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Fig 1 Set up in Israel Fig 2 Rooting and growth in system

Fig 4 Flowering roses in the systemFig 3 Roses growing in Israeli system

Effects of Root Zone Temperature, Oxygen Concentration, and Moisture Content
on Actual versus Potential Growth of Greenhouse Crops

Heiner Lieth, Michael Raviv, David Burger, Hamam Ziadna and Shlomit Medina

Much of the first year has involved setting up equipment and plant growing
systems and initiating experimentation. We did have some major set-backs, particularly
at the Israeli site where a power outage resulted in the death or damage of a substantial
portion of the experimental plants. However, currently all work is progressing well.

Materials and Methods:

Israel 

In order to address the effects of temperature on plant growth, 9 hydroponic units
were constructed (Figs  1-3). Fourteen rose plants (CV Golden Gate, grafted on Rosa
indica CV. Sharon) were planted in each container. The plants are ca. 15.5 cm apart. 
 The plants were grown to full bloom (Fig  4). Each container is 93 x 63 cm in area, 34
cm in depth, has a capacity of 200 liters, of which 120 liters are filled with nutrient
solution. 
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The concentrations of the major ions in the nutrient solution are as follows:

Table 1: Ionic concentrations in the nutrient solutions
Ion Initial Concentration

(mmolc l-1)
Acceptable conc. range

(mmolc l-1) 
Actual Concentration

(mmolc l-1)
K+ 1.5 1.5-4.5 3.4
NH4

+ 1.5 0.5-1.5 0.7
Ca++ 6.0 5.0-8.0 7.0
Mg++ 2.0 1.0-4.0 3.8
NO3

- 9.0 8.0-12.0 9.7
PO4

-3 0.8 0.7-1.4 1.1

Potassium, ammonium and calcium were added as nitrates, magnesium as sulfate and
phosphate as phosphoric acid.  Microelements were added as chelates, according to the
levels of Hoagland solution. Solution volumes are adjusted 3 times a week with fresh
nutrient solution. pH is maintained in the range of 5.5-6.5 using either HNO3 or (much
more frequently) KOH. This resulted with K values that were much higher than the initial
levels but as acidification of the solution is a predictable phenomenon and the resulted
additional K input was taken into account, K concentration did not deviate from the
acceptable range. Ammonium undergoes oxidation (again, a predictable process),
resulting with a slight increase in nitrate concentration. Other changes resulted from
differences that exist among the solution’s composition and ionic specific uptake. In
future runs we will use somewhat lower Ca, Mg and P concentrations. At the very rare
events when EC went above 2.5 dS m-1, distilled water was added instead of nutrient
solution. Chemical analyses of the solutions are conducted monthly and solutions are
replaced whenever nutrient concentrations deviate from the predefined acceptable range.
Through November 2002 there has been no need to replace any of the solutions.  

The solution temperatures were controlled using cooling coils and/or heating
elements, immersed in the solutions. The setpoints were: 12, 14, 16, 18, 20, 22, 24, 26,
and 28°C ± 1°C. Repeated testing verified that the actual temperatures were controlled to
the required range and precision.

The nutrient solutions are aerated by “Rainforest” spinners (General Hydroponics,
USA). The spinners are operating constantly to ensure near-saturation levels of dissolved
oxygen (DO). DO levels were measured using Yellow Springs Dissolved Oxygen Meter,
YSI 58 (Yellow Springs, OH).

Planting was done on July 14, 2002. Initially, all systems were run at 20°C. The
experiment started on August, 26, 2002. At this time the various desired temperatures
set-points were applied. Three plants were sampled at starting date and at monthly
intervals thereafter for leaf area, fresh and dry weight and chemical analysis. The other
plants were pruned to a uniform height. 

In addition to the sampled plants, all otherwise removed plant material was
collected, and categorized as to leaves, stems and flower buds. This included harvested
flowers, pinched and deshooted plant parts. All weak shoots were bent and pinched and
only commercially acceptable flowers were left to bloom. Pinching and bending started
at Sept. 3, 2002 and first flowers were harvested at Sept. 17, 2002. 

