reader is 

referred to the literature. To our knowledge, no such virtual fruit model exists for tomato fruit, 

although, different submodels are yet available. Furthermore, such a virtual fruit model for 

tomato will be of great value as it allows conducting virtual experiments and it will help to 

improve current understanding of the effect of different factors (microclimatic conditions, EC 

and drought stress) on tomato fruit quality.  

The aim of this chapter was to develop a virtual fruit model for cherry tomato that is able to 

predict hexose (glucose and fructose) and organic acid (citrate) concentrations during fruit 

development. To this end, the model presented in Chapter 4 was extended with submodels 

for describing sugar and citric acid metabolism in the fruit. Additionally, the pattern of fruit 

osmotic potential and turgor pressure was intensively studied and compared with model 

estimates. Finally, the effect of different EC of the nutrient solution on fruit osmotic potential 

and turgor, fruit growth and sugar and organic acid concentrations was assessed.  

 

5.2 Materials and methods 

5.2.1   Plant material and experimental setup 

Cherry tomato plants (Solanum lycopericum L. ‘Juanita’) were grown in a greenhouse 

compartment at the Institute for Agricultural and Fisheries Research (ILVO) in Melle, 

Belgium between 29 November 2013 and 14 March 2014. Plants were grown on rockwool 

slabs (Master, Grodan, Hedehusene, Denmark) and irrigated with nutrient solution six times 

per day (06h00, 08h00, 10h00, 12h00, 14h00 and 16h00) to reach a drain percentage of 

approximately 30%. The plants were subjected to different EC treatments of 2.5, 3 and 5 mS 

cm-1, further referred to as EC 2.5, EC 3 and EC 5, respectively. Standard nutrient solution 

had an EC of 2.5 mS cm-1 and EC was increased by adding a NaCl/CaCl2 solution (4:1 mol 

mol-1). CaCl2 was added to prevent calcium deficiency resulting from the high concentrations 

of Na+. Each treatment consisted of 9 plants of which the two outer plants served as border 

plants. Trusses were pruned to 15 fruits per truss and side-shoots and leaves under the lowest 

ripening truss were weekly removed. Anthesis was checked daily in order to allow accurate 

estimation of fruit age.  
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Box 5.1: Why cherry tomato as a research object in this chapter? 

Extending the tomato plant model presented in previous chapters with a submodel to predict 

quality attributes of tomato fruit might be of great value as quality is a very important aspect 

for fresh market tomatoes. A virtual fruit model that allows evaluating the effect of 

microclimatic conditions on fruit hexose and citric acid concentrations might be of great 

value, and helps to gain better insight into the different processes affecting fruit quality.  

To this end, two experiments were carried out. The results presented in this chapter were 

obtained in the second experiment. In the first experiment, Solanum lycopersicum ‘Soupless’, 

a truss tomato, was sown. Unfortunately, the experiment had to be ended earlier than planned 

because the plants suffered too much from the presence of white fly, influencing our 

envisaged results. As time was limited, new plants had to be bought from a grower in order to 

carry out a second experiment and at that time of the year only cherry tomato plants (Solanum 

lycopersicum L. ‘Juanita’) were available. This explains why this chapter focuses on cherry 

tomatoes, although these are known to have better organoleptic quality than other tomatoes. 

However, the tomato plant model presented in the different chapters is a mechanistic plant 

model and, as such, it can be applied to other tomato cultivars, be it after recalibration with 

plant specific measurements. As such, the mechanistic flow and storage tomato plant model 

extended with the fruit model of Liu et al. (2007) was evaluated on cherry tomato in this 

chapter. Similar, the virtual fruit model, developed in this chapter, can be used for other 

tomato species, after plant specific recalibration.  

 

 

To study the pattern of hexose (glucose and fructose) and organic acid (citric acid) 

concentrations as well as fruit turgor pressure and osmotic potential during fruit development, 

fruits were regularly harvested. Each harvest took place at the same time of the day, between 

17h00 and 19h00, to eliminate the effect of circadian rhythms on hexose and citric acid 

concentrations. As turgor measurements required approximately 8h, fruits used for 

determining turgor and osmotic potential were harvested the following day between 9h00 and 

10h00. This was done to minimize the effect of transpirational water loss between harvest and 

measurement, as this can markedly affect fruit turgor and osmotic potential. A conceptual 

scheme of the harvesting process can be found in Fig. 5.1.  



 

 
Fig. 5.1 Conceptual representation of the harvesting scheme. Different harvests are marked with different colors. 

Stage of the harvested truss is indicated by Sx, with x the fruit stage (x = 1

given. Fruits harvested for analysis of

used for determination of the turgor and osmotic potential are fruits C and D and fruits K and L. 

 

The period of fruit growth was divided into different stages ranging from 1 to 

1-6 in Fig. 5.1), corresponding with a 

were performed, with a time interval 

harvest, fruits from stage 1 were harvested

were harvested together with fruits from stage 2. This harvesting scheme was continued and at 

the third and fourth harvest, fruits 

respectively. This way, each 

Further details can be found in Fig. 5.1. 

to follow fruits over time (e.g. fruits of stage 4 harvested at the fourth harvest, represented the

further growth of fruits of stage 3 

treatment were selected and detached
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Conceptual representation of the harvesting scheme. Different harvests are marked with different colors. 

Stage of the harvested truss is indicated by Sx, with x the fruit stage (x = 1-6). Also a detail of a truss is 

given. Fruits harvested for analysis of fructose, glucose and citric acid concentration are fruits E

used for determination of the turgor and osmotic potential are fruits C and D and fruits K and L. 

period of fruit growth was divided into different stages ranging from 1 to 

, corresponding with a specific fruit age (Table 5.1). In total, seven harvest

were performed, with a time interval of 7 till 10 days in between each harvest. At the first 

harvest, fruits from stage 1 were harvested. At the second harvest, again fruits from stage 1 

were harvested together with fruits from stage 2. This harvesting scheme was continued and at 

fruits from stage 1,2 and 3, and stage 2, 3 and 4

. This way, each stage was harvested three times by the end of the experiment

Further details can be found in Fig. 5.1. We opted for this harvesting scheme as it allowed us 

to follow fruits over time (e.g. fruits of stage 4 harvested at the fourth harvest, represented the

further growth of fruits of stage 3 at harvest 3). At each harvest, six fruits per stage and per 

treatment were selected and detached for determination of the glucose, fructose and citric acid 
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Conceptual representation of the harvesting scheme. Different harvests are marked with different colors. 

6). Also a detail of a truss is 

fructose, glucose and citric acid concentration are fruits E-J, fruits 

used for determination of the turgor and osmotic potential are fruits C and D and fruits K and L.  

period of fruit growth was divided into different stages ranging from 1 to 6 (Sx with x = 

In total, seven harvests 

10 days in between each harvest. At the first 

d harvest, again fruits from stage 1 

were harvested together with fruits from stage 2. This harvesting scheme was continued and at 

2, 3 and 4 were harvested, 

by the end of the experiment. 

scheme as it allowed us 

to follow fruits over time (e.g. fruits of stage 4 harvested at the fourth harvest, represented the 

At each harvest, six fruits per stage and per 

for determination of the glucose, fructose and citric acid 



Predicting fruit quality aspects in tomato 

108 
 

concentrations (Fig. 5.1). These fruits all belonged to the same truss from a randomly selected 

plant. Fruit diameter and fresh weight were measured for each individual harvested fruit, after 

which they were freeze-dried at -55°C (Scanvac CoolSafe, LaboGene, Denmark) and dry 

weight and dry percentage were determined. For determination of the fruit turgor and osmotic 

potential, four additional fruits per harvested truss were selected (Fig. 5.1).  

 

Table 5.1 Mean fruit age per harvested stage per treatment.  

Growth stage Color  Mean fruit age 
EC 2.5 (DAA) 

Mean fruit age 
EC 3 (DAA) 

Mean fruit age 
EC 5 (DAA) 

Stage 1 green 18.0 ± 1.1 18.8 ± 4.3 16.5 ± 0.9 

Stage 2 green 26.9 ± 1.2 27.2 ± 1.7 26.1 ± 1.9 

Stage 3 mature green 35.9 ± 1.8 36.0 ± 1.6  35.2 ± 2.3 

Stage 4 turning stage 43.8 ± 2.3 44.4 ± 3.4 44.9 ± 3.8 

Stage 5 red 53.3 ± 4.1 53.4 ± 2.6 54.4 ± 2.4 

Stage 6 ripe red 63.8 ± 0.9 62.4 ± 1.6 62.8 ± 0.6 

 

5.2.2   Microclimatic measurements 

Photosynthetically active radiation (PAR; µmol m-2 s-1) was measured above the canopy with 

a quantum sensor (Li-190-SZ, LiCor Biosciences, Lincoln, NE, USA). Additionally, relative 

humidity (RH; %) and air temperature (Ta; °C) were measured at 1.5 m and 3 m using a 

capacitive relative humidity sensor (Type EE08, E + E Elektronik, Engerwitzdorf, Austria) 

and a copper-constantan thermocouple (Omega, Amstelveen, The Netherlands) inserted in an 

aspirated radiation shield. Vapour pressure deficit of the air was calculated according to Jones 

(1992) using air temperature and air relative humidity.  

 

5.2.3   Plant physiological measurements 

5.2.3.1   Online measurements 

Sap flow rates (Fx; g h-1) were continuously monitored with heat balance sap flow sensors 

(SGA13-WS, Dynamax Inc., Houston, TX, USA), which were installed below the first leaf 

according to the operational manual (van Bavel and van Bavel, 1990). Variation in stem 

diameter (D, mm) was measured with linear variable displacement transducers (LVDT; 
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Model 5.0 DF, Solartron Metrology, Bognor Regis, UK and Model LBB315-PA-100, 

Schaevitz, Hampton, VA, USA). Additionally, fruit growth was continuously recorded with 

LVDTs (Model 5.0 DF, Solartron Metrology, Bognor Regis, UK). LVDTs were mounted on 

the stem or fruit using custom-made stainless steel holders. Before installation, initial stem or 

fruit diameter was measured with an electronic calliper. In the EC 2.5, EC 3 and EC 5 

treatment, three, one and two plants were equipped with sap flow sensors and LVDTs on stem 

and fruit, respectively. An overview of the experimental setup can be seen in Fig. 5.2. All 

sensor signals were logged (CR1000, Campbell Scienitific Inc., Logan Utah, USA) at 30-s 

intervals and averaged every 5 minutes.   

 
Fig. 5.2 Schematic overview of the experiment setup. Plants on which a sap flow sensor, stem and fruit LVDT 

were installed are indicated in grey. B represents border plants, not considered in the experiment. North and 

South direction is also indicated on the scheme. 

5.2.3.2   Offline measurements 

In addition to the online plant sensor measurements, periodic offline measurements were 

performed. At each harvest, photosynthetic light response and stomatal conductivity was 

determined with the LI-6400XT (LiCor Biosciences, Lincoln, NE, USA). CO2 concentration 

in the leaf chamber was fixed at 500 ppm, block temperature at 25°C and net photosynthesis 

was measured at different PAR intensities (0, 25, 50, 100, 200, 350 and 500 µmol m-2 s-1). At 

each harvest, a photosynthetic light response curve of the leaf above and below each 

harvested truss was determined. On 4 February and 12 March 2014, daily patterns of xylem 

water potential in the stem were measured with the pressure chamber (PMS Instrument 
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Company, Corvallis, OR, USA) on leaves that were sealed in aluminium envelopes for at least 

one hour before measurement.   

Fruit turgor pressure was determined using a custom-made pressure sensor. This pressure 

sensor consists of a sharpened microcapillary, a control rod and a pressure transducer and is 

filled with oil. Upon puncturing the fruit with the microcapillary, turgor pressure will cause 

cell fluid to enter the microcapillary, pushing back the oil. As such, a meniscus between cell 

fluid and oil in the microcapillary is formed. Next, this meniscus was pushed back towards the 

cell wall by turning the control rod. At this moment, pressure in the pressure sensor equals the 

turgor pressure in the fruit (Boyer, 1995; Tomos, 2000). This procedure was repeated three 

times and turgor pressure was calculated as the mean of the last two measurements. Handling 

of the microcapillary and the control rod was performed under a microscope (Stemi SV 11, 

Zeiss, Germany) to better observe the meniscus. For a detailed description of the pressure 

sensor and methodology, we refer to Mattheyses (2014). After measurement of the turgor 

pressure, fruits were frozen at -20°C before determination of the osmotic potential. 

Osmotic potential of the fruits was measured with the thermocouple psychrometer. The setup 

consisted of three chambers (C-52, Wescor, Logan, UT, US), a switch box (PS-10, Wescor, 

Logan, UT, US), a dewpoint microvoltmeter (HR-33T, Wescor, Logan, UT, US) and a 

recorder for the output signal. Small slices of fruit tissue were placed in the chamber and left 

to equilibrate for 1h before measurement of the water potential. Each chamber of the 

thermocouple psychrometer was calibrated with NaCl solutions. Three samples of each fruit 

were measured in three different chambers and a mean osmotic potential was calculated for 

each fruit. Total fruit water potential was finally calculated as the sum of the turgor pressure 

and the osmotic potential.  

EC of the nutrient solution might alter fruit cuticle and, consequently, its properties regarding 

fruit transpiration. Therefore, fruit permeation coefficient for water vapour was determined as 

described in Chapter 4. 

 

5.2.4   Sugar and organic acid analyses 

Sugars were extracted from 50 mg of ground freeze-dried tomato sample after adding 2 mL 

100% ethanol. First, samples were extracted for 10 min at 70°C, followed by a 3h extraction 

at 45°C. Next, supernatans was collected and filtrated using a 0.45 µm PP syringe filter 

(Sigma-Aldrich Co., St. Louis, MO, USA). Glucose and fructose were detected and quantified 

by Agilent 1100 high performance liquid chromatography (HPLC; Agilent Technologies, CA, 
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USA) coupled to evaporative light scattering detection (Grace Davison Discovery Sciences, 

Deerfield, IL, USA), with acetonitrile/ultrapure water (75/25) as solvent. For chromatographic 

separation, a Prevail Carbohydrate column (250 x 4.6 mm, 5 µm) (Grace Davison Discovery 

Science, IL, USA) was used.  

For determination of the organic acid concentration, 2 mL of ultrapure water was added to 50 

mg of ground freeze-dried tomato sample, followed by a 15 min extraction at 100°C. After 

centrifugation for 10 min at 5000 x g, supernatans was filtrated through a 0.45 µm PP syringe 

filter (Sigma-Aldrich Co., St. Louis, MO, USA). Quantification of malic and citric acid was 

done using HPLC coupled to LTQTM XL linear ion trap mass spectrometry (Thermo Fisher 

Scientific Inc., San Jose, CA, USA). The chromatographic separation was done on a 

GraceSmart C18 column (5µm, 150 x 2.1 mm) (Grace Davison Discovery Sciences, 

Deerfield, IL, USA) and the mobile phase was taken from Khan et al. (2012).  

 

5.2.5   Model development, calibration and simulation 

For the purpose of this chapter, the coupling between the mechanistic flow and storage model 

(De Swaef and Steppe, 2010) and the biophysical fruit model (Liu et al., 2007) was extended 

to predict the concentration of hexoses (fructose and glucose) and organic acids (citric acid). 

A concept of the virtual fruit model is given in Fig. 5.3. 
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Fig. 5.3 Concept of the virtual fruit model, with indication of the different submodels:  the model of 

al. (2003) for predicting glucose and fructose concentrations (1) and the model of Lobit 

prediction of the citric acid concentration

 

5.2.5.1   Coupling between the stem and the fruit

The coupling between both models was already established in 

Chapter 4, phloem influx (F

Here, phloem influx into the fruit was 

osmotic potential between the stem and the fruit, according to Liu 

( p
Pp

pfr
p LAF −Ψ⋅⋅=

in which the superscripts p and f refer to 

subscripts P and π indicate the hydr

the exchange surface (cm²) between the phloem vascular network and the fruit compartment, 

which is assumed to be proportional to the fruit surface area (Liu 
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Concept of the virtual fruit model, with indication of the different submodels:  the model of 

glucose and fructose concentrations (1) and the model of Lobit 

prediction of the citric acid concentration (2). 

Coupling between the stem and the fruit 

The coupling between both models was already established in Chapter 4

fr
pF ; g h-1) was estimated based on fruit growth measurements. 

, phloem influx into the fruit was calculated based on gradients in turgor

osmotic potential between the stem and the fruit, according to Liu et al. (2007):

))( frp
p

fr
P ππσ Ψ−Ψ⋅+Ψ−     

in which the superscripts p and f refer to the stem phloem and fruit,

 indicate the hydrostatic and osmotic potential, respectively. A

the exchange surface (cm²) between the phloem vascular network and the fruit compartment, 

which is assumed to be proportional to the fruit surface area (Liu et al., 2007). L

 
Concept of the virtual fruit model, with indication of the different submodels:  the model of Génard et 

glucose and fructose concentrations (1) and the model of Lobit et al. (2003) for 

Chapter 4, however, in 

) was estimated based on fruit growth measurements. 

based on gradients in turgor pressure and 

(2007): 

 (Eq. 5.1) 

, respectively. The 

ostatic and osmotic potential, respectively. Ap  represents 

the exchange surface (cm²) between the phloem vascular network and the fruit compartment, 

, 2007). Lp represents 
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the hydraulic conductivity of the water pathway between the phloem in the stem and the 

developing fruits (g cm-2 MPa-1 h-1) and the parameter value of Lp was taken from Liu et al. 

(2007). Finally, σp is the reflection coefficient of the membrane between the phloem vascular 

network and the fruit compartment, which gradually changes from 0 to 1 as the fruit matures 

and the symplasmic connection disappears (Damon et al., 1988; Ruan and Patrick, 1995; Liu 

et al., 2007): 

)( 2

1 t
p e ⋅−−= τσ         (Eq. 5.2) 

where τ (h-2) represents the time-dependency of the phloem reflection coefficient and t the 

time in hours (with t = 0 at 10 DAA, Liu et al. (2007)). 

5.2.5.2   Mathematical description of sugar concentrations  

Unloading of sucrose into the fruit was calculated according to the model of Liu et al. (2007). 

Three pathways of transport of carbohydrate (sucrose) from the phloem to the fruit are 

considered: active uptake requiring ATP (Ua, g h-1), mass flow with the phloem water flow 

(Up, g h-1) and passive diffusion (Ud, g h-1). In the model of Liu et al. (2007) these different 

pathways were described as:  

( ) ( )[ ]ws
m

s
m

a
stCK

Cvs
U

0⋅+⋅+
⋅⋅

=
δ

      (Eq. 5.3) 

( ) ( ) fr
p

frs

pp F
CC

U
2

1
+⋅−= σ       (Eq. 5.4) 

( )frs
s

p
d CCpAU −⋅⋅=        (Eq. 5.5) 

where s is the dry mass of the fruit (g), vm is a kinetic constant (g sucrose g-1 DW h-1), Km (-) 

represents the Michaelis constant for active uptake of sucrose, Cs (g g-1) the sucrose 

concentration in the stem phloem and Cfr (g g-1) the hexose concentration in the fruit. δ (-) and 

w (-) are two parameters and s0 the initial dry weight of the fruit (g). Finally, ps represents the 

solute permeability coefficient of the membrane separating the fruit from the exterior (g cm-2 

h-1). The change in fruit dry mass then equals: 

  fr
dpa RUUU

dt

ds −++=        (Eq. 5.6) 

in which Rfr (g h-1) is the fruit respiration calculated as: 
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   sQq
dt

ds
qR aT

mg
fr ⋅⋅+⋅= − 10/)20(

10      (Eq. 5.7) 

where qg is the growth respiration coefficient, qm the maintenance respiration coefficient (h-1) 

and Q10 represents the temperature dependency of maintenance respiration. Ta is the air 

temperature at 1.5 m height. It was assumed that a proportion Z of the imported sucrose 

remains in soluble form, whereas the remainder is incorporated into structural material. The 

soluble fraction will contribute to the fruit osmotic potential. Furthermore, contribution of 

non-carbohydrate components, such as amino acids and inorganic ions, to the fruit osmotic 

potential (frinorg) was calculated from measured osmotic potential and fruit hexose 

concentrations.  

The mathematical description of sugar concentrations in the fruit was based on the model of 

Génard et al. (2003) for peach. According to N’tchobo et al. (1999), a constant fraction of 

25% of imported sucrose is converted into starch (Stfr, g) and does not contribute to the 

soluble solids. Green tomato fruits are also able to photosynthesize atmospheric carbon.  

However, assimilation rates rarely exceed carbon dioxide release and fruit photosynthesis did 

not seem to have an effect on fruit size, fruit weight, fruit ripening and primary and 

intermediary metabolites (Lytovchenko et al., 2011). Therefore, fruit photosynthesis and its 

effect on starch concentration was not taken into consideration in the present model. Also 

breakdown of starch takes place, yielding equal amounts of fructose and glucose. This 

breakdown was assumed to be proportional to starch concentration and represented by a 

kinetic parameter (kst, h-1). As starch breakdown accelerates when fruits start to ripen, a 

quadratic relation between kst and time was assumed. 

fr
stdpa

fr

StkUUU
dt

dSt ⋅−++⋅= )(25.0      (Eq. 5.8)  

2tak stst ⋅=          (Eq. 5.9) 

with ast a parameter (h-3). The concentration of sucrose in tomato fruit is generally negligible. 

