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Title:  Effects of root zone temperature, oxygen concentration, and moisture content on
actual vs. potential growth of greenhouse crops

PIs: J Heinrich Lieth, Michael Raviv and David W. Burger

Abstract

Soilless crop production in protected cultivation requires optimization of many environmental
and plant variables. Variables of the root zone (rhizosphere) have always been difficult to
characterize but have been studied extensively. In soilless production the opportunity exists to
optimize these variables in relation to crop production. 

The project objectives were to model the relationship between biomass production and the
rhizosphere variables: temperature, dissolved oxygen concentration and water availability by
characterizing potential growth and how this translates to actual growth. As part of this we
sought to improve of our understanding of root growth and rhizosphere processes by generating
data on the effect of rhizosphere water status, temperature and dissolved oxygen on root growth,
modeling potential and actual growth and by developing and calibrating models for various
physical and chemical properties in soilless production systems. In particular we sought to use
calorimetry to identify potential growth of the plants in relation to these rhizosphere variables.

While we did experimental work on various crops, our main model system for the mathematical
modeling work was greenhouse cut-flower rose production in soil-less cultivation. In support of
this, our objective was the development of a Rose crop model. Specific to this project we sought
to create submodels for the rhizosphere processes, integrate these into the rose crop simulation
model which we had begun developing prior to the start of this project. We also sought to verify
and validate any such models and where feasible create tools that growers could be used for
production management.

We made significant progress with regard to the use of microcalorimetry. At both locations
(Israel and US) we demonstrated that specific growth rate for root and flower stem biomass
production were sensitive to dissolved oxygen. Our work also identified that it is possible to
identify optimal potential growth scenarios and that for greenhouse-grown rose the optimal root
zone temperature for potential growth is around 17 C (substantially lower than is common in
commercial greenhouses) while flower production growth potential was indifferent to a range as
wide as 17-26C in the root zone. We had several set-backs that highlighted to us the fact that
work needs to be done to identify when microcalorimetric research relates to instantaneous plant
responses to the environment and when it relates to plant acclimation.

One outcome of this research has been our determination that irrigation technology in soilless
production systems needs to explicitly include optimization of oxygen in the root zone. Simply
structuring the root zone to be “well aerated” is not the most optimal approach, but rather a
minimum level. Our future work will focus on implementing direct control over dissolved
oxygen in the root zone of soilless production systems.
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Achievements

Greenhouse crop production is a segment of agricultural production where the opportunity exists
to control and optimize all facets of plant and crop growth. The focus of the work in this project
was on the root-zone and how its manipulation affects crop production. 

Over the time that greenhouses have been used in agriculture, a lot has been learned and
implemented into a package of horticultural information that is the current state-of-the-art in
greenhouse production. The actual degree to which horticultural technology is implemented is
generally a factor of economic feasibility driven by local marketing objectives. As such, full
greenhouse automation is feasible in northern Europe where labor costs dictate as much
automation as possible, while in other areas, implementing full automation may not be
economically feasible. One facet of greenhouse production that has been the focus of
optimization is the root zone, through the development and use of substrates which generally do
not include any field soil. “Soilless” production is universal in greenhouse agriculture and it is
the focus of this project.

Advances in this area of agriculture require that we obtain a better understanding of the response
of the plants to the rhizosphere. Our approach has been to attempt to build mathematical models
to describe various rhizosphere characteristics and plant processes and to develop these in such a
way as to be suitable for use in greenhouse management. The focus of the research has been the
following areas:
1. Effect of specific root zone variables on the growth of our model system crops (especially

rose)
2. Exploration of the concept of “potential growth” and how the soilless production system

achieves “actual growth”.
3. Development of crop models, particularly for greenhouse crops such as Rose
We have made the following progress in these areas. 

Effect of specific root zone variables on the crop growth

Our work in studying the root zone of soilless production systems includes both specific
variables as well as attempt to better understand the entire soilless production system (Appendix
A-1).

With regard to specific root zone variables we have made significant advances in the area of
measuring root zone salinity and dissolved oxygen. Prior to the start of the project the only
technology in use for measuring dissolved oxygen in the root zone solution were sensors and
instruments based on membranes of specific permeability to oxygen. We found that we could use
spectophotometric technology. This allowed us to show that available oxygen declines quite
rapidly in the root zone of substrates that are not highly aerated.

At both locations (Israel and US) we demonstrated that specific growth rate (RSG) for root and
flower stem biomass production were sensitive to dissolved oxygen.
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Development of instrumentation technology for monitoring the root zone was a key element to
being able to do the research of this project. This work is continuing as we refine the various
methods.

Our collaboration during this project involved an outreach project to provide information about
soilless production to growers who need this information. During the project period this resulted
in a book on hydroponic (i.e. soilless) production. We have also published a review article
reviewing the various physical factors that define the root zone, with a special emphasize on two
of the main aspects of the project: water and oxygen availabilities. Our collaboration in this area
is continuing (by Drs Raviv and Lieth) as we aim to write/edit the definitive scientific reference
book on soilless production.

Potential versus Actual Growth

One of the key elements of our collaboration was our approach involving the use of calorimetry
to explore the notion of “potential growth” with respect to physical properties of the root zone. 
Our original hypotheses during this research project were that: (1) Improvements in the
rhizosphere, particularly in relation to dissolved oxygen concentration and temperature, can lead
to substantial increases in crop productivity and (2) that calorimetry provides a way of estimating
potential root growth. Both of these hypotheses were confirmed so that calorimetry was indeed
found to be a useful tool in predicting potential root growth.

Our achievements in the use of calorimetry to estimate the specific growth rate of various rose
tissues resulted in advances as well as set-backs.  Excellent calorespirometric data were collected
from 1-cm rose root sections from plants grown at rhizosphere temperatures between 10 and 30
C.  These data allowed us to predict that the greatest specific growth rate for rose roots occurred
at about 17.5C.

Specific details on the calorimetry work are included in appendices A-6 and A-7.
Using calorimetry to follow metabolic changes in rose leaflets in response to increased soil
moisture tension (reduced soil moisture content) was problematic.  We were unable show any
changes in metabolic heat rate or respiration rate of rose leaflets as soil moisture conditions
changed.  While disappointing, this finding focused attention on perhaps a central question to the
use of microcalorimetry for studying basic plant metabolism and response to the environment:
Do calorespirometric data relate to instantaneous processes of the plant or acclimated processes
requiring changes in the plant's basic metabolism? Prior to the start of the project we had a
considerable body of work showing that calorimetry allowed us to measure instantaneous
responses. However, during the course of the project we encountered several situations where
tissue responses (in terms of heat production and respiration) were not what we had seen in
previous work.  Reasons for this discrepancy are few, but may include differences in plant age,
size and/or genotype. Thus the predominant differences were due to acclimatization. 

One of the most significant results of this work has been to provide more specific focus on the
role microcalorimetry in scientific research.
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We have also noted that our data on oxygen use by rose roots seems to show us conflicting
results in both the calorimetric work and research projects where implementing specific low
concentrations of dissolved oxygen was expected to show us the threshold for oxygen deficiency
symptoms in plants (Appendix A-9). While we found that chrysanthemum had dramatic effects,
rose does not. This will require further research to determine how roses can sustain themselves
under low root-zone oxygen concentrations.

Crop Modeling Research: Cut Flower Rose Model

The rose crop modeling work made significant advances in a number of areas. While the
experimental research on this project focused primarily on root zone variables, implementation
of such information in a whole-plant model requires a fairly complete implementation of such
growth processes as photosynthesis, respiration and carbohydrate partitioning. Prior to the start
of this project we had already implemented a rudimentary model. During the period of this
project we enhanced the model as to its representation of photosynthesis and stomatal behavior
(Appendices A-3), stem elongation as affected by salinity (Appendix A-2) and nutrient uptake
(Appendices A-4 and A-5). Other root-zone process modeling work is on-going and expected to
lead to publications in the future.

While the primary factors of study in this project were temperature, moisture content and oxygen
availability, these basically drive the plant system through nutrient uptake, water uptake and root
growth. Our continuing collaboration in the area of mathematical modeling of the root zone has
expanded to focus on how these variables affect nutrient uptake of both primary and secondary
nutrients. Furthermore, the collaboration has been expanded to include other Israeli scientists as
well as scientists from Korea.

One of the most significant achievement of the project has been our determination that irrigation
technology in soilless production systems needs to explicitly include optimization of oxygen in
the root zone. In the past it was felt that it was adequate to have a root zone composed in such a
way as to be “well aerated”. We have observed cases where even in “well aerated” media,
oxygen availability can become suboptimal. One reason this was not noted before was due to the
fact that suboptimal levels of oxygen do not result in visible symptoms unless the concentration
falls below a specific critical level. Also, it seems that some plants are much more susceptible to
low oxygen concentration than others.

This project would not have been possible without the collaboration of the international
researchers on this project. Both of our groups had a number of difficult hurdles and our
collaboration help us find ways to solve these problems. It should be noted that our work on this
project also set the stage for additional collaborative work in relating calorimetric information to
practical decision make and was also the seed for a much larger project on assembling a
definitive book on soilless production (in preparation).
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The effect of physical properties of soilless media on plant performance - A Review 
 
Michael Raviv*   Rony Wallach  Theo J. Blom  
Agricultural Research Org.         The Seagram Center  Dept. of Plant Agriculture/HRIO  
Dept. of Ornamental Hortic.       for Soil and Water   University of Guelph 
Newe Ya’ar Research Center       Sciences, Faculty of Agric. 4890 Victoria Ave.  
P.O. Box 1021 Ramat Yishay      The Hebrew University of  Vineland Station, Ontario 
30095 ISRAEL                            Jerusalem, P.O. Box 12   CANADA, L0R 2E0 
     Rehovot 76100, ISRAEL 
 
Key words: air porosity, growing medium, hydraulic conductivity, irrigation control, leaf 
water potential, matric potential, net assimilation rate, root respiration  
 
Abstract     
    Moderate matric potential and oxygen deficiency reduce leaf water potential, net 
assimilation rate and transpiration and thus negatively affect plant productivity. Moderate 
matric potential in the porous media, usually accompanied by a sharp decrease in unsaturated 
hydraulic conductivity, leads to localized zones of very low matric potential adjacent to the 
root-medium interface. This phenomenon cannot be easily characterized using tensiometers 
and is the main limiting factor to water uptake by plant roots. Restricted water uptake results 
in low leaf water potential, leading to cessation of leaf and shoot expansive growth.  
    Oxygen deficiency restricts root respiration, thus negatively affects water and nutrient 
uptake. If persists, temporal loss of ion selectivity of the root membranes may occur, 
resulting in increased uptake of non-essential ions such as sodium.  
    Water and oxygen status of the root zone can be manipulated at two stages. Firstly, they 
are affected by the choice of the medium, in respect to the crop needs, available management 
practices and climatic conditions, and secondly by the chosen strategy of irrigation control.  
     The main physical properties of the medium that affect plant performance are discussed in 
the following review, as well as methods to affect the actual status of water and oxygen in the 
medium.  
 
Abbreviations: ET, evapotranspiration; NAR, net assimilation rate; NCER, net carbon 
exchange rate; ODR, oxygen diffusion rate; PPFD, photosynthetic photon flux density; 
WUE, water use efficiency;  
 
*Corresponding author. Fax: +972 4 9836936; e-mail: nwyraviv@netvision.net.il 
 
1. Introduction 
    Various substrates, such as rockwool, polyurethane, perlite, scoria etc, are virtually pest-
free and can be easily disinfested between growth cycles. They also enable relatively easy 
control over nutritional status of the root zone. The main advantage of soilless- over soil-
cultivation is, however, its physical characteristics and specifically, its ability to provide 
simultaneously sufficient levels of both oxygen and water to the roots. The above reasons are 
leading to the worldwide trend of growing plants in media, instead of soil. Most media-
grown plants are grown in greenhouses under supposedly near-optimal production 
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conditions. It is therefore interesting to note that even after some 40 years of research, 
understanding the full effect of physical properties of the medium on plant performance is far 
from complete. This is the case, for example, regarding the question of how to define optimal 
physical characteristics of media in terms of both water and oxygen availabilities to plant 
roots. The purpose of this review is to focus on the main issues of the physical environment 
of the rhizosphere and to identify the areas where more research is needed in order to obtain a 
clearer picture.  
 
2. Water availability to plant roots 
2.1. The soil-plant-atmosphere continuum 

    Although water constitutes most of the plant biomass, only about 1% of the applied water is 
actually retained by the plant itself as water per se, or as a source of hydrogen for the 
reduction of CO2. The majority is lost to the atmosphere in the process of transpiration (T). 
This apparently wasteful process is, in fact, indispensable since dry matter production is 
affected by the ratio of actual to potential T (de Wit, 1958). This relation is determined by the 
following factors:  
• The transpiration process is a key factor in plant life in general and in 

photosynthesis in particular.  
• Water, being a solvent, enables translocation of ions (including essential nutrients) 

and organic molecules into, within and out of the living plant, driven by the 
transpirational stream.  
• Transpiration has a key role in maintaining plant temperature that enables normal 

plant life. 
    Water flows along the potential gradient from the rhizosphere, where high (slightly 
negative) total water potential (Ψt

soil) exists, through the plant vascular system to the leaves 
and to the atmosphere, where the water potential is lower (more negative). The flow rate is 
proportional to the potential gradient and inversely proportional to the resistance imposed by 
the soil, soil/plant interface, plant, plant/atmosphere interface and atmosphere.  
 
2.2. Soil (medium) water potential, Ψt

soil  
    Total water potential (Ψt) is divided into the following components:  
Ψt

soil = Ψg + Ψo + Ψm                                                          (eq. 1)  
Gravitational potential gradient, Ψg, is negligible for most substrate-grown plants. Osmotic 
potential, Ψo, is proportional to the forces between dissolved particles (mainly ions) and 
water molecules, and is a function of the total solute concentration. Since Ψo is kept constant 
(and optimal) under normal conditions, it will not be treated in the current review. The matric 
potential, Ψm, combines adhesion forces between solid soil surfaces and water and cohesion 
forces among water molecules. This combined potential can be measured in situ by a 
tensiometer. The relationship of soil water content to the matric potential is of basic 
importance to the understanding of soil water status and water availability to the plants. The 
soil water retention curve (also known as desorption or suction curve) is a unique soil or 
medium property. For production in substrates, Ψm commonly varies between -0.001 and -
0.01 MPa. 

BARD #US-3240-01 Appendix A-1
Page 2 of 11



 3

2.3. Total medium porosity and its components  
    The volumetric amount of water (θ) that saturates a given volume of substrate is defined as 
effective pore space. The difference between total porosity and effective pore space is the 
volume of closed pores, not accessible to water. Container capacity is defined as the amount 
of water remaining in a container when excess water is allowed to drain after saturation. The 
amount of available water in media is usually defined as the difference in water content 
between container capacity (usually defined as –0.001 MPa) and unavailable water (usually 
defined as –0.01 MPa). In the current review we will suggest that this definition is 
misleading. Under intensive cultivation with a high canopy/root ratio, maintaining high Ψt

soil 
has a beneficial effect on productivity. This is probably due to its effect on photosynthate 
distribution between the root system and the canopy (Dasberg and Feigin, 1978). However, 
under these conditions, lack of oxygen may pose a severe problem in many soil types while 
this risk is less common in most porous media. Some exceptions, however, do occur and a 
notable example is the well-known Californian UC Mix which contains less than 5% air at –
0.001 MPa (Raviv et al., 2001, in preparation).    
 
2.4. Water uptake by roots 
   Unlike in soil, matric potential measured in porous media is usually quite high. Still, in 
many cases, water flux across the medium/root interface cannot match transpirational 
demand, even under near-ideal aerial conditions. The following discussion aims to shed light 
on this phenomenon.  
    The flux of water, Jw, from the medium to the atmosphere is regulated by the gradients in 
matric and osmotic potential divided by the sum of the respective resistances (or inverse of 
reflection coefficients) for the whole substrate/plant/atmosphere system: 
 
                             Jw = - ∇ Ψm / (ΣRm) - ∇Ψo / (ΣRo)                                      (eq. 2) 
Where: 
∇ Ψm = gradient in matric potential between substrate and atmosphere,  ∆ Ψm / ∆x 
ΣRm = total resistance to water flow due to the matric potential gradient  
∇Ψo = gradient in osmotic potential between substrate and atmosphere,  ∆ Ψo / ∆x 
ΣRo = total resistance to water flow due to the osmotic potential gradient 
   The resistance of the individual components (soil, plant and atmosphere) and their 
interfaces (soil-plant and plant-air) depends on the reflection coefficient between the water 
flux and its driving force within soil, plant or atmosphere. So, the coefficient relating water 
flux with the gradient of the matric potential in a substrate is different from the coefficient 
relating water flux with the osmotic gradient in a substrate. For instance, Rm is small (large 
reflection coefficient) in porous media while Ro is very large (small reflection coefficient), 
making the contribution of the osmotic gradient to the water flux negligible. On the other 
hand, the water flux due to the osmotic gradient may be more significant in a soil with a high 
cation exchange capacity (due to diffuse double layer and a large reflection coefficient). 
Based on the above reasoning, for the context of this review, we will ignore the osmotic 
component and the water flux will be described as: 
 
                        Jw = -∇ Ψm / Σ(Rm)                                                      (eq. 3) 
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   As water is considered passive, the steeper the gradient, the higher is the flux. However, in 
addition to the matric potential gradient, water flux is affected by the hydraulic conductance 
(C) of the continuum. This parameter is determined by the unsaturated soil hydraulic 
conductivity (Kh), root density, volume of soil/substrate occupied by roots, conductance of 
the xylem elements leading from the roots to the leaves and the conductance of the boundary 
layer between the canopy and air.  
    Of the above parameters, only Kh is within the scope of this review. Kh is affected by some 
medium properties and is a function of its water content. A minute decrease in θ (e.g. of 
several percents) may decrease Kh by an order of magnitude and thus greatly reduces water 
availability to the roots (Wallach et al., 1992). It was shown that in substrates, the main 
limiting factor to water uptake is the Kh and not the matric potential in the bulk medium 
solution per se (da Silva et al., 1993). It is argued that very low unsaturated hydraulic 
conductivity diminishes water flow to the root vicinity and causes localized zones of very 
low matric potential adjacent to the root-medium interface. Unfortunately, Kh cannot be 
measured in situ in porous media. Detailed analysis of Kh vs. water content or matric 
potential, conducted ex situ enabled the use of either θ or Ψm for control purposes, as 
demonstrated by Raviv et al. (1999).  
 
2.5. Transpiration   
    Water moves from the soil to the root and through the plant to the leaf in the liquid and 
from the mesophyll to the atmosphere in the gaseous phase. The latter process is called 
transpiration. The rate of transpiration is governed by two main components, namely the 
difference in water potential between stomatal air and the external atmosphere (or vapour 
pressure deficit, VPD) divided by the sum of the boundary, stomatal and mesophyll 
resistances. The resistance of water vapor within the air boundary layer is relatively large 
within the soil/plant/atmosphere continuum.  Also, the resistance in the boundary layer is 
about 10x as large during the night (2400 s m-1) comparing to the day (160-800 s m-1) 
(Hanan, 1998). 
   Leaf temperature plays a very important, albeit indirect, role in the rate of transpiration 
through its effect on VPD. The leaf temperature is determined by the difference between the 
gains in short- and long-wave radiation and the combined losses of both sensible (convection 
and conduction) and latent heat. This energy balance of a leaf (Joule  m-2  sec-1) can be 
described by: 
                          Qg = Rs + Rl  -  Qe - Qh                                                            (eq. 4) 
Qg    = net energy gain 
Rs    = net heat flux in short wave radiation  
Rl    = net heat flux in long wave radiation 
Qe    = latent heat flux associated with transpiration from leaf to air 
Qh    = sensible heat flux (convective and conductive) from the leaf  

In a greenhouse, Qe is normally much higher than Qh. During summer, ET is closely 
related to the global irradiance intercepted by the canopy, while during the winter it is 
determined by the sum of short- and long-wave radiation (esp. heating pipes). For example, 
Stanhill and Albers (1974) found that under Mediterranean conditions latent heat loss from 
‘Baccara’ roses was 87% of the global irradiance intercepted by the canopy. Transpirational 
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cooling of a greenhouse-grown crop is more important than that of field-grown crop. 
Daytime air temperature within a greenhouse is normally higher than outside ambient. 
Moreover, radiative and convective heat losses from plant surfaces are smaller due to the 
cover effect and due to reduced wind speed compared to field situation (greenhouse effect). It 
is therefore clear that the well-being of a greenhouse-grown plant is more dependent on 
uninterrupted transpiration than its field-grown counterpart. 
 