The first 2 months of calorimetric work with the roots were devoted to
methodological issues such as amount of plant material per ampoule, relation between
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Fig 5. Rooting pattern in Israeli system
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Fig 6  Daily biomass produced and daily transpired water, as affected by
root temperatures, over the period 26Aug – 28.Nov.2002.

biomass and water volumes, conditions at which the detached roots are maintained until
the start of the measurement and order of NaOH insertion in the ampoules.

United States

A temperature-controlled root zone system was constructed for growing Rosa
indica ‘Odorata’ plants.  Terminal stem cuttings (18-20 cm long) from mature plants
were treated with 250 mM IBA, inserted into Oasis rooting cubes and rooted in aero-
hydroponic units (Ein Gedi System) containing deionized water.  Adventitious roots
formed in 10-12 days at 22-28 C in the greenhouse.  When roots began to emerge from
the Oasis the cuttings were placed in 3.8 cm diameter by 20.9 cm long Super Cell
(Stuewe and Sons, Inc.) containers containing #16 silica sand.  The plants in Super Cell
containers were placed in the temperature-controlled root zone system kept at a near-
constant temperature, irrigated twice daily with a half-Hoagland’s fertilizer solution. 
After 21 days at constant root temperature in a greenhouse kept at 22-28 C the plants
were removed from the sand medium and root
and shoot dry mass were determined.  

Research Results

Israel

Actual DO levels measured in the
systems, as well as saturation percentages,
were in the range of 6.1-12.3 ppm and 78-87%,
respectively. The lower levels appear in the
containers with high temperatures, probably
due to enhanced respiration of the root biomass
and lower oxygen solubility at higher
temperatures (Fig. 5) .
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As the growing containers are covered, we assume that all the withdrawn water is
lost through transpiration. The amount of daily biomass produced and daily transpired
water in the different systems is shown in Figure 6. 

Except for the short growing period that elapsed since the beginning of the
experiment we have no explanation for the lack of clear effect of root temperature on
either water consumed or biomass produced. The relation between water consumed and
biomass produced (water use efficiency, WUE) was in the range of 1.04 gr/L (24°C) and
1.53 gr/L (16°C) and showed no consistent trend. These values are relatively low for
closed systems (Raviv and Blom, 2001). These low WUE values can be ascribed to the
maximal water availability in all cases, which enabled uninterrupted transpiration at all
times and, indeed, luxury transpiration, expressed as guttation from hydathodes and from
cuts made by harvesting, pinching and deshooting. 

Number of flowers, their average length and weight are shown in Table 2.  

Table 2: Total number of flowers per hydroponic unit, their average length and
weight for the period Sept. 17-Nov. 28, 2002. 
Temperature (°C) Flowers Ave. length (cm) Ave. FW (gr.)

12 52 39 20
14 62 42 19
16 93 40 20
18 86 40 19
20 87 38 20
22 81 41 18
24 58 37 17
26 72 39 18
28 94 40 17

Occasional measurements of net photosynthesis, stomatal conductivity and
momentary transpiration showed no consistent trend that can be related to the root
temperature (data not shown).  

The amount of plant material per ampoule required for satisfactory calorimetric
readings are 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
requires higher water amount in the ampoule, to sustain optimal physiological condition,
than is normally used. The amount we determined as optimal is 150 :L. We found that it
is important to keep the root submersed in water from the sampling moment, until the
start of the measurement. The order of measurements activities are as follows: first the
roots alone, than with a CO2 trap, filled with NaOH and then again the roots alone. The
average of the readings taken when the roots are alone in the ampoule serves as the q
value. 