Therefore, it was assumed that all of the imported sucrose contributing to the soluble solids is 

converted into glucose (Glucfr, g) or fructose (Frucfr, g). For simplicity, it was assumed that 

conversion of sucrose yielded equal amounts of glucose and fructose (represented by the 

factor 0.5 in Eq. 5.10 and Eq. 5.11). Part of the glucose and fructose is used for synthesizing 

other compounds (kcomp,gluc and kcomp,fruc) and is considered to be proportional to their mass 

present in the fruit. Furthermore, according to Génard et al. (2003), it was assumed that 
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carbon used for fruit respiration came from glucose and fructose, in proportion to their 

quantity in the fruit. Finally, interconversion between glucose and fructose (represented by the 

kinetic constants kfruc,gluc and kgluc,fruc; h-1) can take place as was described in Génard and 

Souty (1996). The resulting change in mass of glucose (Glucfr, g) and fructose (Frucfr, g) in 

the fruit is represented by Eq. 5.10 and 5.11, respectively. 

fr
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fr
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 fr
frucgluc

fr
glucfruc GluckFruck ⋅+⋅− ,,     (Eq. 5.11) 

Finally, glucose and fructose concentrations were calculated from the masses of glucose and 

fructose and the fruit water content estimated by the model.  

5.2.5.3   Mathematical description of citrate metabolism 

Lobit et al. (2003) studied the citrate metabolism at cellular level to identify the main factors 

involved in citrate production and degradation in order to develop a model describing citrate 

concentration at the whole fruit level. This resulted in a relation between citrate production 

and initial dry weight of the fruit (s0), temperature and respiration: 

( )[ ]











+−+−+⋅=

0

,

000 )(11
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dM molfr

citrateacitrateacitratecitrate
citrate   

           (Eq. 5.12) 

In Eq. 5.12, Mcitrate represents the total amount of citrate in the fruit (mol), acitrate (mol g-1 h-1) 

and dcitrate (g mol-1 h-1) are coefficients, bcitrate and ccitrate are coefficients representing 

temperature dependency (K-1) and, finally Rfr,mol is the fruit respiration (mol fruit-1 h-1), 

calculated from Rfr. T0 (K) indicates a temperature were net citrate production equals zero and 

was set to 298K in Lobit et al. (2003). Initial dry weight of the fruit (s0; g fruit-1) was set equal 

to the mean dry weight after freeze-drying the harvested fruits of stage 1 of the EC 2.5 

treatment. Citrate concentration (Ccitrate; g g-1 fresh weight) can be calculated as: 

 
FW

MMM
C citratecitrate

citrate
⋅

=       (Eq. 5.13) 
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where MMcitrate (g mol-1) and FW (g) represent the molar mass of citrate and the simulated 

fruit fresh weight, respectively. In their study, the model was parameterized and evaluated for 

peach. In this chapter, this model will be implemented in the fruit model of Liu et al. (2007) 

to predict citrate concentrations in cherry tomatoes. Measured citrate content in fruits of 

different age was used to determine values for the model parameters (acitrate, bcitrate, ccitrate, 

dcitrate and T0).  

5.2.5.4   Modelling software 

Model implementation, calibration and simulation were performed in PhytoSim (Phyto-IT, 

Mariakerke, Belgium). Calibration was carried out using the simplex method (Nelder and 

Mead, 1965) for minimizing the sum of squared errors between model simulation and 

measurements of offline fruit diameter, fructose, glucose and citric acid concentrations and a 

fourth-order Runge-Kutta numerical integrator with a fixed step size (0.01 h) was used for the 

simulations.  

5.2.6   Statistics 

For analysis of the measured turgor pressure patterns, generalized additive models (GAM) 

were used. Three different GAM models were constructed, ranging from very complex to 

very simple. In these models, turgor pressure was the dependent variable, whereas fruit age 

and treatment (EC 2.5, EC 3 and EC 5) were independent variables. The first model that was 

evaluated was the most complex model which took the effect of EC treatment and fruit age 

into account leading to different turgor pressure patterns depending on EC treatment. The 

second model also accounted for the effect of EC and fruit age, but it assumed a fixed pattern 

of turgor based on data of all the EC treatments. Only the deviation from a fixed intercept 

(0.148 ± 0.005 MPa) varied among the different EC treatments. The third model did not 

account for the effect of EC treatment and assumed a fixed curve based on turgor pressure 

data of all EC treatments and the same intercept for all EC treatments. A likelihood test was 

used to look for the model that allowed the best estimation of turgor pressure, by comparing 

estimated curves of two models with an ANOVA test. For this, the more complex model 

(‘null model’) was compared with the simplified model (‘alternative model’) and deviation of 

the residuals and significance of this deviation were evaluated to search for the model that 

gave the best description of the turgor pressure data. For analysis of statistical differences 

between the EC treatments, ANOVA was used. If statistical significant differences were 

detected, a pairwise multiple comparison procedure by Holm-Sidak’s method was performed. 
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If conditions for ANOVA were not met, an ANOVA on ranks was run together with a 

pairwise multiple comparison by Dunn’s method. All tests were performed at the 0.05 

significance level. 

 

5.3 Results 

Photosynthetically active radiation was low during the experiment and maximum intensities 

never exceeded 350 µmol m-2 s-1 (Fig. 5.4A). Vapour pressure deficit in the canopy was 

generally low and mostly varied between 0.2 and 1 kPa (Fig. 5.4B). Low light intensities were 

expected to result in relatively low photosynthesis rates. Light response curves indicated that 

the leaves had low photosynthetic capacity (mean net photosynthesis of 5.0 ± 2.5 µmol m-2 s-1 

at 500 µmol m-2 s-1 PAR at harvest 7) and stomata closed at light intensities higher than 500 

µmol m-2 s-1. 

 
Fig. 5.4 Photosynthetically active radiation above the canopy (PAR; A) and vapour pressure deficit in the 

canopy (VPD; B) between DOY 15 and 55.  

 

Because of the mild indoor climate with low light intensities, tomato plant sap flow was also 

low (Fig. 5.5). An increasing trend in sap flow can be observed, which is linked to plant 

growth and the increasing leaf area during the experiment. At the start of the experiment, sap 

flow of the EC 2.5 treatment (mean of 3 plants) was higher than for the EC 3 (1 plant) and 

EC 5 (mean of 2 plants) treatment.  Towards the end of the experiment, sap flow of the EC 5 

treatment was similar or sometimes higher than that of EC 2.5, probably because these plants 

were a little more exposed to sunlight compared to plants of the EC 2.5 treatment (Fig. 5.2).  
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Fig. 5.5 Pattern of sap flow between DOY 15  (15 January 2014) and 55 (24 February 2014) for the EC 2.5 

treatment (mean of 3 plants; grey), the EC 3 treatment (1 plant; dark grey) and the EC 5 treatment (mean of 

2 plants; black).  

 

The turgor pressure patterns of the different EC treatments were compared using GAM 

models. The first model assuming different patterns of turgor depending on EC treatment was 

not significantly better than the second model assuming the same pattern of turgor pressure 

independent of EC treatment (p > 0.05; results not shown). This indicated that EC did not 

have a significant effect on the pattern of turgor pressure in the developing fruits. 

Furthermore, no significant better prediction of model two (taking EC treatment into account) 

compared with model three (no effect of EC) was found (p > 0.05). A model with no EC 

effect described turgor pressure in different EC treatments equally well as a model 

considering the EC effect, indicating that EC did not have a significant effect on measured 

turgor pressure. The resulting pattern of turgor pressure estimated by model three as well as 

measured turgor pressure in the cherry tomato fruits are shown in Fig. 5.6. The pattern 

approached a bell-shaped curve, reaching a small peak approximately 30 DAA, after which 

turgor pressure decreased when the fruit started to ripen (Fig. 5.6).  
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Fig. 5.6 Best fit of GAM model three, assuming a fixed pattern of turgor pressure and no effect of EC treatment. 

The intercept was fixed at 0.148 ± 0.005 MPa. Dashed lines indicate the 95% confidence interval.  

 

Detailed patterns of turgor pressure, osmotic potential and total water potential during fruit 

development are presented in Fig. 5.7. The osmotic potential tended to decrease with fruit 

age, especially after DAA 45, when fruits were ripening. The osmotic potential of green fruits 

(< 45 DAA) of EC 2.5 (-0.74  ± 0.11 MPa) and EC 3 (-0.71 ± 0.11 MPa) were significantly 

less negative than the osmotic potential of green fruits of EC 5 (-0.90 ± 0.14 MPa). For fruits 

older than 45 DAA, only the osmotic potential of EC 5 fruits (-1.13 ± 0.26 MPa) was 

significantly lower than EC 2.5 fruits (-0.86 ± 0.17 MPa), and no other significant differences 

were observed.  
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Fig. 5.7 Pattern of turgor pressure (black closed circles), osmotic potential (white open circles) and total water 

potential (black triangles) during development of cherry tomato fruits of the EC 2.5 (A), EC 3 (B) and EC 5 

(C) treatment.  

 

The evolution of hexose concentrations (fructose and glucose) and citric acid concentration 

during fruit development in the different EC treatments is shown in Fig. 5.8. Both the 

concentration of glucose and fructose increased during fruit development. Mean glucose 

concentration in ripe harvested fruits was 0.212 ± 0.090 g 100 g-1 FW, 0.226 ± 0.107 g 100 g-1 
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FW and 0.340 ± 0.084 g 100 g-1 FW in the EC 2.5, EC 3 and EC 5 treatments, respectively. 

Fructose concentrations were 2 to 3 times higher and reached 0.609 ± 0.089 g 100 g-1 FW, 

0.657 ± 0.289 g 100 g-1 FW and 0.945 ± 0.221 g 100 g-1 FW in ripe fruits of the EC 2.5, EC 3 

and EC 5, respectively. EC did not have a significant effect on fructose and sucrose 

concentrations per stage. Only fruits of the EC 2.5 treatment, harvested at approximately 45 

DAA had significantly lower concentrations of glucose and fructose than fruits from EC 3 and 

EC 5. However, the reason for these deviating lower concentrations remains unclear. Hexose 

concentrations tended to be higher in ripe fruits of EC 5, although not significant (p = 0.074 

and p = 0.068, for glucose and fructose, respectively (ANOVA)). Concentrations of citric acid 

also increased during fruit development and were rather similar to glucose concentrations. No 

significant difference in citric acid concentrations between treatments was found in green 

fruits (DAA < 45). However, when fruits were ripening (DAA > 45), significant differences 

in citric acid concentrations could be observed, with stage 6 fruits of EC 5 (0.260 ± 0.016 g 

100 g-1 FW) having significantly higher citric acid concentrations than stage fruits from EC 

2.5 (0.211 ± 0.011 g 100 g-1 FW; p <0.001)   and stage EC 3 (0.230 ± 0.006 g 100 g-1 FW; p = 

0.002). 

 
Fig. 5.8 Evolution of measured fructose concentration (g 100 g-1 fresh weight (FW); open circles) and glucose 

concentration (g 100 g-1 FW; black circles) during fruit growth in the EC 2.5 (A), EC 3 (B) and EC5 (C) 

treatment. Evolution of measured citric acid concentration (g 100 g-1 FW; black circles) in the EC 2.5 (D), 

EC 3 (E) and EC5 (F) treatment. Each measurement point represents the mean of 3-6 samples, with each 

sample being a homogenised sample of two fruits. Error bars indicate the standard deviation. 
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The virtual fruit model was used to predict fruit growth of plants from the EC 2.5 treatment. 

Offline measurements of fruit growth with an electronic calliper and simulation of the virtual 

fruit model corresponded well (Fig. 5.9). Unlike measurements on truss tomatoes, LVDT 

measurements on cherry tomatoes could eventually not be used because fruits on which an 

LVDT was installed showed markedly smaller diameter (20% smaller) than other fruits. 

Probably, fruit growth was hindered by the custom-made holders for installing the LVDT 

onto the fruit. Initial fruit diameter (Dfr(0)) for model simulation was obtained by linear 

interpolation of the measured fruit diameter of fruits of 18 DAA and 27 DAA and can be 

found in Table 5.2. An overview of the parameter values used for this simulation can also be 

found in Table 5.2. The microclimate (Fig. 5.4), together with air temperature (results not 

shown) and mean sap flow (Fig. 5.5 ) were used as input for the model simulation.  

 
Fig. 5.9 Comparison between measured (n=6; black circles) and simulated (grey line) fruit diameter of cherry 

tomato plants of the EC 2.5 treatment. Error bars indicate the standard deviation. As simulations started 

only 22 DAA, only measured Dfr from stage 2-6 are shown. 
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Table 5.2 Overview of model parameters and initial conditions used for simulation of growth, hexose (glucose 

and fructose) and citric acid concentration of cherry tomato fruit from the EC 2.5 treatment.  

Parameter  Value Origin  

Z (-) 0.52 Liu et al. (2007) 

Km (-) 0.08 Liu et al. (2007) 

vm (g g-1h-1) 3.53 Liu et al. (2007) 

δ (-) 1170 Liu et al. (2007) 

w (-) 0.45 Liu et al. (2007) 

ps (g cm-2 h-1) 3.6 10-5 Liu et al. (2007) 

s0 (g) 0.338 This study (measurement) 

τ (h-2) 3.38 10-6 Liu et al. (2007) 

qg (-) 0.22 Liu et al. (2007) 

qm (g g-1 h-1) 0.00042 Liu et al. (2007) 

Q10 (-) 1.4 Liu et al. (2007) 

ρ (g cm-2 h-1 MPa-1) 0.092059 This study (measurement) 

maxφ (MPa-1 h-1) 0.2 Liu et al. (2007) 

Γ
f (MPa) 0.1 Grange (1995) 

a (-) 0.00923495 Automatic calibration 

k (h-1) 0.00757315 Automatic calibration 

ε
f (MPa) 10 Chapter 4 

ε0 (m
-1) 4922.33 Automatic calibration 

Rx (MPa h g-1) 0.0025 Initial calibration 

Γ
s (MPa) 0.3 Cosgrove (1986) 

r (MPa h g-1) 0.5 Hanssens et al. (2012b) 

sφ (MPa-1 h-1) 
0.000700411 Automatic calibration 

Lp (g cm-2 h-1 MPa-1) 0.15 Liu et al. (2007) 

acitrate (mol g-1 h-1) 1.16034 10-5 Automatic calibration 

bcitrate (K
-1) 2.92946 10-6 Automatic calibration 

ccitrate (K
-1) 0.250119 Automatic calibration 

dcitrate (g mol-1 h-1) 0.249268 Automatic calibration 

T0 (K) 294.65 Automatic calibration 

ast (h
-2) 2.1135 10-8 Automatic calibration 

kcomp,gluc (h
-1) 0.0054913 Automatic calibration 

kcomp,fruc (h
-1) 0.00518937 Automatic calibration 

kfruc,gluc (h
-1) 1.5678 10-9 Automatic calibration 

kgluc,fruc (h
-1) 0.00922392 Automatic calibration 

fr inorg (-) 0.85 This study (measurement) 

Cs(0) (g g-1) 0.11 Liu et al. (2007) 
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S (g h-1) 0.0075 Automatic calibration 

Ψsubstrate (MPa) -0.09 This study (measurement) 

Glucf(0) (g 100g-1 FW) 0.169 This study (measurement) 

Frucf(0) (g 100g-1 FW) 0.299 This study (measurement) 

Ccitr(0) (g 100g-1 FW) 0.151762 This study (measurement) 

Df(0) (mm) 19.4125 This study (measurement) 

Fruits per truss 15 This study (measurement) 

 

Concentrations of fructose, glucose and citric acid were estimated with the virtual fruit model 

(Fig. 5.10). The model parameters for the hexose and citric acid submodels are summarized in 

Table 5.2. Initial values of glucose, fructose and citric acid concentrations for the model 

simulation were obtained by linear interpolation of the concentrations measured on fruits 

harvested at DAA 18 and DAA 27 (Fig. 5.8A; Table 5.2). The model predicted an increase in 

both hexose and citric acid concentrations during fruit development. At the end of fruit 

development, a small decrease in both fructose and glucose concentration was predicted. This 

resulted from a decreased carbon influx into the fruit (results not shown). Overall, the 

concentration of hexoses and citric acid were well estimated, although citric acid 

concentration in ripe fruits was slightly overestimated. Simulated starch concentration reached 

a maximum value at approximately 35 DAA, after which it strongly decreased upon ripening, 

contributing to the increase in glucose and fructose concentration (results not shown). 
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Fig. 5.10 Comparison between measured (black circles) and simulated (grey line) fructose (A), glucose (B) and 

citric acid (C) concentrations (g 100 g-1 FW) in tomato fruit of plants from the EC 2.5 treatment. Each 

measurement point represents the mean of 3-6 samples, with each sample being a homogenised sample of 

two fruits. Error bars indicate the standard deviation. Parameter values used for the simulation can be found 

in Table 5.2. 
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Simulated fruit turgor, osmotic and total water potential are compared with measurements in 

Fig. 5.11. Simulated turgor pressure revealed a bell-shaped pattern with an increase in turgor 

pressure, followed by a slight decrease, but maximum turgor was reached at approximately 50 

DAA, which was later than measured turgor (30 DAA; Fig. 5.6). Predicted turgor pressure 

was markedly higher than measured turgor pressure, especially after 40 DAA. Simulated 

osmotic potential of the fruit corresponded well with measured osmotic potential. The model 

predicted a strong decrease of the osmotic potential from 35 DAA until approximately 50 

DAA due to the increase of glucose and fructose concentrations (Fig. 5.10A and B). Osmotic 

potential then became slightly less negative from 50 DAA onwards. This resulted from the 

decrease in predicted hexose concentrations (Fig. 5.10). Predicted total fruit water potential 

was less negative than measured total fruit water potential, especially towards the end of fruit 

development, as a result from the overestimation of fruit turgor.  

 
Fig. 5.11 Comparison between measured (circles) and simulated (solid line) turgor pressure (black), osmotic 

potential (grey) and total water potential (dark grey) in tomato fruit of plants from the EC 2.5 treatment. 

Parameter values used for the simulation can be found in Table 5.2. 

 

5.4 Discussion 

5.4.1   Fructose, glucose and citric acid concentrations 

The concentration of fructose and glucose measured in the experiment was rather low. Other 

studies generally report higher individual concentrations of glucose and fructose in ripe 
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tomato fruits (1.02 – 1.52 g 100 g-1 FW and 1.48 – 1.74 g 100 g-1 FW for glucose and 

fructose, respectively, Mizrahi, 1982) or higher total hexose concentration (1.77 – 3.49 g 100 

g-1 FW, Young et al., 1993; Bertin et al., 2000). The low hexose concentrations can be 

explained by the timing of the experiment: plants were grown in winter and the combination 

of short days and low available light intensity (Fig. 5.4) resulted in low photosynthesis rates, 

and, consequently, limited availability of photoassimilates (Beckles, 2012). Also, light 

response curves of photosynthesis revealed low photosynthetic capacity of the plants (mean 

net photosynthesis of 5.0 ± 2.5 µmol m-2 s-1 at 500 µmol m-2 s-1 PAR at harvest 7; results not 

shown) even at PAR intensities of 500 µmol m-2 s-1, which were never reached during the 

experiment. These low saturating light intensities most probably resulted from the low light 

availability during the experiment. Photosynthetic light response curves up to 1500 µmol m-2 

s-1 revealed that stomata closed at higher light intensities, resulting in lower photosynthesis 

rates and, mostly, only respiration was measured at these higher light intensities. 

Contrastingly, photosynthetic light response curves measured on tomato plants growing in 

higher light conditions in spring, summer and early autumn showed that saturating light 

intensities can increase even up to 1500 µmol m-2 s-1 when light is abundant. 

The glucose:fructose ratio also tended to be lower than the normal ratio of approximately one 

reported for tomato (Davies and Hobson, 1981; Bertin et al., 2000, Beckles, 2012) and cherry 

tomato (Rosales et al., 2007, Beckles 2012). In the present study, fructose concentrations 

were approximately 2- to 3-fold higher than glucose concentrations. As fructose is more 

important for sweetness (Cuartero and Fernández-Munoz, 1999), these higher concentrations 

may have a positive effect on fruit taste, although most studies relate the sweeter taste of 

cherry tomatoes to a higher total sugar concentration (Rosales et al., 2007; Beckles, 2012). 