2.6. Effect of drought stress 
    Plants may experience water stress whenever water loss from the canopy is greater than 
water uptake by the roots. The effect of the water stress depends on the respective flows, 
duration of the deficit period and the plant’s adaptation mechanism. Water stress has both a 
direct and indirect influence on photosynthesis and plant growth. Plants under stress close 
their stomata, thereby restricting CO2 uptake directly. Water stress reduces plant’s turgidity, 
which reduces expansive growth, flow of both CO2 and carbohydrates through cell 
membranes and influences the storage of sugars and sink/source relationships. Under extreme 
conditions water stress may induce cavitation in the xylem vessels, which greatly increases 
plants’ hydraulic resistance (Dixon et al, 1988). In a horticultural context, every event of 
water deficit that involves some yield loss is undesirable. 
    Schulze and Hall (1982) determined that drought affects the stomatal conductance of C3 
plants to a relatively greater extent than it affects photosynthetic metabolism. This response 
to drought has an adaptive significance since photosynthetic WUE increases as the soil water 
supply decreases. 
    Plants remain turgid when water uptake is balanced with water loss through transpiration 
or when the range of their osmotic adjustment capacity is not exceeded. When water loss is 
greater than water uptake, water stress will start to develop. This is expressed by a decrease 
in leaf water potential, Ψt

leaf. Decrease in Ψt
leaf depends on the effects of the water loss on the 

increased water resistance within the soil-plant system as well as changes in the osmotic and 
pressure potentials within the plant. Soil drought decreases the root and leaf water potential. 
Ψt

leaf of roses usually varies between -0.4 and -1.0 MPa depending on irradiance and stage of 
growth, while wilting of ‘Forever Yours’ roses was shown to occur at a water potential of -
1.3 MPa (Aikin and Hanan, 1975). Augé et al. (1990) reported an osmotic adjustment in 
leaves of ‘Samantha’ roses grown under drought conditions. Their results indicated a 
decrease in the foliar osmotic water potential at full turgor, Ψo

100, and at the point of turgor 
loss, Ψo

0, of about -0.4 MPa compared to well-watered conditions. Heavily shaded plants 
showed less osmotic adjustment than plants grown at full sunlight. The osmotic adjustment 
evoked by drought causes the accumulation of solutes in the leaves and facilitates water 
uptake under stress. 
   Cell enlargement is affected by two elements: a continuous supply of photosynthates, 
nutrients and plant hormones and a positive pressure (turgor) on the cell walls. Even a small 
decrease in turgor arrests cell wall stretching which leads to the cessation of expansive 
growth. In young, not fully expanded foliage, the transpiration rate is much higher than that 
of mature leaves  (Jones, 1992), which makes young leaves very sensitive to transient and 
moderate water stress. The resulting reduced expansive growth leads to reduced leaf area 
available for photosynthesis and thus to reduced yield.  
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    When increased stomatal resistance (rst) appears in the canopy, CO2 diffusion into the 
mesophyll drops, thereby lowering NAR (Blackman and Davies, 1985). More severe water 
deficit may affect photosynthesis and thereby NAR via its effect on additional mechanisms, 
collectively defined as mesophyll resistance (Schulze and Kuppers, 1979); decrease in 
activity and concentration of enzymes along the Calvin cycle (Vu and Yelenosky, 1988) and 
feedback inhibition resulted from inhibited photoassimilate unloading (Ackerson, 1980; 
Janoudi et al., 1993). 
   Aikin and Hanan (1975) showed that NCERmax declined with decreasing shoot water 
potential, Ψt

shoot. Moreover, the light saturation point was reached at a lower irradiance with 
decreasing shoot water potential. They suggested that maximal photosynthesis would be 
reached at Ψt

shoot = -0.4 MPa at an irradiance of 500 µmol m-2 sec-1.  
 
3. Oxygen availability to plant roots 
    Numerous reports demonstrate that oxygen deficiency in the rhizosphere has immediate 
effects on root formation (Gislerod, 1983), growth (Soffer & Burger, 1988), metabolic 
activity and water and nutrient uptake (Morard et al., 2000, Sojka & Stolzy, 1980, 1988). 
Although most growing media are considered well-aerated in comparison with soil, events of 
oxygen deficiency are not uncommon (Allaire, et al., 1996). This is a result of various 
factors: high growth rate typical to most container-grown plants is associated with increased 
root respiration rate. At the same time, increased water demand makes it harder to allow 
enough air into the medium. Greenhouse temperatures are normally higher than ambient, 
which further increases respiration while lowering soluble oxygen levels in the substrate 
solution. Rhizosphere aerobic microorganisms compete with the roots for oxygen, especially 
when the medium contains organic matter. Ensuring adequate oxygen supply to the roots is, 
therefore, of paramount importance for the performance of horticultural crops even when 
grown in well-aerated media (Paul & Lee, 1976, Veen, 1988, Soffer et al., 1991). Oxygen 
availability to roots is estimated according to its oxygen diffusion rate (ODR) from a 
reference pore to the root surface. ODR is measured using a platinum electrode that simulates 
a root and a reference calomel electrode to which a known electrical potential is applied.  
    Oxygen exists in porous media in both gaseous and dissolved forms. Its concentration in 
large pores is close to that in the atmosphere. Plant roots, however, consume only dissolved 
oxygen in water. Due to the large difference between ODR in air and in dissolved forms (of 
some 4 orders of magnitude), ODR of a medium is highly sensitive to its water content. An 
empirical relation between the easily measurable air porosity and ODR was suggested by 
Bunt (1991). Air porosity is defined as the fraction of pores, occupied by air at container 
capacity, i.e. after the end of free drainage. For comparison purposes, it is usually defined as 
the amount of water released at suction of 10 cm (-1 kPa). Optimal values of air porosity are 
mentioned in the literature for various crops, as affected by their aeration requirements (Bunt, 
1988, Paul and Lee, 1976). These values, however, are very rough estimates as oxygen 
requirements widely fluctuate with diverse factors such as temperature, PPFD, phonological 
stage (Noordwijk et al., 1993), potential growth rate (Poorter et al., 1991) etc. The situation is 
further complicated by the fact that the gravitropic nature of root growth frequently results in 
a dense layer of roots at the bottom of the container, which is under near-saturation 
conditions during prolonged periods, between irrigation pulses. In line with the above 
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reasoning, Allaire et al. (1996) found that growth of Prunus x cistena in various peat 
substrates is related to their ODR but not to their air porosity.     
 
4. Medium choice 
    The above discussion leads to the conclusion that optimizing simultaneously both water 
and oxygen is not a trivial task, even in porous media. Two strategies can be used: choosing 
an adequate medium and, once the choice has been made, applying optimal irrigation control.  
    Jones and Or (1998) suggested that the selection of plant growth media remains an 
empirical endeavor often focusing on available materials rather than on the physical 
principles that govern water retention and flow. Quantification of these principles, in relation 
to plant needs should be the main subject for future research, as discussed in section 6.  
 
5. Irrigation control 
    Irrigation control involves the determination of both timing and quantity of water 
application. As explained above, its target function is to maximize transpiration and reduce 
water stress. If water should be conserved and excess nutrients contained, it is due to 
environmental rather than economical considerations. The immediate solution to these 
requirements is effluent recycling. This technique is now widely used in temperate countries 
and even under semi-arid conditions (Raviv et al., 1998). An inherent advantage of closed 
systems is the easy application of micro-irrigation (see below).   
    Irrigation control can be approached from the point of view of potential evapotranspiration 
according to one of the existing climatic models or using one of several sensors reporting the 
state of soil water or using various plant response parameters or any combination of the 
above (Norrie et al., 1994). Plant sensors report changes mainly associated with stress and 
therefore cannot serve as anticipatory tools, which is what is required for optimal results. 
Discussion of the common climatic models is outside the scope of the current review. 
However, the applicability of the Penman - Montieth equation and presumably other climatic 
models for irrigation control of container-grown plants is still questionable (Munoz-Carpena 
et al., 1996). Inputs typical to greenhouse intensive cultivation such as supplementary 
lighting, energy emitted by heaters, air humidity and CO2 concentration are not well 
predicted by classical, field-oriented models (Blom-Zandstra et al., 1995; Baille et al., 1996). 
Moreover, changes in leaf area and in transpiration (e.g. in response to foliar or root disease) 
are not predicted by climatic models.  
   If the physical characteristics of the growing medium are well understood, certain critical 
water contents can be determined which will enable simultaneous optimal air and water 
contents in the root zone. Ideally, irrigation should then compensate for any amount of water 
that evaporated from the medium and transpired by the plants. If evaporation is minimized 
(e.g. by mulching) and transpiration is measured constantly (e.g. using weighing lysimeter) 
then water content in the medium can be maintained at a predetermined level. However, 
precise balance between ET and irrigation is rarely practical, mainly due to increased salinity 
in the root zone and lack of uniformity in the delivery of the irrigation water and in leaf area 
among plants. Non-essential ions such as sodium are not taken up by many plants, and cause 
a gradual salinity build-up (Baas and van den Berg, 1999). To prevent this, excessive 
amounts of water must be supplied, in order to leach accumulated salts. If the root zone is 
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leached frequently, the roots are never exposed to excessive low Ψo
soil. This practice is 

defined as micro-irrigation. Micro-irrigation has three clear advantages: water and oxygen 
are always at optimal levels in the root zone, nutrient concentration in the rhizosphere is 
constantly maintained at optimal level (Jaffrin et al., 1994), and Ψo of the substrate solution 
is maintained close to that of the irrigation water. 
   Off-the-shelf irrigation control systems appear in the form of computer programs that are 
based on climatic algorithms and include real-time sensing of meteorological variables (e.g. 
total radiation, VPD etc.). The other alternatives are the use of FD or TDR sensors or soil-
tension actuated irrigation or the combination of both climate and soil parameters (Norrie et 
al., 1994). Each of these sensors has drawbacks such as cost and sensitivity to EC (TDR), 
low accuracy and long equilibration time (FD) or maintenance (tensiometers). All three 
sensors have sensor to medium contact problems. It appears that only a system that combines 
both meteorological and medium parameters can give satisfactory answers for irrigation 
control.  
    Oki et al. (1996) found that higher yield; reduced run-off and a higher WUE were achieved 
with tensiometer-based irrigation of roses compared to the often-recommended commercial 
time-based irrigation schedules. Ψm

soil was also used by Raviv et al. (1992, 1993) to control 
rose and melon irrigation as compared to conventional pulse irrigation. Higher NAR values 
were obtained with the tensiometer-based irrigation. Within the relevant range of water 
potential, maintained in scoria, a decrease of ca. 10% in photosynthetic rate was found per 
unit (kPa) decrease in Ψm

soil. Such a minute decrease in matric potential per se cannot explain 
this significant physiological response. It appears that this response is caused by the marked 
decrease in Kh of the substrate, with decreasing water content as shown by Wallach et al. 
(1992).  
    In some specific cases, the above-mentioned irrigation control principles are not sufficient 
for optimal water application. Other factors, such as advective heat may increase the energy 
load on the plant above its maximal transpiration rate. Typically this may occur shortly after 
planting small transplants, drip-irrigated individually, encircled by dry soil surfaces (Oasis 
effect). Other factors that should be taken into account are the effect of irrigation timing, 
frequency on nutrient (especially calcium) availability and on greenhouse microclimate.  
    
6. Required future research  
    The changes in the plant rhizosphere and more specifically on the rhizoplane during and 
between irrigation pulses are not well understood and should be studied closer. Actual rates 
of water and oxygen uptake by the roots should be quantified, in relation to both 
instantaneous atmospheric demand for water and respiration needs of various crops, as 
affected by water and oxygen availabilities in the root zone. This effort should result in 
models, describing the effects of various combinations of physical parameters on the ratio 
between actual and potential transpiration. Various putative requirements can then be run 
using the above models, in order to identify the range of adequate physical characteristics, 
suitable for specific pre-determined needs. Finally, these predictions need to be validated in 
vivo.  
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Abstract

Changes in stem elongation rates ofRosa hybrida L. ‘Kardinal’ stems were measured using linear
displacement position sensors (LDPS) while plants were exposed to salinized nutrient solutions for 2 or
12 h. Greenhouse-grown plants were acclimated for at least 24 h in a growth chamber before treatment.
While in the growth chamber under constant 25◦C and continuous light, plants were automatically
irrigated based on substrate moisture tension with half-strength modified Hoagland’s nutrient solution
in demineralized water (NS). In the 2 h exposure experiment, a pretreatment irrigation of NS was
initiated at 1:00 a.m. and was followed 2 h later by an application of demineralized (deionized) water
(DI), NS, or NS with NaCl to increase the solution electrical conductivity (EC) by 1, 2, 4, or 8 dS m−1

(+1, +2, +4, and+8, respectively). A post-treatment irrigation with NS followed after two more
hours.

The shoot elongation rate (SER) of plants treated with DI increased by 0.30 mm h−1 from
0.95 mm h−1, then returned to the pretreatment rate after the final irrigation. Treatment with NS
resulted in a growth rate 0.10 mm h−1 greater than the pretreatment rate. This was unexpected and is
probably due to a temperature effect caused by irrigating with cold solution. The+1 treatment had
no effect on growth rate, but the higher concentrations resulted in decreases in SER of 0.12, 0.23, and
0.86 mm h−1, respectively. Shoot growth rates of salinized plants returned to or exceeded pretreatment
rates after the final leaching irrigation.

In a 12 h exposure experiment, the treatment solution was not leached and data was collected for
12 h after the treatment. Treatment with+2,+4, and+8 caused immediate, but temporary reductions
in SER. Growth rates then increased and restabilized after 4–6 h. Stems of the+2 and+4 treated
plants regained the pretreatment elongation rates, but+8 treated stems only partially recovered at
78% of the pretreatment rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Proper management of water and nutrients is necessary to produce high quality green-
house and nursery crops. Supplying fertilizer or water in either suboptimal or excessive
levels can lead to diminished growth, low quality, or even damage. To maximize quality
and productivity, adequate amounts of water and nutrients must be provided. This is com-
monly accomplished in production systems by providing water and nutrients at luxurious
levels to ensure that sufficient amounts are constantly available. Fertilizers, for example,
may be applied at rates 2–10 times higher than necessary for optimal growth (Cabrera et al.,
1993; Nelson, 1998).

Current strategies to reduce the quantities of underutilized water and fertilizer include
the capture and reuse of surface runoff (closed-system recycling) and the reduction of the
amounts of irrigation water applied while optimizing fertilizer applications. The latter strat-
egy involves the use of electronic and/or computerized systems to monitor soil moisture
(Lieth and Burger, 1989). In an experiment utilizing a substrate (soil) moisture tension
(SMT)-based system as a water conserving method for irrigating roses grown for the pro-
duction of cut flowers, yield (number of stems harvested per meter square) and quality
(stem length) increased (Oki and Lieth, 2001b) despite using 25% less water than grower
managed irrigation.

Stem length is important to producers of rose cut flowers since it is a quality factor that
influences the economic value of the crop. In the US, flowers are graded by length in 4 in.
increments and an increase in the stem length could move a portion of the crop into the
next higher grade, increasing its value. Based on 16 November 2001 wholesale pricing data
from theUSDA (2001), the median price of stems graded as 22–26 in. was 14.3% greater
than stems graded as 18–22 in.

A hypothesis for the increase in stem length is that the SMT-based system avoided
conditions of water stress. Leaf expansion and shoot elongation are the growth processes that
are the most sensitive to water stress (Hsiao, 1990). Since young, growing stems and leaves
have very high transpiration rates, they are particularly sensitive to water stress (Jones,
1992). Roses grown in greenhouses for cut flower production are harvested year-round
which promotes the continuous production of new, young shoots and leaves and makes
these plants highly susceptible to water stress (Raviv and Blom, 2001). Water stress causes
loss of cell turgor and reduces leaf expansion rates (Jones, 1992). This, in turn, leads to a
reduction in the leaf area available for photosynthesis and a loss of productivity and yields
(Kool and Lenssen, 1997). Reduced photosynthesis is also linked to a reduction in the ability
of plants to adjust osmotically and turgor in response to water stress (Auge et al., 1990).

Shoot elongation (Li et al., 2001) and leaf expansion (Cramer and Bowman, 1991) respond
rapidly to changes in the water potential gradient between the substrate solution and the
roots.Li et al. (2001)found that the reduction in tomato fruit size caused by an increase in
transpiration could be offset by reducing the salinity of the nutrient solution. To limit the
vegetative growth of tomatoes,McCall and Atherton (1995)explored using high salinity
levels in the rhizosphere.Bruggink et al. (1987)had proposed that the salinity level be
adapted to the rate of transpiration to enhance plant growth in hydroponic tomato production.
Managing nutrient solutions in this manner could be a feasible approach to maximize the
length of rose stems on plants grown in “hydroponic” systems utilizing a soilless substrate.
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This work focused on describing the short-term (≤12 h) effects that changes in solute
potential have on the elongation rates of rose stems. Our goal was to develop additional
methods to manage substrate conditions with the objective of maximizing stem length. The
first experiment examined the effects of a 2 h change in substrate salinity and subsequent
leaching on stem elongation rates. The effects of a 12 h exposure were observed in the
second experiment.

2. Materials and methods

2.1. Growth conditions and plant material

Rosa hybrida L. ‘Kardinal’ plants were planted in 8 l containers of coconut coir in May
1998 and grown in the greenhouses using a system based on substrate moisture tension
(SMT) (Burger and Paul, 1987; Oki and Lieth, 2001b). These plants were maintained
under a specific regimen of fertilization and irrigation so as to provide plant material for
experimentation. Irrigation for all plants was initiated when the SMT in any of the containers
increased to 3 kPa. Irrigation terminated when at least 90 s had elapsed and the tension
decreased to 1 kPa or when a maximum duration of 180 s had elapsed. Hoagland’s nutrient
solution (Hoagland and Arnon, 1950) was modified to provide nutrients at the following
rates (in ppm): N as NH4+, 6; N as NO3

−, 96; P as PO43−, 26; K, 124; S as SO42−, 16;
Ca, 90; Mg, 24; Fe, 1.6; Mn, 0.27; Cu, 0.16; Zn, 0.12; B, 0.26; Mo, 0.016 (Lane, 2001,
UC Davis, personal communication). This nutrient solution (NS) was provided at each
irrigation.

All imposed treatments were carried out in a growth chamber, at the Department of Envi-
ronmental Horticulture of UC Davis. It was maintained at a constant 25◦C air temperature.
Light was provided 24 h each day by 400 W metal halide lamps (model MH400/U, Philips
Lighting Co., Somerset, NJ) resulting in a mean PAR at plant height of 282�mol m−2 s−1.

2.2. Experimental setup

Six plants, each with a shoot with at least four but not more than nine unfolded leaves,
were selected (Oki and Lieth, 2001a) and moved into the growth chamber 24 h before a
treatment was applied. The irrigation regime used in the greenhouse was maintained until
the onset of the treatment. Each plant received one of the following six treatment solutions:
demineralized (deionized) water (DI), nutrient solution (NS, control), or a nutrient solution
with NaCl added to increase the EC by 1, 2, 4, or 8 dS m−1 (designated as+1, +2, +4,
or +8, respectively). The EC of the treatment solutions were measured before they were
applied. To determine if the addition of NaCl affected the pH of the nutrient solutions, the
EC and pH of a set of solutions was measured. The pH values ranged from 5.80 to 5.86 and
EC increased as expected. Treatment solutions were pumped from 20 l containers placed in
the growth chamber through polyethylene tubing into the appropriate plant containers.

In this study, two separate exposure regimes were used. In the first experiment from De-
cember 2000 to March 2001, 13 groups of six plants were exposed to the various treatments
for 2 h. After this exposure, the solutions were leached from the substrate. In the second
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Table 1
Electrical conductivity (dS m−1 ± S.E.) of treatment solutions prior to application in the first and second experi-
ments

Treatment First experiment (2 h exposure) Second experiment (12 h exposure)

DI 0.00± 0.000 0.00± 0.000
NS 1.18± 0.026 1.15± 0.038
+1 2.28± 0.026 2.22± 0.058
+2 3.35± 0.028 3.18± 0.024
+4 5.45± 0.050 5.16± 0.033
+8 9.35± 0.074 8.76± 0.092

experiment from May to August 2001, 13 other groups of six plants were exposed for 12 h
to observe the persistence of the induced effects.

In the first experiment, NS was applied directly from the greenhouse supply line, whereas
in the second experiment, NS was pumped from a 120 l container located within the growth
chamber to remove solution temperature effects.

Both experiments were designed as randomized complete blocks with each plant serving
as a block. To eliminate possible position effects within the growth chamber, the treatments
were randomized with respect to the plant position. At 1:00 a.m., plants were irrigated with
NS (pretreatment irrigation). To avoid natural, diurnal changes in shoot elongation rates,
the treatment solutions were applied in the early morning.Bravo-Plasencia (1993)showed
a substantial circadian rhythm in stem elongation rates, although they were nearly constant
during the night. Thus, the treatments were imposed at 3:00 a.m. so as to avoid natural,
diurnal fluctuations in shoot elongation. In the first (2 h exposure) experiment, the plants
were leached with NS at 5:00 a.m. (post-treatment leaching). Each application consisted of
at least 12 l of solution (1.5× plant container volume). The EC of the treatment solutions
was measured prior to application (Table 1).

2.3. Measurement equipment

Changes in shoot length were monitored using Linear Displacement Position Sensors
(LDPS) with a 100 mm stroke (model 604, Duncan Electronics, BEI Technologies, Tustin,
CA) attached to a datalogger (Campbell CR23X, Campbell Scientific, Logan, UT). The
sensors were modified with a model aircraft control rod and sleeve (Gold-N-Rod #505,
Sullivan Products, Baltimore, MD) with an attached screen cone (Fig. 1). Each LDPS was
attached to a length (ca. 50–75 cm) of 6.35 mm2 (0.25 in.2) balsa wood stick mounted
adjacent and parallel to a shoot to be measured. Wire ties glued to the sleeves on the control
rod were used to position and hold the shoot tip under the screen cone. The 45 g mass of the
LDPS core was offset with a counter weight. A line guide used for fly fishing rods with a
low friction, ceramic insert (model BFG07, Pacific Bay International, Sequim, WA) served
as a pulley at the top of the balsa stick. Because it has a low friction coefficient, a length
of fluoropolymer fiber dental floss (Glide®, W.L. Gore & Assoc., Flagstaff, AZ) connected
the core and lead weights through the line guide. The amount of weight was adjusted so
that the screen rested on the shoot tip without excess pressure and allowed movement of
the LDPS core. One shoot in each of the treatments was fitted with an LDPS.
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Fig. 1. Linear position displacement sensor (LDPS) modified for measuring stem elongation.