At this point in time, our experiment is still progressing and no solid conclusions
can be drawn. Two problems slowed down the work in Israel: (1) We had to design a
new tool, to serve as temperature-controlled hydroponic unit for our purposes. Finding an
expert that can build it according to our specifications took several months. The units are
working now to our full satisfaction. (2) We had to solve a variety of methodological
problems, related to our calorimetric work, before starting the actual work. This is done
now and we expect to complete this stage within the next 3-4 months.  
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Fig 7. Calorespirometric response of Rosa indica (Odorata) root segments

United States

New shoot growth (TopNewDM) was significantly reduced in plants grown at 12
C compared to those grown under ambient root temperatures (22-28 C) as was total top
dry mass.  Root dry mass of plants grown at 12 C were not significantly different from
those grown at ambient temperatures.

Treatment TopOldDM TopNewDM TopTotalDM RootDM
(g) (g) (g) (g)

Ambient 1.23      0.95 A      2.18 A 1.36
12 C 1.15      0.43 B      1.58 B 1.79

NS NS

Ambient 0.75 0.47 A 1.22 0.28 A
36 C 1.28 0.01 B 1.29 0.14 B

NS NS

 New shoot growth of plants grown at a soil temperature of 36 C was almost stopped. 
Converse to the root dry mass growth response at 12 C, plants grown at a 36 C soil
temperature had a much reduced root dry mass growth response compared to those held
at an ambient soil temperature (22-28 C).

Calorimetric work: Rosa indica ‘Odorata’ rose stems were rooted in aero-
hydroponics units (Ein Gedi System) containing deionized water.  Clean roots were taken
from the cuttings, made into 1-cm sections and placed in a Calorimetry Sciences
Differential Scanning Calorimeter for isothermal measurements at temperatures from 10
to 35 C.  The metabolic heat rate (q) and respiration rate (RCO2) were calculated for the
root segment tissue at each temperature (Fig 7).  If the difference between RCO2 and q is
reflective of the root tissues’ metabolic efficiency, these data show that Odorata rose root
segments are most efficient in the 10 to 25 C range.  At temperatures above 25 C Odorata
rose root respiration decreases rapidly.
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Measurement of O2 in rootzone

As part to the research for this project we began investigation of the best method
for monitoring O2 in rootzone. In our earlier work many years ago we used hydroponic
systems (Ein Gedi Systems) to manipulate the oxygen concentration experienced by
roots. While that worked well, we felt that the validity of our research would be greatly
improved if we could measure O2 in rootzones consisting of substantial amounts of
substrate. 

We have been testing new technology for this purpose that was developed in
medical sciences and re-engineered for environmental work. This instrumentation uses
spectophotometry to monitor the amount of oxygen at the end of a probe designed for
this purpose. 

This project involves the use of mathematical models to quantify the results from
the experimental work to quantify the various processes that are involved. In particular 
respiration will be modeled based on the calorimetric work.

We have begun the process of modifying the exisiting rose model to
accommodate the work proposed for this project. Most of the modeling work is
scheduled to occur during year 2 and 3 and that is still on schedule.

Description of the cooperation

The cooperation consists of a 3-way cooperation between Dr Micheal Raviv
(ARO), Dr Dave Burger (UCDavis) and myself (also UCDavis). During the first year, Dr
Burger was working on this project while on leave at UC Riverside. Drs Raviv and
Burger are doing the calorimetric work while Dr Lieth is doing the modeling work.

We also have various students, employees, visiting scientists, and post doctoral
researchers working on this project.

Changes in direction from that in the original proposal, if any.

One change is that we now have a way to measure O2 in situ as either gaseous or
dissolved concentration in a way that does not constrain us to doing that work in a non-
substrate system. This will give us considerably greater freedom.

One thing that we noticed is that O2 concentrations vary much more rapidly than
anyone anticipated (in 2 hours it goes from saturation to zero).  With this level of
fluctuation with each irrigation, it may well be that calorimetric measurements are less
useful for telling us things about how plants are responding to O2.

List of publications

Raviv, M. and T. J. Blom (2001). The effect of water availability and quality on
photosynthesis and productivity of soilless-grown cut roses – A Review. Scientia
Horticulturae 88: 257-276.

Report on any patents

No patents have been applied for; at this point no patenting activity is planned.