Furthermore, other studies on cherry tomato report a glucose:fructose ratio of approximately 

one, and no clear explanation for the deviating ratio found in the present study is available. It 

may, however, result from the specific microclimatic conditions in the greenhouse or genetic 

properties (Beckles, 2012). Concentrations of fructose and glucose increased during tomato 

fruit growth, which is consistent with patterns previously reported for tomato fruits (Young et 

al., 1993). Different studies report an increase in sugar concentrations in tomato fruits upon 

exposure to higher EC (Mizrahi, 1982; Plaut et al., 2004), but no significant effects of the EC 

treatments on hexose concentrations in the fruit were observed, although concentrations 

tended to be higher at higher EC (Fig. 5.8). Probably, the limiting light conditions have 

prevented that sugar concentrations further increased, due to limitation of available 

photoassimilates. Also, the mild microclimate (Fig. 5.4) can have mitigated the effect of 
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higher EC in the root environment on stem water potential, by which these plants were able to 

maintain a proper water potential gradient between stem and fruit promoting water influx into 

the fruit. EC did have a significant effect on citric acid concentrations of mature and ripe 

fruits as significantly higher citric acid concentrations were found in ripening and ripe fruits 

of the EC 5 treatment (> 45 DAA). This was consistent with previous observations (Fanasca 

et al., 2005; Krauss et al., 2006).   

Calculation of the contribution of hexoses to the osmotic potential revealed that at higher EC, 

the contribution of fructose and glucose to fruit osmotic potential was lower, despite their 

apparent higher concentrations. Fruits from EC 5 treatment probably accumulated more 

inorganic ions (Na+ and Cl- used to increase the EC of the nutrient solution), causing a higher 

contribution of these ions to the fruit’s osmotic potential. The calculated contribution of 

compounds other than hexoses to the osmotic potential in ripe fruits was -0.75 MPa, -0.94 

MPa and -1.00 MPa in the EC 2.5, EC 3 and EC 5 treatment, respectively. Higher 

accumulation of inorganic ions was previously observed upon irrigating tomato plants with 

saline water (Mitchell et al., 1991).  

 

5.4.2   Fruit water potential 

Fruits for turgor and osmotic potential measurement were always harvested at the same time 

of the day, to eliminate a possible effect of circadian rhythms on turgor pressure and osmotic 

potential. However, different studies have demonstrated that fruit total water potential and 

fruit osmotic potential remain fairly constant throughout the day (Johnson et al., 1992; 

Guichard et al., 2005). The pattern of measured turgor pressure in developing tomato fruits 

revealed a bell-shaped curve, with turgor increasing until 30 DAA after which it started to 

decrease to reach almost 0 MPa in ripe fruits (Fig. 5.6). The observed pattern matches well 

with different stages in tomato fruit development. Between 15 and 45 DAA, the fruit exhibits 

a rather linear growth phase, characterized by fast growth and cell expansion (Guichard et al., 

2001). High import rates of water, nutrients and assimilates are necessary to support this 

growth. In turn, water import increases turgor pressure, which is crucial to support plastic 

growth (Lockhart, 1965). As such, during this period of fruit development, higher turgor 

pressures may be expected. At the same time, growth will also cause stress relaxation and 

turgor decrease, balancing the increase in turgor pressure and preventing turgor of reaching 

very high values. Keeping the turgor rather low is also important for maintaining sufficient 

turgor pressure gradient promoting phloem influx into the fruit. If fruit turgor would further 
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increase, this gradient would decrease, slowing down phloem water (and carbon) influx into 

the fruits. When fruits started to ripen (turning stage; >45 DAA), turgor pressure further 

decreased as cell walls started to degrade due to an increased activity of cell wall degrading 

enzymes (Grierson et al., 1981; Shackel et al., 1991). Our measurements correspond well 

with results reported in other studies, although these studies were mostly restricted to the 

period from mature green fruit to red-ripe fruit (Shackel et al., 1991; Saladié et al., 2007). A 

mean turgor in pericarp tissue of mature green tomato of 0.14 MPa has been found, which 

decreased to 0.03 MPa in red-ripe tomatoes. Osmotic potential in these fruits reached -0.6 to -

0.7 MPa, values which also comply with the osmotic potentials shown in Fig. 5.7. Given the 

strongly negative osmotic potential values, one might expect higher turgor pressures. 

However, it has been suggested that accumulation of apoplastic solutes explains the low 

osmotic potential, whereas they do not contribute to an increase in the turgor in the symplasm 

(Shackel et al., 1991).  

Analysis of measured turgor pressure with GAM models revealed no significant effect of EC 

on turgor pressure pattern or magnitude. This suggests that tomato tried to maintain a constant 

fruit growth independent from the EC of the nutrient solution. On the other hand, osmotic 

potential of EC 5 fruits was significantly more negative than osmotic potential of lower EC 

fruits, both in green and ripe fruits (Fig. 5.7). This allowed plants growing at higher EC to 

maintain the turgor pressure necessary for growth (Γ
fr) (Fig. 5.7). Furthermore, plants growing 

at higher EC demonstrated more negative xylem water potential in the stem during the day, 

comparable with the simulated xylem water potential in stem of tomato exposed to water 

deficit (Chapter 3, Fig. 3.7) (mean midday xylem water potential in the stem on DOY 35 of -

0.32 ± 0.13 MPa, -0.33 ± 0.09 MPa and -0.53 ± 0.10 MPa (n = 3) in EC 2.5, EC 3 and EC 5, 

respectively; results not shown). When stem water potential is lower, the water potential 

gradient between stem and fruit will decrease, resulting in a reduced xylem water influx into 

the fruit. However, keeping fruit total water potential low allowed these plants to maintain a 

proper water potential gradient between stem and fruits promoting xylem water influx into the 

fruits. Fruit osmotic potential revealed a rather strong decrease when fruits started to ripen 

(Fig. 5.7). The conversion of osmotically inactive starch into fructose and glucose will cause 

the concentration of hexoses to increase (Fig. 5.8) and, consequently, their contribution to 

fruit osmotic potential will increase (Ho and Hewitt, 1986). Also, the decrease in fruit osmotic 

potential was more pronounced in EC 5 fruits compared with EC 2.5 fruits (Fig. 5.7). It was 

suggested that fruits of plants growing at higher EC accumulate more starch (Mitchell et al., 

1991), and as such, it can be expected that more starch is available to be converted into 
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fructose and glucose during ripening, resulting in a stronger decrease in osmotic potential in 

EC 5 fruits. This is consistent with the stronger increase in hexose concentrations observed in 

EC 5 (Fig. 5.8). Unfortunately, no starch concentrations were measured, so this will have to 

be clarified in future experiments.  

 

5.4.3   Virtual fruit model 

The virtual fruit model was able to predict the fruit diameter of EC 2.5 fruits well using sap 

flow data and the microclimatic conditions as input variables (Fig. 5.9). Although continuous 

measurements of fruit diameter from LVDT measurements were available, the model 

simulation was compared with offline measurements of fruit diameter. Fruits on which the 

LVDTs were installed had markedly smaller diameter when harvested (approximately 20% 

smaller), possibly because the pressure exerted by the LVDT restricted fruit growth or fruit 

growth was hindered by the custom-made LVDT holders. Also, when the cherry tomato fruits 

started to ripen, the LVDT started to squeeze the fruits, and measured fruit diameter 

decreased. This suggests that fruit turgor must have been low in the ripening fruits, as the 

tension exerted by the LVDT could cause squeezing of the fruits. This agrees with the turgor 

pressure measurements presented in Fig. 5.6, showing a clear decrease in turgor pressure 

when fruits were ripening. The virtual fruit model, however, predicted an increasing turgor up 

to approximately 50 DAA (Fig. 5.11), after which it slightly decreased during ripening. 

Measured and simulated turgor pressure corresponded well until approximately 35 DAA, but 

the model markedly overestimated turgor pressure during further fruit development. When 

fruits start to ripen, cell walls start to degrade, causing a decrease in turgor pressure. However, 

this process is not described in the model, being a possible explanation for the overestimation 

of turgor pressure by the model. The original model of Liu et al. (2007) also estimated turgor 

pressures up to 0.5 – 0.7 MPa at 55 DAA. However, comparison with these values is difficult 

as their measurements and simulations were performed under other climatic conditions in 

summer and with another tomato cultivar.  

The increase in hexose concentration during fruit development was well predicted by the 

virtual fruit model (Fig. 5.10). Different parameter values related to the import of carbon into 

the developing fruits were taken from Liu et al. (2007). These parameter values were obtained 

on large fruited tomato plants and should therefore be interpreted with care. Values for 

parameters such as vm (describing the maximum uptake rate of sucrose) in Eq. 5.2 might be 

different for different tomato cultivars, but no other data of vm were available and therefore 
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the value from Liu et al. (2007) was used. Conversion of imported carbon into starch was 

taken from N’tchobo et al. (1999). However, in that study, measurements were performed on 

excised fruits. It might be possible that conversion of sucrose into starch is different in fruits 

attached to the plant compared to excised fruits. Also, different studies report different 

patterns of starch accumulation (N’tchobo et al., 1999; Dorais et al., 2001a) and different 

genotypes appear to accumulate different amounts of starch (Yelle et al., 1988). Our 

simulation results suggested an increase in starch concentration until approximately 35 DAA, 

after which starch concentrations strongly decreased, which is in agreement with Cuartero and 

Fernández-Munoz (1999). As there were no actual measurements of the pattern of starch 

concentration, this will have to be validated in further experiments. For the simulation with 

the virtual fruit model, it was also assumed that a constant fraction Z (equal to 0.52; Mitchell 

et al., 1991; Liu et al., 2007) of the imported sucrose contributes to the soluble sugars, 

independent of fruit age. It might be possible that in the period of fast growth of young fruits, 

more carbon is invested into structural components than during later fruit development. 

Further research will be crucial whether this proportion of imported sucrose used for 

structural components can be assumed to be constant across fruit development. Finally, it can 

be expected that carbon import into the fruits will be strongly affected by sucrose 

concentrations in the stem. As no data of sucrose concentration in the stem were available, a 

value of 0.11 g sucrose g-1 H2O was assumed according to Liu et al. (2007).  

Several studies have suggested that sugar unloading from the phloem progressively shifts 

from symplastic to apoplastic (Damon et al., 1988; Ruan and Patrick, 1995; Brown et al., 

1997). To this end, Liu et al. (2007) introduced a reflection coefficient σp in the model which 

increases from zero to one as fruits develop. As such, phloem influx into the fruit will be 

gradually more determined by a gradient in total water potential than a gradient in turgor 

pressure, as the plasmodesmic connection with the fruit disappears. The description of σp (Liu 

et al. (2007); Eq. 5.2) was used in this study, which resulted in a dominance of apoplastic 

unloading from 30 DAA onwards, a general decrease in the water influx by phloem (results 

not shown) and a decrease in sucrose import by bulk flow with the phloem (Up in Eq. 5.4). In 

contrast, N’tchobo et al. (1999) suggested that the symplasmic connection was still present at 

40 DAA. This observation is also consistent with data presented in Chapter 4 showing a 

clearly different pattern of fruit water influx through the xylem and the phloem at 35 DAA. 

This different pattern of fruit water influx through xylem and phloem suggests that these 

fluxes are driven by a different gradient, indicating that the plasmodesmic connection was still 

present at this stage of fruit growth. This will have consequences for sugar accumulation, as 
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bulk flow of sucrose will continue for a longer time. In the original model of Liu et al. (2007), 

no reflection coefficient for carbon uptake by diffusion through the plasma membrane was 

included, only for bulk flow of carbon through plasmodesmata. In Patrick (1997), it was 

described that in apoplasmic phloem unloading in tomato, hydrolysis of leaked sucrose by 

extracellular invertase maintains a steep concentration gradient, facilitating simple diffusion 

of sucrose across the plasma membrane of the vascular parenchyma cells.  

One of the opportunities of virtual fruit models is their ability to perform virtual experiments. 

A such, it might become possible to study different patterns of the evolution of σp to evaluate 

the effect of prolonged symplastic unloading on fruit growth, hexose concentrations and the 

constituents of fruit water potential. Also, the effect of sucrose concentration in the stem 

phloem on fructose and glucose concentrations in the fruit can be evaluated. Furthermore, 

cultivation management issues such as truss pruning (e.g. 10 or 20 fruits per truss) on fruit 

growth and sugar and citrate accumulation may be addressed. In this view, virtual fruit 

models may help optimizing cultivation management and improving fruit quality. The model, 

developed for cherry tomato fruit, is mechanistically based and should hence easily be 

transferrable to other tomato species, be it after recalibration of the model with plant specific 

data.  

5.5 Conclusion 

Turgor pressure in cherry tomato fruits revealed a bell-shaped pattern during fruit 

development, with a maximum turgor pressure reached at approximately 30 DAA. EC of the 

nutrient solution did not have a significant effect on the pattern of turgor pressure or its 

magnitude. It appeared that fruit osmotic potential decreased in response to higher EC, to 

maintain turgor pressure required for fruit growth at lower total fruit water potential. No 

significant effects of EC on fructose and glucose concentrations in ripe cherry tomato fruit 

could be observed, but citric acid concentration was significantly higher for fruits grown at 

higher EC of the nutrient solution.  

A virtual fruit model was developed by including submodels for glucose, fructose and citric 

acid concentration in the model of Liu et al. (2007). This virtual fruit model predicted cherry 

tomato fruit growth, glucose, fructose, and citric acid concentrations well. Estimation of the 

different components of the fruit water potential should, however, be improved. A better 

insight into carbon import and partitioning between starch, soluble solids and structural 

components will further contribute to a better prediction of hexose concentrations in cherry 

tomato fruits. Finally, upon further fine-tuning, the virtual fruit model will allow performing 
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virtual experiments and studying effects on fruit growth and fruit quality attributes and, as 

such, create new opportunities for better control of tomato fruit quality. 
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CHAPTER 6 

A decision support system for tomato growers 

based on plant responses and energy 

consumption 

 

 

 

 

 

(Adapted from: Hanssens J, De Swaef T, Pinxteren D, Marien H, Wittemans L, Desmedt J, Steppe K. 2013. 

A decision support system for tomato growers based on plant responses and energy consumption. Acta 

Horticulturae 1037, 501-508.) 
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Abstract 

The importance of plant water status for both a good yield and a good quality of tomato fruits 

(Solanum lycopersicum L.) has been recognized worldwide. Currently, new energy-saving 

technologies and growing strategies are under investigation to cope with the increasing fossil 

fuel prices. However, these technologies and growing strategies typically alter the greenhouse 

microclimate, thereby affecting the plants’ response. Hence, the question arises how to adjust 

the microclimate to reduce energy consumption without compromising fruit yield and quality. 

Nowadays, the use of plant-based methods to steer the microclimate is of high interest and it 

has been demonstrated that monitoring of stem diameter variations and fruit growth provides 

crucial information on both the plant water and the carbon status. However, data interpretation 

is not straightforward and mechanistic modelling is a useful tool to come to an unambiguous 

interpretation of the dynamic plant response. During a 4-year research period, we investigated 

the response of different plant processes in tomato to dynamic microclimatic greenhouse 

conditions. The final aim of our research was to develop a decision support system that helps 

growers in their search for an optimal balance between energy consumption, plant response 

and fruit yield. To this end, an integrated plant model, including stem, leaves, and fruits, was 

developed in which the various plant processes are mechanistically described. The plant 

model was calibrated and extensively validated on datasets collected throughout the different 

growing seasons in two research facilities in Flanders. In a next step, this plant model was 

integrated into an existing greenhouse climate model and performance of this combined plant 

and greenhouse climate model was evaluated for winter and spring conditions in two different 

greenhouses. Finally, the combined plant and greenhouse climate model was used to run 

scenarios on different growing strategies and weather conditions and impacts on energy 

consumption, plant photosynthesis and fruit growth were assessed. 

The combined plant and greenhouse climate model was well able to predict energy 

consumption and plant response over a 24-h period using outdoor climate and desired 

greenhouse climate settings. As such, this model shows great potential for optimizing growing 

strategies and allows virtually testing various microclimate settings on their effect on energy 

consumption and plant response on a short-term time basis. 
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6.1 Introduction  

Greenhouse tomato (Solanum lycopersicum L.) cultivation in Flanders, Belgium, is an energy-

consuming activity since year-round production requires a large input of fossil fuels to 

maintain optimal microclimate inside the greenhouse. As fossil fuel prices continue to 

increase (Shafiee and Topal, 2010), various innovative energy-saving technologies and 

growing strategies have been introduced (Desmedt et al., 2007; Montero et al., 2009). These 

new technologies and growing strategies include for instance intensive use of climate screens 

and energy screens, evolution towards closed and semi-closed greenhouses, dehumidification 

of the greenhouse air with drier outdoor air and the introduction of new energy storage 

systems. These technologies and growing strategies can influence the greenhouse 

microclimate and affect the plants’ response. New questions arise on how to use these newly 

introduced technologies and growing strategies in an optimal way to attain as much benefits 

as possible.  

Many authors have already emphasized the importance of plant water status in order to 

guarantee a good yield and quality of tomato fruits (Mitchell et al., 1991; Johnson et al., 

1992; Cuartero and Fernandez-Munoz, 1999; De Swaef et al., 2012). The role of plant water 

status in fruit growth and quality has also been extensively discussed in previous chapters. As 

tomato production in Flanders focuses on fresh market, both tomato yield and quality are of 

high importance. Therefore, it is of utmost importance to maintain a proper plant water status 

under changing microclimatic conditions in the greenhouse. It is generally acknowledged that 

the plant itself is the best indicator of plant water status providing more relevant information 

about plant functioning than measurements of the microclimate or the soil or growing medium 

(Jones, 2004). The use of plant sensors to monitor plant water status is of high interest as 

these measurements can be automated. Several studies have focused on measuring stem 

diameter variation (e.g. Goldhamer and Fereres, 2001; Fereres and Goldhamer, 2003; 

Gallardo et al., 2006;  De Swaef et al., 2013a), demonstrating that stem diameter variations 

contain valuable information on both plant water and carbon status. However, interpretation 

of these data can be difficult as other factors such as stem age and crop load also affect stem 

diameter variations (Gallardo et al., 2006; Steppe et al., 2008; Hanssens et al., 2012a; De 

Swaef et al., 2014). Therefore, mechanistic modelling is considered as a useful tool for an 

unambiguous interpretation of the dynamic plant response. De Swaef and Steppe (2010) 

adapted a mechanistic flow and storage model, originally developed for trees (Steppe et al., 
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2006). This model allows simulating stem diameter variations, xylem water potential and 

turgor pressure based on measurements of sap flow. In Chapter 3, this model was 

successfully used to detect water stress in tomato by comparing stem diameter variations 

simulated under optimal water availability with measured ones. Recently, the model of De 

Swaef and Steppe (2010) was successfully coupled to the biophysical fruit growth model of 

Liu et al. (2007) (De Swaef and Steppe, 2009; De Swaef and Steppe, 2012 ) and used to study 

the response of plant water status, stem diameter variations and fruit growth to elevated 

temperature and vapour pressure deficit (VPD) (Hanssens et al., 2012b). This combined 

model was further extended in Chapter 5 to predict sugar and citric acid concentrations 

during the development of cherry tomato fruits. As such, this model provides an excellent tool 

to study the behaviour of tomato plants to the variable greenhouse microclimate conditions.  

In classic greenhouse microclimate control, microclimatic variables such as relative humidity 

(RH) and air temperature (Ta) are controlled by comparing actual values with the settings 

desired by the grower (van Straten, 1999; van Straten et al., 2000). Based on differences 

between measured and desired values, control actions are performed (e.g. opening of the 

windows to decrease RH or Ta, increasing tube temperatures to increase Ta). It is clear that in 

such a climate control approach, the plant is not considered. However, a more elegant way to 

provide optimal greenhouse microclimate conditions is to let the plant itself steer the 

microclimate (van Straten, 1999; van Straten et al., 2000). Such an approach requires a 

thorough insight into plant functioning and how plants and plant processes respond to 

microclimate. In the past, different attempts have been made to involve the plant in 

greenhouse microclimate control (van Straten et al., 2000). Gent and Enoch (1983) used a 

simple mathematical model describing carbon metabolism (photosynthesis, metabolism and 

respiration) to search for optimal temperatures for tomato plant growth at different light 

intensities and CO2 concentrations, which could then be used for more active control of 

greenhouse microclimate. Gal et al. (1984) combined a simple growth function  (estimated 

photosynthesis based on the inside greenhouse conditions) with a static greenhouse climate 

model for optimal greenhouse operation, which was used later on by Seginer et al. (1986) to 

optimize CO2 enrichment. Morimoto et al. (1995) combined neural networks and a genetic 

optimization algorithm with plant measurements (stem diameter variations for tobacco plants 

and photosynthesis for tomato plants) to control photosynthesis and water status in tomato 

and tobacco, respectively. With the focus on lowering energy needs, temperature integration 

has been introduced, based on the assumption that plants are able to cope with fluctuations in 

ambient conditions. Hurd and Graves (1984) demonstrated that different temperature settings 
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with equal temperature integral did not affect the earliness or yield in tomato. The principle of 

temperature integration was subsequently used in several studies to optimize heating needs 

(e.g. Gutman et al., 1993; Chalabi et al., 1996). The basic principles of temperature 

integration are currently implemented in several climate computers controlling the climate in 

modern greenhouses. Recently, Bontsema et al. (2002) combined a greenhouse climate model 

with a simple crop model for tomato estimating crop transpiration and photosynthesis for 

optimal control of the greenhouse microclimate.  