Electrical conductivity of the substrate solution was measured using a modified EC probe
(Eymar et al., 2001). For these experiments, a dip-style EC cell with platinum-plated elec-
trodes (model 525, Amber Science, Eugene, OR) was used and an attachment was con-
structed using a porous ceramic cup from a tensiometer (model M, Irrometer Co., Riverside,
CA) (Fig. 2). Six EC probes were connected to a single digital conductivity meter that pro-
vided automatic temperature compensation (model 1056, Amber Science, Eugene, OR). The
probes were sequentially connected to the meter through a multiplexer. The recorder output
from the meter was connected to an input port on the datalogger which was programmed to
control the multiplexing of the EC cells. Each EC probe was calibrated using solutions of
NaCl at known concentrations from 0.5 to 10.0 dS m−1. When the probes were installed in
plant containers, the free end of the tubing was lowered to 100 cm below the top of the ce-
ramic cup creating a negative pressure head and resulting in a slow flow of substrate solution
through the EC sensor. The response time for detecting changes in substrate EC was ap-
proximately 9 min. The EC data that was collected was time shifted (moved back) to reflect
this.

Substrate moisture tension was monitored using tensiometers with electronic pressure
transducers attached to the datalogger. Each tensiometer was calibrated using a water
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Fig. 2. EC probe. A flow-through EC cell was inserted into a plastic tube that was attached to a porous ceramic
cup. A plastic plug in the ceramic cup reduced the internal volume of the cup and guided the substrate solution
into the EC cell.

manometer and a linear regression was used to create a calibration curve relating voltage
to tension.

Logged environmental data consisted of PAR (LI-190SA Quantum sensor, Licor, Lin-
coln, NE) and air temperature (copper-constantan, T-type thermocouple). During the 12 h
exposure experiments, additional thermocouples were used to measure the temperature of
the substrate, treatment solutions, pressure transducers, and nutrient solution in the 120 l
container. This was done when it became apparent that the temperature differences of the
greenhouse nutrient solution and the treatment solutions affected shoot elongation. The
current output transducers in the tensiometers were also found to exhibit slight signal fluc-
tuations related to temperature variations.

2.4. Data collection and analysis

Two Campbell CR23X Microloggers (Campbell Scientific, Logan, UT), were used for
all electronic data collection and to control the application of all liquids. Sensors were read
every 10 s and averaged every 6 min by the dataloggers.

The attachment of the LDPS to the plant occasionally resulted in a setup that yielded no
usable data for a particular plant. This was generally due to a malfunction of the mechanical
linkages of the sensor to the plant. For the first experiment, data collection was repeated
on sets of six plants until at least 10 replicates had been completed for each treatment.
Sample sizes for the DI, NS,+1, +2, +4, and+8 treatments were 13, 11, 12, 12, 10, and
10, respectively. For the second experiment, data collection was repeated until at least six
replicates were obtained for each treatment. Sample sizes for the DI, NS,+1, +2, +4, and
+8 treatments were 6, 7, 7, 8, 10, and 9, respectively.

The SERs for each of the 2 h intervals were calculated from the LDPS data. Statistical
analyses using SAS GLM procedures (SAS 8.00, SAS Institute Inc., Cary, NC, USA)
included analyses of variance on mean SERs for each interval during both experiments.
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Mean substrate temperatures for each interval during the second experiment were also
analyzed.

Comparisons of mean SERs within treatments were performed using Tukey’s Studentized
Range analysis (Tukey, 1953, Princeton University, unpublished). The least square means
of SERs were used for comparisons across treatments within intervals since the number
of replications in the treatments varied. When replication sizes are unequal, SAS uses
Tukey–Kramer procedures (Kramer, 1956) when the Tukey Studentized Range method is
specified (SAS/STAT, SAS Institute Inc., Cary, NC, USA).

For the first experiment, SERs within each treatment were transformed by subtracting
the mean pretreatment SER from all rates to determine the change in the elongation rates
relative to the pretreatment rate. The change in SER due to the application of the treatment
solutions and leaching was regressed against the change in EC using SAS PROC GLM to
determine the effect on growth rates. The EC during the last 30 min of each period was
always stable and was used to calculate the substrate EC for that period.

3. Results

3.1. First experiment, 2 h treatment

The EC of the substrate for all plants was found to be close to 1.0 dS m−2 after the
pretreatment irrigation with NS (Fig. 3). When DI was applied as a treatment, substrate EC
decreased over 2 h to about 0.1 dS m−2. Irrigation with NS had little effect on substrate EC.
Application of the+1, +2, +4, and+8 solutions increased the EC to 2.0, 2.8, 4.7, and
7.6 dS m−2, respectively, and values stabilized within 1 h.

Fig. 3. Changes in the substrate electrical conductivity from the first experiment due to applications of treatment
solutions and subsequent leaching with nutrient solution as measured with the EC probe. Error bars indicate±1
S.E.
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Fig. 4. Changes in stem elongation rates during the pretreatment, treatment, and post-treatment periods. Error bars
represent±1 S.E.

Substrate moisture tensions decreased sharply after each irrigation. After 15 min, tensions
returned to 1.3–1.6 kPa in every treatment. The level of water loss from each container was
relatively small so that the plants were essentially at uniform tension (container capacity)
during each treatment.

Stem elongation rates (SER) increased abruptly after the application of the NS (control)
treatment solution and decreased rapidly after the leaching irrigation (Fig. 4). This pattern
also appeared in the DI, and+1 treatment data, but not in the+2, +4, and+8 plots.
After the application of the+4 and+8 treatments, stem elongation nearly ceased and then
slowly increased. The application of the leaching irrigation to the+8 treatment caused a
large temporary increase in SER which declined and returned to near the pretreatment rate
after about 30 min. This pattern was also exhibited to a lesser degree with the+2 and+4
treatments.

The sudden increase in shoot elongation rate after the treatment and the decrease after
leaching that appear in the NS treatment were unexpected. Because of these results, during
three treatment dates (14, 22, and 26 February, 2001), the substrate temperature of one of
the plants was monitored to observe temperature fluctuations that may occur. The substrate
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Table 2
Comparison of mean stem elongation rates (mm h−1 ± S.E.) during intervals within a treatment in the first
experimenta

Treatment Interval

Pretreatment, 1:00–3:00 a.m. Treatment, 3:00–5:00 a.m. Post-treatment, 5:00–7:00 a.m.

DI 0.95± 0.10 b 1.25± 0.11 a 0.93± 0.09 b
NS 0.94± 0.07 a 1.03± 0.10 a 0.98± 0.08 a
+1 0.82± 0.09 a 0.89± 0.08 a 0.93± 0.11 a
+2 0.82± 0.12 ab 0.71± 0.11 b 0.95± 0.11 a
+4 0.82± 0.08 ab 0.59± 0.07 b 1.04± 0.15 a
+8 1.08± 0.13 a 0.22± 0.05 b 1.35± 0.14 a

a Different letters within a row indicate significant differences atP < 0.05 using Tukey’s Studentized Range
comparisons.

temperature was 23.7◦C before the pretreatment irrigations were applied. It was discovered
that the application solution (NS) from the greenhouse supply line lowered the substrate
temperature by as much as 8.3◦C as the solution in the pipes were exposed to low night-time
air temperatures (data not shown). Following that irrigation, substrate temperatures slowly
increased 4◦C, but the application of the treatment solution at 3:00 a.m. caused a rapid
increase to 23.2◦C. The substrate warmed slightly by 0.3◦C during the next 2 h only to
drop sharply to 14.9◦C following the final leaching irrigation with NS.

Application of DI caused a significant increase in SER from 0.95 to 1.25 mm h−1 (Table 2).
The leaching with NS that followed caused the SER to return to the pretreatment level. The
application of the NS,+1 treatments, or the leaching irrigations following these treatments
did not cause any significant changes in SER. The application of the+2 and+4 and treatment
solutions did not change SERs. However, the leaching irrigation did significantly increase
SERs. The+8 treatment caused a significant decrease in the SER. Following leaching with
NS, the SER recovered to the pretreatment rate. A comparison of SERs across treatments
revealed a decrease in SER with increasing EC (Table 3).

The change in shoot elongation rate (�SERA) was negatively correlated with the change
in electrical conductivity (�EC) due to the application of the treatment solutions

Table 3
Comparison of least square mean stem elongation rates (mm h−1 ± S.E.) due to treatments within the same interval
in the first experimenta

Treatment Interval

Pretreatment, 1:00–3:00 a.m. Treatment, 3:00–5:00 a.m. Post-treatment, 5:00–7:00 a.m.

DI 0.95± 0.04 a 1.25± 0.04 a 0.93± 0.04 a
NS 0.94± 0.03 a 1.03± 0.03 ab 0.98± 0.03 a
+1 0.82± 0.05 a 0.89± 0.05 abc 0.93± 0.05 a
+2 0.82± 0.04 a 0.71± 0.04 bc 0.95± 0.04 a
+4 0.82± 0.07 a 0.59± 0.07 dc 1.04± 0.07 a
+8 1.07± 0.09 a 0.22± 0.09 d 1.35± 0.09 a

a Different letters within a column indicate significantly different rates atP < 0.05 using Tukey–Kramer range
comparisons.
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Fig. 5. Regressions of changes in elongation rates due to changes in EC from the first experiment. Actual change
in elongation due to change in EC caused by the treatments (A) or by the leaching irrigation (B).

(Fig. 5A) as:

�SERA = −0.15�EC+ 0.176 (1)

with R2 = 0.771. Following the leaching irrigations, the change in SER was also linearly
related to the resulting change in EC (Fig. 5B) as:

�SERA = −0.23�EC− 0.123 (2)

with R2 = 0.591.

3.2. Second experiment, 12 h treatment

The average substrate EC among the treatments ranged from 1.0 to 1.4 dS m−1 prior to
the application of the treatment solutions (Fig. 6). Following irrigation with the salinized

Fig. 6. Change in substrate EC in response to the treatments from the second experiment. The EC of the treatment
solutions before application are indicated on the right side of the graph. Error bars indicate±1 S.E.
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solutions, EC rapidly increased for about 1 h. After 2 h, the substrate EC of the+1,+2, and
+4 treatments was nearly equal to the EC of the treatment solutions. The substrate EC of
the+8 treatment continued to increase slowly before reaching the treatment solution EC.
The application of DI caused a decrease in EC that continued for about 2 h before settling
at about 0.03 dS m−1.

Substrate moisture tensions decreased rapidly following irrigations and attained container
capacity 12 min after the irrigations were initiated. Over the 12 h exposure, tension increased
at approximately 0.2 kPa h−1 in all treatments, representing a slight, but consistent water loss
from each container. No differences in substrate tensions were observed between treatments.
The maximum mean tension for all treatments ranges from 1.71 (+8) to 2.05 kPa (DI).
Storing all of the solutions within the growth chamber eliminated the fluctuations in substrate
temperature when solutions were applied.

There was an increase in SER after DI was applied (Fig. 7). The application of NS caused
a steady increase in growth rate through the treatment period. There was no effect of the+1
treatment on SER. The+2, +4, and+8 treatments each caused an immediate decrease in
SER following the application of the treatment solutions. Shoot elongation nearly ceased

Fig. 7. Stem elongation rates during the second experiment. Error bars indicate±1 S.E.
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Table 4
Comparison of mean stem elongation rates (mm h−1 ± S.E.) within each treatment during the second experiment (treatments were applied at the end of the first interval)a

Treatment Time interval

1:00–3:00 a.m. 3:00–5:00 a.m. 5:00–7:00 a.m. 7:00–9:00 a.m. 9:00–11:00 a.m. 11:00–1:00 p.m. 1:00–3:00 p.m.

DI 1.02± 0.09 b 1.22± 0.12 a 1.17± 0.13 ab 1.31± 0.09 a 1.34± 0.10 a 1.34± 0.12 a 1.30± 0.12 a
NS 1.06± 0.15 c 1.09± 0.17 bc 1.10± 0.14 bc 1.28± 0.13 ab 1.25± 0.15 abc 1.33± 0.18 a 1.37± 0.15 a
+1 1.23± 0.15 a 1.19± 0.12 a 1.13± 0.07 a 1.26± 0.13 a 1.24± 0.13 a 1.29± 0.14 a 1.35± 0.17 a
+2 1.03± 0.15 ab 0.85± 0.15 b 1.04± 0.15 ab 1.21± 0.15 a 1.17± 0.17 a 1.12± 0.11 a 1.15± 0.10 a
+4 1.19± 0.14 ab 0.84± 0.11 c 1.04± 0.14 b 1.20± 0.13 ab 1.26± 0.13 a 1.24± 0.12 a 1.27± 0.12 a
+8 1.34± 0.16 a 0.48± 0.12 d 0.74± 0.14 c 0.98± 0.15 bc 1.04± 0.15 b 1.05± 0.14 b 1.02± 0.12 b

a Different letters within a row indicate significantly different rates atP < 0.05 using Tukey’s Studentized Range comparisons.



L.R. Oki, J.H. Lieth / Scientia Horticulturae 101 (2004) 103–119 115

for 1 h after the application of the+8 treatment. The elongation rate recovered from the
treatment effect after 2 h in the+2 treatment and 5 h in the+4 and+8 treatments despite
the persistence of the treatments. In the+2 and+4 treatments, SER recovered to the
pretreatment level. In the+8 treatment, however, SER stabilized at about 1.05 mm h−1,
lower than the pretreatment rate of approximately 1.34 mm h−1.

A comparison of the mean SER for each 2 h period within a treatment showed an increase
in shoot growth rate after DI was applied (Table 4). The NS solution caused an increase in
SER that stabilized after 8 h. No changes were detected with the+1 treatment. Treatment
with +2, +4, and+8 caused a decrease in elongation rate to 0.85, 0.84, and 0.48 mm h−1,
respectively, immediately after the application. The+2 and+4 treated stems recovered to
the pretreatment rate after 2 h. The elongation rate of stems in the+8 treatment increased
after the treatment, but stabilized after 4 h at about 1.04 mm h−1, which was 78% of the
pretreatment rate.

The comparison of the least square mean SERs due to treatments within each 2 h period
revealed differences in the rates only during the 3:00–5:00 a.m. interval immediately fol-
lowing the treatment application (not shown). The SERs resulting from the DI, NS, and+1
treatments were significantly greater than the SER obtained in response to the+8 treatment.
The SERs due to the+2 and+4 treatments were not different from the other SERs within
the interval.

4. Discussion

4.1. Effects of salinity on growth

Especially evident in the+8 treatment of the first experiment is the near cessation in
growth following the treatment and then the acceleration of growth after leaching.Munns
et al. (2000)also found a large transient increase in corn leaf growth rate when the saline
solution was leached with nutrient solution. They attributed the rapid response in leaf
elongation to changes in leaf water status and cell turgor. Irrigating corn (Munns et al.,
2000) or wheat and barley (Passioura and Munns, 2000) with a salinized nutrient solu-
tion caused leaf elongation to decrease rapidly and then restabilize at a rate less than
the pretreatment rate, a result similar to that found in the+8 treatment of the second
experiment.

Urban et al. (1994)found that irrigating ‘Sonia’ roses with solution with an EC of
3.8 dS m−1 over a period of several months was not stressful and found no evidence of
osmotic adjustment. The lack of stress symptoms may be due to the length of the test pe-
riod. As seen in the+2 treatment of the second experiment (Fig. 7), which is a less severe
treatment at 2.8 dS m−1, there was a brief reduction in SER followed by a recovery to the
pretreatment growth rate.Munns et al. (2000)also indicated that root signals probably were
not an influence on shoot growth for at least the first few hours after a change in soil salinity
and that a separate control system operating at a time scale in tens-of-minutes overrides the
rapid effects of changes in leaf water status.

An increase in EC from 1.25 to 2.75 dS m−1 was detrimental to ‘Forever Yours’ (Hughes
and Hanan, 1978) and only 5 mM NaCl (≈0.5 dS m−1) reduced stem lengths of ‘Kardinal’
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(Wahome et al., 2000). In contrast, ‘Sonia’ yield was not affected by an EC of 3.8 dS m−1

(Urban et al., 1994) andCabrera (2001)found no effect on stem lengths of ‘Bridal Pink’ with
up to 30 mM NaCl (≈2.9 dS m−1) suggesting a cultivar dependent tolerance to substrate
salinity. In comparison, the rate of stem elongation was not affected when plants were
exposed for 2 or 12 h to the+1 treatment in these experiments.

4.2. Substrate EC and temperature

The measured EC of salinized substrate was always slightly lower than the EC
of the treatment solution. EC measurements are consistent between the first and second
experiments. For example, 2 h after treatment, the total EC values in the+8 treatments
were 7.6 and 7.7 dS m−1, respectively (Figs. 3 and 6) compared to the treatment solu-
tion ECs of 9.4 and 8.8 dS m−1, respectively. Similarly, the total EC values in the+4
treatments were 4.6 and 4.7 dS m−1, respectively compared to the treatment
solution ECs of 5.5 and 5.2 dS m−1, respectively. The lower values for substrate EC
after a salinized treatment may be due to dilution by the pretreatment substrate solu-
tion. That is, the substrate solution was not completely displaced by the treatment so-
lutions. The integration of the treatment solutions into the substrate involves dispersion
processes that include hydrodynamic dispersion and molecular diffusion (Marshall et al.,
1996).

The changes in shoot elongation rate due to temperature effects caused by the application
of the pre- and post-treatment irrigations and the treatment solutions in the first experiment
were apparent in the DI, NS and+1 treatments (Fig. 4). Following the application of NS
at 5:00 a.m., SERs were low for about 30 min due to the cooling of the substrate by the
irrigation. After the treatment application, there was a sharp increase in growth rate due
to the increase in substrate temperature. These solutions were warmer having been stored
in the growth chamber prior to use. These temperature related changes in elongation rate
did not appear in the+2, +4, and+8 treatments of the first experiment. The effects of
temperature on SER were probably overcome by the greater effects of salinity at those
concentrations.

There was little change in SER following the NS and+1 treatment applications in the sec-
ond experiment (Fig. 7). In that experiment, the nutrient solution used for the pretreatment
irrigation was stored within the growth chamber so that there was little temperature differ-
ence compared to the substrate. The results from this illustrate that shoot growth responds
quite rapidly to changes in substrate temperature.

Gent and Ma (2000)showed that tomato plants whose roots were heated to a constant
21◦C accumulated biomass faster than unheated control plants or plants whose roots were
heated only during the day. Similarly, pepper plants whose roots are held at 20◦C had more
leaves, greater leaf number and dry weight than plants whose root temperatures fluctuated
diurnally under ambient conditions (Dodd et al., 2000). The roots exposed to constant tem-
peratures were found to have greater hydraulic conductivity. When spinach roots growing
at 20◦C were cooled to 5◦C, there was an immediate decline in root hydraulic conductance
(Fennell and Markhart, 1998). The drop in SER following the substrate cooling in the first
experiment may be due to a reduction in hydraulic conductance and the subsequent effects
on plant water potential (Dodd et al., 2000).
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5. Conclusion

These experiments focused on the effects of salinity on rose stem elongation rates to
support a hypothesis that SMT-based irrigation resulted in longer flowering stem lengths
by avoiding stressful conditions. This work demonstrates that increases in substrate salinity
can reduce stem elongation rates.Wahome et al. (2000)also found that when constantly
exposed to 10 mM NaCl (0.95 dS m−1), ‘Kardinal’ produced shorter stems but without a
reduction in biomass. This was due to smaller cell size and was further evidence of the
effect of the soil salinity on shoot water potential, cell turgor, and the consequential effects
on cell enlargement. The rapid response of SER to changes in substrate salinity presented
herein is additional evidence that variations in substrate potential can have an immediate
and direct effect on cell turgor.

Stem length is a major quality character of cut flower roses: longer stems have a higher
value. Because leaf and stem growth are sensitive to water stress (Hsiao, 1990; Jones, 1992),
managing factors affecting plant water status is desirable in order to maximize crop growth.
Plant water potential can be managed by manipulating environmental variables such as
light (Auge et al., 1990), relative humidity (Katsoulas et al., 2001), and substrate salinity
(Hughes and Hanan, 1978; Urban et al., 1994; Wahome et al., 2000).