It may be clear that a successful way to control microclimate involves a focus on both the 

energy input and plant response. To be able to solve these issues and optimize energy input 

and outputs (tomato fruit yield and quality), a reliable and robust plant or crop model needs to 

be implemented in a greenhouse model. The lack of such models has been one of the major 

obstacles impeding such an approach, so that in the end the growers’ experience was decisive 

instead of the actual plant water status (van Straten et al., 2000). To our knowledge, a 

mechanistic plant model such as the one described in Chapters 2 to 5 has not yet been used 

in such a context. The mechanistic nature of this model must allow analyzing the effect of 

changes in the indoor microclimate and outdoor weather on different plant processes and, as 

such, it may provide an excellent tool for further optimization of greenhouse microclimate. 

During a 4-year research period, the response of different plant processes of tomato to 

dynamic microclimatic conditions in the greenhouse was studied. The final goal was the 

development of a decision support system that can help growers in their search for an optimal 

balance between energy consumption, plant response and tomato fruit yield.  

To this end, the integrated plant model, developed in Chapter 2 to 5 was eventually 

integrated into an existing greenhouse climate model (Bontsema et al., 2002) and the 

performance of this combined model was evaluated using data from microclimate and energy 

consumption in two different semi-commercial greenhouses. Finally, this combined plant and 

greenhouse climate model was used to run scenarios on different growing strategies and 

weather conditions and their impact on energy consumption, photosynthesis and fruit growth. 

6.2 Materials and Methods 

6.2.1   Microclimatic, plant physiological, outdoor climate and greenhouse 

energy consumption measurements 

During the growing seasons of 2009 till 2012, tomato plants were continuously monitored in 

different Venlo type greenhouse compartments at the Research Centre Hoogstraten (Meerle; 
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PCH; 480 m2) and the Research Station for Vegetable Production (Sint-Katelijne-Waver; 

PSKW; 720 m2) in Flanders, Belgium. Sap flow (Fx) was measured below the first leaf using 

a heat balance sap flow sensor (Model SGA13-WS, Dynamax Inc., Houston, TX, USA; 

accuracy ~10%), installed according to the operation manual (van Bavel and van Bavel, 

1990). Stem diameter variations and fruit growth were measured with linear variable 

displacement transducers (LVDT; Model 2.5 DF, Solartron Metrology, Bognor Regis, UK; 

accuracy ±2.5 µm), attached to the stem or fruit using custom-made stainless steel holders. 

Before installation, initial stem and fruit diameter were measured with an electronic calliper. 

In each greenhouse compartment, two plants were monitored with this set of plant sensors.   

Air temperature and relative humidity (Ta and RH; Model HMP50, Vaisala, Finland, installed 

in an aerated radiation shield) were continuously measured in the vicinity of the monitored 

plants. Photosynthetically active radiation (PAR; Model JYP1000, SDEC, France) was 

measured above the canopy. All sensor signals were logged every 30 seconds using a data 

logger (CR1000, Campbell Scientific Inc., Logan, Utah, USA) and averaged every five 

minutes.  

Outside weather conditions were recorded with a weather station installed outside the 

greenhouse. A climate box measuring air temperature, relative humidity and CO2 

concentration (HortiMaX, the Netherlands) controlled the indoor greenhouse microclimate 

and data from control variables (window opening, screen position and heating tube 

temperatures) were logged.  

During the 2012 growing season, photosynthesis and stomatal conductance at two different 

levels within the canopy (0.5 m and 1.5 m below the top of the canopy) were monthly 

measured using a LI-6400XT (LiCor Biosciences, Lincoln, NE, USA). By measuring at the 

same height within the canopy, leaves with fairly similar age were measured during each 

measurement period. It can, however, not be ruled out that differences in greenhouse 

microclimate during the growing season might have affected leaf appearance rate, and, as 

such, the age of the leaves at a fixed distance from the top of the canopy.  Furthermore, daily 

patterns of xylem water potential in the stem of the two monitored plants in each greenhouse 

were determined destructively using a pressure chamber (PMS Instrument Company, 

Corvallis, OR, USA) on leaves covered for 1 h with plastic bags coated with aluminium foil. 

LI-6400XT and pressure chamber data were used to calibrate the different submodels in the 

plant model at different times during the growing season. 

Energy consumption for heating the greenhouse was calculated based on differences between 

ingoing and outgoing water temperature in the heating tubes, flow measurements through the 
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heating tubes and the density and heat capacity of water. Data for this calculation were 

obtained from the climate computer. 

 

6.2.2   Model description, calibration and simulation 

In the greenhouse, a strong and complex interaction between outside weather conditions, the 

greenhouse microclimate and plant processes takes place (Fig. 6.1). In the present chapter, 

these different processes are described and coupled to allow predicting energy consumption, 

photosynthesis and fruit yield. To this end, the tomato model, presented in previous chapters, 

was further extended with a photosynthesis model, a transpiration model and a model 

describing the loading of assimilates from the leaves to the stem. Subsequently, the plant 

model was integrated in an existing greenhouse climate model (Bontsema et al., 2002) and 

weather conditions and registered control variables (window position, heating tube 

temperatures and screen position) were used as input for this combined model to evaluate its 

performance.  

In a final step, this combined model was made self-tuning by implementation of proportional 

controllers for window position and heating tube temperature to eliminate the need for 

measured control variable data as input variables. This self-tuning model finally allowed 

evaluating several scenarios of greenhouse microclimate settings and weather conditions 

solely using weather conditions as input variables for the model simulation.  

6.2.2.1   Photosynthesis and phloem loading 

Changes in the greenhouse microclimate will affect photosynthesis and, consequently, the 

loading of assimilates into the phloem. To evaluate the effects of changes in the greenhouse 

microclimate on photosynthesis, a photosynthesis model was incorporated in the model 

presented in Chapter 5. Several photosynthesis models are available in literature. Gross 

photosynthesis is often estimated using a rectangular hyperbola (Acock et al., 1978, Jones et 

al., 1991; De Swaef et al., 2013a). This simple model allows calculation of gross 

photosynthesis using PAR intensity and CO2 concentration. However, this model does not 

account for effects of temperature and relative humidity on photosynthesis.  
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Fig. 6.1 Conceptual simplified representation of the combined plant and greenhouse climate model indicating the 

principal interactions between weather conditions, greenhouse microclimate, climate control and plant 

processes.  

 

Therefore, we opted for a photosynthesis model based on the Farquhar, von Caemerer and 

Berry model (Farquhar et al., 1980). This model was coupled with a multiplicative model for 

stomatal conductance (Jarvis, 1976; Stanghellini, 1987; Stanghellini and de Jong, 1995) and 

boundary layer resistance (Stanghellini and de Jong, 1995) through an equation for 

intercellular CO2 concentration (Nikolov et al., 1995). A detailed description of the model can 

be found in Maertens (2011), as well as an extensive calibration and validation of the model 

and its different submodels. In the original model of Maertens (2011), the energy and 

radiation balance of the leaf was also calculated to estimate leaf temperature, allowing the 

incorporation of leaf temperature effects on photosynthesis. In present chapter, this was 

assessed by a mean canopy temperature, calculated according to Stanghellini (1987) using the 

crop energy balance estimated by the greenhouse model. A supplemental calibration of the 

photosynthesis model at different period during the 2012 growing season was also performed 
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in this chapter. Therefore, data of photosynthesis and stomatal conductance at different light 

intensities (0, 100, 500, 1000, 1500 and 2000 µmol m-2 s-1), temperatures (21, 25 and 29°C) 

and CO2 concentrations (400, 700 and 1000 ppm) were used.  

In order to estimate overall net photosynthesis by the plant, the canopy was divided into three 

layers, each of them having a leaf area equal to one third of the total leaf area. Using a light 

extinction coefficient, PAR intensity at the top of each layer could be calculated as: 

iL LAIk
i ePARPAR ⋅⋅=         (Eq. 6.1) 

where PARi is the PAR intensity at the top of each layer (with i = 1, 2 or 3), LAIi the leaf area 

above layer i and kL the light extinction coefficient (0.48; Stanghellini, 1987; Stanghellini and 

de Jong, 1995). Using PARi and LAIi, net photosynthesis per leaf layer could be estimated 

using the photosynthesis model.  

A leaf model was further used to describe the loading of assimilates from the leaves into the 

stem. Only sucrose was considered, as this is the main transport sugar in tomato (Ho, 1976). 

As in De Swaef et al. (2013a), a combination between an unsaturable first order kinetic and a 

saturable Michaelis-Menten kinetic (Lalonde et al., 2003) was used to describe loading of 

sucrose from the leaves into the stem:  

SuK

Su
VSukLoad

LM
L +

⋅+⋅=
,

max,1       (Eq. 6.2) 

In Eq. 6.2, Load represents the loading of sucrose in the phloem of the stem (mmol m-2 leaf 

area h-1), Su represents the sucrose concentration (mmol m-2 leaf area), Vmax, L (mmol m-2 leaf 

area h-1) and KM,L (mmol  m-2 leaf area) are the Michaelis-Menten constants and k1 the rate 

constant of the first order kinetic (h-1). Part of the photoassimilates produced during the 

photosynthesis process can be stored as starch (St; mmol m-2 leaf area) in the leaf. To account 

for the role of these reserves during phloem loading, the following equation was used 

(Lacointe and Minchin, 2008): 

StkSuSuk
SuK
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V
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dSt

StM
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,
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+
⋅=     (Eq. 6.3) 

with Vmax,St (mmol m-2 leaf area h-1) and KM,St (mmol m-2 leaf area) the Michaelis-Menten 

constants, k2 the constant of inter-conversion (h-1), Su0 a target sucrose concentration (mmol 

m-2 leaf area) and k3 the hydrolysis constant (h-1).  

Finally, changes in sucrose concentration were estimated by (Lacointe and Minchin, 2008): 

dt

dSt
Load

P

dt

dSu n −−=
12

       (Eq. 6.4) 
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with Pn net photosynthesis (mmol CO2 m
-2 h-1). Pn is divided by 12 because Su is expressed in 

sucrose equivalents, consisting of 12 carbon atoms. In De Swaef et al. (2013a), this leaf 

model was evaluated, and able to estimate starch and sucrose concentrations in the leaf of 

tomato.  

6.2.2.2   Transpiration 

In the original flow and storage model of De Swaef and Steppe (2010), sap flow data were 

used as input variable (Chapter 2-5). In order to evaluate effects of changes in the 

microclimate on the plant response, it is necessary to estimate the effect of these changes on 

sap flow. To this end, measured sap flow as input variable was replaced by a transpiration 

model (Stanghellini, 1987), which calculates crop transpiration using greenhouse 

microclimate. For a detailed description of the model and the equations, we refer to 

Stanghellini (1987) and Stanghellini and de Jong (1995). Submodels for internal CO2 

concentration, stomatal conductance and boundary layer resistance from the photosynthesis 

model are used. Measurements of sap flow and stomatal conductance served for calibration of 

the crop transpiration model. The transpiration model estimates transpiration in W m-2, which 

was translated into transpiration of a single plant using LAI and plant density.  

6.2.2.3   Greenhouse microclimate  

Next, the plant model was integrated into an existing greenhouse climate model (Bontsema et 

al., 2002). This greenhouse climate model was chosen because it was demonstrated that it 

predicted greenhouse microclimatic variables well (Bontsema et al., 2002), and model 

performance was found to be similar to greenhouse climate models used in other studies (De 

Zwart, 1996; Tap, 2000). In addition, this model was already used in a study to optimize 

energy efficiency of greenhouse tomato cultivation and it was proven to work well (Bontsema 

et al., 2002). However, in that study, it was also concluded that a better model for the tomato 

crop was needed, which is the major challenge of the present chapter. The greenhouse climate 

model of Bontsema et al. (2002) simulates the greenhouse microclimate based on outdoor 

conditions (global radiation, outside air temperature, relative humidity of the outside air, wind 

speed and direction) (Fig. A.1 in Appendix 6.1). It also takes into account steering variables, 

which allow controlling the greenhouse microclimate (screen positioning, window positioning 

and tube temperatures of the heating system) (Fig. A.1 in Appendix 6.1). The model 

calculates the energy balance of the greenhouse cover, the soil cover, the upper (growing 

tube) and lower (tube rail) heating pipes, the screen, the canopy and the greenhouse air above 
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and below the screen. To this end, energy exchanges through convection, conduction, long 

and short wave radiation, and condensation are considered in the model (Fig. A.2-A.5 in 

Appendix 6.1). Based on volume of each component, its density, specific heat, and net energy 

balance, the change in temperature is calculated. A detailed description of these processes and 

the model equations can be found in Bontsema et al. (2002). Energy losses through the 

greenhouse walls were also taken into account, but for simplicity, wall temperature was 

assumed to be equal to the temperature of the greenhouse cover. An overview of the 

characteristics of the greenhouses considered in this study can be found in Table A.1 in 

Appendix 6.2, at the end of this chapter.  

Condensation was described according to Stanghellini and de Jong (1995). For natural 

ventilation through open windows, window functions were used (de Jong, 1990). Based on 

the dimensions of the windows in the greenhouses (Table A.1), an aspect ratio (ratio length: 

width of the window) was chosen from de Jong (1990) which corresponded best with these 

dimensions and the corresponding window functions were implemented in the greenhouse 

climate model. Leaking of greenhouse air to the outside was described as in Breuer and Van 

de Braak (1994).  

The greenhouses considered in this chapter were equipped with a single thermal screen 

(XLS10, Svensson, The Netherlands; light penetration of approximately 80%). Transport 

through the pores of the screen was not estimated by model simulation. Instead, an arbitrary 

high and low value of air exchange between the compartment above and below the screen was 

assumed in case the screen was opened or closed, respectively.  

6.2.2.4   Integration of plant and greenhouse climate model  

The greenhouse microclimate and plant model were integrated using crop transpiration as 

coupling factor. A strong mutual influence between greenhouse energy balance and crop 

transpiration exists. As such, crop transpiration, supplying input for the plant model, was 

calculated using simulated greenhouse microclimate, and, in turn, affected the greenhouse 

microclimate. First, performance of this combined plant and greenhouse climate model was 

evaluated using input data from outside weather conditions and control variables (window 

position, screen position and heating tube temperatures). Subsequently, the combined plant 

and greenhouse climate model was made self-tuning by implementation of a proportional 

controller for the tube rail and growing tube temperature, and the window opening. This 

proportional controller allowed adjusting these steering variables proportionally with the 

difference between a setpoint and an actual value of temperature or relative humidity. The 
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temperature setpoint for heating was determined using the desired temperature settings and a 

light-dependent increase of this heating setpoint (2°C increase when incoming global 

radiation increased from 100 W m-2 to 300 W m-2). Ventilation temperature was 1°C higher 

than heating temperature, but was also increased depending on light intensity (4°C increase 

when incoming global radiation increased from 100 W m-2 to 300 W m-2). 

An adaptable threshold value for radiation above which the screen had to open was also 

implemented. As such, making the model self-tuning eliminated the need for input data of 

control variables as the model was able to change control variables itself (with the 

proportional controller) to meet with the desired settings.  

Finally, the simulated energy consumption of the greenhouse was calculated from the water 

flow through the heating tubes, the temperature difference between ingoing and outgoing 

water, and the density and heat capacity of water. For this calculation, a constant water flow 

through the heating tubes was assumed, as measurements of the water flow in the heating 

tubes of the monitored greenhouses indicated a nearly constant flow during the experimental 

periods presented in this chapter. Calculated energy use could then be compared with 

measured energy consumption.  

6.2.2.5   Model implementation, calibration and simulation 

Model implementation, calibration and simulation were performed in PhytoSim (Phyto-IT, 

Mariakerke, Belgium). Calibration was carried out using the simplex method (Nelder and 

Mead, 1965) for minimizing the sum of squared errors between model simulation and 

measurements and a fourth-order Runge-Kutta numerical integrator with a fixed step size 

(0.01 h) was used for the simulations. An overview of calibrated plant parameter values can 

be found in Appendix 6.3 at the end of this chapter. 

6.2.2.6   Scenario analysis 

During winter, a lot of heating energy is required to maintain optimal growth conditions in the 

greenhouse, since solar energy input is smaller and outside temperatures are lower. Therefore, 

the effect of different weather conditions (outside air temperature and global radiation) and 

setpoints for greenhouse microclimate control (lower temperature setpoints and different 

setpoints for screen opening) on energy use and plant response were evaluated for a winter 

period. The small greenhouse compartments at PSKW and PCH are not representative for the 

large commercial greenhouses for tomato production in Flanders. To this end, a standard 

greenhouse of approximately 2.5 ha was defined of which the characteristics can be found in 



A decision support system for tomato growers 
 

148 
 

Table A.1 in Appendix 6.2. This approximates the mean area of a Flemish greenhouse for 

vegetable production in 2010 (2.21ha; Platteau et al., 2012). Parameter values for the 

photosynthesis and stomatal conductance model were taken from Table A.2 and Table A.3 

(Appendix 6.3) from the calibration performed on 14 March 2012. Other plant parameters are 

shown in Table A.4 and were determined based on calibration of the plant model with 

measurements of stem and fruit diameter on 10 and 11 February 2012 and pressure chamber 

measurements. 

6.3 Results and discussion 

6.3.1   Model calibration and validation   

6.3.1.1   Photosynthesis and stomatal conductance model calibration 

The multiplicative model of stomatal conductance was calibrated using the data collected with 

the LI-6400XT at different periods during the growing season (Fig. 6.2; Table A.2 in 

Appendix 6.3). In general, it can be concluded that the model underestimates higher stomatal 

conductance (up to 45%), but performs well for lower values (up to 250000 µmol m-2 s-1). 

Bradford and Hsiao (1982) observed daily variations in stomatal conductance of tomato 

between approximately 80000 and 251000 µmol m-2 s-1. In this range the stomatal 

conductance model performed well. Furthermore, stomatal conductance was approximately 

threefold higher during summer and early autumn (Fig. 6.2B and C) compared to late winter 

(Fig. 6.2A).  

 

Fig. 6.2 Calibration of the multiplicative model of stomatal conductance of tomato leaves for three periods 

during the 2012 growing season: 14 March 2012 (A); 13 June 2012 (B) and 27 September 2012 (C). 

Dashed and full line indicate 1:1 line and linear regression, respectively. Parameter values are summarized 

in Table A.2 in Appendix 6.3. 
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Using the calibrated stomatal conductance submodel, the photosynthesis model was calibrated 

using the photosynthesis measurements (Table A.3 in 6.2). Simulated and measured net 

photosynthesis correspond well (Fig. 6.3). The slight underestimation observed at the highest 

photosynthesis rates corresponded with high light intensities (≥1500 µmol m-2 s-1) and high 

CO2 concentrations (≥ 1000 ppm), which rarely occur in naturally ventilated greenhouses, as 

high CO2 concentrations are hard to maintain when windows are opened. It can also be 

noticed that tomato leaves develop higher photosynthetic capacity during summer and early 

autumn (Fig. 6.3B and C), when light is abundant, compared to the end of winter (Fig. 6.3A). 

As such, photosynthesis follows a similar seasonal pattern as stomatal conductance across the 

growing season (Fig. 6.2).   

 

Fig. 6.3 Calibration of the photosynthesis model for tomato leaves for three periods during the 2012 growing 

season: 14 March 2012 (A); 13 June 2012 (B) and 27 September 2012 (C). Dashed and full line indicate 1:1 

line and linear regression, respectively. Parameter values are summarized in Table A.3 in Appendix 6.3. 

 

Similar patterns of stomatal conductance and net photosynthesis with an increase from spring 

to summer followed by a small decrease in autumn were found in Quercus robur and Acer 

pseudoplatanus (Morecroft and Roberts, 1999). This fits the acclimation hypothesis stating 

that leaf photosynthetic capacity is proportional to photosynthetically active radiation levels 

during leaf development. As such, leaves developing in summer and late spring are expected 

to develop higher photosynthetic capacity levels than leaves that are formed in winter. This 

should be considered when long term simulations across a growing season (with large 

differences in available light intensity) are envisaged, since plants with the same leaf area will 

show considerably higher photosynthesis rates during summer than during winter, not only 

because of higher light intensities, but also because of a higher leaf photosynthetic capacity. 

Model calibration presented in Fig. 6.3 revealed that the increased photosynthetic capacity 

from winter to summer resulted from a strong increase in maximum electron transport rate 

(Jmax) of 224% and maximum carboxylation rate (Vcmax) of 185% (Table A.3 in Appendix 
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6.3). This is in accordance with results obtained on Quercus douglasii (Xu and Baldocchi, 

2003) and sweet orange trees (Ribeiro et al., 2009), showing increases in Jmax and Vcmax from 

winter to summer, followed by a decrease in autumn. Also, Chen et al. (2008) found a 

decrease in Jmax and Vcmax when light intensity decreased.   

 

6.3.1.2   Winter simulation of greenhouse microclimate 

A first evaluation of the combined plant and greenhouse climate model was performed for the 

PSKW greenhouse during winter conditions with very cold but sunny days (Fig. 6.4).  

 

Fig. 6.4 Weather conditions on 10 and 11 February 2012 at PSKW: outdoor air temperature (A), outdoor relative 

humidity of the air (B), wind speed (C) and global radiation (D). 

 

These cold and sunny days resulted in specific control variables registered by the climate 

computer (Fig. 6.5). Greenhouse windows were kept close at all times due to the low outside 

temperatures (-6.01 ± 2.40 °C). The thermal screen was closed during the night (screen 

position of 100%) from 18h00 to 08h00 to reduce heat losses and was only opened (screen 

position of 0%) between sunrise and sunset in order to allow maximum light availability for 
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the crop. High tube temperatures were required to reach the desired temperature setpoints in 

the greenhouse (18°C and 21°C during day and night, respectively, which could be increased 

depending on light intensity) and only during a short period in the afternoon, tube 

temperatures could decrease.   

 
Fig. 6.5 Overview of the control variables on 10 and 11 February 2012 for the PSKW greenhouse: measured 

window opening (A), measured screen position (B) and measured growing tube (in the canopy) and tube 

rail (on the greenhouse floor)  temperatures (C). A screen position of 100% indicates complete closure of 

the screen.  

 

Using outdoor conditions (Fig. 6.4) and control variables (Fig. 6.5), the combined plant and 

greenhouse climate model was used to predict the indoor conditions and transpiration (Fig. 

6.6). Greenhouse characteristics used for simulation are summarized in Table A.1. 

Furthermore, a leaf area index (LAI) of 2, plant density of 2.27 plants m-2, and three trusses 

(with different age) of five equally sized fruits were assumed. Simulated indoor temperature 

(Fig. 6.6A) and transpiration (Fig. 6.6C) corresponded well with measured data (R² of 0.89 

and 0.87, respectively). Estimated RH (Fig. 6.6B) however differed from the measurements, 
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especially during daytime (R² = 0.61). Because temperature and crop transpiration were well 

estimated, daytime overestimation in RH might have been the result of an underestimation of 

condensation on the greenhouse cover. To remove the simulated excess humidity from the 

greenhouse air through condensation on the greenhouse cover, it was calculated that 

condensation should be twice as high as estimated by the model. Accurate estimation of 

condensation is difficult as good knowledge of air flows inside and outside the greenhouse is 

necessary. In present study, a simple equation describing the condensation process was used, 

however, in future research, it will be necessary to include a more detailed description of this 

condensation process in order to achieve better estimates of RH in the greenhouse.  

 
Fig. 6.6 Measured (black line) and simulated (grey line) indoor air temperature (A), indoor relative humidity of 

the air (B) and transpiration (C) on 10 and 11 February 2012 in the PSKW greenhouse. Simulations were 

performed with the plant and greenhouse climate model using the weather conditions from Fig. 6.4 and the 

control variables from Fig. 6.5. Transpiration was measured with heat balance sap flow sensors and air 

temperature and relative humidity with a capacitive sensor installed in an aerated radiation shield in the 

vicinity of the monitored plants.  
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When the screen opens in the morning, a marked drop in temperature is observed, which is 

also predicted by the model (Fig. 6.6A). Cold air present above the thermal screen suddenly 

merges with the warmer greenhouse air under the screen, resulting in a temporary drop in 

temperature. To prevent that temperature drops too much, tube rail temperature is increased 

(Fig. 6.5C). In literature, no clear negative effects of cold drop on tomato were reported, 

however, when temperature decreases too much, dew point temperature may be reached, 

resulting in condensation on leaves, fruits and stem, thereby increasing the risk of pathogen 

infections such as Botrytis. 

6.3.1.3   Spring simulation of the greenhouse microclimate 

A second evaluation of the plant and greenhouse climate model was performed for the PCH 

greenhouse (Table A.1) during spring conditions with alternating sunny and cloudy periods 

and rather low temperatures (8.28 ± 1.80°C) (Fig. 6.7) .  

 
Fig. 6.7 Weather conditions on 6 May 2012 at PCH: outdoor air temperature (A), outdoor relative humidity (B), 

wind speed (C) and global radiation (D). 
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Window opening, screen position and tube temperatures are given in Fig. 6.8. Leeward 

windows were opened during most of the day to control inside air temperature and remove 

excess humidity, whereas windward windows were almost closed (Fig. 6.8). The XLS10 

screen was not closed during the night (Fig. 6.8B). Fairly high tube temperatures were 

maintained during the day and night, except for the evening period, when greenhouse 

temperature was allowed to decrease. The drop in tube temperature in the evening is more 

pronounced than during winter conditions (Fig. 6.5), as during winter still more heating was 

needed due to the low outside temperature. 

 

 
Fig. 6.8 Overview of the control variables on 6 May 2012 for the PCH greenhouse: measured window opening 

(A), measured screen position (B) and measured growing tube (in the canopy) and tube rail (on the 

greenhouse floor)  temperatures  (C). A screen position of 100% indicates complete closure of the screen.  

 

Using outdoor conditions (Fig. 6.7) and control variables (Fig. 6.8), the combined plant and 

greenhouse climate model was used to predict the greenhouse microclimate and transpiration 

(Fig. 6.9). A plant density of 3.125 plants m-2 and LAI of 3.5 were used. This LAI was based 
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on LAI measurements on three plants during the same period in the 2010 growing season, 

indicating a mean leaf area of 1.31 ± 0.058 m2 per plant and a plant density of 2.84 plants m-2. 

For simulation, 8 trusses (with different age) consisting of 5 equally sized fruits were 

assumed. Simulated and measured air temperature in the greenhouse corresponded well. In 

the late afternoon and evening, however, temperature was slightly underestimated with 

approximately 3 to 4°C. This resulted from problems with the tube rail temperature logging 

(0°C) at that time (Fig. 6.8C), whereas in reality, tube rail temperature probably decreased 

similarly as growing tube temperature as no additional heat input was necessary at that 

moment. The underestimation in air temperature also caused estimated RH to be too high 

(Fig. 6.9B), although measured and estimated RH corresponded better than during winter 

condition (Fig. 6.6B). This indicates that in conditions of higher outdoor temperatures, 

resulting in less condensation on the greenhouse cover, RH in the greenhouse can be predicted 

more accurately. A good correspondence was also found between estimated and measured 

transpiration (Fig. 6.9C).  
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Fig. 6.9 Measured (black line) and simulated (grey line) indoor air temperature (A), indoor relative humidity of 

the air (B) and transpiration (C) on 6 May 2012 for the PCH greenhouse. Simulations were performed with 

the plant and greenhouse climate model using the weather conditions from Fig. 6.7 and the control variables 

from Fig. 6.8. Transpiration was measured with heat balance sap flow sensors and air temperature and 

relative humidity with a capacitive sensor installed in an aerated radiation shield in the vicinity of the 

monitored plants. 

6.3.1.4   Winter simulation of the greenhouse microclimate and plant responses 

with the self-tuning model 

The performance of the self-tuning model in winter conditions is illustrated in Fig. 6.10. 

Based on the weather conditions (Fig. 6.4) and a desired indoor temperature (Fig. 6.10B, 

dotted line), the model adjusted tube temperatures to meet the desired temperature setpoint. 

Measured and simulated tube temperatures, and measured and simulated indoor temperature, 

showed a good correspondence (Fig. 6.10). The predicted and measured energy consumption 

of the greenhouse compartment also agreed well (Fig. 6.10C).  
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Fig. 6.10 Performance of the self-tuning plant and greenhouse climate model for the PSKW greenhouse: 

measured and simulated tube temperatures (A), desired, measured and simulated indoor temperature (B) 

and measured and predicted cumulative energy consumption (C) on 10 and 11 February 2012. The weather 

conditions in Fig. 6.4 were used as input for the simulation. 

 

Transpiration was also well estimated (R² = 0.88; results not shown). Measurements of stem 

diameter (Fig. 6.11A) and fruit growth (Fig. 6.11B) corresponded well with predictions of the 

self-tuning plant and greenhouse climate model. An overview of the parameter values used 

for simulation can be found in Appendix 6.3, at the end of this chapter. As such, the self-

tuning model allowed simulating stem diameter variations and fruit growth based on the 

weather conditions and desired microclimate settings. This model can be used to analyse the 

plant response and energy use across a broad range of indoor microclimate settings in 

combination with different outdoor conditions. It should, however, be noted that the model 
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only applies to conditions within the optimum range of tomato plants and deleterious effects 

of stresses such as cold stress or drought stress are not included in the model. Hence, the 

effect of very low temperature settings on greenhouse energy consumption can be well 

estimated, however, harmful effects of extreme temperatures on plant functioning (e.g. effect 

of extreme temperatures on fruit setting) will not be simulated by the model. Thus, the 

combined plant and greenhouse climate model can support the growers to search for the 

optimal balance between energy cost and plant responses, given that desired greenhouse 

microclimate settings are within the optimal range for tomato plant functioning.  

 
Fig. 6.11 Comparison between the measured (black line) and simulated (grey line) stem diameter (A) and fruit 

diameter (B) of a tomato plant on 10 and 11 February 2012 for the PSKW greenhouse. Simulations were 

performed with the self-tuning plant and greenhouse climate model using the weather conditions shown in 

Fig. 6.4. Parameter values used for the simulation can be found in Appendix 6.3. 

 

6.3.1.5   Spring simulation of greenhouse microclimate and plant responses with 

the self-tuning model 

Simulation results of the self-tuning model for the PCH greenhouse in spring conditions are 

shown in Fig. 6.12. Greenhouse microclimate was well controlled according to the heating 
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setpoint (Fig. 6.12A) and the RH setpoint (80%) and simulated air temperature corresponded 

closely with measured air temperature (Fig. 6.12A). Relative humidity was well estimated 

(maximum error of approximately 10%) by the model and corresponded better with the 

measurements than the simulation using the data of the control variables (Fig. 6.9B), which 

mainly resulted from bad tube rail temperature data. 

 
Fig. 6.12 Performance of the self-tuning plant and greenhouse climate model for the PCH greenhouse: desired, 

measured and simulated indoor air temperature (A), measured and predicted relative humidity of the air and 

RV setpoint of 80% (B), measured and simulated transpiration (C) and measured and simulated cumulative 

energy consumption (D) on 6 May 2012. The outdoor weather conditions in Fig. 6.7 were used as input for 

the simulation. Transpiration was measured with heat balance sap flow sensors and air temperature and 

relative humidity with a capacitive sensor installed in an aerated radiation shield in the vicinity of the 

monitored plants. Energy consumption was measured based on ingoing and outgoing temperatures of the 

water in the heating tubes and measurements of water flow through the heating tubes. 

 

Simulated transpiration was only slightly higher than measured sap flow, although simulated 

RH was approximately 10% lower than measured RH. It appeared that light intensity affected 

transpiration to a larger extent than VPD (as can also be seen in the peaks in transpiration 
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when light intensity suddenly increased (Fig. 6.7D)). Furthermore, the multiplicative model of 

stomatal conductance used in this study predicted a decrease in stomatal conductance upon an 

increase in VPD, partly counteracting the effect of increased VPD on transpiration. 

6.3.2   Scenario analysis   

6.3.2.1   Effect of greenhouse microclimate setpoints  

After evaluation of the self-tuning plant and greenhouse climate model, a first series of 

scenarios was run. First, the effect of lowering the temperature setpoint on energy 

consumption of a standard greenhouse (Table A.1), photosynthesis and yield over a 24-h 

period was estimated by the self-tuning combined plant and greenhouse climate model (Table 

6.1). Yield refers to the increase in fruit fresh weight over a 24-h period, calculated from 

estimated fruit diameter using Eq 4.1. Plant parameters used for the plant model were taken 

from the winter situation at the PSKW greenhouse and can be found in Appendix 6.3. For all 

simulations in Table 6.1, the screen was opened at sunrise and closed at sunset.  

Decreasing the heating setpoint over a 24-h period resulted in a decrease in energy 

consumption up to 13% when day and night temperature were lowered with 2°C (a typical 

range used for temperature integration). This corresponds with a cost reduction of 83€/ha over 

a 24-h period assuming a cost of hot water of 35€/MWh (Herman Marien, personal 

communication). Lowering the temperature settings during the night appeared to have a 

slightly larger impact on energy consumption (1% of supplemental energy savings), although 

this difference might also be the result of generalizations in the model and simulation errors. 

The very low outside temperatures during the night used for simulations required high tube 

temperatures to maintain the desired temperature, whereas during daytime, the incoming 

radiation provides an important source of energy allowing lower tube temperatures. 

Nevertheless, a large energy input is still needed to increase greenhouse temperature in the 

morning in addition to the solar energy. Calculated over a 24-h period, energy input through 

the heating system was approximately 87% of the total energy input of global radiation in the 

reference scenario. In literature, simulated energy savings between 4.5 and 51% were reported 

for various crops, seasons, temperature setpoints and temperature strategies (Aaslyng et al., 

2003; Körner and Challa, 2003; Körner and Van Straten, 2008). As such, the obtained energy 

reductions in Table 6.1 seem plausible, given the very cold outside conditions. 
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Table 6.1 Simulated relative effect of lowering the heating setpoint on energy consumption (kWh m-2day-1), 

photosynthesis (mol m-2 day-1) and fruit yield (g m-2 day-1; increase of fruit fresh weight, calculated from 

fruit diameter increase) of tomato over a 24-h period assuming cold and sunny winter conditions as on 11 

February 2012 (mean temperature of -7.07 ± 2.31°C). For the simulations a constant CO2 concentration of 

400 ppm was assumed. Results are presented relative with respect to a reference situation. For the reference 

situation a standard greenhouse as defined in Table 6.1 was used, together with temperature setpoints as 

indicated in Fig. 6.10B. The XLS10 screen was opened between sunrise and sunset. Weather conditions for 

the reference situation were taken from Fig. 6.4 and plant parameters of the winter simulation for the 

PSKW greenhouse were used (Appendix 6.3). Tday and Tnight represent the heating setpoint during the day 

and night, respectively. 

Scenario 
Energy 
consumption 
(kWh m-2day-1), 

Photosynthesis 
(mol m-2 day-1) 

Yield 
(g m-2 day-1) 

Reference 1.83 0.33 213.30 

Scenario 
Relative Energy 
consumption 
(%) 

Relative 
Photosynthesis 
(%) 

Relative Yield 
(%) 

Reference 100 100 100 

Tday -1°C 97.4 99.5 99.9 

Tnight -1°C 96.2 100.6 100.2 

Tday and Tnight -1°C 93.6 100 100 

Tday -2°C 94.3 98.9 99.8 

Tnight -2°C 93.2 100.9 100.3 

Tday and Tnight -2°C 87.3 99.8 100.1 

 

Simulation results suggest that small temperature changes only have a minor impact on 

photosynthesis and yield (Table 6.1). This may be explained by the broad temperature 

optimum for photosynthesis of tomato plants, resulting from the broad range of microclimatic 

conditions to which tomato plants are exposed in the greenhouse (Janssen et al., 1992; 

Maertens, 2011). Broad temperature optima of photosynthesis were also reported for Acer 

saccharum Marsh. (Gunderson et al., 2000) and Acer pseudoplatanus L. and Quercus petraea 

(Matt.) Liebl. (Medlyn et al., 2002) upon exposure to different combinations of day and night 

temperatures. Additionally, canopy photosynthesis might be expected to be even less affected 

by temperature than individual leaf photosynthesis as different leaves receive different light 
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intensities and have different temperature optima, averaging each other (Schapendonk and 

Brouwer, 1985). Temperature response curves of photosynthesis collected during the different 

growing seasons supported this (results not shown). As photosynthesis is hardly affected by 

changing the heating setpoint, also fruit growth and yield were only little affected (Table 6.1). 

Nevertheless, changing temperature will affect fruit transpiration and osmotic potential in the 

fruits, both influencing the fruit water status, and by consequence, the driving force for water 

influx into the fruits (Hanssens et al., 2012b). The effect of our chosen small temperature 

changes on these processes, and hence yield, was, however, small (Table 6.1).  

It should be noted that these simulations reflect short-term actions on a 24-h basis. Changing 

temperature on the long term may affect plant balance and partitioning of assimilates (Adams 

et al., 2001), although Heuvelink (1995) reported no significant effect of temperature on dry 

matter partitioning over a 3-week period. Furthermore, it was demonstrated that alternating 

warmer and cooler days with equal temperature integral did not affect tomato yield on the 

long term (approximately 70 days) (de Koning, 1990). As such, when applying temperature 

integration over a longer period, colder days are acceptable depending on weather conditions 

as long as the temperature integral over several days does not change. A tool such as the 

presented plant and greenhouse climate model can be of great help to gain more insight in the 

possible energy savings involved in dynamic temperature integration. 

The effect of changing the setpoint for screen opening on energy consumption, photosynthesis 

and yield was also assessed with the self-tuning model under cold winter conditions on 11 

February 2012 (Table 6.2). Closing the XLS10 screen during the night results in a 

considerable decrease in energy consumption of 16.4%. It should be mentioned that the 

temperature setpoint for the nighttime temperature was not met when the screen was open, 

although tube temperatures reached their maximum values (results not shown). Our 

simulation results agree with the results of de Zwart (1996), who reported a simulated year 

round energy reduction of 23% when using a LS-10+ thermal screen. Keeping the screens 

closed for a longer time resulted in small additional energy benefits (only 2.6% additional 

energy savings when the screen was closed all day). Furthermore, keeping the screen closed 

during the day results in a reduction of the light availability for the plants, causing a decrease 

in photosynthesis and consequently a decrease in yield. Cockshull et al. (1992) found that a 

decrease in light intensity by 25% by shading resulted in similar reductions in yield. The 

experiment of Cockshull et al. (1992) was carried out during the first 14 weeks of harvest 

between February and May and plants from the unshaded treatment received approximately 

1.7 GJ m-2 solar radiation compared with 1.3 GJ m-2 in the shaded treatment. Here we found a 
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decrease of 11% in photosynthesis due to 20% screen shading and a smaller decrease of 1.2% 

in yield. In Chapter 4, it was demonstrated that reducing light intensity by screening caused a 

marked reduction of phloem influx into the fruits, resulting in a decreased growth rate and, 

consequently, smaller fruits. Reduction of fruit size upon shading was also observed by 

Cockshull et al. (1992).  

 

Table 6.2 Simulated relative effect of changing the setpoint for screen opening on energy consumption (kWh m-2 

day-1), photosynthesis (mol m-2 day-1) and yield (g m-2 day-1; increase of fruit fresh weight, calculated from 

fruit diameter increase) of tomato over a 24-h period assuming cold and sunny winter conditions as on 11 

February 2012 (mean temperature of -7.07 ± 2.31°C). Daily light integral (DLI; mol m-2 day-1) in the 

different scenarios is also indicated. For the simulations a constant CO2 concentration of 400 ppm was 

assumed. Results are presented relative with respect to a reference situation. For the reference situation a 

standard greenhouse as defined in Table A.1 was used, together with temperature setpoints as indicated in 

Fig. 6.10B. In the reference situation, the XLS10 screen was constantly open. Weather conditions for the 

reference situation were taken from Fig. 6.4 and plant parameters of the winter simulation for the PSKW 

greenhouse were used (Appendix 6.3).  

Scenario 
Energy 
consumption 
(kWh m-2day-1) 

Photosynthesis 
(mol m-2 day-1) 

Yield  
(g m-2 

day-1) 

 

Reference 2.05 0.34 214.26  

Scenario 
Relative Energy 
consumption (%) 

Relative 
Photosynthesis 
(%) 

Relative 
Yield 
(%) 

DLI (mol 
m-2 day-1) 

Screen open  100 100 100 9.96 

Open between 
sunrise 
and sunset  

83.6 99.0 100.7 9.96 

Open above 100 
W m-2  

82.3 97.4 100.5 9.9 

Closed  81 89 98.8 8.0 

 

In addition to a reduction in yield, the lower phloem influx will also result in less sugars being 

imported into the fruit. It can thus be expected that excessive shading will not only reduce 

yield, but also quality of the harvested fruits. Furthermore, yield is expected to respond slower 

to shading than photosynthesis due to carbon reserves present in the stem and leaves which 

can be mobilized for fruit growth. Nevertheless, on the long run, yield might be expected to 

decrease proportionally to photosynthesis, when these carbon reserves are depleted. This is 

supported by the results obtained by Gent (2007), who observed larger effects on fruit yield 

when shading was applied for a longer period (>20 days), whereas little effect was observed 
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on the short term due to mobilization of carbon reserves. When the screen has a lower light 

penetration, photosynthesis losses will increase. As such, the balance should be made between 

energy saving by closing the screen and photosynthesis (and yield) losses through decreased 

light availability. To this end, different screening scenarios (and types of screens) can be run 

with the combined plant and greenhouse climate model to search for the optimal balance 

between energy consumption (energy reduction obtained by screening) and light availability 

(and consequent effect on photosynthesis and yield) under different outdoor conditions.  