Brun and Chazelle (1996)found that the greatest rate of nitrate uptake occurred during
the day when transpiration was also at maximal rates. At night, water uptake rate declined
disproportionately more than the rate of nitrate uptake and resulted in a decrease in nitrate
concentration of the nutrient solution.Fynn et al. (1993)increased the fresh and dry weights,
diameters, and heights of New Guinea impatiens plants by irrigating alternately with nutrient
solution in the evening and fresh water in the morning. An extension of the proposal to
modify nutrient solution salinity in response to transpiration (Bruggink et al., 1987), then,
is to adjust the nitrate level to correspond to the concentration of its uptake. Lower nitrate
concentrations during the day would increase the substrate water potential during periods
of high transpiration rates. When it is supplied at adequate levels, nitrate uptake is not
dependent on its concentration (Cabrera et al., 1993) and depriving roses of nitrate for
short durations has no effect on cumulative N uptake during the flowering cycle (Cabrera
et al., 1996). Increasing the concentrations at night during those periods when demand for
water is lower may result in ample levels of the nutrient overall. Adjusting nutrition in this
manner is feasible in rose production since current “hydroponic” growing methods allow for
greater control of the substrate environment. This may maximize shoot elongation rates and
increase flower quality by maximizing the water potential gradient between the substrate
solution and the roots during periods of greatest transpiration. In addition, this management
method may also reduce the use of nitrogen fertilizers.
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Abstract

Rose (Rosa hybrida L.) plants grown for cut-flower production in greenhouses produce flowers
in flushes year-round. Crop models for this system must handle the cyclical nature of productivity,
which is determined by the horticultural production methods. Nutrition was not accounted for in
previous rose growth models, since little is known about uptake of the essential nutrients by rose
roots. The aim of the current study was to measure uptake rates of nitrogen and potassium by roses,
to be included in a production model. Rose plants var. ‘Kardinal’ were grown in the greenhouse
in aero-hydroponics nutrient solution with 3 mM nitrate (NO3)-N and 1 mM potassium (K). After
several flower growth/harvest cycles, the plants were transferred to a growth chamber in groups of
three, every 10 days. The growth chamber provided 25◦C and 16 h day length. The nutrient solutions
were sampled periodically while maintaining the volume constant at 5 l, and analyzed for NO3 and
K concentrations reduction. The roots were harvested at the end of each depletion series, and their
lengths measured. Influx of NO3 and K into roots was obtained by fitting a Michaelis–Menten function
to the concentration depletion data. There was a cyclic rhythm of both the nutrients’ influx rates over
time, with a decline in uptake after shoot harvest, and an increase during flower development, with
maximal values towards flower opening. The results were incorporated in a simulation model for
nutrient uptake by roses along successive flower-cutting cycles. This simulation assumes a constant
number of identical flowering branches, which would be cut sequentially at flower maturity, and
result in new shoot growth, assumed to follow a logistic function of time. Uptake rates of NO3 and
K were assumed to follow the changes in leaf area and shoot nutrient percentage, to compensate
for N and K demand by the shoot; the root system dimensions and its effective aging are assumed

∗ Corresponding author. Present address: Wyler Department of Dryland Agriculture, Jacob Blaustein Institute for
Desert Research, Ben-Gurion University of the Negev, 84990 Sede-Boker Campus, Israel. Tel.:+972-8-6596748;
fax: +972-8-6596757.
E-mail address: silberbu@bgumail.bgu.ac.il (M. Silberbush).
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constant. Simulated N and K uptake agreed with published data of their accumulation and percentage
in growing rose branches along a flower-cut cycle.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Aero-hydroponics; Crop modeling; Feedback inhibition; Flower-cut cycle; Floriculture; Nitrate
nitrogen; Nutrient uptake mechanism; Potassium; Rose (Rosa hybrida)

1. Introduction

Intensive crop production typically involves application of many nutrients in precau-
tion excess. The degree to which excessive amounts can be applied is generally limited by
the effect of salinity and toxicity on crop growth. The resulting pattern of irrigation and
fertilization results in much of the applied fertilizer leaving the system, possibly contaminat-
ing water bodies in the environment (or drinking water systems). Thus, while application
of luxuriant amounts of fertilizer has been commonplace in many horticultural systems,
methods must be found to reduce this excess, so as to protect the environment and human
health.

Such methods must be developed from a system’s point-of-view to assure that the re-
duction in fertilization rates does not threaten the growers’ ability to compete. This type
of analysis requires the assembly of mathematical models for the various aspects of the
system, so as to ultimately allow optimization. In the case of hydroponics flower produc-
tion, a considerable amount of systems control is possible. Growers have long searched for
ideal production methods. Greenhouse production of cut-flower roses offers an ideal model
system because the intensive use of technology allows for testing and implementation of
new model-based production technologies.

Considerable model development has occurred for cut flower roses, focusing mostly
on dry matter accumulation as a result of photosynthetic carbon assimilation. Little has
been done for other essential nutrients. Most the existing models of nutrient uptake deal
with annual plants, whose root systems could be taken as young and uniformly active
(Tinker and Nye, 2000), even the average uptake rate per unit of root decreases during plant
growth (Scaife, 1994; Barber, 1995). Recent models, which do account for this decrease,
use simplified assumptions regarding root age and uptake, such as linear decrease in time,
or morphology (i.e., root position or hierarchy) of the root system (Somma et al., 1998).
Such simplifications might not be valid in modeling nutrient uptake by perennials (Le Bot
et al., 1998). These plants are characterized by a wide diversity of roots, of different age,
thickness, and suberization. Also, the shoot–root interactions are complex and their effect
on nutrient uptake by the roots is poorly understood. The complex lifespan of perennials
over time (years), and the relatively large storage capacity for nutrients in their tissues,
induce internal transports, which make mechanistic quantification difficult (Le Bot et al.,
1998; Eissenstat and Yanai, 2002).

Roses (Rosa hybrida L.) grown under intensive management are subjected to numerous
environmental and horticultural variables. This crop follows cyclic nutrient uptake patterns
induced by flower harvests (Cabrera et al., 1995a; Takeda and Takahashi, 1998). That pattern
makes any attempt to model nutrient uptake by roses unique, as their life span is different
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from annual plants and other perennials (Eissenstat and Yanai, 2002). Also, the root system
consists of roots of a wide range of hierarchy, age and probably uptake characteristics. Yet,
as new roots emerge coincident with new shoot growth after a flower harvest (M. Raviv,
personal communication), the root system of mature rose plants would achieve an apparent
balance between root emergence and the decay of old ones. As a result, uptake may be
accounted for as being induced by the demand of the shoot, not due to changes in the root
system dimensions (Brun and Chazelle, 1996; Bougoul et al., 2000; Lorenzo et al., 2000).
The studies ofCabrera et al. (1995a,b), like the others, indicate the lack of information on
root regeneration and activity during a cutting span and throughout the year (Takeda and
Takahashi, 1998).

In the present study we measured the changes in uptake rates of nitrate (NO3) nitrogen
(N) and potassium (K) along a flower-cut cycle of roses, and the relationships between these
changes and plant morphology. These data were used to calibrate a conceptual model of
nutrient uptake by cut-roses. Our objective was to develop as simple a model as possible so
that the resulting model might later be included in other crop models.

2. Materials and methods

2.1. Model theory

Various aspects of the conceptual dynamic system of nutrient uptake were simplified using
numerous assumptions so as to focus on the uptake of NO3 and K. The main assumption
in this modeling work is the decoupling of plant growth from nutrient uptake. Plant growth
is assumed to follow patterns that have been observed in greenhouse production. In future
work dry matter accumulation will be modeled to be a function of available nutrients in the
plant; the model here must clearly be treated as a first step towards that goal.

Rose plants in greenhouse cut flower production consist of three main components: (1) a
‘static base’ (main stem and residual stem and leaf material), (2) an aboveground ‘growing
component’ (flowering shoots), and (3) the root system. In this model, the plant is assumed
to be “fully grown” and in a pattern of shoot growth and flower harvesting. The static base
consists of some stem material and some old leaves, whose dimensions and contents are
assumed to be constant during any simulation run of the model.

It is assumed that the growing component consists ofn branches; each consisting of a
growing stem and leaf biomass. A flower is assumed to grow on each stem but its impact
on nutrient uptake is not considered in this model; only the leaf area and stem biomass are
assumed to be involved. All stems are assumed to be identical with the pattern of leaf area
growth following the logistic function of time,t, described byCabrera et al. (1995b):

A(t) = Amax

1 + a1 e−a2t
, (1)

whereAmax is the maximal area of one stem anda1 anda2 are coefficients. The various
flowering stems on the plant are assumed to initially appear at a fixed time-intervalδ followed
by the same interval in harvesting and subsequent re-growth. Due to this assumed pattern
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of stem growth, the total leaf area,Atotal of a plant, at any given time, can be calculated as
the sum of the basal area,Abase, and the leaf area of each stem:

Atotal(t) = Abase+
n∑

i=1

Amax

1 + a1 e−a2[t−δ(i−1)]
(2)

whereδ is the time-delay between two successive cuts in a flower wave.
The stem biomass is modeled as stem dry matter. The dry matter of each stem is assumed

to grow in a logistic growth pattern with a total growing stem dry matter,Dtotal, at any time
is the sum of the dry matter of alln shoots:

Dtotal(t) =
n∑

i=1

Dmax

1 + b1 e−b2[t−δ(i−1)]
(3)

Dmax is the maximal dry matter of a flowering stem, andb1 andb2 are coefficients. The ‘life
span’ of each stem is assumed to be a fixed number of days, from emergence or initiation
as a bud after the previous flower harvest until the stem is harvested. At harvest of the
ith stem, leaf area and dry matter would switch to their initial value. Photosynthesis and
respiration are both assumed non-limiting, and not influenced by nutrients. The root system
dimensions (length, mean radius, surface area) are assumed constant with the rate of root
death equaling new root generation.

The uptake rate of a nutrient through the root surfaces,J, is modeled as a function of the
nutrient concentrationC in the growth medium, according to Michaelis–Menten kinetics
(Barber, 1995):

J(C) = Jmax(C − Cmin)

Km + (C − Cmin)
(4)

whereKm andCmin are coefficients.Jmax, the maximal influx coefficient, is assumed to
change over time in relation to total plant leaf area and nutrient status in the growing tissue.
Calculation of shoot nutrient deficiency or surplus is done by assuming thatJmaxis a function
of the nutrient concentration in the ‘growing’ shoot dry matter,µ:

Jmax(µ) = Jmax,0 e−αµ (5)

as suggested bySiddiqi and Glass (1986). In this equationα is a coefficient andJmax,0 the
(theoretically-maximal) value ofJmaxwhenµ = 0. The value ofµ represents the ‘growing’
shoot as a whole (Cabrera et al., 1995b; Gonzalez-Real and Baille, 2000). The combined
equations allow calculation of the nutrient uptake of either NO3 or K during simulated
time-steps used in the model:

Jmax(µ, t) = Jmax,0 e−aµ(t) Atotal(t)

Abase+ nAmax
(6)

and

µ(t + �t) = µ(t)Dtotal(t) + Jmax(µ, t)R �t

Dtotal(t + �t)
(7)

where�t is the time-step andR the root area, which is assumed to be constant.
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2.2. Plant material and horticulture

Twenty rose plants (R. hybrida cv. Kardinal grafted on ‘Natal Brier’ rootstock) were
selected from a stock of plants previously grown for 8 years in 7.6 or 18.9 l containers with
‘UC Mix’ substrate. The branches were trimmed, the roots were washed and the fine roots
removed. The plants were then transplanted in pairs into ten 18 l aero-hydroponics systems
(Soffer and Burger, 1988), containing 5 l of nutrient solution and grown in the greenhouse.
The nutrient solution, prepared with de-ionized water, contained 1.5 mM Ca(NO3)2, 0.5 mM
K2SO4, 0.25 mM Ca(H2PO4)2, 1 mM MgSO4, 4 mg/l Fe-EDDHA [ethylenediaminedi(o-
hydroxyphenylacetic) acid] chelate, and microelements according toHoagland and Arnon
(1950). The pH was adjusted to 5.5 with Ca(OH)2. The nutrient solution was replaced at
least every week, while its volume was maintained by additions of de-ionized water. While
in the greenhouse, an artificial light system maintained 16 h day length.

After 4 months, 18 plants were transplanted into aero-hydroponics systems, one plant
per unit. These were moved into a growth chamber in groups of three at 10-day intervals,
with fresh nutrient solutions; the order and position in the growth chamber were randomly
predetermined. The growth chamber was illuminated at 16/8 h day/night regime by a series
of 400 W metal halide lamps (model MH400/U, Philips Lighting Co., Somerset, NJ), which
provided 235�mol m−2 s−1 PAR at plant level. Air temperature was approximately constant
at 25◦C. Temperature of the nutrient solution was monitored by thermocouples positioned
in the solution at the bottom of each container. Readings were taken every 10 s, averaged
over 10 min by a data-logger (CR23X Micrologger, Campbell Scientific), and stored. The
solutions were adjusted periodically to a volume of 5 l with de-ionized water to maintain
the changes below 5%; two 100 ml additions of a 10 times concentrated No N–No K
nutrient solution (see below) were made during the depletion period to avoid the depletion
of the other nutrients. The solutions sampling frequency varied between every 8 h during the
high-concentration range depletion, to every hour towards the end of the depletion. The 10 ml
samples were stored in vials and kept in the refrigerator until further analysis; NO3 and K
concentrations were determined in the lab in stirred solutions, using ion-specific electrodes
(Nos. 27502-30 and 27502-38, respectively; Cole-Parmer Instrument Co., Vernon Hills, IL),
after they reached room temperature. The relative potential was measured with Oakton®

pH/mV/◦C meter. The electrodes were calibrated against KNO3 standards, before and during
the analysis of every batch (no substantial drifts were observed); a nutrient solution, in which
the NO3 and K salts were replaced with 1.5 mM CaSO4, served as an ionic strength adjuster.
Between measurements, the electrodes were soaked in a 10 mM KNO3 solution.

2.3. Data collection and analysis

At the end of each depletion cycle, the fine roots of each plant were removed from the
plant, and the root length and mean radius were measured usingTennant’s (1975)line
intersect method. Root surface area was calculated assuming the roots to be cylindrical. It
was assumed that all changes in the NO3 and K concentrations were caused by the plants
(no microbial activity). Also, no substantial changes in concentration depletion rate were
observed between light and dark periods. Thus the influx of these nutrients into the root
system (cm−2 root surface area) was calculated.
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During the entire experimental period, every growing stem on each plant was observed
daily. The number of flowers harvested was recorded each day. The plants were managed
so that flushes of flowering stems occurred which all flowered within a few days of each
other. The “day of peak flowering”,T0, was calculated from the flowering data as

T0 =
∑iend

i=istart
iFi

∑iend
i=istart

Fi

(8)

wherei is the date of the observation,istartandiendare the start and end dates of the flowering
flush.Fi is the number of flowers harvested on each date.

Leaf area on the plants was estimated by measuring leaf lengths that were used to calculate
the leaf area of individual leaves using the correlation function:

A = 1.0193(−10.35+ 2.294x + 0.234x2) (9)

whereA is the leaf area (cm2) andx the leaf length in cm (Lieth, unpublished data).

2.4. Model calibration

The model for flowering stem leaf area over time was calibrated by fittingEq. (1) to
the observed leaf area estimates over time. The model for dry matter of a rose stem over
time was calibrated by using the non-linear regression routine inSAS Institute (1988)to fit
Eq. (3)to data published byCabrera et al. (1995b), resulting estimates forDmax, b1 andb2
of 54.24 g, 226.84, and 0.177 per day, respectively.

Data of nutrient concentration depletion in each of the 18 aero-hydroponic units with
time and root surface area were used to relate the uptake rate with concentration.Eq. (4)
was fitted as follows. The net influx can be expressed as the negative ratio of the solution
volume to root surface area times the change in concentration (Nielsen and Barber, 1978):

J(C) = −V

R

dC

dt
(10)

which, when equated toEq. (4)and solved results in the expression

t = c1 − V

R

Km

Jmax
ln(C − Cmin) − V

R

1

Jmax
(C − Cmin) (11)

which was fit to the collected data of concentration over time to obtain the values ofJmax,
Km andCmin. The root surface area was assumed to have been the observed value for the
duration of the measurements and the volume of the solution was assumed to be 5 l.

The change in ion uptake rate along a cutting cycle was expressed as its value with time
from the previousT0. Eq. (11)was fit separately for NO3 and K for these data using the
non-linear regression routine NLIN inSAS Institute (1988). The resultingJmax estimates
were further related to tissue concentration,µ. However, since no tissue concentration
data were available, parameter estimates ofEq. (5) were selected based onMengel and
Kirkby (1987, p. 107). They speculated that a nutrients’ content could be characterized as
‘adequate’ and ‘toxic’ and present values of these tissue concentrations for various plants;
it was arbitrarily assumed thatJmax at ‘toxic’ levels is 10−3 times the value at ‘adequacy’.
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Thus, estimating the values of adequateJmax to be 6.745 and 2.837 pmol cm−2 s−1 for NO3
and K, respectively, results in estimates ofα = 2.37 and 6.43 per day, andJmax,0 of 174.3
and 23.95 pmol cm−2 s−1, respectively.

2.5. Simulation model

A simulation model was developed to allow rapid calculation of the nutrient status in
hydroponic rose production over time using the parameter estimates from the model cal-
ibration. This was implemented as an Excel spreadsheet (as an initial analysis) and also
as a Delphi (Borland) Pascal program (so as to be able to study the model behavior). The
two implementations of the model were compared to verify that no computational errors
impacted the simulation results.

The simulation allows the user to set any of the parameters described above and to select
starting conditions and model constants. For our simulations we selected initial conditions
and constants similar or equal to those of our experimental plants. The number of growing
flowering stems was set to 5. These were assumed to initiate every second day (i.e.δ = 2).
The base leaf area (Abase) was assumed to be 1600 cm2 (which is the area of approximately
10 mature leaves).

The nutrient solution was assumed to start out with a volume of 5 l and NO3 and K
concentrations of 3000 and 1000�M, respectively; initial tissue concentrations of N and K
were assumed to be 1.37 and 0.332 mmol/g dry weight, respectively. Root surface area was
assumed constant with time, taken as 7841.4 cm2, which was the mean value of the plants
used in the calibration study.

3. Results

3.1. Model calibration

Fitting Eq. (1)to leaf area data resulted in estimates for the parametersAmax, a1, anda2
of 622.3 cm2, 22.6, and 0.243 per day, respectively. The goodness of fit information was
R2 = 0.34, which reflects the heterogeneity of the 18-plant group used in the calibration
study.

The parameter estimates ofJmax, Km, andCmin show quite a bit of variability over time
(Table 1) for both NO3 andK. The analysis of variance indicated that the significance of
the changes inJmax with time was marginal for both nutrients and also forKm for NO3.
Yet, nutrient influx to the roots, represented by the measuredJmax values, exhibited a cyclic
pattern with time along the flower-cut cycle as evidenced by significant quadratic and cubic
effects (best fit with a third-order polynomial; seeFig. 1a). Mean influx, which was highest
towards flower maturity, decreased after flower-cut, but increased again during the next
wave of stem growth and the consequent flower production.

The change in uptake rate along a flower-cut cycle (Fig. 1b) showed that the observed
frequency of rose flowering (and harvesting) as a function of time from the previous
mean flower peak (T0) was 37 days, for all the plants in the study, along three flower-cut
cycles.
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Table 1
Analysis of variance of the Michaelis–Menten kinetics coefficients for nitrate and potassium influx to roots of
‘Kardinal’ roses along a flower-cut cycle (degrees of freedom for the error-16)

Nitrate Potassium

Jmax Km Cmin Jmax Km Cmin

Mean 4.92 86.73 2.40 1.99 71.54 0.15
F-value 4.15 4.68 2.29 3.68 1.64 0.75
P-value 0.059 0.046 0.150 0.073 0.219 0.399

3.2. Simulation results

Comparing the simulated with observed stem leaf areas of ‘Kardinal’ roses over time
showed that the simulations followed the observed leaf area (Fig. 2); the scattered observed
data illustrate the variability of the plant population with respect to leaf areas of individual
stems.

Fig. 1. (a) Nitrate and potassium influxes to rose roots (means and 95% confidence range) along a flower-cut cycle
(b); the data were best fitted to third-order polynomials (curves and legends).
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Fig. 2. Leaf area of a greenhouse ‘Kardinal’ rose plant as a function of time in 37-day flower-cut cycles: Lower
curves: simulated leaf area growth of each of the five branches; upper curve: sum of the five branches+ ‘basic’
leaf area; symbols: measured values.

The trajectories of N and K tissue concentrations in the growing shoot were parallel and
showed sharp changes that coincided with times when stems were harvested (Fig. 3A). The
first cycle, from 0 to 37 days, was highly affected by the fact that all branches started from
zero growth, with 1.37 mmol N/g dry wt and 0.332 mmol K/g dry wt. From the second cycle
on, the cutting cycles each show similar patterns and correspond to observations byCabrera
et al. (1995b)andTamimi et al. (1999).

The data of N accumulation in a growing rose branch along a cutting cycle (Fig. 3B)
were adapted fromCabrera et al. (1995b), where curve (a) is a logistic function fitted to
the data. In that study, the time from bud to harvest was 45 days, but the simulated curve
for a 45-day cycle (b) under-estimates the actual accumulation of N in the branch. When a
37-day cycle was accounted for in the simulation, the agreement between the data (a) and
the simulation (c) is much improved.

The simulatedJmax values over time follow the changes in leaf area and plant nutrient
accumulation along successive 37-day flower-cut cycles (Fig. 3C). The presented values
are of the second simulated cycle; the data included in this figure are the measured values.
The 95% confidence intervals (CI) bars attached to the data reflect variance of the fitted
coefficient for each plant. Although scattered, the data follow the path of the simulated curve,
for either the nutrients; the scattered pattern reflects the variability of the plant population.