6.3.2.2   Effect of CO2 concentration in the greenhouse 

The effect of changes in greenhouse CO2 concentration was also assessed for a cold and  

sunny day in winter assuming the same weather conditions as on 11 February 2012 (Table 

6.3). Increasing the CO2 concentration from 400 ppm to 700 ppm resulted in a 30% increase 

in photosynthesis. The increase in photosynthesis gives rise to higher sucrose and starch 

levels in the leaves (results not shown). By consequence, loading rates of sucrose in the 

phloem increased, resulting in a higher concentration of sucrose in the stem phloem. The 

resulting decrease of the osmotic potential in the phloem is followed by an increase of turgor 

pressure (see Chapter 1 Fig. 1.3). By consequence, the turgor pressure gradient between the 

stem and the fruits is higher, promoting phloem influx into the fruits resulting in an increased 

fruit growth (6% increase in yield; Table 6.3). The cocurrent increase in fruit growth is 

smaller than the increase in photosynthesis, as the increased amount of available assimilates is 

distributed between leaves, stems, roots and fruits. These results also indicate that CO2 affects 

yield to a much greater extent than temperature and emphasizes the importance of maintaining 

high CO2 levels in the greenhouse.  

The simulated increase in yield corresponds well with estimations in another modelling study 

(Elings et al., 2011). Also, de Gelder et al. (2005) found a yield increase of 9% for tomato 

plants grown under 1000 ppm CO2. The yield increase can be explained by an increase in 

photosynthesis under conditions of high CO2 concentration. Yelle et al. (1989) reported an 

increase in net photosynthesis of tomato leaves of 30 to 39% after a two week exposure to 900 

ppm CO2 compared with plants growing at 330 ppm CO2. This corresponds well with the 

simulated increase in photosynthesis (Table 6.3). However, it was also reported that exposure 

to high CO2 concentration can increase yield by altering partitioning between roots and fruits, 

resulting in less carbon being partitioned to the roots (Tripp et al., 1991). When considering 

long-term simulations, acclimation of photosynthesis to high CO2 levels should be taken into 

account. Indeed, in their study, Yelle et al. (1989) observed a gradual acclimation of tomato 
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leaf photosynthesis to higher CO2 concentrations and photosynthesis of plants from the high 

CO2 treatment was only 2 to 9% higher after 8 weeks.  

 

Table 6.3 Simulated relative effect of increasing the CO2 concentration from 400 ppm to 700 ppm on energy 

consumption (kWh m-2day-1), photosynthesis (mol m-2 day-1) and yield (g m-2 day-1; increase of fruit fresh 

weight, calculated from fruit diameter increase) of tomato over a 24-h period during cold winter conditions 

as on 11 February 2012 (mean temperature of -7.07 ± 2.31°C). Results are presented relative with respect to 

a reference situation. For the reference situation a standard greenhouse as defined in Table A.1 was used, 

together with temperature setpoints as indicated in Fig. 6.10B. The XLS10 screen was opened between 

sunrise and sunset. Weather conditions for the reference situation were taken from Fig. 6.4 and plant 

parameters of the winter simulation for the PSKW greenhouse were used (Appendix 6.3).   

Scenario 
Energy 
consumption 
(kWh m-2 day-1) 

Photosynthesis 
(mol m-2 day-1) 

Yield 
(g m-2 day-1) 

Reference 1.83 0.33 213.30 

Scenario Energy Photosynthesis Yield 

Reference (400 ppm) 100 100 100 

700 ppm 100 129.6 106.1 

 

6.3.2.3   Effect of weather conditions  

The effect of different light levels on energy consumption, photosynthesis and yield of tomato 

during the cold winter conditions (Fig. 6.4 ) is summarized in Table 6.4. Lower light 

intensities require higher energy input in the greenhouse. Radiation is an important source of 

energy and increases the temperature in the greenhouse (Pieters and Deltour, 1999). As such, 

lower light intensities result in lower solar energy input, and in order to meet the temperature 

setpoints, higher tube temperatures are required, resulting in higher energy consumption 

(+12.2% under cloudy conditions). Also, temperature setpoints were hardly reached, as tube 

temperatures reached maximum values and were not allowed to increase further. In order to 

reach the temperature setpoint, water flow in the heating pipes should increase, resulting in an 

even higher energy consumption. Additionally, photosynthesis will be lower under limiting 

light conditions resulting in a decreased yield (Table 6.4). Again, the simulated decrease in 

yield is smaller than the decrease in photosynthesis, as it responds slower due to carbon 

reserves present in the plant. However, when cloudy conditions persist, carbon reserves will 

be gradually depleted, resulting in a further reduced fruit growth. It should be mentioned that 
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these simulations only took into account light intensity. Changes in light quality such as a 

bigger proportion of diffuse light under low light (cloudy) conditions may also have an effect. 

 

Table 6.4 Simulated relative effect of outside radiation on energy consumption (kWh m-2day-1), photosynthesis 

(mol m-2 day-1) and yield (g m-2 day-1; increase of fruit fresh weight, calculated from fruit diameter increase) 

of tomato over a 24-h period during cold winter conditions assuming cold and sunny winter conditions as 

on 11 February 2012 (mean temperature of -7.07 ± 2.31°C). Results are presented relative with respect to a 

reference situation. For the reference situation a standard greenhouse as defined in Table 6.1 was used, 

together with temperature setpoints as indicated in Fig. 6.10B. The XLS10 screen was opened between 

sunrise and sunset and a constant CO2 concentration of 400 ppm was assumed. Weather conditions for the 

reference situation were taken from Fig. 6.4 and plant parameters of the winter simulation for the PSKW 

greenhouse were used (Appendix 6.3). Daily light integral in the reference, variable and cloudy scenario 

was 9.96 mol m-2 day-1, 4.98 mol m-2 day-1 and 1.99 mol m-2 day-1, respectively.  

 

Scenario 
Energy 
consumption 
(kWh m-2 day-1) 

Photosynthesis 
(mol m-2 day-1) 

Yield 
(g m-2 day-1) 

Reference 1.83 0.33 213.30 

Scenario Energy  Photosynthesis Yield 

Reference (sunny) 100 100 100 

Variable (50% of incident 
radiation of the reference 

108.8 56.3 93.7 

Cloudy (20% of incident radiation 
of the reference scenario) 

112.2 10.6 84.3 

 

Finally, the simulated effect of outside temperature on greenhouse energy consumption is 

illustrated (Fig. 6.13). For the reference scenario, weather conditions as presented in Fig. 6.4 

were assumed. A higher outside temperature results in a reduction of the energy required to 

maintain the desired greenhouse microclimate. A 15°C increase, resulting in an air 

temperature of 13°C and 5°C during day and night, respectively, decreased the energy 

consumption with approximately 30%. 
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Fig. 6.13 Simulated relative effect of outside temperature on energy consumption (kWh m-2day-1), 

photosynthesis (mol m-2 day-1) and yield (g m-2 day-1; increase of fruit fresh weight, calculated from fruit 

diameter increase) of tomato over a 24-h period during winter conditions. Results are presented relative 

with respect to a reference situation. For the reference situation a standard greenhouse as defined in Table 

6.1 was used, together with temperature setpoints as indicated in Fig. 6.10B. The XLS10 screen was opened 

between sunrise and sunset and a constant CO2 concentration of 400 ppm was assumed. Weather conditions 

for the reference situation were taken from Fig. 6.4 (mean temperature of -7.07 ± 2.31°C) and plant 

parameters of the winter simulation for the PSKW greenhouse were used (Appendix 6.3).   

 

6.3.3   Critical considerations with respect to scenario analysis and 

application of the model in commercial practice 

6.3.3.1   Variability between plants and within plants  

By calibrating the model with data from two plants, parameter values accounted for the 

potential variability between these two plants. However, it can be argued that heterogeneity in 

the greenhouse climate, together with variability between plants, will cause slightly different 

plant responses. The greenhouse model used in this study did not allow predicting 

heterogeneity in the greenhouse microclimate, as only one value for air temperature and 

relative humidity was estimated for the entire greenhouse. Throughout the different growing 

seasons, it was observed that responses of neighbouring plants, subjected to a similar 

microclimate, were almost identical. Comparison between water uptake rates measured by the 

ProDrainTM system (mean water uptake rate of eight plants) and measurements on individual 

plants with heat balance sap flow sensors indicated that monitoring a single plant with a heat 

balance sap flow sensor gave the same information as the ProDrainTM measuring eight plants 

(Hanssens et al., 2010). Still, heterogeneity in the greenhouse climate may result in warmer 
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and colder spots, as well as differences in relative humidity of the air. These differences in 

microclimatic conditions may cause small differences in plant behaviour. It still remains a 

question how much plants need to be monitored in a greenhouse. The number of sensors and, 

thus, monitored plants, will have to be determined based on the heterogeneity in greenhouse 

microclimate. Accounting for all this variability in the present model remains difficult.  

In addition to variability between plants, variability also exists within the plant (e.g. trusses of 

different age with fruits of different size). The difference in age and fruit size was accounted 

for in the scenario analysis and three trusses of different age were included, consisting of five 

equally sized fruits of the same age. Fruit setting was checked regularly, so age of the trusses 

was known and fruit diameter was measured. Different parameters in the model are related to 

the age of the fruit and expressed as a function of fruit age (see also Chapter 5). Also the 

reflection coefficient is expressed as a function of fruit age, and, as such, phloem unloading 

into the fruits (symplasmic or apoplasmic) is dependent on fruit age. The cell wall 

extensibility, relating fruit growth to turgor pressure, is also affected by fruit age, and 

decreases as the fruit matures. As such, variability between present trusses is considered in the 

model. To perform simulations on the long term or in case fruit age is not known, an 

expression for truss appearance rate (as a function of temperature integral (Heuvelink, 1996)) 

can be implemented in the model.  

In this chapter, the plant model was calibrated with measurements of xylem water potential in 

the stem, stem diameter, fruit diameter, stomatal conductance and photosynthesis 

measurements. The need for these measurements might impede practical application of the 

model in practice. However, when a large dataset can be collected with data from different 

cultivars at different periods during the growing season, the need for these additional 

measurements might reduce, as it allows better insight into age-dependent relationships (cfr. 

Hanssens et al., 2012a) or into the effects of climatic conditions on parameter values in the 

different submodels. Furthermore, the combination of plant sensors and the plant model is 

highly interesting (as illustrated in Chapter 3). In that case, the model can automatically 

recalibrate using a moving window with data of the previous days.  

6.3.3.2   Critical considerations with respect to energy consumption simulation 

The results shown in Table 6.1 should be interpreted with some precaution. First, it should be 

emphasized that these simulation results aimed at describing short-term actions on a 24-h time 

scale. Lowering the heating setpoint will automatically result in a reduction in energy demand 

of the greenhouse at the short time scale. The upper layers of the soil can however greatly 
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contribute to the greenhouse energy balance, both on the short term (heat absorption during 

daytime, and release of heat at night) and over a longer time period. When the setpoint for 

heating is lowered, less energy is introduced into the greenhouse by the heating system. The 

soil, acting as a heat reservoir, can release heat and, as such, contribute to the greenhouse 

energy balance, affecting greenhouse temperature. When less energy is delivered by the 

heating system, the heat reservoir in the soil starts to deplete and soil temperature decreases. 

However, on the longer term, this reservoir has to be replenished, which might result in an 

increase in energy demand, as more energy will be needed to compensate for energy 

absorption by the upper soil layers. This should be kept in mind, as short term energy savings 

might result in an increased energy demand on the longer term. A good description of heat 

transport in the soil is thus needed to accurately estimate the long term effect of heat storage 

in the soil on the greenhouse energy balance and energy needs.  

6.4 Conclusion 

In this study, a mechanistic plant model and a greenhouse climate model were successfully 

coupled. Evaluation of this combined plant and greenhouse climate model revealed in some 

cases problems with estimating a correct humidity balance in the greenhouse, especially 

during cold periods. Nevertheless, the self-tuning plant and greenhouse climate model was 

well able to simulate greenhouse microclimate and plant responses using weather conditions 

and microclimate setpoints as input. As such, this model shows great potential for optimizing 

growing strategies and allows virtually testing various short-term microclimate settings on 

their effects on energy consumption and plant responses.  

 



A decision support system for tomato growers 
 

170 
 

Appendix Chapter 6 

 

Appendix 6.1 

In appendix 6.1, the different energy and mass fluxes described in the greenhouse climate 

model of Bontsema et al. (2002) are schematically represented. For a detailed description of 

the model equations, the reader is referred to Bontsema et al. (2002). 

 
Fig. A.1 Schematic representation of the processes described in the greenhouse climate model with indication of 

the state variables, steering variables and outdoor conditions. To: outside temperature (K); Co,H2O: outdoor 

concentration of water vapour (kg m-3); Tsk: sky temperature (K); Io: incoming global radiation (W m-2); vo: 

wind speed (m s-1); Apwsd and Aplsd: the windward and leeward window opening, respectively (%); Tr: 

greenhouse roof temperature (K); Ta1 and Ta2: greenhouse air temperature below and above the thermal 

screen, respectively (K); Ca1,H2O and Ca2,H2O: concentration of water vapour below and above the thermal 

screen, respectively (kg m-3); Tscr: thermal screen temperature (K); Apscr: position of the thermal screen (%); 

Tu and Tl: temperature of the upper (growing tube) and lower (tube rail) heating tubes (K); Tc: canopy 

temperature (K); Tsoil1 and Tsoil2: temperature of the greenhouse soil and deeper soil, respectively (K). 
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Fig. A.2 Schematic representation of the convective energy fluxes and mass fluxes described in the greenhouse 

climate model. Qr-o: heat transfer between greenhouse roof and outside air (W); Qa2-r: heat transfer between 

air above the thermal screen and the greenhouse roof (W); Ql-a1 and Qu-a1: heat transfer between lower 

heating tubes and air below the thermal screen and between upper heating tubes and air below the thermal 

screen, respectively (W); Qa1-c: heat transfer between air below the thermal screen and the canopy (W); Qa1-

soil1: heat transfer between air below the thermal screen and the soil (W); Qscr-a1 and Qscr-a2: heat transfer 

between thermal screen and air below and above the thermal screen, respectively (W); Qa2-r,H2O: energy flux 

towards the greenhouse roof due to condensation (W); Qa2-o: heat exchange between air above the thermal 

screen and the outside due to natural ventilation (including leaks) (W); Qc-a1,H2O: heat exchange due to 

canopy transpiration (W); Qa1-a2: heat exchange between air above and below the thermal screen (W); Φa1-

a2,H2O: exchange of water vapour between air above and below the thermal screen (kg s-1); Φa2-r,H2O: 

condensation on the greenhouse roof (kg s-1); Φa2-o,H2O: exchange of water vapour between air above the 

thermal screen and the outside due to natural ventilation (kg s-1); Φc-a1,H2O: canopy transpiration (kg s-1). 
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Fig. A.3 Schematic representation of the energy fluxes through conduction described in the greenhouse climate 

model. Qsoil1-soil2: Heat transfer in the soil through conduction (W). A constant temperature for the deeper 

soil of 10°C was assumed.  
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Fig. A.4 Schematic representation of energy transfer due to long wave radiation as described in the greenhouse 

climate model. Ql-r and Qu-r: heat transfer between lower heating tubes and greenhouse roof and upper 

heating tubes and greenhouse roof, respectively (W); Qr-c: heat transfer between the greenhouse roof and the 

canopy (W); Qsoil1-r: heat transfer between the greenhouse soil and the greenhouse roof (W); Qr-sk: heat 

transfer between the greenhouse roof and sky (W); Qu-c and Ql-c: heat transfer between upper heating pipes 

and canopy and lower heating pipes and canopy, respectively (W); Qsoil1-c: heat transfer between the 

greenhouse soil and the canopy (W); Qu-soil1 and Ql-soil1: heat transfer between the upper heating pipes and 

the greenhouse soil and the lower heating pipes and greenhouse soil, respectively (W); Qsoil1-scr: heat transfer 

between the greenhouse soil and the thermal screen (W); Qc-scr: heat transfer between the canopy and the 

thermal screen (W); Qscr-r: heat transfer between the thermal screen and greenhouse roof (W); Qu-scr and Ql-

scr: heat transfer between the upper heating pipes and the screen and the lower heating pipes and the screen, 

respectively (W).  
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Fig. A.5 Schematic representation of energy fluxes due to short wave radiation as described in the greenhouse 

climate model. QI-r: absorption of shortwave radiation by the greenhouse roof (W); QI-c: absorption of 

shortwave radiation by the canopy, as described in Stanghellini (1987) (W); QI-soil1: absorption of shortwave 

radiation by the greenhouse soil (W); QI-l and QI-u: absorption of shortwave radiation by the lower and upper 

heating tubes, respectively (W); QI-scr: absorption of shortwave radiation by the thermal screen (W). 
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Appendix 6.2 

Table A.1 Overview of the characteristics of the greenhouse constructions at PSKW and PCH and the standard 

greenhouse used for scenario analysis 

Parameter PSKW          PCH                                    Standard 
      greenhouse 

Length of the greenhouse (m) 30 24 240 

Width of the greenhouse (m) 24 20 104 

Slope of the greenhouse cover (°) 23.6 22 22 

Number of spans 6 3 26 

Number of loops in the tube rail tube per span 2.5 5 2.5 

Length of a loop in the tube rail (m) 55 50 473.10 

Diameter of the tube rail (m) 0.051 0.051 0.051 

Number of loops in the growing tube per span 2.333 5 1.25 

Length of a loop in the growing tube (m) 55 25 236.55 

Growing tube diameter (m) 0.051 0.028 0.051 

Window length (m) 2.53 1.4 1.662 

Window width (m) 1.35 1.66 1.4 

Number of windows 30 24 1248 

Maximum opening angle of a window (°) 47.2 68 66 

Net surface of the greenhouse covered with plants (m²) 660 440 24544 

Height of the screen (m) 6.3 7 5.80 

Distance between screen and greenhouse cover (m) 1.1 0.8 1.57 

Distance between two crop wires above the same 
gutter (m) 

0.6 0.6 0.6 

Distance between the gutters (m) 1.6 1.6 1.6 

Plant density (plants m-2) 2.27 3.125 2.27 

Crop height (m) Variable in time Variable in time Variable in time  

Screen XLS10 XLS10 XLS10 
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Appendix 6.3 

Table A.2 Parameter values obtained from calibration of the multiplicative model of stomatal conductance of 

tomato leaves for three periods during the 2012 growing season: 14 March 2012, 13 June 2012, and 27 

September 2012. Data were collected with the LI-6400XT on two plants at different block temperature (21°C, 

25°C and 29°C), at different CO2 concentrations (400, 700 and 1000 ppm) and at different light intensities (0, 50, 

100, 500, 1000 and 1500 µmol m-2 s-1). 

 

Parameter 14 March 2012 13 June 2012 27 September 2012 

a_ri (s m-1) 23.0437 19.205 26.5853 

b_ri (W m-2) 282.206 309.285 660.79 

c_ri (W m-2) 78.8784 95.5402 174.371 

d_ri (-) 0.00709072 0.00686918 4.55666 10-5 

e_ri (°C) 41.8457 31.2572 23.0868 

f_ri (-) 3.50687 10-6 4.81655 10-6 4.54375 10-8 

g_ri (µmol mol-1) 312.745 263.952 344.111 

h _ri (-) 1.2979 1.21057 2.00603 
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Table A.3 Parameter values obtained from calibration of the photosynthesis model for tomato for three periods 

during the 2012 growing season: 14 March 2012, 13 June 2012, and 27 September 2012. Data were collected 

with the LI-6400XT on two plants at different block temperature (21°C, 25°C and 29°C), at different CO2 

concentrations (400, 700 and 1000 ppm) and at different light intensities (0, 50, 100, 500, 1000 and 1500 µmol 

m-2 s-1). 

 

Parameter 14 March 2012 13 June 2012 27 September 2012 

Jmax,20 (µmol m-2 s-1) 63.0614 204.559 48.7262 

Vcmax,20 (µmol m-2 s-1) 62.6332 178.479 137.02 

VTPU (µmol m-2 s-1) 14.0739 11.3755 11.0649 

aJ (-) 12.0158 13.7285 18.5001 

bJ (-) -11.5979 -13.0544 -16.7568 

ΘPSII (-) 0.892842 0.940097 0.61505 

aΦ (-) 5.14769 10-14 4.16668 10-14 6.41329 10-18 

bΦ (-) 0.0366147 0.027133 0.0334009 

cΦ (-) 0.000311841 9.20908 10-5 0.000204019 
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Table A.4 Parameter used for the plant model. These values were determined on two plants by calibration of the 

plant model with measurements of stem and fruit diameter on 10 and 11 February 2012 and pressure chamber 

measurements. Other parameter values were obtained from Liu et al. (2007) and can be found in Table 5.2. 

 

Parameter 14 March 2012 

Rx (MPa h g-1) 0.0015 

Cs(0) (g g-1) 0.11 

Ψsubstrate (MPa) -0.08 

ε0  (m
-1) 2000.14 

r (MPa h g-1) 0.1 

maxφ (MPa h-1) 0.2 

sφ (MPa h-1) 0.0004 

Γ
s (MPa) 0.3 

a ( -) 0.00705063 

k (h-1) 0.00360011 

ε
fr (MPa) 10 

Cfr (g g-1) 0.03 
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This PhD mainly focuses on the opportunities of plant sensors and mechanistic models in 

tomato cultivation and their value in short-term decision support for tomato growers. In this 

final chapter, the main outcomes are first summarized and their value for commercial practice 

is discussed. In the second part, future perspectives and challenges to be tackled within future 

research are presented. 

 

7.1 General research outcomes and scientific contribution 

Both the root environment (EC and water content) and the greenhouse microclimate have 

important effects on plant water status and, consequently, on quality and production of tomato 

fruits (Chapter 1). The different chapters each studied aspects of the root environment 

(Chapter 3 and 5) or effects of the microclimate (Chapter 2 and 4) on plant responses using 

plant sensors and mechanistic models to gain deeper insights into tomato plant functioning. 

This resulted in the development of a virtual fruit model (Chapter 5), which enabled to 

predict fruit quality attributes (glucose, fructose and citric acid concentrations) using the 

greenhouse microclimate as input. Finally, the mechanistic plant model was integrated into an 

existing greenhouse climate model (Chapter 6), being a first step towards short-term decision 

support for tomato growers, aiming at a better and more active control of energy consumption 

based on plant responses.  

 

7.1.1   Interpreting plant responses with sensors and mechanistic models 

Plant sensors allow continuous monitoring of several plant processes and, despite their limited 

application in commercial tomato cultivation right now, different advantages are related to 

their use. In this work, it was demonstrated that plant sensors give reliable estimates of 

transpiration, and plant water and carbon status under various microclimatic conditions, 

although data interpretation sometimes might be difficult, requiring good knowledge and 

experience. Therefore, we have chosen an approach in which plant sensors are combined with 

mechanistic models, which allows a better, more objective interpretation of the data. A major 

advantage of using plant sensors is that changes in plant behavior can be detected very fast, 

because the plant is measured directly (Jones, 2004). Faster detection of changes in plant 

response also allows faster intervention by the grower. Studies on different species (e.g. olive, 
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plum trees, apple trees, almond trees, tomato) have demonstrated that plant sensors can detect 

stress situations in an early stage, long before visual symptoms become visible (Gallardo et 

al., 2006; Fernández and Cuevas, 2010). This was demonstrated in Chapter 3 for tomato 

under semi-commercial conditions. Continuous monitoring of the pattern of stem diameter 

variations of plants exposed to a reduced irrigation treatment revealed a deviation from the 

expected stem diameter variation pattern, and cessation of growth, despite the absence of any 

visual symptoms of water deficit such as leaf wilting. Decreased substrate water availability 

forced the plants to develop a more negative water potential in the xylem to maintain upward 

sap flow (see Eq. 2.1, when Ψsubstrate decreases, ΨT
x has to be more negative to maintain sap 

flow rates (Fx)). This decrease in ΨT
x gives rise to a gradient in total water potential between 

xylem and phloem, promoting water exchange between both tissues. As such, water reserves 

in the phloem (considered as storage tissue in the model) will contribute to the transpiration 

flow, causing a reduction in water content of the storage tissue, leading to a decrease in turgor 

pressure, and, consequently, stem diameter. The fast response of stem diameter indicates that 

there is a strong hydraulic connection between the xylem and the phloem and that the 

hydraulic resistance between both tissues is small in tomato. Since turgor pressure is also the 

main driving force for plastic growth (Lockhart, 1965), the decrease in turgor pressure will 

result in decreased stem growth. As such, measurement of stem diameter variations (SDV) is 

a very powerful tool for early drought stress detection. For this reason, different indices have 

been derived from SDV (e.g., maximum daily shrinkage (MDS), stem growth rate (SGR)…) 

and used as a criterion for drought stress detection. However, reliable application of these 

indices remains difficult, as they require threshold values based on plant age and climatic 

conditions (Gallardo et al., 2006). In Chapter 3, it has been demonstrated that the timing of 

irrigation strongly affects SDV making application of SDV-derived indices even more 

difficult. We observed that stem diameter strongly increased during daytime in response to 

irrigation. Under these conditions, MDS cannot be used as a reliable index, since no 

pronounced shrinkage of the stem was visible due to replenishment of storage tissues 

following irrigation. Therefore, it was suggested that comparison between measured and 

simulated stem diameter (assuming optimal water availability in the latter) is a better way to 

detect drought stress (Chapter 3). The degree of allowed deviation between measurement and 

simulation might be based on an uncertainty band (calculated from uncertainty in parameter 

values). As soon as the measurement moves outside this uncertainty band, an alarm signal can 

be given to the grower. Such an approach was already suggested for leaf temperature of 

glasshouse tomato (Vermeulen et al., 2012). 
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It was also observed that under conditions of water deficit, stem diameter and sap flow no 

longer revealed the typical inverse relation. In fact, after irrigation, an increase in sap flow 

resulted in a strong increase in stem diameter, suggesting that the increase in sap flow 

contributed to the replenishment of internal water reserves. This suggests that a response in 

sap flow or stem diameter to an irrigation event may be used as an indicator of shortage of 

water before irrigation. Apart from drought stress, shortage in available photoassimilates may 

also cause cessation of stem growth. Assimilates are needed to decrease the osmotic potential 

in the phloem, resulting in osmotic water uptake and, consequently, an increase in turgor 

pressure, which is necessary for growth. This stresses the need for combining plant sensors 

with a mechanistic plant model, which is judged crucial to discriminate between the effect of 

carbon status and water status on stem diameter variations, an issue to be further tackled with 

in the future. It was also suggested that stem age strongly affects the response of stem 

diameter variations to plant water status (Hanssens et al. 2012a). This age dependency was 

accounted for using a moving window, allowing daily recalibration of parameter values, and, 

as such, included time dependency of the model parameters. Furthermore, the size of this 

moving window should be chosen with care. In Steppe et al. (2008a) it was argued that a 

small moving window reacts too strongly to changes in microclimatic conditions. In Chapter 

3, we opted for a moving window of four days. A smaller moving window of one day resulted 

in simulations, which always closely corresponded with measured data, making stress 

detection no longer possible (results not shown). 

Continuous new developments in plant sensor technology increase their number of potential 

applications. Until recently, measurement of sap flow through small plant parts was 

impossible or not practically feasible (e.g. too expensive with MRI). New sensors such as 

mini heat field deformation sensors now allow studying water flow in small plant parts such 

as the tomato peduncle, leading to a better understanding of these flows and how they are 

affected by fruit age, the greenhouse climate and water management in the substrate.  

 

7.1.2   Towards a virtual fruit model for tomato  

Water potential of stem xylem and phloem is not only important for stem diameter behavior, 

but it also plays a key role in fruit growth, as it, together with fruit water potential, constitutes 

the major driving force for transport of water, nutrients and carbon towards developing fruits 

(Liu et al., 2007). Recently, De Swaef and Steppe (2012) coupled the mechanistic flow and 

storage model of De Swaef and Steppe (2010) to the biophysical fruit growth model of Liu et 
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al. (2007). In Chapter 4, this model was further elaborated to study the contribution of xylem 

and phloem flow to fruit growth. To date, it is generally believed that most water influx into 

tomato fruits originates from the phloem, whereas xylem is considered to have a minor 

contribution (Ehret and Ho, 1986; Ho et al., 1987; Guichard et al., 2005). Most of these 

studies used girdling to determine the contribution of xylem and phloem to fruit growth, 

although this method has received some criticism as it is expected to also affect xylem influx 

(Fishman et al., 2001). To overcome these issues, a new methodology was presented in 

Chapter 4, which allowed determination of phloem influx based on continuous 

measurements of fruit growth with an LVDT sensor and a mechanistic model predicting 

xylem influx. Heat-girdling only served at determining the hydraulic conductivity of the 

xylem pathway to the fruit, but determination of the xylem and phloem contributions was 

based on data collected before the girdling event, overcoming the problems associated with 

girdling. Results demonstrated that xylem contribution to tomato fruit growth is variable and 

strongly dependent on microclimatic conditions, and more specific, light intensity in the 

greenhouse. It was shown that this variable xylem contribution resulted from the effect of 

light intensity on stem water potential, thereby affecting the driving force for xylem influx. As 

such, a significantly higher xylem contribution to fruit growth was observed when plants were 

exposed to lower light intensity through shading. These results also helped explaining the 

high contributions of xylem influx to fruit growth typically observed during the night 

(Hossain and Nonami, 2010), since the gradient in total water potential between stem and fruit 

then reaches maximum values. Knowing that xylem contribution to fruit growth is variable 

creates new opportunities for control of the water influx into fruits and, as such, fruit quality. 

This way, the grower can intentionally manipulate the greenhouse microclimate to steer 

xylem and phloem influx into fruits, depending on what he wants to achieve (e.g. increased 

phloem contribution to increase sugar concentration, or increased Ca2+ influx by increasing 

xylem contribution to prevent blossom-end rot).  

As fruit quality is a major issue for tomato growers in Flanders, a good insight into the 

different factors affecting fruit quality as well as how these are affected by microclimatic 

conditions or factors in the root environment is crucial. To this end, the model in Chapter 4 

was further extended, in analogy with the virtual fruit model for peach (Génard and Souty, 

1996; Génard et al., 2003) to enable prediction of the concentration of fructose, glucose and 

citric acid during cherry tomato fruit development (Chapter 5). The virtual fruit model 

predicted fruit growth and the concentration of glucose, fructose and citric acid well, but it 

overestimated the turgor pressure in the fruits, especially during the second period of fruit 
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growth. When fruits start to ripen, cell walls start to degrade, causing a decrease of turgor.  

Accounting for this cell wall degradation in the model, might improve the estimation of fruit 

turgor during the ripening phase. Partitioning of imported sucrose into starch, structural 

components and soluble sugars was based on literature, but will need further fine-tuning and 

additional measurements of starch concentration as well as good estimates of phloem sucrose 

concentration to improve predictions. In Chapter 5, it was also shown that the EC of the 

nutrient solution did not affect the pattern of turgor or its magnitude during fruit development. 

Instead, plants growing at a higher EC of 5 mS cm-1 had significantly lower fruit osmotic 

potential, resulting from an increased contribution of components other than fructose and 

glucose to the osmotic potential. This lower osmotic potential allowed maintaining turgor 

pressure at lower fruit total water potential. A further fine-tuning of this virtual fruit model for 

tomato will yield a valuable tool for performing virtual experiments to study effects on fruit 

growth and fruit quality attributes and, as such, create new opportunities for better control of 

tomato fruit quality.  

 

7.1.3   Mechanistic models as simplifications of reality 

Models typically simplify reality. Consequently, some processes will not be included in the 

model and, therefore a deviation between measurement and simulation can also result from a 

lacking process or mechanism not yet included in the model. This was illustrated in Chapter 

2 and resulted in a new method for the non-destructive estimation of root pressure. This 

method was recently suggested by De Swaef et al. (2013b) and states that root pressure can be 

detected as a strong and sudden increase in stem diameter. In Chapter 2, this methodology 

was validated by comparing stem diameter patterns of intact plants and plants of which roots 

were detached under conditions promoting root pressure. Resulting stem diameter patterns 

indicated that a mechanism in the roots was the driving force for the sudden strong increase in 

stem diameter and this was attributed to root pressure. Rearrangement of the model equations 

allowed calculating the extra pressure component causing the sudden stem diameter increase, 

and, strikingly, this pressure component corresponded well with destructive measurements of 

root pressure with manometers. Using this methodology, the effect of microclimatic 

conditions on tomato root pressure development and magnitude was studied under semi-

commercial conditions. This revealed that root pressure magnitude was strongly correlated 

with vapour pressure deficit and temperature of the air. Understanding the effects of 

microclimatic variables on root pressure can finally be transferred to practice where it can be 
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used to prevent or stimulate root pressure development. Furthermore, the mechanistic nature 

of the model allowed it to be applied for other species (cucumber) as well, be it after 

recalibration with species-specific data (Chapter 2).  

A second example of missing processes or mechanisms can be found in Chapter 3. The 

original model presented in Chapter 3 assumed a constant substrate water potential, although 

it can be expected that under drought conditions, substrate water potential will decrease. As 

such, the original model was not able to predict the deviating pattern in stem diameter 

variation of tomato plants exposed to water deficit. The pattern of substrate water content and 

stem diameter variations revealed a clear relation and increases in substrate water content 

were reflected in increases in stem diameter. To improve the model performance, substrate 

hydraulic capacitance was included, in analogy with hydraulic capacitances in the plant (Jones 

and Tardieu, 1998). Accounting for the hydraulic capacitance of the substrate allowed varying 

substrate water potential based on substrate water content, resulting in an improved prediction 

of stem diameter variations under water deficit.  

 

7.1.4   Opportunities for better control of fruit growth and quality in 

practice 

Mild drought stress or salt stress can result in better quality of harvested tomato fruits 

(Mizrahi, 1982; Mitchell et al., 1991; Veit-Köhler et al., 1999; Plaut et al., 2004). However, 

this increase in quality is often accompanied with an undesired decrease in production (Dorais 

et al., 2001b). In practice, it remains difficult to control a mild stress, and, for safety reasons, 

plants are irrigated abundantly to prevent yield loss, resulting from water deficit. The 

combination of plant sensors and a mechanistic model as presented in Chapter 3 can help to 

solve this issue, as it allows fast detection of drought stress. This creates new opportunities to 

grow tomatoes under slightly drier conditions in the root environment to reach better fruit 

quality. As soon as the plant experiences water deficit, this will be visible in data from plant 

sensors (LVDT on stem and fruit) and in a deviation from the optimal stem diameter pattern, 

which can be estimated by the model. As such, the grower can intervene fast to prevent yield 

reduction. Furthermore, this approach creates possibilities for more precise irrigation, not only 

in tomato, but also in other crops.   

In Chapter 4, it has been demonstrated that manipulating light intensity might control the 

relative xylem contribution to fruit growth. The variable xylem influx strongly depends on 

total xylem water potential in the stem, which in turn is affected by the greenhouse 
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microclimate and substrate water management (Chapter 3; Hanssens et al., 2012b). As such, 

a tomato grower can try to control xylem water influx into the fruit by manipulation of the 

total water potential gradient between stem and fruit. At a given total fruit water potential, this 

gradient can be changed by affecting the total water potential in the stem xylem. Blossom-end 

rot (BER) can be a major problem under warm and sunny conditions (Ho et al., 1993). This 

physiological disorder results from a lack of calcium in the developing fruits. As calcium is 

solely transported in the xylem, a grower may try to increase xylem influx into fruits to 

decrease the risk of BER. Based on the results of Chapter 4, this can be achieved by 

increasing the total water potential gradient between the stem xylem and the fruit. To this end, 

a grower can decide to decrease light intensity using a shade screen or to start misting to 

increase relative humidity, both operations which will result in a decrease in transpiration, 

and, consequently, a less negative total xylem water potential, promoting xylem water influx 

into the fruit. Another possibility can be the stimulation of root pressure development, as an 

additional mechanism for xylem water transport, and, consequently, calcium transport 

towards the fruits. Again, increasing relative humidity can be of great help (Chapter 2). 

However, excessive root pressure should be avoided, as it can result in watery tomato fruits 

and tomato fruit cracking (Dorais et al., 2001a). Stimulation of root pressure development to 

promote calcium influx can also be applied to other species, such as recently tested for tipburn 

prevention in butterhead lettuce (Vanhassel et al., 2014). Manipulation of substrate 

temperature and vapour pressure deficit appeared to be the best opportunity as these variables 

revealed a significant correlation with root pressure magnitude (Chapter 2).  

 

7.1.5   Opportunities for better energy consumption control in practice 

The increasing fossil fuel prices force tomato growers to invest in energy-saving technologies 

and adapt growing strategies to reduce energy consumption of greenhouse tomato cultivation. 

One of the main questions arising is to which extent the resulting changes in the greenhouse 

microclimate affect the plants and how much energy can be saved. To this end, the 

mechanistic plant model was introduced into an existing greenhouse climate model and 

different scenarios of greenhouse climate settings and weather conditions were evaluated on a 

24-h period. Although further fine-tuning of the plant and greenhouse climate model and 

improvement of user-friendliness is necessary, it already provides great support for tomato 

growers in short-term decision making, as it allows calculating the effect of changing 

greenhouse settings on energy consumption and plant responses. Nevertheless, long term 



General discussion and future perspectives 

188 
 

effects of changing the greenhouse settings, as discussed in Chapter 6, should also be kept in 

mind.  

Different screen types have recently been introduced into greenhouse cultivation to reduce 

heat losses, and consequently, reduce energy needs. One of the questions involving the use of 

these screens is the moment when the screens have to open or close. The optimal moment for 

screen opening or closure can be determined by considering the balance between incoming 

radiation, which drives plant photosynthesis, and energy consumption due to heat losses when 

the screen is open. These issues can be solved with an integrated plant-greenhouse climate 

model such as the model presented in Chapter 6. Furthermore, it allows virtually testing 

different screen types, by simply adapting the screen properties in the model. In the present 

form, the model represents a naturally ventilated greenhouse equipped with a single screen, 

but in future new energy-saving technologies (e.g. double or triple screen, dehumidification 

unit...) will become general, and changes can be implemented in the model to assess their 

energy-saving potential.  

7.2 Future perspectives  

7.2.1   Variable hydraulic resistance in the xylem and the substrate 

In Chapter 3, it was demonstrated that the original mechanistic flow and storage model did 

not well perform when the plants were subjected to drought stress as it assumes optimal water 

supply. Nevertheless, as previously discussed, this allows the model to be used to detect 

drought stress. It might, however, be interesting to estimate how the plant will respond to 

drought stress (e.g. the effect of drought stress and water and carbon influx into the fruit). To 

enhance the model performance under drought stress conditions, we added the hydraulic 

capacitance of the substrate to the model, which markedly increased the model performance 

under drought stress conditions, which could be seen by better estimation of stem diameter 

variations and simulation of a lower water potential in the stem upon drought stress. As such, 

simulation of plant response to water deficit was greatly improved, however, further fine-

tuning is still possible. When tomato plants are exposed to drought stress, it can be expected 

that the hydraulic resistance in the xylem will increase. This increase in hydraulic resistance 

was recently modelled for grape (Baert et al., 2014) and can be explained by cavitation, 

causing xylem vessels to be filled with air, increasing the hydraulic resistance for upward 

water transport (Sperry and Tyree, 1988). The tomato model, in its present form, does not 

account for a variable hydraulic resistance (Rx). Instead, a constant Rx is assumed, irrespective 
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of the occurrence of drought stress. Upon drought stress, sap flow is expected to decrease, 

resulting from both stomatal closure and reduced water availability. However, drought stress 

will also cause the total xylem water potential in the stem to decrease. In the model presented 

in Chapter 3, total xylem water potential in the stem (ΨT
x) is expressed according to the 

flow-resistance concept (van den Honert, 1948): 

x
xsubstrate

x
T RF ⋅−Ψ=Ψ        (Eq. 7.1) 

According to Eq. 7.1, a lower sap flow at constant Ψsubstrate will always result in less negative 

ΨT
x. Furthermore, it has been demonstrated that hydraulic resistance in the rockwool substrate 

strongly increases when water content decreases (Chapter 3; da Silva et al., 1995, Bougoul et 

al., 2005, De Swaef et al., 2012). This will increase the total hydraulic resistance along the 

water pathway through the soil plant atmosphere continuum. To further improve simulation of 

stem diameter variations and stem water potential under drought stress conditions, constant Rx 

should be replaced with a variable resistance Rtot, being the sum of two resistances in series, 

namely the variable hydraulic resistance in the substrate (Rsubstrate) and the variable hydraulic 

resistance in the xylem of the plant (Rx,var):  

substratextot RRR += var,        (Eq. 7.2) 

This variable Rsubstrate can be calculated based on the Mualem equation (1986), which 

describes the relative hydraulic conductivity of the rockwool substrate based on the matric 

potential in the substrate (Chapter 3). Good estimation of Rsubstrate requires a good 

measurement of the hydraulic conductivity at saturation. 

 

7.2.2   A more detailed description of phloem transport using MRI  

The plant model used in this work (Chapter 5) assumes that the stem phloem acts as ‘one 

common assimilate pool’ according to the findings of Heuvelink (1995). This means that a 

constant sucrose concentration was assumed across the entire stem phloem. Changes in this 

concentration might however result from the balance between loading of assimilates 

(photosynthesis), respiration and unloading of assimilates to fruits and roots. In Chapter 2 to 

5, loading of assimilates was represented by a load factor (S; g h-1), representing changes in 

sucrose concentration in the stem phloem, but still assuming the same sucrose concentration 

across the entire phloem. In Chapter 6, a photosynthesis and leaf model replaced the load 

factor. This allowed calculation of sucrose loading based on estimated photosynthesis, and 

also introduced daily dynamics in phloem sucrose concentrations resulting from changes in 
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photosynthesis. The extension with the photosynthesis and leaf model allowed variable 

loading rates, and still assumed that concentration in the entire phloem was constant. 