Representative simulations by Delphi of adjacent NO3 and K in the hydroponics solution
and the plant along 100 days, together with plant growth, are presented inFig. 4. Uptake
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Fig. 3. Simulated (curves) and measured (symbols) of (A) N and K weighted percentage in a rose plant with
growing branches along 37-day flower-cut cycles, considering five branches flower (and cut) at 2-day intervals;
data fromCabrera et al. (1995b), closed circles were synchronized to match a 37-day cycle; opened symbols:
from Tamimi et al. (1999). (B) Nitrogen accumulation with time in a rose branch: (a) data and a fitted logistic
function (adapted fromCabrera et al., 1995b); (b) along a 45-day or (c) 37-day flower-cutting cycle, respectively.
(C) Maximal influx rates (Jmax) of nitrate (solid line, open symbols) and potassium (dashed line, closed symbols,
with 95% confidence intervals) uptake by roots of Kardinal roses.

rates by a rose plant, to meet its requirement for NO3 and K are presented inFig. 4C.
In this figure, NO3 concentration would be replenished to 3 mM once it depleted below
0.5 mM; K will be replenished to 1 mM when it would deplete below 0.1 mM. The simula-
tion indicates that the frequency of nutrient replenishments would increase towards flower
maturity, but decrease again as a result of flower-cuts. The curvilinear shape of each de-
pletion phase reflects the effect ofKm on nutrient influx close to the lower concentration
boundary. The discontinuities of the different phases reflect both nutrients’ replenishments
(which would induce an increase in uptake rate) and branch trim at flower-cut, which would
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Fig. 4. Simulated N and K uptake by ‘Kardinal’ roses grown in aero-hydroponics along successive 37-day flower-cut
cycles: (A) nitrate and potassium maximal influx parameter; (B) uptake rates by a single plant affected by nutrient
replenishment; (C) and (D) concentrations in the solution and the plant, respectively; (E) leaf area and dry matter
of the stems.

lower the demand for the nutrients (implemented by the reduction in leaf area and shoot
biomass).

4. Discussion

The objective of this study was to develop mathematical descriptions for NO3 and K up-
take from the root solution by rose plants. Such models can have utility in fertigation control
and crop optimization. Although there are previous reports on sequential changes in uptake
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by roses, they were not provided in forms that enabled their use in crop modeling. When
a perennial plant like rose is grown under controlled conditions, as allowed by the modern
greenhouses technology, external signals such as irradiance, temperature, day length, etc.
may play a secondary role. In the case of roses, the rhythm is associated with man-induced
flowering cycles.

Earlier studies byCabrera et al. (1995a,b)presented cyclic uptake of NO3-N by intact
plants along a flower-cut cycle. Also, the highest N contents occur in the upper, youngest
leaves of a rose branch (Tamimi et al., 1999). Cabrera et al. (1995a,b)further showed that
the flower contained the highest amount of K of all branch parts, namely: an enhanced
requirement for both nutrients at flower set. No changes in root absorbance were reported
which may be linked to this enhanced nutrient uptake. One should expect such changes in the
root system absorption capacity (Glass, 2002), as new roots emergence are associated with
the new burst of growth, following flower-cut (M. Raviv, personal communication). Such
differences were reported in other evergreen, perennial plants, but the integration of solitary
roots to uptake by the whole tree or bush is still non-realistic (Eissenstat and Yanai, 2002).
Furthermore, the poor correlation between root growth and mean uptake rate (not presented),
of both the nutrients measured in the present study, indicates that uptake is controlled
mainly by shoot demand. The fine roots of the plants used in this study were trimmed
4–5 months prior to the plants’ transfer to the aero-hydroponics system. Consequently, the
whole population of fine roots may be considered as active in nutrient absorbance, as their
color was bright, unlike the dark color typical to suberized roots (Comas et al., 2000). We
may conclude therefore that uptake by the whole plant reflected a weighted activity of all
sections of the root system, and its dimensions were already in balance with the shoot.
Under these conditions, uptake measured by the entire root system reflects the behavior of
a mature rose plant. Furthermore, the cyclic absorption pattern has to be induced by the
cyclic changes in shoot growth and the associated demand for the two studied nutrients.

A fundamental aspect of the model presented here is the concept of “shoot demand”
as a driving force in nutrient uptake. In our model this is implemented through the tissue
concentration inEq. (5). That equation can be reviewed as an adjustment factor toEq. (4),
and the selection of this particular approach might be controversial (Le Bot et al., 1998;
Glass, 2002). There are several ways to handle this adjustment. It is clear that such an
adjustment must be incorporated so as to prevent simulation of accumulation of nutrients at
levels that are clearly toxic (Scaife, 1994). Our model assumes that uptake rates are governed
by the concentration in the nutrient solution (or rooting medium) while the maximal uptake
rate is affected by shoot demand. Our implementation of this approach was suggested by
Siddiqi and Glass (1986); it appears to be valid also in roses (Cabrera et al., 1996). It has
the drawback of adding more assumptions regarding ‘adequate’, ‘deficient’ and ‘toxic’.
However, use of the exponential response function has a fundamental advantage over a
simple linear relationship in that the later can result in negative values ofJmax for high
tissue concentrations, which results in a complete inversion ofEq. (4)(which is unsuitable
in all circumstances).

Dry matter production and leaf area were both assumed to grow logistically over time, in
different patterns. The previous argument on a linkage between demand and uptake raises
the question of the use of leaf area as correlated with uptake (viaJmax, Eq. (6)), and not with
the growth of dry matter. The correlation between nutrient uptake and leaf area is probably
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due to photosynthesis (Thornton and Millard, 1996). In the present model, photosynthesis
is disregarded, so its effect may be accounted for via the correlation with leaf area. The use
of Eq. (6)allows the inclusion of photosynthesis in the model, even indirectly. Also, it may
permit in the future to link this model with a photosynthesis module, which may create a
more comprehensive crop model.

The simulated N contents (Fig. 3A) closely agree with data adapted fromCabrera et al.
(1995b); that is, when the length of the flower-cut cycle in both cases were synchronized: in
the cited study, the time from trimming to harvest was 45 days; in the simulation, the cycle
was taken as 37 days, based on the calibration study. Even the two studies used different
cultivars, the difference is probably due to the growth conditions: Cabrera’s study was
carried out in the greenhouse, with natural light and day length; the plants in the calibration
study obtained 16 h day length, which apparently shortened the flowering cycle, either
directly or indirectly by inducing higher shoot temperature (Menard and Dansereau, 1995;
Bredmose, 1997). Even so, the synchronization of the two cycles is valid, as the cycles in
both studies were defined according to the morphological development of the branch, i.e.,
from one flower-cut to the next. The proximity of curves (a) and (c) inFig. 3Bsupports this
idea.

The measured concentration depletion with time indicated the occurrence of one phase of
high-affinity influx mechanism, for both nutrients, up to 3 mM NO3 and 1 mM K. It agrees
with Cabrera et al. (1995a), who reported constant uptake rate up to 10 mM NO3, which
contradicts the occurrence of concentration-dependent additional phases (Glass, 2002).
Also, no linkage was observed between NO3 and K influx, as addition of one did not
change the pace of the other’s depletion (not presented); this observation indicates that the
two nutrients were practically absorbed by a single high-affinity mechanism which supports
the use of the Michaelis–Menten kinetics.

The model, in its present version, does not account for differences in environmental con-
ditions such as shoot and root temperature, light, CO2, root respiration, etc. Also, uptake was
measured in the calibration study under controlled conditions of illumination, temperature
and root aeration. Those effects may be introduced to the model in the future as variables.
The same is regarding photosynthesis and dry matter accumulation, which are treated in the
present version as functions of time. This approach is further supported byBlom-Zandstra
and Jupijn (1987), where NO3 uptake rate of 56-day-old lettuce plants was unaffected by
12 h light/dark alterations, and by the consequent changes in the transpiration rate.

Fig. 4b may serve as a recommendation for rose growth management: Nutrient con-
centration should not deplete close to the lower boundary; insufficient uptake rates might
cause inadequate nutrient supply in the long run. This effect may be moderated once the
concentration is kept well above theKm value of the particular nutrient’s influx.

5. Conclusions

The presented model was aimed to serve as a module in a comprehensive rose manage-
ment model. It treats two major nutrients’ uptake by grown up, productive roses grown in
hydroponics under controlled growth conditions. Any deviation from the assumptions made
in the essence of this model, such as constant temperature, day length, unlimited root oxygen
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supply, photosynthetic radiation, might cause differences between the simulated and actual
uptake. When these growth factors are provided as variables generated by other modules,
this model has the potential to serve as a useful tool in rose production management.
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Progress report to the International Cut Flower Growers Association

Development of a Model for Rose Productivity

Neil Mattson, Robert Flannery and Heiner Lieth
September 24, 2004

The rose modeling work is continuing in two areas related to root-zone dynamics in
hydroponic rose production: (1) modeling nutrient uptake by the plant from the root zone and (2)
studying and modeling the effect of oxygen deficiency in the root zone. We have also made
progress on the development of a rose timing tool. This report focuses on each of these areas.

Rose Timing Tool

An earlier issue of this Bulletin provided documentation of the rose timing tool that was
developed for cut-flower rose growers. During the spring meeting in Windsor Canada the latest
version of this tool was demonstrated and a workshop was held to show growers how to use the
tool. A discussion period allowed for grower feedback which has driven many of the changes
that were made. The resulting new implementation of the software (version 1.00) is different in
many ways.

The computer program is intended to assist growers in timing cut-flower rose production in
relation to greenhouse temperature. It runs on computers using the Windows operating system.
The software tool described here is intended as a guide in production management and users
must check everything against their own experience. The tool is designed for the professional
rose cut-flower rose grower who produces roses commercially by timing for specific dates (e.g.
Valentines day) or for tracking production of flushes of shoots throughout the year. The research
on which this tool is based is/was supported by the Joseph Hill Foundation, Roses Incorporated,
the International Cut Flower Growers Association, as well as the USDA Floriculture Initiative.
Some of the work was done with support of EISG/PIER program funds from the California
Energy Commission.

One focus of the renewed development work was to make the tool more internationally useful.
All data cells were redesigned to allow entry of numbers and dates in both North American and
European formats, dynamic handling of both Centigrade and Fahrenheit, decimal separation with
either commas or periods, etc.  

It is also now possible to use an average-temperature data file that the software can read and use.
This allows daily average temperatures for past time-periods as well as projection of temperature
for the future. Further work is planned in this are to make this feature more user-friendly.

Also added to the tool was a section on calibration of the tool for specific varieties. This allows
growers to make observations on rose crop development that coincided with known average
daily temperature values over time. 

Since much more information is now being manipulated by the user and handled on the screen,
the software had to be changed to show at any time, only those portions of the information that
are being used at the moment. Thus the tool now has separate “pages” for the parameter value
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database, the timing
calculator, the calibration 
tool, and the reporting
feature (see Figure 1).

When the software is
loaded, the first thing the
user needs to do is select
or enter the parameter
values that need to be
used for the calculations.
Each rose variety has a
different set of parameter
values. These are stored in
a database (called the
“Parameter File”).

Once the dataset has been
loaded, the user clicks on
the “Timing Calculator”
tab (Figure 2) and selects
the rose variety for which
calculations are to be
made. This transfers the
parameter data for that
variety from the parameter
database to the current
screen. The user can then
adjust these values if
needed (although it is
unlikely that this will be
necessary).

Another enhancement to
the software has been to
add graphic temperature
and heat unit displays.
Initially no information is
graphed, but once a set of
calculations have been made, the user will see a graph of the daily temperature values that were
used in the calculations. This is particularly useful when some data are from the past, and future
phases of development are represented by projected temperature values. For example, Figure 3
shows the situation where a flush is being timed for Valentines day and the grower wishes to
know on January 18, 2005 whether the flush is timed correctly for the holiday. In this case the
grower has created a file that contains hourly average air temperatures for the greenhouse where
this crop of ‘Kardinal’ plants is growing. The grower has observed that visible bud is occurring
in the timed flush of shoots on Jan 18. The figure shows that the temperature data from the file
are being used for calculations prior to Visible Bud (VB) and the manually entered value of

Figure 1.  Rose Timing Software tool - Parameter Database screen

Figure 2.  Rose Timing software - Timing calculator screen
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70.5F is used for the time from VB to
harvest (HV).  If the grower feels that
harvesting this flush on 2/9/2005 is too
early, then a lower temperature set-point
can be selected; if it is too late (if the
flowers must be shipped long distances),
then a higher set-point could be selected. In
either case, by manually adjusting and
recalculating, the grower can find the ideal
set-point. 

It should be noted that this tool is also
useful if the grower has little or no
temperature control. In this case the grower
can provide the expected temperatures that
are likely to occur and know, even weeks in
advance of the holiday, whether the flush is
likely to be harvestable on a particular date.

Another important element that was added
to the program is the ability to more-easily
calibrate the tool for one’s own varieties
and greenhouse conditions.  Figure 4 shows
the calibration screen. The information that
the grower needs are dates of
the observed developmental
events (CT=cutting or
pinching, BB=Bud Break,
L1=unfolding of leaf #1,
VB= Visible Bud, LL= Last
leaf unfolding, and
HV=harvestable) and the
average daily temperatures
that were present during each
stage. Note also that photos
have been added to the screen
illustrate what each
developmental stage looks
like. The variety information
and comments are entered in
step 1. The dates and average
temperatures are entered in
stage 2 (note that
temperatures below 40 are
automatically assumed to be
C, while temperatures above 40 are assumed to be F).

Figure 3 Timing calculator using external data file
to calculate harvest timing from Visible Bud (VB)

Figure 4.  Calibration screen
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The Calculate button is clicked to generate the new parameter values. These can be saved into
the current parameter file by clicking the “Copy,Save” button. It should be noted that the
software automatically assumes the date and decimal point settings that are set through the
computer’s operating system.

The resulting modifications to the program have (hopefully) have made the program easier to use
and more powerful. We are interested in feedback from growers to assure that the tool is as
useful as possible and to assist us in our continued development of the software.

Growers have also helped us identified some additional research questions. Some relate to
situations where the grower has a highly controlled greenhouse environment, while others relate
to uses where there is little control. We hope to collaborate with growers and extension
researchers both nationally and internationally on these issues.

Modeling Rose Nutrition

This portion of the project focuses on modeling the influence of flower shoot growth on the
uptake of NH4

+, N03
-, K+, Ca2+ and Mg2+ in Rosa hybrida.

Current management practices of field, greenhouse, and nursery crops generally use luxuriant
amounts of fertilizers.  In intensely managed systems, such as greenhouse crops, excessive
fertilization can lead to greater than 2,000 kg of nitrogen (N) leached per hectare per year
(Cabrera et al., 1993).  Federal, state, and county regulations are increasingly regulating the
runoff allowed from a facility.  For example, California Senate Bill 390 withdrew all waivers
that allowed agriculture facilities to release runoff into natural waterways as of January 1, 2003. 
To comply with these regulations, greenhouse and nursery growers will need to optimize
irrigation/fertilization timing and application rates, or develop closed irrigation systems.  This
requires a greater understanding of the nutrient supply necessary for crop production.

Cut flower rose production is typically done with hydroponics using media that is kept moist
through irrigation with a nutrient solution (constant liquid feed).  Roses are valuable for studying
dynamics of nutrient uptake, storage, and remobilization in woody crops as they exhibit many
flushes of vegetative growth every year coinciding with flushes of flower shoot growth (Cabrera
et al., 1995a). 

Most of the work with nutrient uptake in roses has focused on N03
-; less information is available

on uptake of the other macronutrients.  Cabrera et al. (1995a) reported N03
- absorption of Rosa

hybrida ‘Royalty’ over 7 flower shoot growth cycles (393 days) and PO4
3-, K+, Ca2+ and Mg2+

over 2 crop cycles.  Bougoul et al. modeled Rosa hybrida ‘Sweet Promise’ transpiration and N03
-

over 4 days given light and temperature, but not across a growth cycle. Silberbush and Lieth
(2004) developed mathematical models to predict N03

- and K+ uptake of Rosa hybrida ‘Kardinal’
plants growing in solution culture across a growth cycle using logistic equations describing
growth of flower shoots (increase in dry weight and leaf surface area over time). 

An important concept that forms the basis of our work is the ratio of nutrient uptake to water
consumption calculated as:   (Nutrient uptake per plant per day)/(Transpiration per plant per day)
This leads to our ability to calculate the concentration of nutrients sufficient for plant
consumption that need to be provided during an irrigation event. In this way, if the supplied
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amount of water and nutrients are equal to the amounts required for transpiration and growth,
then there should be no build-up of nutrients in the container or result in excess losses of
nutrients (i.e. the proportion of nutrients to water taken up is similar). While such an approach
would be applicable in a hydroponics (solution culture or inert-media based hydroponics), it may
not be applicable in soil where higher concentrations of nutrients may be required to overcome
limitations imposed by diffusion and mass flow (Cabrera et al., 1993). If the irrigation solution is
recycled and reused, then this approach can also be used to predict the nutrient composition of
the solution in the containment reservoir following successive irrigations. 

The overall objectives of this part of the research project are to study various aspects of nutrient
uptake, allocation, storage, and remobilization in Rosa hybrida with the goal of developing a
dynamic model for rose plant nutrient uptake.  The objectives of the current experiment are to
study uptake of NH4

+, N03
-, PO4

3-, K+, Ca2+ and Mg2+ by Rosa hybrida ‘Kardinal’ plants growing
in a controlled environment chamber.

Methods: Eight 18-month old plants of Rosa hybrida ‘Kardinal’ (on own roots) were established
in hydroponic units (solution culture) in a controlled environment chamber (20 hour photoperiod
at 225 :mol m-2 s-1 PAR with average daily
temperature of 25 /C).  Each plant was pruned
back to synchronize the growth stage.  To
maintain uniformity, three flower stems were
allowed grow on each plant; all other bud breaks
were removed. Each hydroponic unit contained
11 L of nutrient solution consisting of:  11
mMol N03

-, 1.25 mMol PO4
3-, 1.25 mMol NH4

+,
4.5 mMol K+, 3.5 mMol Ca2+, 0.75 mMol Mg2+,
and micronutrients according to Hoagland and
Arnon (1950).  The nutrient solution was
replaced once a week.  At the replacement time
the pH of the new nutrient solution was adjusted
to 5.95±0.03 with the addition of Ca(OH2).

From December 16th, 2003 until March 15, 2004
(i.e. three harvestable cut flower cycles) solution
samples were taken from each container twice
weekly.  At each sampling, the volume of the
nutrient solution remaining was determined by
weighing each unit and subtracting the weight of
the empty container and the weight of the plant. 
Electrical conductivity (EC) and pH were
recorded, and a 55 mL sample of the solution
was taken.  

The samples were analyzed for total nitrogen,
N03

-, and NH4
+ using the diffusion conductivity

method; for K+, Ca2
+, Mg2

+ with an ion atomic
absorption spectrophotometer; and will be
analyzed for PO4

3- with a flow injection analyzer
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Figure 5.  Total flower stem length (cm), plant
transpiration (LAd-1), pH of nutrient solution, and
electrical conductivity of nutrient solution (EC in
dSAm-1) mean of 8 plants growing in solution
culture across 3 crop cycles.  Spikes in pH and
EC, represent replenishment of the nutrient
solution, which had been adjusted to pH 5.95 ±
0.03 and EC of 1.53 ± 0.03). 
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(instrument has been purchased but is not yet operational). The amount of each nutrient taken in
by the plant was calculated as follows:

((Initial Volume × Initial Concentration) – (Final Volume × Final Concentration)) / Time
To compare predicted versus actual N03

- and K+ uptake; a simulation was set up using the
equations and parameters as described by Silberbush and Lieth with the parameter modifications
(as described in table 1) to reflect the conditions of this experiment:

Table 1. Parameter values given in Silberbush and Lieth (2004) that were adjusted for
running a N03

- and K+ uptake simulation based on the current experiment.
Parameter Silberbush/ Lieth value current experiment
leaf area of plant base 1600 cm-2 400 cm-2

root surface area 7841 cm-2 5000 cm-2

number of flower shoots per plant 5 flower stems 3 flower stems
maximum leaf area per shoot 622 cm-2 292 cm-2

maximum dry weight per shoot 10.9 g 5.1 g
shoot age at harvest 37 days 28 days
volume of nutrient solution 5 L 11 L
solution [N03

-] 3 mM 11 mM
solution [K+] 1 mM 4.5 mM

Results: The length of each crop cycle (i.e. the time from the previous harvest/cut back) until
new flower shoots reached harvest was 29, 30, and 29 days for cycles 1, 2, and 3, respectively.
Following replacement of the nutrient solution the pH decreases by about 2.2 during the next
seven days until another replacement occurs (Figure 5).  During the first 3-4 days following
replacement, the decrease in pH is greater than the decrease seen until the next replacement
event.  Following a replacement of the nutrient solution the electrical conductivity increases by
1-2 dS/m in a linear fashion.  The greatest increases in EC correspond to dates with high
transpiration as stems reach maturity (Figure 5).

Mean plant transpiration increased in synch with flower stem elongation for cycles 1 and 3, and
slightly ahead of stem elongation for cycle 1.  Following harvest/cut back plant transpiration
decreases rapidly from about 0.46 LAd-1 to about 0.2 LAd-1.  As new shoots appear around day 7,
plant transpiration and shoot length increases in a logistic nature until harvest to 0.46 LAd-1and 95
cmAd-1, respectively, at around day 29.

Following a previous harvest, total N uptake remained constant for the first five days and then
dropped to the lowest uptake levels at day 7, then increased until a peak was reached around day
19, followed by a sharp decrease at harvest (Figure 6).  The N uptake cycles are somewhat out of
synch between crop cycles: in cycles 1 and 3 the increase in stem length seems to lag behind N
uptake, whereas in cycle 2 the increase in N uptake lags behind the increase in stem length.  Note
that for many nutrients, uptake values were greatest in cycle 1 and somewhat decreased in cycles
2 and 3. NO3 and NH4

+ uptake patterns were similar to those for total-N (Figure 6).

The highest rates of Ca2
+ uptake precede flower stem maturation and harvest (Figure 7).  Just

prior to harvest, Ca2
+ uptake drops and remains low until about day 7 of the new cycle

(appearance of new shoots), then increases sharply until the peak uptake rate is reach prior to
harvest
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. 

K+ uptake rates gradually decline for
the first 12 days following a harvest
cycle, and reach their lowest rates
during early shoot elongation (Figure
7).  After the lowest rate of K+ uptake
increases in synch with stem
elongation till maximum uptake rates
of 0.05 to 0.09 mMAd-1Ag-1 harvested
DW.  Uptake rates decrease rapidly
just prior to harvest.
  