Additionally, both the models with constant and variable loading of sucrose assume that 

changes in phloem water content only result from radial water transport between xylem and 

phloem, ignoring any other phloem water flows. Recently, De Schepper and Steppe (2010) 

developed a water and sugar transport model for trees, which is able to describe sugar 

transport according to the Münch hypothesis. These principles could be integrated in a new 

version of the tomato model to allow dynamics in phloem transport. Introduction of such 

dynamics and a good estimation of phloem sucrose concentrations in the stem are important 

to provide better estimations of phloem water and sucrose influx into developing tomato fruits 

(Génard et al., 2007). The model of De Schepper and Steppe (2010) predicts a decrease in 

phloem water flow and phloem turgor during daytime resulting from the increase in 

transpiration and the tight hydraulic coupling between xylem and phloem. In contrast, Windt 

et al. (2006) measured higher volume flow in the phloem during daytime than during the 

night with MRI. Our tomato model also assumes a tight hydraulic coupling between xylem 

and phloem in the stem, resulting in a decrease in total water potential and turgor pressure in 

the phloem compartment during daytime, when xylem water potential in the stem decreases. 

This results in a simulated decrease in phloem water influx into the fruits during daytime as 

the turgor pressure gradient between stem and fruits, driving phloem water transport (at least 

in young fruits), decreases. However, measurements with miniature heat field deformation 

sensors revealed that phloem influx into the fruits increased during the day (Chapter 4), 

suggesting that the turgor pressure gradient is higher during the day, which is in agreement 

with the measurements of Windt et al. (2006). The discrepancy between model simulations 

and measurements with MRI and miniature heat field deformation sensors suggests the lack of 

a mechanism in the current models (both the tomato model and the model of De Schepper and 

Steppe (2010)). This needs to be further clarified in future work in order to provide better 

estimates of fruit growth dynamics. Measurements with MRI, although expensive and only 

feasible in laboratory conditions, may be of great help to further improve the tomato model 

for xylem and phloem water influx into developing tomato fruits as well as phloem flow in 

the stem.  
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7.2.3   Further improvement and extension of the virtual fruit model 

Simulations with the virtual fruit model in Chapter 5 revealed some problems with good 

prediction of the turgor pressure during the second phase of cherry tomato fruit growth. 

Accounting for cell wall degradation during ripening in the model might improve the 

simulation of fruit turgor pressure. Future research will also have to focus on the distribution 

of imported sucrose between starch, structural components and hexoses, and, more specific, 

how this distribution changes with fruit development. Studying the distribution of the ³H label 

from [³H]-(fructsyl)-sucrose after exposure of excised fruits of different fruit age to labelled 

sucrose can help clarifying this (N’tchobo et al., 1999).  

In tomato fruit, malate is an important organic acid and accounts, together with citric acid, for 

approximately 10-13% of the fruit dry matter. Lobit et al. (2006) developed a model for 

describing malate concentrations during fruit development. This model can be easily 

incorporated into the model presented in Chapter 5, but it requires concentration data of 

potassium and organic acid, which were not available from the experiment in Chapter 5.  

Carbon unloading from the phloem to the tomato fruit gradually shifts from symplastic to 

apoplastic (Damon et al., 1988; Ruan and Patrick, 1995), which has been represented by the 

reflection coefficient σp, shifting gradually from zero to one (Chapter 5). Description of σp 

was taken from Liu et al. (2007), who reported that apoplastic unloading of the phloem 

dominated from 30 days after anthesis (DAA) onwards. However, N’tchobo et al. (1999) still 

observed symplastic unloading at 40 DAA. Measurements of xylem and total influx into fruits 

(35 DAA) with the mini heat field deformation sensor also suggested that the symplasmic 

connection was still present (Chapter 4). Therefore, a better description of this shift from 

symplastic to apoplastic sugar unloading is necessary, as it has an important effect on phloem 

water and sucrose influx dynamics, which affect both fruit growth and hexose concentrations 

predicted in the tomato fruit.  

In this work, the virtual fruit model was evaluated for cherry tomato fruits. Its performance 

for other tomato fruit (truss tomatoes, beefsteak tomatoes) should also be tested in future 

experiments. 

 

7.2.4   Transfer to other energy-intensive crops 

The combined plant and greenhouse climate model (Chapter 6) may be very valuable for 

analyzing the effect of changing greenhouse climate settings on energy use and plant 
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response. As the mechanistic principles included in the tomato model are also valid for other 

herbaceous species and crops, the model can be easily applied for other energy-intensive 

crops (floriculture, cucumber, pepper...), be it after recalibration of the model with crop-

specific measurements. In some species, stem diameter measurements with LVDT sensors 

might not be feasible (e.g. lettuce). For these species, leaf thickness sensors might be a good  

alternative. 

In its present form, the combined plant and greenhouse climate model was validated for two 

small semi-commercial greenhouses (Chapter 6). The model is now ready to be tested on 

larger commercial greenhouses (under different weather conditions) to evaluate its 

performance.  
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Summary 
 
 
Greenhouse tomato (Solanum lycopersicum L.) cultivation in Flanders, Belgium, is an energy-

intensive activity as the year-round production of tomato in high-tech greenhouses requires a 

large input of fossil fuels to maintain optimal microclimate in the greenhouse. The increasing 

fossil fuel prices (Shafiee and Topal, 2010) force tomato growers to invest in various 

innovative energy-saving technologies and growing strategies. These technologies and 

growing strategies can influence the greenhouse microclimate and, thus, affect the plants’ 

response. Hence, new questions arise on how to use these newly introduced technologies and 

growing strategies in an optimal way to attain as much benefits as possible, without 

compromising fruit yield and quality.  

The importance of plant water status in order to guarantee a good yield and quality of tomato 

fruits has been emphasized by several authors (Mitchell et al., 1991; Johnson et al., 1992; 

Cuartero and Fernandez-Munoz, 1999; De Swaef et al., 2012). Tomato production in Flanders 

focuses on fresh market making both tomato yield and quality of high importance, as quality, 

together with price of the product, strongly influences buying behavior of consumers (Wandel 

and Bugge, 1997). Therefore, it is crucial to maintain a proper plant water status under 

changing microclimatic conditions in the greenhouse to guarantee good yield and quality of 

tomato fruits. It is generally acknowledged that the plant itself is the best indicator of plant 

water status providing more relevant information about plant functioning than measurements 

of the microclimate or the soil or growing medium (Jones, 2004). The use of plant sensors to 

monitor plant water status is of high interest as these measurements can be automated. Several 

studies have focused on measuring stem diameter variation (e.g. Goldhamer and Fereres, 

2001; Fereres and Goldhamer, 2003; Gallardo et al., 2006; De Swaef et al., 2013a), 

demonstrating that stem diameter variations contain valuable information on both plant water 

and carbon status. However, interpretation of these data can be difficult as other factors such 

as stem age and crop load also affect stem diameter variations (Gallardo et al., 2006; Steppe 

et al., 2008; Hanssens et al., 2012a; De Swaef et al., 2014). Therefore, mechanistic modelling 

is considered as a useful tool for an unambiguous interpretation of the dynamic plant 

response. This PhD mainly focuses on the opportunities of plant sensors and mechanistic 
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models in tomato cultivation and their value in short-term decision support for tomato 

growers. 

 

First, a recently developed approach for non-destructive estimation of root pressure based on 

a combination of plant sensors and mechanistic modelling was validated for tomato and 

further tested for cucumber. It was demonstrated that a sudden strong increase of stem 

diameter originated from a process located in the roots, which was attributed to root pressure. 

Model estimates of root pressure revealed close correspondence with destructive root pressure 

measurements using manometers. Finally, this approach allowed elucidating the major factors 

affecting root pressure. 

 

In the next chapter, combination of continuous measurements of stem diameter variations and 

mechanistic plant modelling allowed early detection of drought stress in tomato as the model 

failed to estimate the response of stem diameter variations to drought stress and increased 

substrate water availability after irrigation, giving rise to a deviation between model 

simulation and measurement. The model performance greatly improved after including the 

substrate hydraulic capacitance in the model, but this approach needs further confirmation 

with experimental data. 

 

The next experiment aimed at revealing the effect of different light intensity on the xylem and 

phloem contributions to tomato fruit growth. It was demonstrated that reducing light intensity 

resulted in a significant increase of the relative xylem contribution, resulting from an 

increased xylem influx and a decreased phloem influx. This resulted from the effect of light 

intensity on whole-plant water status. Plants growing under a shade screen were able to 

maintain a stronger gradient in total water potential gradient between stem and fruit, thereby 

promoting xylem influx during the day. Furthermore, a new sap flow sensor allowing 

measurement of sap flow through small plant parts (mini heat field deformation sensor) 

revealed clearly different patterns of influx through the xylem and the phloem. Gaining more 

insight into the fluxes of water, nutrients and carbon towards developing tomato fruits and 

how these fluxes are affected by microclimatic conditions and water management will be of 

great help in better control of fruit quality.  

 

Recent developments in fruit modelling involve the introduction of quality attributes in fruit 

growth models resulting in ‘virtual fruit’ models, as proposed for peach (Lescourret and 
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Génard, 2005). To date, no such ‘virtual fruit’ model existed for tomato. As fruit quality of 

tomato is very important, such a ‘virtual fruit model’ would be of great value. To this end, a 

virtual fruit model was developed by including submodels for reducing sugar concentrations 

and citric acid in the model of Liu et al. (2007), which was coupled to the mechanistic flow 

and storage model of De Swaef and Steppe (2010). Fruit growth, glucose and fructose 

concentration were well predicted by the virtual fruit model, but turgor pressure was 

overestimated, especially during the second phase of fruit growth. Measured turgor pressure 

in cherry tomato fruits revealed a bell-shaped pattern during fruit development, with a 

maximum turgor pressure reached at approximately 30 DAA. EC of the nutrient solution did 

not have a significant effect on the measured pattern of turgor pressure or its magnitude. It 

appeared that fruit osmotic potential decreased in response to higher EC, to maintain turgor 

pressure required for fruit growth at lower total fruit water potential. No significant effects of 

EC on fructose and glucose concentrations in ripe cherry tomato fruit could be observed, but 

citric acid concentration was significantly higher for fruits grown at higher EC of the nutrient 

solution. 

 

Nowadays, reducing energy consumption is a major issue for tomato growers in Flanders. It 

was suggested that the best way to control the greenhouse microclimate is to let the plant 

itself steer the climate. Such an approach requires a thorough insight into plant functioning 

and how plants and plant processes respond to microclimate. This requires implementation of 

a reliable and robust plant or crop model in a greenhouse model. Therefore, the mechanistic 

tomato model, developed in the previous chapters, was integrated into an existing greenhouse 

climate model. Evaluation of this combined plant and greenhouse climate model still revealed 

some problems with estimating a correct humidity balance, especially during cold periods. 

Still, the model was able to simulate the greenhouse climate and plant response using weather 

conditions and microclimate setpoints as input. This combined model creates new possibilities 

for optimizing growing strategies and allows virtually testing various microclimate settings 

and their effect on plant response and energy consumption on a short time scale (24-h period). 

 

In conclusion, plant sensors and mechanistic models show great potential for further 

optimization of greenhouse tomato cultivation. The combination of plant sensors and a 

mechanistic plant model allows fast detection of stresses and creates new insights for better 

control of fruit quality and fruit growth. Integration of the mechanistic tomato model into an 

existing greenhouse climate model allowed prediction of the short term effect of changes in 
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the greenhouse climate and weather conditions on plant response. As such, the combination of 

plant sensors and models is a promising tool for supporting tomato growers in a better control 

of the tomato crop. 
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Samenvatting 
 
 

De tomatenteelt (Solanum lycopersicum L.) in Vlaanderen, België is een heel energie-

intensieve teelt doordat de jaarrond productie van tomaat in hoogtechnologische kassen een 

grote input van fossiele brandstoffen vergt om een optimaal microklimaat in de kas te 

garanderen. De stijgende prijzen van fossiele brandstoffen (Shafiee and Topal, 2010) 

verplichten tomatentelers om te investeren in verschillende innovatieve technologieën en 

teelttechnieken die kunnen helpen bij het besparen van energie. Echter, deze technologieën en 

teelttechnieken kunnen een effect hebben op het microklimaat en bijgevolg ook op de 

plantrespons. Zo rijzen er nieuwe vragen omtrent het optimale gebruik van deze 

technologieën en teelttechnieken om er zoveel mogelijk winst uit te halen zonder in te boeten 

aan kwaliteit en productie.  

Verschillende auteurs hebben reeds het belang van plant water status beklemtoond om een 

goede productie en kwaliteit van tomaat the garanderen (Mitchell et al., 1991; Johnson et al., 

1992; Cuartero and Fernandez-Munoz, 1999; De Swaef et al., 2012). De productie van tomaat 

in Vlaanderen richt zich vooral op de versmarkt, waardoor niet alleen productie, maar ook 

kwaliteit erg belangrijk is, aangezien dit samen met de prijs het koopgedrag van de consument 

sterk beïnvloedt (Wandel and Bugge, 1997). Het is daarom van belang om een goede plant 

water status aan te houden wanneer het microklimaat in de kas wijzigt om zo een goede 

productie en kwaliteit te garanderen. Het wordt algemeen aangenomen dat de plant zelf de 

beste indicator is voor plant water status en de plant meer relevante informatie geeft over zijn 

functioneren dan metingen van het microklimaat of de bodem (Jones, 2004). Er is veel 

interesse in het gebruik van plantsensoren om de plant water status te monitoren omdat dit 

gemakkelijk geautomatiseerd kan worden. Verschillende studies hebben reeds gefocust op het 

meten van de stengeldiametervariaties (e.g. Goldhamer and Fereres, 2001; Fereres and 

Goldhamer, 2003; Gallardo et al., 2006; De Swaef et al., 2013a) en toonden aan dat 

stengeldiametervariaties waardevolle informatie bevatten over de waterstatus en de 

koolstofstatus van de plant. Echter, interpretatie van deze data kan moeilijk zijn omdat ook 

stengelleeftijd en vruchtbehang de stengeldiametervariaties kan beïnvloeden (Gallardo et al., 

2006; Steppe et al., 2008; Hanssens et al., 2012a; De Swaef et al., 2014).  Daarom is het 
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gebruik van mechanistische modellen een nuttige tool voor het ondubbelzinnig interpreteren 

van de dynamische plantrespons. 

Dit PhD focust zich hoofdzakelijk op de mogelijkheden en opportuniteiten van plantsensoren 

en mechanistische modellen in de tomatenteelt en hun waarde voor korte termijn decision 

support voor tomatentelers.  

 

In eerste instantie werd een recent ontwikkelde methodologie voor een niet-destructieve 

schatting van worteldruk op basis van plantsensoren en een mechanistisch model gevalideerd 

op tomaat en verder getest op komkommer. Er werd aangetoond dat de plotse sterke toename 

van de stengeldiameter, onder omstandigheden die de ontwikkeling van worteldruk in de hand 

werken, afkomstig was van een mechanisme in de wortels dat werd toegeschreven aan 

worteldruk. Modelschattingen van worteldruk kwamen goed overeen met destructieve 

worteldrukmetingen met manometers. Finaal liet deze methodologie toe om de belangrijkste 

factoren die worteldruk beïnvloeden te identificeren.  

 

In het volgende hoofdstuk werd een combinatie van metingen van stengeldiametervariaties en 

een mechanistisch plantmodel succesvol gebruikt om vroegtijdig droogtestress te detecteren 

in tomaat. Dit was mogelijk doordat het model er niet in slaagde de respons van de 

stengeldiameter op droogtestress en een verhoogde beschikbaarheid van water in het substraat 

na irrigatie te voorspellen, wat leidde tot een afwijking tussen meting en simulatie. Na het in 

rekening brengen van de hydraulische capaciteit van het substraat verbeterde de prestatie van 

het model onder droogtestress, maar bijkomende data zijn nodig om deze werkwijze te 

bevestigen.  

 

Het volgende experiment had als doel om het effect van lichtintensiteit op de xyleem- en 

floëembijdragen bij de groei van tomatenvruchten na te gaan. Er werd aangetoond dat het 

reduceren van de lichtintensiteit leidde tot een significante toename van de relatieve 

xyleembijdrage. Dit resulteerde uit een toename van de xyleeminflux en een afname van de 

floëeminflux, wat het gevolg was van het effect van lichtintensiteit op de waterstatus van de 

volledige plant. Planten die onder het schaduwdoek groeiden, konden een sterkere gradiënt in 

totale waterpotentiaal  aanhouden tussen stengel en vrucht, waardoor de xyleeminflux tijdens 

de dag werd bevorderd. Een nieuw ontwikkelde sapstroomsensor liet toe om de sapstroom 

doorheen kleine plantendelen te meten en toonde een duidelijk verschillend patroon in 

xyleem- en floëeminflux in de vrucht. Het toenemende inzicht in de stromen van water, 
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nutriënten en koolstof naar vruchten en hoe deze stromen beïnvloed worden door het 

microklimaat vormt een grote hulp bij een betere controle van de kwaliteit bij tomaat.  

 

Recent werden kwaliteitskenmerken geïntroduceerd in vruchtmodellen met ‘virtual fruit’ 

modellen als resultaat, zoals ontwikkeld voor perzik (Lescourret and Génard, 2005). Tot op 

heden bestond er nog geen ‘virtual fruit’ model voor tomaat, echter, dergelijk model kan een 

grote waarde hebben omdat kwaliteit erg belangrijk is bij tomaat. Daarom werd er in dit PhD 

een virtual fruit model ontwikkeld door integratie van diverse submodellen in het model van 

Liu et al. (2007), dat werd gekoppeld aan het mechanistische model van De Swaef and Steppe 

(2010). De verschillende submodellen voorspellen de concentratie aan citroenzuur, glucose en 

fructose in de vruchten op basis van geïmporteerde koolstof en het microklimaat. Het ‘virtual 

fruit’ model voorspelde de vruchtgroei, glucose- en fructoseconcentratie goed, maar 

overschatte de turgordruk, voornamelijk tijdens de tweede fase van de vruchtgroei. Metingen 

van de turgordruk in kerstomaat toonden een klokvormig verloop aan tijdens de ontwikkeling, 

waarbij een maximale turgor werd bereikt rond 30 DAA. Er kon geen significant effect van 

EC worden vastgesteld op het patroon en de grootte van de turgordruk. Het lijkt er op dat de 

osmotische potentiaal van de vruchten daalde bij hogere EC om voldoende turgor aan te 

houden bij lagere totale waterpotentiaal. Er kon geen significant effect van EC worden 

vastgesteld op de fructose- en glucoseconcentratie in rijpe vruchten, maar de 

citroenzuurconcentratie was significant hoger in rijpe vruchten van planten die geïrrigeerd 

werden met voedingsoplossing met hoge EC (5mS cm-1) dan van planten geïrrigeerd met 

voedingsoplossing met lage EC (2.5 en 3 mS cm-1).  

 

Op heden is het reduceren van het energieverbruik een hot item voor tomatentelers in 

Vlaanderen. Verschillende auteurs suggereerden dat de plant zelf het microklimaat laten 

bepalen de beste manier is om het microklimaat in de kas te controleren. Echter, hiervoor is 

een goed inzicht nodig in het functioneren van de plant en in hoe de plant reageert op het 

microklimaat. Hiertoe dient een betrouwbaar en robuust plantmodel te worden 

geïmplementeerd in een kasmodel. Daarom werd het mechanistisch tomatenmodel, 

ontwikkeld in de voorgaande hoofdstukken, in een bestaand kasmodel geïntroduceerd. Na 

evaluatie bleken er nog enkele problemen te zijn met het voorspellen van een correcte 

vochtbalans, vooral tijdens koudere perioden. Toch was het model in staat om het kasklimaat 

en de plantrespons voldoende goed te voorspellen op basis van het weer en instellingen voor 

het kasklimaat. Dergelijke combinatie van een kasmodel en een mechanistisch plantmodel 
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creëert nieuwe mogelijkheden om teelttechnieken verder te optimaliseren en laat toe om 

verschillende setpoints voor het kasklimaat te testen naar hun effect op energieverbruik en 

plantrespons.  

 

In een notendop kan worden gesteld dat plantsensoren en mechanistische modellen een groot 

potentieel voor verdere optimalisatie en betere controle van de teelt van tomaat in kas 

vertonen. Het gebruik van plantsensoren en modellen laat een snelle detectie van stress toe en 

leidt tot nieuwe inzichten die helpen bij een betere controle van de groei en kwaliteit van de 

vrucht. Door het mechanistisch tomatenmodel te integreren in een bestaand kasklimaatmodel 

kon tevens het korte termijn effect van wijzigingen in het kasklimaat en de 

weersomstandigheden op plantrespons en energieverbruik worden ingeschat. Aldus kunnen 

plantsensoren en modellen de tomatenteler ondersteunen in een betere controle van zijn 

gewas.  
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