Mg2+ uptake during cycles 2 and 3 is
erratic (a reanalysis of water samples is
planned).  During cycle 1 Mg2+ uptake
increases in synch with stem
elongation and then drops just prior to
harvest (Figure 7). 

Simulated N03
- uptake using the

method described by Silberbush and
Lieth (2004) did not accurately predict
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Figure 6. Mean plant uptake of total nitrogen,
NO3

--N, and NH4
+-N and mean total flower stem

length (cm) across three crop cycles.
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Figure 7. Mean plant uptake of Ca2+, K+, and
Mg2+ and mean total flower stem length (cm)
across three crop cycles.
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Figure 8. Actual and predicted N and K+ uptake. Actual
values compiled from three crop cycles. Predicted values
from the Silberbush-Lieth model; simulated as described in
Table 1.
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uptake during the first seven days of a crop cycle or the decrease in N uptake beginning 7 days
prior to flower stem harvest (Figure 8).  The simulation does an adequate job of predicting the
increase in N uptake during days 7-22 (Figure 8).  Simulated K+ uptake accurately predicts the
increase in K+ uptake beginning at day 13 and continuing until day 25 as well as the drop in K
uptake occurring at harvest.  The simulation does not predict the sustained uptake rates for the
first 7 days following harvest and the decline in uptake to day 13. The most likely reason for the
discrepancy is that the model does not yet have a mechanism for handling temporary storage of
luxuriant amounts of uptake (i.e. nutrient pools inside the plant). The focus of our work here is to
develop that portion of the model and this will be done in the future.

The nutrient concentrations that would provide the adequate amounts required for plant
consumption in our growth chamber experiments are presented in the following table of
concentrations of nutrient needed in irrigation water in mMol and ppm for plants described in
figure 1; calculated as nutrient uptake d-1 / transpiration d-1 (means across 8 plants and 3 crop
cycles).

day [N] mMol [Ca] mMol [K] mMol [Mg] mMol
0-5 6.80 0.72 1.29 0.15
6-10 6.03 0.89 1.65 0.28
11-15 7.33 0.92 0.65 0.28
16-20 13.38 1.08 1.32 0.21
21-25 6.16 1.10 1.80 0.22
26-30 3.99 0.40 1.08 0.13
day [N] ppm [Ca] ppm [K] ppm [Mg] ppm
0-5 95 29 51 4
6-10 84 36 64 7
11-15 103 37 26 7
16-20 187 43 52 5
21-25 86 44 70 5
26-30 56 16 42 3

Discussion: Total nitrogen uptake corresponds well with results of Cabrera and Evans (1995)
who found a similar oscillatory pattern.  In their nitrate uptake data over the course of  a 393 day
experimental period the increase in N uptake was in synch with shoot elongation for four crop
cycles, and lagged behind shoot elongation for three crop cycles.  In our experiment, total-N and
NO3

- uptake were in synch with stem growth for cycles 1 and 3 and lagged behind stem growth
for cycle 2.  NH4

- uptake also had an oscillatory pattern that lagged behind stem growth.

The increase in K+ uptake and Mg2+ uptake was in synch with stem growth, while the increase in
Ca2+ uptake was slightly ahead of stem growth (more in synch with plant transpiration.  The K+

and Mg2+ results corresponds well with data presented by Cabrera and Evans (1995) over two
growth cycles; while in their cycles, Ca2+ uptake lagged behind stem growth.

Current fertilization practices for commercially grown greenhouse roses often supply 150-200
ppm of nitrogen and potassium though liquid feeding (Cabrera et al., 1993).  For the plants in
our experiment, this high rate of fertilization is only required for 5 days during a 30 day cycle for
N, and rates greater than 70 ppm are never required for K+.  Indeed, Cabrera et al., 1993 found
no significant differences in dry weight yield or number of flowers harvest for rose plants grown
with 77, 154, and 231 ppm N.  The results of our experiment can help guide fertilization
decisions for NH4

+, N03
-, K+, Ca2+ and Mg2+ based on crop growth stage.  If fertilization rates are
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adjusted periodically during a crop cycle, adequate amounts of nutrients can be continuously
provided to plants while reducing the potential for runoff of excess nutrients. 

The predicted uptake of the Silberbush model does not accurately reflect K and N absorption
during an entire crop cycle, though it does reasonably well during the period of increasing uptake
for K and N.  Therefore, some of the model assumptions may not be suitable or the model may
need to account for additional components.  These inaccuracies have provided motivation for
further research.  The Silberbush model assumes that root surface area is constant over the
cropping cycle, but maximum root absorption ability changes.  Some preliminary work in our lab
by Dr. Wan Soon Kim (data unpublished) found that root surface area decreases gradually
following harvest/cut back and then increases again (in a relationship that somewhat mirrors the
dip in N and K uptake that we have found as stems begin to elongate).

Another factor that needs to be accounted for is the capacity of older plant tissues (roots, old
stems, old leaves) to store nutrients (phloem mobile nutrients such as N, K, and P) and
redistribute these nutrients during growth of flowering shoots.  Cabrera et al. found that during
rapid flower stem elongation of roses, N mobilized from older stems and leaves provided the
majority of the N to the growing shoots; as stems reached flower maturity, N uptake from the
media provided N to the shoots and to replenish older tissues (Cabrera et al., 1995b).  Currently,
no information is available on the extent of K and P storage pools in roses.  Sequential harvest
experiments are planned to help us understand these two components of rose macronutrient
uptake.  Our objectives to determine if N, P, K absorption in inert media hydroponics of roses is
influenced primarily by root surface area, root activity per unit area, or both; and second, to
determine the extent of functional N, P, K storage pools in rose plant tissues.  It is important to
consider these perennial plant tissues as they represent a further source for nutrients during rapid
stem growth and a sink for nutrients when they need to be replenished.

Root zone oxygen

In previous work as part of this project we discovered that oxygen in the root zone is consumed
very rapidly and movement of oxygen from the air to the roots is relatively slow, indicating that
this variable can be an important variable in hydroponic rose production.
 
Oxygen can be delivered to the root zone in several ways.  In growing media with sufficient air
porosity, diffusion through the air can supply enough oxygen to the roots.  Roots subjected to
water saturated growing media may use the available oxygen quicker than the oxygen diffusion
can replenish it.  Oxygen can also be delivered to the rhizosphere via bulk flow in the form of
dissolved oxygen in water during irrigation.  While it had generally been thought that diffusion
through the air-spaces in the substrate was the most important vehicle for oxygen delivery, it
now seems that the primary method of oxygen delivery in hydroponically grown crops is through
the dissolved oxygen in the irrigation solution.  With this in mind, a grower may see greater
benefits to their crops by irrigating more frequently throughout the day. 

To avoid over-fertigating and hypoxia, there must be a way to maintain the root zone oxygen
concentrations at normoxic levels for longer periods of time.   This  report discusses two
attempts at maintaining normoxic levels in the growing media of hydroponically grown
Chrysanthemums for extended time. Chrysamthemum was used in this study because it can be
grown very rapidly so that we can learn things about the mechanisms more rapidly than with
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other cut-flower varieties. Once we have established the principles, these will be confirmed for
roses (and perhaps other hydroponically-grown flowers).

The first attempt was to increase the concentration of oxygen in the nutrient solution at the
beginning of the fertigation.  A commercial unit for elevating O2 concentration above saturation
was explored, but we found that we could accomplish the same effect by using standard
carbonation equipment (as used in production of carbonated beverages - except to use air rather
than CO2). Fortunately we had the necessary equipment for this purpose readily at hand. Thus we
found that pressurizing the nutrient solution with ambient air forces more oxygen into solution. 
Using pressurized nutrient solution, we were able to irrigate the plants with a higher initial
concentration of oxygen.

Another method investigated in this part of the research used of H2O2 (hydrogen peroxide) in the
nutrient solution to maintain higher concentrations of oxygen.  The breakdown of H2O2 is as
follows:  2 H2O2  2 H20 + O2.   Since the products of the breakdown of H2O2 are two molecules
that plant roots need, it makes sense that this process could be beneficial to the plant. It should
however be noted that hydrogen peroxide is also commonly used for disinfection, so that
attention needed to be paid to maintaining concentrations that would not be phytotoxic. 

Materials and Methods:  54 Chrysanthemums plants were grown in 1-gallon pots with two
plants in each.  There were 3 irrigation treatments (half-strength Hoagland nutrient solution,
half-strength Hoagland solution with 35 ppm H2O2, and pressurized half-strength Hoagland
solution; these three treatments were designated as NS, H2O2 and, PNS, respectively).  There
were also 3 growing medium treatments used (coir, degraded coir, and UC Mix; designated here
as NC, DC, and UC, respectively).  The degraded coir was used because we know that it is a
growing media that provided little air porosity. We used an autoclave to speed up the
degradation process and to assure the material was free of pathogen that might affect the
experiment.  Each pot was irrigated with the respective irrigation treatment once a day and then
twice a day after 4 weeks of growth.  Each irrigation was 400 ml.  To measure the growth in a
nondestructive manner while the crops were growing, each plant’s height, leaf number, leaf
length and leaf width was measured and recorded.  After 8 weeks the plants are measured for
shoot fresh and dry weights.

During some of the irrigations, the oxygen concentration was measured in the growing media.
An Ocean Optics FOXY oxygen sensor was used to measure the oxygen concentrations and
temperature at both the top and bottom of the pots.  

This equipment was also used to measure dissolved oxygen concentration, [DO], in pure
hydroponic culture growing roses, Rosa hybrida ‘Kardinal’.  These roses were grown in 2-liter
containers.  The data from these experiments are being used as preliminary work for developing
a model to correlate root biomass and root temperature to oxygen consumption.

Results  This experiment showed that Chrysanthemums growing in UC Mix  and irrigated with
normal nutrient solution seemed to fare the best.  They had significantly larger fresh and dry
weights (Figure 9, Table 1).  The mums subjected to the different irrigation treatments showed
no significant difference in biomass among them.
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Table 1 Mean dry and fresh weights with respective significant grouping.
Fresh Weight Dry Weight 

 Treatment  Means (g)  Group  Treatment  Means (g)  Group
UCNS 80.700 A          UCNS 12.411   A  

NCPNS 76.184  A        B UC 11.559  A        B
UC 75.109  A        B UCPNS 11.244  A        B

UCH2O2 73.184  A        B UCH2O2 11.023  A        B
NC 73.141  A        B PNS 10.963  A        B

NCH2O2 73.041  A        B NS 10.882  A        B
PNS 72.300  A        B DCPNS 10.866  A        B
NS 72.902  A        B NCPNS 10.780  A        B

UCPNS 71.393  A        B NCH2O2 10.552  A        B
H2O2 71.190  A        B H2O2 10.542  A        B
NCNS 70.197  A        B NC 10.476  A        B

DCPNS 69.322  A        B DC 10.351  A        B
DC 68.142            B DCNS 10.138            B

DCNS 67.809            B NCNS 10.096            B
DCH2O2 67.295            B DCH2O2 10.050            B

The data show that UC Mix provides the best growing media for Chrysanthemums in this
experiment, but further experiments are needed to separate the effects more conclusively.

The use of the FOXY oxygen
sensor to measure the rate of
oxygen uptake by rose roots
in hydroponics solution
showed that using
pressurized nutrient solution
increases the time before
hypoxia is reached.  Rose
plants  take anywhere from 8
to 20 hours (Figure 10) to
deplete the oxygen
concentration to below 3 ppm
when supersaturated oxygen
concentrations are used. 
When nutrient solution that is
saturated with oxygen is used
to measure the length of time
until the solution becomes
hypoxic, it can take 2 hours
to reach 3 ppm.  
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Figure 9.  Mean dry and fresh weights with standard error bars
among the treatments.
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Figure 10.  Measured [DO] of supersaturated nutrient solution
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Figure 11.  Oxygen concentrations measured at top and bottom of a pot with 2 mums in coir.
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Discussion   Figures11 and 12 show the dissolved root zone oxygen concentrations when
irrigated with nutrient solution without modification (Fig 11) and with 35 ppm H2O2 (Fig 12). 
Figure 12 shows that the [DO] at the top the of pot barely dips below 4 ppm, while the plot of
[DO] from Figure 11 shows a sharp decrease from saturation to below 1 ppm.  Although the coir
treated with 35 ppm H2O2 did not show hypoxic levels of oxygen, the results from the biomass
accumulation of Chrysanthemums experiment showed that treating mums with H2O2 solutions do
not seem to significantly affect their growth.  This could be explained by the fact that H2O2 acts
as an oxidant, which can be both good and bad.  Its strong oxidizing ability allows H2O2 to
sanitize the growing media; however, it can also oxidize reduced forms of iron, Fe2+, as
described by the Fenton reaction:  H2O2 + Fe2+  Fe3+ + OH- + OHA

Although there may be plenty of iron available in the growing media, it may be in unavailable
forms.  This is possibly why the mums treated with H2O2 did not show an increase in size even
when coupled with the positive effects of the UC Mix.  Future studies are planned to increase the
concentration of iron in both chelated and ionic forms to overcome this possible iron deficiency
in the presence of H2O2.

The data show that the treatments with UC Mix fared the best when it came to biomass
accumulation.  This is possibly due to the UC Mix’s ability to retain water better, while coir
could maintain suitable water levels for the mums.  More trials are currently being done to test
this theory.

Although pressurized nutrient solution does provide an increased initial concentration of O2
when it is used as irrigation water, it did not have any effect on biomass accumulation in mums. 
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Figure 12.   Oxygen concentrations measured at top and bottom of a pot with 2 mums in coir
after irrigation with 35 ppm H2O2 nutrient solution.
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This can be explained by using a carbonated beverage as an analogy.  When the pressure on the
beverage is released (by opening the can or bottle) bubbles form in the liquid on the surface of
the can.  Wherever there is surface area exposed to the supersaturated beer or nutrient solution,
gases will come out of solution and form gas bubbles.  When pressurized nutrient solution is
applied to coir or UC Mix, there is a tremendous amount of surface area exposed to the
supersaturated solution.  Although this surface area may provide a great benefit to the plants in
that it provides nutrient and water storage, it also provides enough surface area for practically all
of the oxygen to come out of solution before the liquid can penetrated into the root zone.  When
pressurized nutrient solution is poured onto growing media, the gases coming off can actually be
seen with the naked eye.  Therefore, pressurized nutrient solution may be helpful if plants are
growing in stagnant nutrient solution, but when a growing medium is involved, the oxygen
comes out of solution quicker than the roots of the plant can use it. On the other hand,
supersaturation would assure that the irrigation solution in the rootzone has the highest possible
level of dissolved oxygen.

When plants are grown in pure hydroponics without stirring or bubbling, the oxygen
concentration can become a limiting factor within 2 hours.  Using pressurized nutrient solution
however, will increase the initial reservoir of oxygen dissolved in solution and allow for a longer
period of time before oxygen concentrations in the root zone become a limiting factor.  Figure 10
shows that using supersaturated nutrient solution allowed between 8 and 20 hours before the
solution became hypoxic.  The large variation in the length of time is due to differences in light
and root temperature. 

The oxygen sensor was used to measure oxygen concentrations at the top and bottom of the pots
of mums treated with either nutrient solution or nutrient solution with 35 ppm H2O2 (Figs. 11 and
12).  The nutrient solution with H2O2 showed that the initial decrease in oxygen concentration in
the root zone was not as drastic as it was when just nutrient solution was used.  This is most
easily explained by the addition of O2 to the growing medium from the breakdown of H2O2 into
H2O and O2.  In both figures after the initial dips in [DO], the O2 concentrations increase.  This is
because the growing media are drying, and the air porosity is increasing.  The figures show how
quickly oxygen can diffuse through the soil when it is not hindered by having to diffuse through
nutrient solution.  It is seen in both plots that the dissolved oxygen concentration at the bottom of
the pot seems to lag behind the concentration at the top.  This makes sense when the top
decreases in [DO] quicker than the bottom because the roots are thicker in density at this level of
the growing medium.  There seems to be a lag in the secondary increase in oxygen concentration
at the bottom of the pot when compared with the top.  This can be explained by the fact that
water is removed more quickly from the top than the bottom.  This provides air space for
atmospheric oxygen to diffuse back into the growing media.  The bottom of the profile of the
growing medium will naturally be more saturated with nutrient solution than the top providing
more resistance to oxygen returning to the soil.
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Third year report – Israeli part 
Submitted by  

Michael Raviv*, Hamam Ziadna and Shlomit Medina 

Agricultural Research Organization, Newe Ya’ar Research Center, Dept. of 

Ornamental Horticulture, P.O. Box 1021, Ramat Yishay, Israel. 
* E-mail: mraviv@volcani.agri.gov.il  

 

Introduction 

The Work Plan of the Israeli side for the third year stated: "During this year 

the subject of dissolved oxygen (DO) concentration in the rhizosphere will be 

studied, in relation to varying temperatures. The interaction between rhizosphere 

temperature and DO will be tested as to its effect on root respiration rate, plant 

growth and calorespirometric responses of the growing organs. The collected 

data will serve for modeling purposes by the UC Davis group."  

In addition to these tasks we also had to complete the delayed experiment, 

originally planned for the second year. This was due to the set-back that was 

described in the first report, and a major spider mite attack that happened during 

the second year: "During this year the subject of dissolved oxygen (DO) 

concentration in the rhizosphere will be studied at constant temperature. The 

same hydroponic systems will be used, at different circulation speeds. The 

circulation speed determines DO level. We will maintain various levels of DO 

and will test their effect on both growth and calorespirometric response of the 

above three organs". The extended period provided by BARD, enabled us to 

complete the planned experiments for both years.   

 

Materials and methods 

a. Dissolved oxygen effects under constant temperature  

The cultivar in this experiment was Respect™ grafted onto R. indica. The 

plants, purchased from a commercial nursery, were planted in the hydroponic 

systems on 12.8.2003. The solution temperature was set at 20°C for all units. This 

experiment was initiated, after an adaptation period, on 19.10.2003 and was 

terminated on 25.4.2004. A dissolved oxygen sensing and controlling unit was 

installed. It is based on 8 multi-log-S 8/8 DO sensors, hooked to a computer 
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through a datalogger. Both sensors and data loggers were manufactured by Oxy 

Guard, Denmark. Data were recorded every 5 minutes, reflecting the average 

value for this period. Oxygen dissolution into the water was enhanced by the 

operation of spinners (“Rainforest”, General Hydroponics, USA). Once roots 

were active enough to consume a significant amount of oxygen, the systems were 

set to maintain a wide range of DO concentrations. All other procedures were 

identical to those described in the previous report. Typical one-day measured DO 

levels are shown in Figure 1, demonstrating our ability to control the pre-

determined DO levels within a reasonable level of accuracy. 

Figure 1: Dissolved Oxygen concentrations in controlled hydroponic systems
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Due to failures in some of the systems during latter stages of the experiment, 

we can present reliable results based only on 5 different DO levels (expressed as 

saturation percentages): 40, 49, 59, 76 and 89%. These values are averages for 

the whole duration of the experiments. Deviations from these levels were within 

the limit of ±4%. The results of the rose growing experiments could not be 

subjected to an analysis of variance, as only one unit served per each DO 

treatment. Due to time limitation only root tips and leaflets (but not buds) were 

used for the calorespirometric measurements.  

 

b. DO-temperature interaction 

The experiment was done in the above-described systems. Rose plants, cv. 

Golden Gate™ grafted onto R. indica (CV. Sharon) rootstocks, were planted at 
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the beginning of May 2004. This experiment was initiated, after an adaptation 

period, on 24.7.2004 and was terminated on 2.5.2005. Temperature setpoints 

were 21 and 28°C, each for 4 systems. No rigid DO setpoints were dictated. 

Instead, the spinners were left idle in 2 systems per temperature setpoint and were 

constantly operating in the other 2 systems per temperature setpoint. This resulted 

in a range of 0-17% (average of 8%) DO in the non-aerated systems and of 64-

82% (average of 75%) for the aerated ones. In each treatment we had 28 plants, 

planted in two hydroponic units. Here, again, no analysis of variance could be 

done.  

c. Calorespirometric measurements  

We could not find previous work where calorespirometric response of 

excised root tips was measured; therefore experimental methods were the focus 

of initial experiments and yielded the following procedure: the amount of plant 

material per ampoule required for satisfactory calorimetric readings was about 6-

9 root sections, having a length of 8-9 mm from the apex upwards, fresh weight 

of ~ 70 mg and dry weight of ~3.0 mg. This amount of fresh plant material 

required higher water amount in the ampoule, to sustain optimal physiological 

condition, than was normally used. The amount we determined as optimal was 

150 µL. We found that it was important to keep the root submersed in water from 

the sampling moment, until the start of the measurement. The order of 

measurement activities were as follows: first the roots alone, than with a CO2 trap 

(small container holding 40µL of 0.4 N NaOH solution and then again the roots 

alone. The average of the readings taken when the roots were alone in the 

ampoule served as the q value. The measurements were performed under 

isothermal mode, at the same temperature in which each sample was grown.  The 

specific growth rate (RSG∆HB) was calculated by subtracting the metabolic heat rate (q) 

from the respiration rate (RCO2) 
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Results 

a. Dissolved oxygen effects under constant temperature  

Representative rose plant responses to the different DO levels are shown in 

Figures 2-4. Total DM produced as a function of solution DO is shown in Figure 

2.  

Figure 2: Dry mass (DM) produced per plant, as a function of solution DO. 
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DM accumulation reached maximal values at 75-80% DO. This is in 

agreement with previous findings (Soffer and Burger, 1988). Number of flowers 

produced, as a function of solution DO is shown in Figure 3.  
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Figure 3: Average number of flowers produced per plant, as a function of 

solution DO. 
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Photosynthates allocation into flower stems was less sensitive to DO levels 

and reached optimum in the range of 60-75%, under the tested conditions.  

No clear effect of DO on RSG of rose leaflets could be found (data not 

shown). However, root RSG was positively affected by the solution DO, as can 

be seen in Figure 4.  
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Figure 4: Root RSG as a function of solution DO.  
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It can therefore be concluded that the effect of solution DO on biomass 

production can be predicted based on its effect on root RSG.  

 

b. DO-temperature interaction 

Representative rose plant responses to the different combinations of DO's 

and temperatures are shown in Figures 5-7. Total DM produced is shown in 

Figure 5. 
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Figure 5: Dry mass (DM) produced per plant, as a function of solution DO 

and temperature. Treatment definitions: LT, HT – low and high temperature, 

respectively; LDO, HDO - low and high DO, respectively. 

High T

Low T

High DO

Low DO
0

20

40

60

80

100

120

B
iom

ass (gr/plant)

 
On average, plants grown in high DO levels produced ~33% more biomass 

than those grown in low DO. It appears that an interaction does exist between DO 

level and temperature. Apparently, the lower root respiration rate under low 

temperatures enabled plants to perform better even at low DO levels, while the 

reverse was true under supra-optimal temperatures. The combined effect of 

temperature and solution DO is shown in Figure 6.  
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Figure 6: Average number of flowers produced per plant, as a function of 

solution DO and temperature. Treatment definitions: LT, HT – low and high 

temperature, respectively; LDO, HDO - low and high DO, respectively. 
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In this case photosynthate allocation into flower stems followed closely the 

trends that characterized biomass production, as can be judged by the high 

correlation coefficient (r=0.9862) that exists between these two parameters.  

Extensive calorespirometric measurements of roots, leaflets and buds (an 

average of 21 replicates per treatment) were conducted. The results appear in 

Figure 7.  

 

 

BARD #US-3240-01 Appendix A-6
Page 8 of 10



Figure 7: Leaflet, bud and root RSG values, as a function of solution 

temperature and DO.  
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 The presented results reveal a weak positive relation between temperature 

and leaflet RSG while, as in the previous case, DO had no effect on this 

parameter. However, bud-, and especially root RSG showed positive response to 

DO and, as for biomass, a negative interaction between solution temperature and 

DO effects on root RSG can be seen.    

 

Conclusions 

The hypotheses of the research were:  

1. Improvements in the rhizosphere (particularly in relation to DO concentration 

and temperature) can lead to substantial increases in crop productivity.  

2. Calorimetry provides an accurate estimate for potential root growth. Thus, the 

use of microcalorimetry should greatly enhance our ability to develop models 

since we can describe actual growth as a fraction of potential growth attributed 

to non-optimal variables.  

It can be stated that both hypotheses were confirmed, and that calorimetry is 

a useful tool in predicting potential root growth.  
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Rose leaflets and root potential growth as quantified with 
calorimetry 

 
Dave Burger, Amul Purohit, Heiner Lieth 

Plant Sciences, University of California, Davis, California, USA 

 

This report describes unpublished data from the calorimetric portion of the project. 

Calorespirometric Response of Rose Leaflet Discs to Soil Moisture Tension 

Materials and Methods 

Cuttings of Rosa hybrida cv. Kardinal,  ‘Kardinal’ splice-grafted onto a rootstock Rosa 

hybrida cv. Natal Briar and rootstock ‘Natal Briar’ were prepared and planted after a dip 

in rooting  powder (0.3% Indole-3-butyric acid, Hormodin 2, Merck Chemical Division, 

Germany).  Cuttings were planted in UC mix (41.7% fir bark, 33.3% peat, 25% sand; 

83.5% total porosity, 73.3% volumetric moisture content, 10.2% air-filled porosity, 0.38 

g cm-3 bulk density) contained in 5 cm x 5 cm cellpacks and were laid under intermittent 

mist on a propagation bench for two weeks.  The rooted cuttings of all three plant types 

were taken out of the misting bench, transplanted into 15-cm pots and moved to a 

greenhouse bench.  Plants were irrigated daily with a half-strength Hoagland solution 

until the start of each soil moisture experiment.  At the beginning of each soil moisture 

experiment plants were hand-watered to container capacity and soil moisture tensions 

measured by tensiometers fitted with pressure transducers.  The containers were then 

allowed to dry out on their own and as they did the tensiometers showed increases in soil 

moisture tension.  Rose leaflet samples were taken at random intervals during this dry-

down period while the soil moisture tension ranged from ~1 kPa to ~15 kPa.  When each 
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leaflet sample was taken the tension reading for the pot in which it was growing was 

recorded.  Leaflets were rapidly transferred to the calorimeter ampoules, one leaflet per 

ampoule.   Metabolic heat production rate 

(q) and CO2 evolution (RCO2) were 

measured using a differential scanning 

micro calorimeter (Calorimetry Sciences 

Corp.) at 25°C.  After measurement, 

tissue dry weights were measured after 

overnight drying in an 80°C vacuum (15 

in Hg) oven (Model 5831, Napco, 

Precision Co, Virginia, USA). 

 

Results and Discussion 

Metabolic heat production and CO2 

evolution by leaflets did not show any 

consistent trend for any of the rose plant 

combinations (Kardinal on its own roots, 

Kardinal grafted onto Natal Briar, Natal 

Briar on its own roots). (Figs. 1-3).   

 

This result is contradictory to Raviv et al. 

(2001) who reported decreasing 

metabolic heat production, CO2 evolution 
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Fig. 2: Natal Briar calorimetric response to soil water potential
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and growth potential by leaflets with decreasing soil water potential in ‘Kardinal’ rose. 

The reason for this contradiction is not known at this time.  However, the only major 

difference between the work of Raviv et al. (2001) and the current work is the age and 

size of the plants used the experiments.  The plants used by Raviv et al. (2001) were old 

(more then 5 years old) and well-rooted in 3-gal containers.  The plants used in these 

experiments were much younger and still growing in 6-inch pots. 

 

Calorespirometric Response of Rose Leaflet Discs to Soil Moisture Tension 

In an effort to repeat the above experiments and two reduce the amount of variability in 

the data, leaflet discs were used instead of young, expanding leaflets.  

Materials and Methods 

The leaflet discs were taken from plants undergoing the same dry-down treatments as 

described earlier by the use of a handheld paper punch.  The resulting leaf discs from the 

newest fully expanded leaflet were 6.5 mm in diameter.  The dry-down experiment was 

only conducted on ‘Kardinal’.  As before, leaflet discs were harvested and immediately 

placed (5 per ampoule) into the calorimeter where metabolic heat rate (q) and respiration 

rate (RCO2) measurements were taken.   

Results and Discussion 

Like the young leaflets tested earlier, 

leaflet discs showed no relationship to 

increasing soil moisture tension levels 

between ~1 and 30 kPa (Fig. 4).  This 

result is, again, surprising in light of the 
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solid data that was collected and reported by Raviv et al. (2001).  The response of the 

leaflet discs was outstanding, coming rapidly to stable heat rate values for both q and 

RCO2.  Therefore, we are still unable to explain the lack of response. 

 

Calorespirometric Response of Rose Root Sections to Temperature 

Theoretical Background 

Hansen et al. (1997) proposed a thermodynamic model relating plant metabolism to 

growth rate and environmental responses.   

RSG∆HB = RCO2 (1-γp/4) ∆HO2- q 

Where, RSG is the specific growth rate (in moles of C/time/mass, ∆HB is the enthalpy 

change for conversion of substrate C to biomass C (in kJ/mole C), RCO2 is the specific 

respiration rate (in moles CO2/time/mass), γp is the average oxidation state of substrate 

(carbohydrate = 0), ∆HO2 is Thornton’s constant (-455 kJ/mole O2) and q is the metabolic 

heat rate (in kJ/time).  If one assumes carbohydrate to be the respiratory substrate the 

equation simplifies to: 

RSG∆HB = 455RCO2 – q 

RSG∆HB is then a predicted measure of growth rate in terms of the rate of storage of 

chemical energy in structural biomass (with units of µJ/sec/mg) and RCO2 and q are 

quantities easily obtained from simple measurements in a microcalorimeter.  Therefore, 

measures of RCO2 and q under varying environmental conditions (e.g. temperature) could 

be used to predict optimum growth rates.  Using the above equation it can be seen that 

when the difference between 455RCO2 and q is greatest the predicted growth rate is 
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greatest.  This relationship forms the basis for our work with microcalorimetry trying to 

find the optimum temperature for root growth. 

Materials and Methods 

Freshly obtained Rosa × hybrida cv. Natal Briar cuttings were rooted in UC mix (1:1:1 

peat moss:sand:redwood sawdust, by volume) for four weeks prior to utilizing them for 

each root zone temperature regime of 10, 15, 17.5, 20, 25 and 30° C, respectively.  The 

controlled root zone temperature environment apparatus was set-up according to the 

following procedures: 

Root zone controlled apparatus construction (Fig. 5): 

Fig 5:  Root zone controlled temperature apparatus in growth chamber. 

A large 51 cm diameter outside 
insulating container filled with 
loose vermiculite 

Reflective insulating 
foam cap

Neslab (model RTE-
111) temperature 
controlled water bath

Insulated circulating 
tubes (in and out tubes) 

Constant fertilizer feeding 
tubes temperature-adjusted 
in water bath

Constant feed half-
strength Hoagland 
solution fertilizer 
tap (computer 
controlled solenoid 
valve) 

Plain water tap feed 
tube passed through 
an external cool 
water tank to 
stabilize temperature
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There were two large containers selected for this apparatus.  The inner container, 31 cm 

diameter x 29 cm tall (Nursery Supplies, 5 gal container from McConkey Co., Stockton, 

CA), contained six evenly spaced “Cone-tainers” (model#RCL-4, Stuewe & Sons, 

Corvallis, Oregon).  On the inside periphery of this container, from the drain hole up to 

the top edge, a sufficiently long clear PVC tubing 3/8” (0.9525 cm) ID x ½” (1.27 cm) 

OD (Nalgene # 8000-9120) was encircled in such a way that it covered the entire inner 

surface of the container.  The temperature controlled water (through a water bath) was 

continuously circulated through this tubing.  The “cone-tainers” were supported by #200 

grit fine sand.  One rooted rose was grown in fleece (sold as “Sawagrow”, Sandler GmbH 

& Co., Schwarzenbach/Saale, Germany) in each “Cone-tainer”.  The entire inner 

container was inserted into the outer container (~51 cm diameter x 46 cm height) 

containing at least 15 cm of vermiculite on the bottom and side area for insulation and for 

maintaining proper temperature.  Six ~5 cm diameter long holes were cut on the top 

reflective insulating Styrofoam cover for plant growth and root extraction for calorimetry 

sample taking.  

Each plant growing in the “cone-tainers” was irrigated with a half-strength Hoagland 

solution (~45 ml/hour for 14 hours) via insulating tubes passed through the water bath 

(Neslab Model RTE-111).   In order to distribute temperature evenly between the 

growing containers with the desired set temperature of the inner water circulating tubes, 

the sand was kept moist by cooled tap water three times per 24 hour cycle.  The entire 

apparatus was placed in the growth chamber with 25° C day and 23° C night temperature 

with 14 hours of HID at 250 µmoles m-2 s-1.  

BARD #US-3240-01 Appendix A-7
Page 6 of 8



Burger, Purohit & Lieth  Page 7 of 8 

For every root zone temperature regime, freshly rooted plants were grown for at least 12 

days before taking root samples.   

For calorespirometric measurements, 1-cm apical root sections were harvested from 

plants growing in the root zone controlled temperature apparatus and immediately (within 

5 minutes) placed into the calorimeter.  Rates of heat production (q, µJ·s-1·mg-1 DM) and 

CO2 evolution (RCO2, nmol·s-1·mg-1 DM or) were simultaneously measured on a CSC 

Model 4100 differential scanning calorimeter (Calorimetry Sciences Corporation, Provo, 

UT) operating in isothermal mode.  The calorimeter had four removable ampoules, three 

of which were used for simultaneous measurements of heat production rates, with the 

remaining empty ampoule used as a reference (Stoutemeyer and Burger, 1998).  Rates of 

CO2 evolution were determined using a small container filled with 40 µL of 0.4 M NaOH 

that was inserted into the ampoule to absorb CO2 produced by respiring roots. The heat of 

the exothermic reaction between CO2 and NaOH was used to estimate RCO2 (Stoutemeyer 

and Burger, 1998). For each calorimetric ampoule, 6 newly formed 1-cm long root 

samples were taken.  There were at least 21 replications taken for each temperature 

regime.  Results of calorimetric analysis were expressed on a dry mass basis.  The values 

for q and RCO2 were used to calculate RSG∆HB which is the specific growth rate expressed 

as the rate of storage of chemical energy in structural biomass.  Another way to look at 

this is that RSG∆HB is the potential growth rate at any given temperature. 
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Fig. 6: Metabolic heat rate (q), respiration rate (RCO2) and Specific Growth 
Rate (RSGdHB) for ‘Kardinal’ root sections measured at 25C 

 

Results and Discussion 

Values for q and 455RCO2 can be seen in Fig. 6.  The metabolic heat rate, q, increased 

with temperature between 10 and 30°C, as expected.  The respiration rate, RCO2, start low 

at 10°C reaching a peak at 17.5°C and then decreasing to another low at 30°C.  For the 

temperatures examined, the difference between RCO2 and q (RSG∆HB) was greatest at 

17.5°C.  RSG∆HB values at 15 and 25°C were much lower than those at 17.5 and 20°C. 

Based on these findings, we predict that Rosa × hybrida cv. Natal Briar roots grow best 

and most efficient around 17.5 to 20°C.   
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Abstract 
 Regulations increasingly limit the water run-off allowed from agricultural 
facilities.  A better understanding of appropriate irrigation and fertilization regimes 
are needed to comply with these regulations.  The objectives of this project were to 
determine how macronutrient absorption by roses varies in relationship to growth of 
new flower stems and test whether an existing mathematical model is suitable for 
describing nitrogen and potassium uptake across a crop cycle.  Absorption from the 
root zone of ammonium (NH4

+), nitrate (N03
-), potassium (K+), calcium (Ca2+), and 

magnesium (Mg2+) by rose plants (Rosa hybrida ‘Kardinal’) were measured during 
three crop cycles.  Following a harvest, the rate of total nitrogen (N) uptake 
decreased to 0.15 mM·d-1•g-1 harvested dry weight (HDW) where it remained for the 
first five days, decreased during days 8-10, and then increased in synchrony with 
flower stem elongation.  K+ uptake rates gradually declined for the first 12 days 
following a harvest cycle, then increased in synchrony with stem elongation to 
maximum uptake rates of 0.05 to 0.09 mM•d-1•g-1 HDW as stems reached maturity.  
Prior to harvest, the rate of Ca2+ uptake decreased and remained low until day 7 of 
the new cycle (appearance of new shoots), then increased until just prior to stem 
maturity. Mg2+ uptake rate increased in synchrony with stem elongation and then 
decreased just prior to harvest.  Simulations of the N/K+ model accurately predicted 
the increase in N and K+ uptake rates beginning around day 10-12 and proceeding 
until harvest as well as the drop in N and K+ uptake occurring at harvest.  The 
simulation does not predict the somewhat sustained uptake rates for the first 7-10 
days following harvest and the decline in uptake during early stem elongation. The 
most likely reason for the discrepancy is that the model does not yet have 
mechanisms for handling redistribution of these nutrients from perennial tissues to 
new growing shoots or account for changes in root growth across a crop cycle.   
 
INTRODUCTION 
Nutrient use 
 Current management practices of field, greenhouse, and nursery crops generally 
use luxuriant amounts of fertilizers in relation to the amount actually consumed by the 
crops.  In intensely managed systems, such as greenhouse crops, excessive fertilization 
can lead to greater than 2,000 kg of nitrogen (N) leached per hectare per year (Cabrera et 
al., 1993).  Government regulations are increasingly regulating such run-off.  To comply 
with these regulations, greenhouse and nursery growers need to optimize the fertilizer 
application rates and/or develop closed irrigation systems.  This requires a greater 
understanding of the nutrient supply necessary for crop production. 
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 Cut flower rose production typically uses hydroponics where soil-less substrate is 
kept moist through irrigation several times a day with a nutrient solution.  Roses are 
valuable for studying dynamics of nutrient uptake, storage, and remobilization in woody 
crops as they exhibit many flushes of vegetative growth every year, coinciding with 
flushes of flower shoot growth (Cabrera et al., 1995a).  
 Most of the work with nutrient uptake in roses has focused on N03

-; less 
information is available on uptake of the other macronutrients.  Cabrera et al. (1995a) 
reported N03

- absorption of Rosa hybrida ‘Royalty’ over seven flower shoot growth 
cycles (393 days) and PO4

3-, K+, Ca2+ and Mg2+ over two crop cycles.   
An important concept in our work is the ratio of nutrient uptake to water 

consumption calculated as nutrient uptake per day divided by daily plant transpiration. 
This leads to our ability to calculate the concentration of nutrients sufficient for plant 
consumption that need to be provided during an irrigation event. In this way, if the 
supplied amount of water and nutrients are equal to the amounts required for transpiration 
and growth, then there should be no build-up of nutrients in the container or result in 
excess losses of nutrients (i.e. the proportion of nutrients to water taken up is similar). 
While such an approach would be applicable in soil-less production, it may not be 
applicable in soil where higher concentrations of nutrients may be required to overcome 
limitations to diffusion and mass flow (Cabrera et al., 1993). If the irrigation solution is 
recycled and reused, then this approach can also be used to predict the nutrient 
composition of the solution in the containment reservoir following successive irrigations.  
 
Modeling nutrient absorption 

Bougoul et al. modeled Rosa hybrida ‘Sweet Promise’ transpiration and N03
- over 

4 days given light and temperature, but not across a growth cycle. Silberbush and Lieth 
(2004) developed mathematical models to predict N03

- and K+ uptake of Rosa hybrida 
‘Kardinal’ plants growing in solution culture across a growth cycle, where the ‘driving 
force’ for uptake is the growth of new flower shoots.  In the model, a logistic equation 
describes the growth of flower shoots (increase in dry weight and leaf surface area over 
time), while the other plant parts (roots, leaves and stems on the base of the plant) are 
assumed to have a constant dry weight (equilibrium between new growth and 
senescence).  Absorption of N03

- and K+ is expressed as Michaelis-Menten function:  
( )
( ) tRSA

CCK
CCJ

J
m

∆••
−+
−

=
min

minmax

     [1] 
where J is nutrient influx; Jmax, Km, C, and Cmin are Michaelis-Menten paramenters; RSA 
is the plant’s root surface area; and ∆t is the time-step of the simulation.  The plant’s 
relative demand for nitrogen and potassium is expressed by varying Jmax according to the 
plant’s current nutrient concentration and the current stage into a growth cycle. 
 The objectives of the current research were to determine how macronutrient 
absorption by roses varies in relationship to growth of new flower stems, and to test 
whether the existing mathematical model by Silberbush and Lieth (2004) is suitable for 
describing nitrogen and potassium uptake across a crop cycle. 
 
MATERIALS AND METHODS 

Eight eighteen-month old plants of Rosa hybrida ‘Kardinal’ (that were self rooted, 
i.e. no rootstock) were established in hydroponics units (solution culture) in a controlled 
environment chamber (20 hour photoperiod at 250 µmol·m-2·s-1 PAR with day 
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temperature of 25 °C and night temperature of 18 °C).  Each plant was pruned back to 
synchronize the growth stage.  To maintain uniformity, three flower stems were allowed 
grow on each plant; all other bud breaks were pinched off.  Each hydroponics unit 
contained 10 L of nutrient solution.  The nutrient solution was mixed to a concentration of 
11 mMol N03

-, 1.25 mMol PO4
3-, 1.25 mMol NH4

+, 4.5 mMol K+, 3.5 mMol Ca2+, 0.75 
mMol Mg2+, 1.0 mMol SO4

2-, and micronutrients according to Hoagland and Arnon 
(1950).  The nutrient solution was replaced once a week.  At the replacement time the pH 
of the new nutrient solution was adjusted to 6.0 with the addition of NaOH.   

From December 16th, 2003 till March 15, 2004 (i.e. three harvestable cut flower 
cycles) solution samples were taken from each container twice weekly.  At each 
sampling, the volume of the nutrient solution remaining was determined by weighing 
each unit and subtracting the weight of the empty container and the weight of the plant.  
Electrical conductivity (EC) and pH were recorded, and a 55 mL sample of the solution 
was taken.   

The samples were analyzed for total nitrogen, N03
-, and NH4

+ using the diffusion 
conductivity method; and for K+, Ca2+, Mg2+ with an ion atomic absorption 
spectrophotometer.  To equilibrate for some plants yielding a larger flower stem harvest 
(in grams of dry weight), calculated nutrient uptake rates (mMol·d-1) were divided by 
grams of flower stems harvested from each plant for each cycle.  Hence, the rate of 
nutrient uptake rate in this paper is reported in mM•d-1•g-1 harvested dry weight (HDW).   
 To compare predicted versus actual N03

- and K+ uptake; a simulation was set up 
using the equations and parameters as described by Silberbush and Lieth (2004) with the 
parameter modifications as described in table 1 to reflect the conditions of our 
experiment. 
 
RESULTS 
 The length of each crop cycle (i.e. the time from the previous harvest/cut back) 
until new flower shoots reached harvest was 29, 30, and 29 days for cycles one, two, and 
three, respectively. Following replacement of the nutrient solution the pH decreases by 
about 2.2 during the next seven days until another replacement occurs (Fig. 1).  During 
the first three to four days following replacement, the decrease in pH was greater than the 
decrease seen during the following three days.  Following a replacement of the nutrient 
solution, the electrical conductivity increases by 1-2 dS·m-1 in a linear fashion.  The 
greatest increases in EC correspond to dates with high transpiration rates as stems reach 
maturity (Fig. 1). 

Mean plant transpiration increased in synchrony with flower stem elongation for 
cycles one and three, and slightly ahead of stem elongation for cycle one (Fig. 1).  
Following harvest/cut back plant transpiration decreases rapidly from about 0.46 L·d-1 to 
about 0.2 L·d-1.  As new shoots appear around day seven, plant transpiration and total 
shoot length per plant increases in a logistic nature until harvest to 0.46 L•d-1and 95 cm•d-

1, respectively, at around day twenty-nine. 
 
Nutrient Absorption 

Following the harvest of flower stems, total N uptake of the plant remained 
constant for the first five days and then dropped to the lowest uptake levels at day seven, 
then increased until a peak was reached around day nineteen, followed by a sharp 
decrease at harvest (Fig. 2).  The N uptake cycles are somewhat out of synchrony between 
crop cycles: in cycles one and three the increase in stem length seems to lag behind N 
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uptake, whereas in cycle two the increase in N uptake lags behind the increase in stem 
length.  Note that for many nutrients, uptake values were greatest in cycle one and 
somewhat decreased in cycles two and three. NO3

- and NH4
+ uptake patterns were similar 

to those for total-N (Fig. 2). 
The highest rates of Ca2+ uptake precede flower stem maturation and harvest (Fig. 

3).  Just prior to harvest, Ca2+ uptake drops and remains low until about day seven of the 
new cycle (appearance of new shoots), then increases sharply until the peak uptake rate is 
reach prior to harvest.  

K+ uptake rates gradually decline for the first twelve days following a harvest 
cycle, and reach their lowest rates during early shoot elongation (Fig. 3).  Following early 
shoot development, the rate of K+ uptake increases in synchrony with stem elongation till 
maximum uptake rates of 0.05 to 0.09 mM•d-1•g-1 HDW.  Uptake rates decrease rapidly 
just prior to harvest. 

Mg2+ uptake during cycles two and three is erratic.  During cycle one, Mg2+ 
uptake increases in synchrony with stem elongation and then drops just prior to harvest 
(Fig. 3).  

The nutrient concentrations that would provide the adequate amounts required for 
plant consumption in our growth chamber experiments are presented in Table 2.  
 
Model Comparison 

Simulated N03
- uptake using the method described by Silberbush and Lieth (2004) 

accurately predicted the increase in N uptake rates beginning around day ten and 
proceeding until harvest as well as the drop in N occurring at harvest.  The model did not 
accurately predict the somewhat sustained rates of uptake during the first seven days of a 
crop cycle or the decrease in N uptake beginning seven days prior to flower stem harvest 
(Fig. 4).  The model simulations accurately predicted the increased rates of K+ uptake 
beginning at day thirteen and continuing until day twenty-five as well as the drop in K 
uptake occurring at harvest.  The simulation does not predict the sustained uptake rates 
for the first seven days following harvest and the decline in uptake to day thirteen.  
 
DISCUSSION 
Nutrient Absorption 
 Total nitrogen uptake corresponds well with results of Cabrera and Evans (1995) 
who found a similar oscillatory pattern.  In their nitrate uptake data over the course of a 
393 day experimental period the increase in N uptake was in synchrony with shoot 
elongation for four crop cycles, and lagged behind shoot elongation for three crop cycles.  
In our experiment, total N and NO3

- uptake occurred synchronous with stem growth for 
cycles one and three and lagged behind stem growth for cycle two.  NH4

- uptake also had 
an oscillatory pattern that lagged behind stem growth. 

The increase in K+ uptake and Mg2+ uptake rates also occurred synchronous with 
flower stem growth, while the increase in Ca2+ uptake rates occurred slightly ahead of 
stem growth.  The K+ and Mg2+ results corresponds well with data presented by Cabrera 
and Evans (1995) over two growth cycles; while in their cycles, Ca2+ uptake lagged 
behind stem growth. 

Current fertilization practices for commercially grown greenhouse roses often 
supply 150-200 ppm of nitrogen and potassium though liquid feeding (Cabrera et al., 
1993).  For the plants in our experiment, this high rate of fertilization would be required 
for five days during a thirty day cycle for N, and rates greater than 70 ppm were never 

BARD Project #US-3240-01
Page 4 of 8



 

required for K+.  Indeed, Cabrera et al., 1993 found no significant differences in dry 
weight yield or number of flowers harvest for rose plants grown with 77, 154, and 231 
ppm N.  The results of our experiment can help guide fertilization decisions for NH4

+, 
N03

-, K+, Ca2+ and Mg2+ based on crop growth stage.  If fertilization rates are adjusted 
periodically during a crop cycle, adequate amounts of nutrients can be continuously 
provided to plants while reducing the potential for run-off of excess nutrients.  
 
Model Comparison 

The predicted uptake of the Silberbush-Lieth model does not accurately reflect K 
and N absorption during an entire crop cycle, though the model does reasonably well 
during the period of increasing uptake for K and N.  Therefore, some of the model 
assumptions may not be suitable or the model may need to account for additional 
components.  These inaccuracies have provided motivation for further research.  The 
Silberbush-Lieth model assumes that root surface area is constant over the cropping cycle, 
but maximum root absorption ability changes.   

Another factor that needs to be accounted for is the capacity of older plant tissues 
(roots, old stems, old leaves) to store nutrients (phloem mobile nutrients such as N, K, and 
P) and redistribute these nutrients during growth of flowering shoots.  Cabrera et al. 
(1995b) found that N mobilized from older stems and leaves provided the majority of the 
N to the growing shoots during rapid flower stem elongation of roses; but as stems 
reached flower maturity, N uptake from the media provided N to the shoots and to 
replenish older tissues (Cabrera et al., 1995b).  Currently, no information is available on 
the size of K and P storage pools in roses.   

We are currently working on mathematical equations that extend the Silberbush-
Lieth model to one that takes into account nutrient demand, storage, and reallocation by 
perennial plant parts as well as the dynamic nature (change in dry mass over a crop cycle) 
of these perennial parts.  We are also conducting experiments to determine how root 
growth and activity of N, P, and K change across a growth cycle.   
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Tables 
 
Table 1. Parameter values given in Silberbush and Lieth (2004) that were adjusted for 

running a N03
- and K+ uptake simulation based on the current experiment. 

 
Parameter Silberbush and Lieth value current experiment value 
leaf area of plant base 1600 cm2 400 cm2 
root surface area 7841 cm2 5000 cm2 
number of flower shoots per 
plant 

5 flower stems 3 flower stems 

maximum leaf area per shoot 622 cm2 292 cm2 
maximum dry weight per shoot 10.9 g 5.1 g 
shoot age at harvest 37 days 28 days 
volume of nutrient solution 5 L 11 L 
solution [N03

-] 3 mM 11 mM 
solution [K+] 1 mM 4.5 mM 
 
 
Table 2.  Nutrient concentrations required in irrigation water (mMol·L-1) for rose plants in 

this experiment calculated as daily nutrient absorption divided by transpiration.  
Values are means across eight plants and three crop cycles. 

 
day [N] mMol [Ca] mMol [K] mMol [Mg] mMol 
0-5 6.80 0.72 1.29 0.15 
6-10 6.03 0.89 1.65 0.28 
11-15 7.33 0.92 0.65 0.28 
16-20 13.38 1.08 1.32 0.21 
21-25 6.16 1.10 1.80 0.22 
26-30 3.99 0.40 1.08 0.13 
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Figures 
 

 
Fig. 1.  Total flower stem length (cm), plant transpiration (L·d-1), pH and electrical 

conductivity of nutrient solution (EC in dS·m-1) (±SE).  Spikes in pH and EC 
represent weekly replenishment of the nutrient solution.  

 

 
Fig. 2. Mean plant uptake (±SE) of total nitrogen, NO3

--N, and NH4
+-N in mMol·d-1 g-1 

harvested dry weight (hdw); and mean total flower stem length (cm) across three crop 
cycles. 
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Fig. 3. Mean plant uptake (±SE) of Ca2+, K+, and Mg2+ in mMol·d-1 g-1 harvested dry 

weight; and mean total flower stem length (cm) across three crop cycles. 
 
 

 
Fig. 4. Measured and predicted N and K+ uptake. Actual values compiled from three crop 

cycles. Predicted values from the Silberbush-Lieth model; simulated as described in 
Table 1. 
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Abstract 
 
 All plants need oxygen in order to perform cellular respiration.  One place where plants 
absorb oxygen is in their roots.  Past research has shown that reducing the concentration of oxygen 
in the rootzone of hydroponically grown rose plants will compromise the plants’ ability to absorb 
nitrate and water, although this effect has not been quantified.  The objective of this research was to 
quantify the effects of varying oxygen concentrations in the rootzone on water and nitrate 
absorption rates.  We hypothesized that absorption rates would begin to be compromised at the 
point at which the oxygen concentration in the rootzone became a limiting factor on the plants’ 
ability to perform cellular respiration.  In this experiment, we have exposed hydroponically grown 
rose, Rosa hybrida ‘Kardinal’, plants to varying oxygen concentrations and measured the water and 
nitrate absorption rates of each plant.  Our results showed no noticeable correlation between water 
and nitrate absorption rates and rootzone oxygen concentration.  This is contrary to the results of 
past research and has led us to the conclusion that data at lower concentrations of oxygen must be 
gathered to demonstrate a critical oxygen concentration for water and nitrate absorption.  We expect 
that with data at lower oxygen concentrations a trend will become apparent, and the point at which 
the oxygen concentration in the rootzone becomes a limiting factor on the plants’ ability to perform 
cellular respiration will be able to be determined. 
 
INTRODUCTION 
  

 The commercial use of hydroponics as a means of growing both food and ornamental crops 
has gained increased support and popularity in recent years.  It was estimated that in 2000 the 
worldwide area of hydroponically grown agriculture was about 25,000 ha and is considered to still 
be growing rapidly (Jeong et al., 2001).  Growing plants in hydroponics enables commercial 
growers to produce marketable crops year round, even in unfavorable climates.  Hydroponics is also 
an efficient way of complying with many water pollution laws regarding the recirculation of 
nutrient solutions used in commercial crop growing.  

However, as hydroponics is still a relatively new method of growing commercial crops, the 
optimization of many of the techniques used is still being developed.  Currently, much research is 
being done to determine the optimal fertilization and irrigation (fertigation) schedules for plants.  
(Gislerod, 1988; Lieth and Burger, 1989; Newman et al., 1991; Brun et al., 1996; Blom and 
Papadopoulos, 1999; Chimonidou Pavlidou and Papadopoulos, 1999; Cerezo et al., 2001; Jeong et 
al., 2001; Lykas et al., 2001; Malorgio et al., 2001; Raviv et al., 2001; Jovicich et al., 2003; Venezia 
et al., 2003).  Research in this area focuses on finding the growing conditions that result in optimal 
water and nutrient usage in plants. 
 All plants require oxygen for aerobic cellular respiration.  Oxygen is required by plant roots 
to produce energy that is consumed by energy-requiring processes  Past research has shown that 
reducing the oxygen (O2) concentration in the rootzone will compromise the plant’s ability to 
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absorb both nitrate and water (Bradford and Hsiao, 1982; Smit and Stachowiak, 1988; Sojka, 1992; 
Morard and Silvestre, 1996; Kozlowski, 1997; Visser et al., 2003), but the concentration at which 
absorption rates begin to be compromised has not been determined.   
 To quantify the effects of oxygen concentrations in the rootzone, rose, Rosa hybrida 
‘Kardinal’, plants were subjected to varying root O2 concentrations.  Plants are exposed to normoxia 
(conditions where O2 is not a limiting factor on the plant’s ability to perform cellular respiration), 
hypoxia (the point at which O2 becomes a limiting factor), and anoxia (no O2 available for 
respiration).   
 The eventual application of this research will be to help commercial flower growers more 
efficiently manage their fertigation schedules.  Efficient management of irrigation and fertilization 
would help reduce the amount of water and nutrients which are currently wasted, thus making the 
commercial use of hydroponics more economical and better for the environment.     
  The objective of this paper is to quantify the effects of varying oxygen concentrations in the 
rootzone on the water and nitrate absorption rates of rose plants.   
 
MATERIALS AND METHODS 
 
Cultivation of Plants 
 Four six-month old rose, Rosa hybrida ‘Kardinal’, plants were grown from cuttings in pure 
hydroponics.  Each plant was grown in an 8-liter hydroponic unit filled with modified one-half 
Hoagland’s solution (Hoagland and Arnon, 1950).  The nutrient solution was changed three times 
per week to replenish absorbed nutrients.  Plants were grown in a growth chamber and received 
1200 micromoles of light from 1 a.m. until 4 p.m.  The temperature was maintained at 25C while 
the lights were on and 18C while the lights were off.  
Dissolved Oxygen Control 
 Each plant was subjected to a different concentration of oxygen in the nutrient solution in 
which it was growing.  These concentrations varied between .5 and 8 ppm.  No one plant was held 
at extreme low or high oxygen concentrations for an extended period of time.  Instead, the 
assignment of the oxygen concentration each plant received was changed three times each week on 
a rotating schedule. 
 The desired oxygen concentrations were programmed into a Campbell Scientific CR23X 
datalogger.  The datalogger continuously recorded the oxygen concentration of each pot and 
maintained the desired oxygen concentration by regulating the bubbling of air and nitrogen gas into 
the pot.  Nitrogen gas generated by a Balston HFX-1 nitrogen generator was bubbled through the 
nutrient solution to reduce the oxygen concentration of the pot.  Oxygen diffused down a 
concentration gradient into the bubbles of nitrogen and was carried to the surface and out of the 
solution by the bubbles.  Air was bubbled through the nutrient solution to raise the concentration of 
oxygen as oxygen tended to move out of the air bubbles and into the surrounding solution. 
 Kernco Instruments oxygen probes were used to constantly monitor the oxygen 
concentration in each hydroponic unit.  These readings were recorded by the datalogger and used to 
compare the actual oxygen concentration to the programmed target concentration level.  A water 
pump was placed in each container to move water over the oxygen probe and maintain accurate 
concentration readings.  The sensors were recalibrated using an Oxan 600 Oxygen Sensor. 
Nitrogen Analysis 
 Daily samples (approximately 60mL) were taken of the nutrient solution of each container.  
These samples were then analyzed using a Nitrogen Analyzer (rapid diffusion conductivity method; 
Carlson, 1986) to determine the amount of nitrate present in the solution.  From this, the amount of 
nitrate absorbed by each plant could be calculated using Equation 1 as shown on the following page. 
Equation 1. 
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Absorption = ([initial NO3
-] x initial volume) – ([final NO3

-] x final volume)        (1) 
The pH of each sample was taken using an Oakton pH meter during the sample analysis.  
Weights and Measurements 
 The amount of water absorbed by each plant was measured by taking daily weights of each 
container of nutrient solution.  We assume that the difference in these weights was due to water lost 
by transpiration.  The volume of water lost via transpiration was replaced with deionized water 
before samples were taken so that a known volume of 8 L could be used in calculating nitrate 
absorption.   
 The volume of each plant’s rootzone was measured by water displacement, and the fresh 
weight of the plant was taken daily as well.  These measurements were useful in determining the 
effect of varied oxygen concentrations on the overall health and growth of the plants. 
 
RESULTS 
 
Cultivation of Plants 
 All four plants grew during the experiment (i.e. fresh weight increased) (Figure 1).  The 
largest plant was plant 1.  The smallest plant was plant 2, and plants 3 and 4 were of intermediate 
size.  Plant 1 grew the most with an increase of about 40g of fresh weight. 
Water and Nitrate Absorption 
 Plants 1, 3, and 4 show no discernable trend in the relationship of water absorption rate to 
dissolved oxygen concentration (Figure 2).  Plant 2 shows a weak positive trend of increasing water 
absorption rate with increasing dissolved oxygen.   

Overall, there was no discernable correlation between dissolved oxygen levels and the 
nitrate absorption rate for plants 1, 3, and 4 (Figure 3).  Plant 2 may show a weak positive trend of 
increasing nitrate absorption rate with increasing dissolved oxygen if the outlying negative value is 
excluded.  We were unable to achieve [DO] lower than 2 ppm. 
 
DISCUSSION 
 
Cultivation of Plants 
 Throughout the experiment, the plants maintained good health:  two plants produced 
flowers, all of the plants produced new leaves, and the weight of each plant increased over the 
course of the experiment.  As seen in figure one, the weight of each plant followed the same 
cyclical pattern with an overall increasing trend.  This pattern is a result of the plants’ natural 
growth cycle.  Plants gain weight as new shoots and leaves are put forth and lose weight as flowers, 
leaves, and old roots senesce and fall off.  The leaves of the plants showed slight yellowish 
speckling, which may indicate low levels of nutrient deficiency. 
 Dissolved Oxygen Control  
 The oxygen sensors that monitored the dissolved oxygen concentration of the nutrient 
solutions are a new form of technology that has made this experiment possible.  In the past, sensors 
were very large and required the solution being monitored to pass through them, making it 
impossible to monitor the oxygen concentration of the rootzone.  Also, sensors in the past were 
incapable of sensing the low oxygen concentrations.     
Water and Nitrate Absorption 
 Our results do not indicate a consistent change in the plants’ ability to absorb water or 
nitrate at the dissolved oxygen concentrations achieved in this experiment.  We believe that these 
concentrations are not low enough to have a discernable impact on the plants’ ability to perform 
metabolism and absorb the necessary nutrients.  If data had been gathered from the dissolved 
oxygen concentration range of zero to three ppm, we predict a trend for reduced water and nitrate 
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absorption at lower oxygen concentrations would have emerged.  Therefore, we have concluded that 
the critical oxygen range (the range of oxygen concentration where oxygen begins to limit aerobic 
respiration) of roses may be lower than the dissolved oxygen levels of our experiment.  These 
results do show that roses are less responsive to oxygen stress than previously thought. 
 The results show a broad range of nitrate concentrations in the nutrient solutions.  To 
understand these results, the individual plants’ demand for nitrate must be taken into account when 
analyzing nitrate absorption rates.  A broad range of nitrate absorption rates is not unexpected for 
rose plants.  Nitrate uptake follows a cyclical pattern related to shoot development and harvest, and 
the rate of uptake can change as much as five-fold in a single cycle of flower shoot growth.   
Depending on what stage of the shoot development cycle the roses are at, more or less nitrate will 
be absorbed.  At certain stages in the cycle, effluxes of nitrate into the nutrient solution can also be 
expected (Cabrera et al, 1995).  
 The results presented in Figure 3 lead us to the conclusion that increased oxygen 
concentrations allow plants a greater capacity for nitrate uptake than low oxygen concentrations, but 
not all plants take advantage of this increased capacity.  Plant demand for nitrate can also explain 
this conclusion.  If a plant has some nitrate conserved in its tissues from previous absorption, the 
plant’s demand for nitrate will be low.  If this plant is then subjected to a high concentration of 
oxygen, the plant’s demand for nitrate will not be changed.  This would result in low nitrate uptake 
at a high oxygen concentration.  The same is true in the reverse.  If a plant has a high demand for 
nitrate, it will absorb as much as it can from the surrounding nutrient solution, even if the nutrient 
solution of the plant has a low concentration of oxygen.  This would result in relatively high nitrate 
uptake at a low concentration of oxygen.                   
 The outliers in Figure 3 are extreme positive and negative values.  These values do not 
correspond to the rates of nitrate absorption which would be predicted for rose plants of the sizes 
studied.  This suggests that the driving force behind nitrate absorption in this experiment was plant 
nitrate demand rather than oxygen availability, which further implies that roses are not as 
responsive to low oxygen concentrations as previously thought. 
Weights and Measurements 
 The original intention of this experiment was to calculate the plants’ rates of water and 
nitrate absorption in terms of amount absorbed per root volume per day.  This would account for the 
fact that plants with larger root systems have more surface area to absorb water and nutrients than 
plants with smaller root systems and thus would make the absorption rates of different plants 
comparable.  However, the volume of the plants’ roots fluctuated greatly from day to day as shown 
in Figure 4. 
 Because of this fluctuation, accounting for the volume of the roots does not make trends in 
the data any more apparent.  For this reason, the water and nitrate absorption rates were calculated 
without accounting for the volume of the roots.  It is likely that the observed fluctuation in root 
volume was a result of the lack of precision of the instrument used to measure the volume of the 
roots.   
Future Research 
 Since Rosa hybrida ‘Kardinal’ plants show little response to oxygen stress, studies 
comparing rose’s ability to cope with hypoxia to other horticultural plants are necessary.  Previous 
research has shown that oxygen stress has a severe impact on the growth of Chrysanthemums.  
Experiments scripted to be finished within the next year are designed to model the effects of oxygen 
stress on horticultural crops other than rose.  As more and more data concerning oxygen stress’ 
effects on rose growth and productivity is collected, it seems that rose is more resilient to hypoxia 
than previously thought.   
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Figure 1. Fresh weight of individual rose plants over time 
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Figure 2. Water absorption rate of rose plants in relationship to dissolved oxygen          
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Figure 3.  Nitrate absorption rates of rose plants in relationship to dissolved oxygen concentration 
       in the rootzone 
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Figure 4. Daily root volume of rose plants 
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