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The closed insulated pallet system (CIPS) was evaluated for growth, yield, and 

fruit quality of tomato genotypes with determinate growth habit. Plants were irrigated 

with several levels of sodium chloride (NaCl) salinized water. Tomato growth and yield 

were significantly greater in CIPS than in conventional surface-irrigated containers, 

regardless of irrigation water quality. Genotype was the most important factor that 

influenced the incidence of blossom-end rot (BER) followed by planting date, water 

salinity, and nitrogen form (ammonium or nitrate). The greatest increase in %BER 

occurred in homozygous (uu) tomato cultivars with uniform degradation of chlorophyll 

compared to those with green-shouldered fruit. Planting date was the second most 

important factor to influence the incidence of uu genotypes. Fertilization with half of 

nitrogen equivalents as ammonium-nitrogen increased BER. The % BER of susceptible 

cultivars decreased with increased NaCl salinity of irrigation water in the CIPS (17.7% at 

0 gL"1 versus 5.4% at 10 gL"1). 

The desalinating halophytic plant species, Suaeda salsa, removed sodium from 

the root zone and deposited it in the foliage, thereby decreasing the NaCl concentration 

(50%) and electrical conductivity (31%) in the root medium. 



As an alternative to placement of fertilizer at the perimeter of the top surface of 

the pouched medium in CIPS, fertilizer salts (15 to 105g per plant-pouch) were placed in 

upward-opening vials (Conservers). The lowest rate of fertilizer (15 g/plant) in a 

Conserver with 5 cm sidewalls provided adequate fertilizer for 100 days tomato growth 

with little ion diffusion into the water reservoir. 

The hypothesis that increasing the cross-sectional area of the capillary wick and 

root medium would facilitate movement of a greater quantity of water from reservoir to 

plant root was proven true. Changing the root pouch diameter and increasing the cross- 

sectional area of vertical wicks in the smallest pouch volume was significant for water 

uptake during those periods of tomato growth development with high demands for water 

uptake (e.g., flowering and fruit expansion stages). Increasing the pouch volume from 3L 

to 9L significantly increased daily water uptake and consequently increased yield by 

37%. 
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Alternative Greenhouse Tomato Production System 

Chapter 1 

General Introduction 

1.1. Background 

111.  Kuwait Water and Soil 

Kuwait has no rivers. Natural sources of potable water are limited to a few wells 

in the north. Most other ground water is too saline for sustainable crop production. Soils 

are infertile and climate largely inhospitable. Temperatures fluctuate from 50 0C during 

summer months to -8 "C during late December and January. Soils are sandy (> 90% sand) 

with very low cation exchange capacity, little available phosphorus, low organic matter 

content and low levels of micronutrients, especially iron and zinc. The infiltration rate of 

deep sandy soils is as high as 50 cm'hr"1, but as low as 5 cm'hr"1 at sites where hard 

cemented silica and calcium carbonate are present. The amount of rainfall is insignificant 

for agriculture (-100 mm per yr). 

Salinity is a global concern, nearly 955 million hectares worldwide (16 million ha 

in North America) of the total land surface is covered with different salt-affected soils 

(Szaboles, 1994). Some are a consequence of lack of proper drainage. Others are salt- 

affected even with adequate infiltration and drainage rates. Polluting the underground 

water is an inescapable consequence. 

In Kuwait, underground brackish water has been the main irrigation source for 

agricultural development and along with high rates of evapotranspiration has caused 



rapid build-up of salt on the soil surface as a function of salt accumulation over time 

caused by the use of fertilizers as well as the gradual increase of salinity of irrigation 

water. Since the 1980's, use of expensive desalinized water in protected agriculture has 

increased. Also, use of industrial wastewater has been suggested as an added source to 

the allocated amounts of desalinized irrigation water (Al-Shatti, 1989; Hamoda, 1987). 

Unfortunately, this will not solve the high demand for irrigation water within the 

foreseeable firture unless a more water efficient production technique is adopted. 

1.1.2. Labor 

Another serious dilemma is the increasing dependency on unskilled foreign labor, 

so that inferior agricultural practices still prevail in vegetable production in Kuwait. 

Water, land, seeds, pesticides, and chemical fertilizers are misused; weeds, insects, and 

other pests do not receive timely control measures. This has resulted in low yield and 

poor quality of crops. 

The automation of greenhouse operations would reduce the need for such labor. 

However, replacing such labor with skilled technicians and engineers for operating and 

constantly maintaining high-tech equipment may be a high-risk venture financially and 

may not provide satisfactory answers to all the questions. The considerable high energy 

input requirement for operation is another drawback to highly technical production 

systems. Labor cost has been the greatest per-hectare per-year cost for greenhouse tomato 

production. It was estimated to be 36% and 27% of total production costs in the late 

1960's and 1970's, respectively (Wittwer and Honma, 1979). Total time required was 

greater than 15,000 hrha'1 (Dumoulin, 1988), mainly spent on training, pinching, tying. 



defoliation, and harvesting. Mechanization increases efficiency and productivity, and 

decreases manual labor. However, mechanization of greenhouse tomato production has 

been limited by the difficulties in supporting and transporting the vertical-trellised plants 

with multiple fruit trusses. These require timed sequential flower pollination and fruit 

harvest. 

To gain mobility, synchronize cultural practices and allow use of supplemental 

photosynthetic lighting, a system for growing single-truss tomatoes was developed at 

Rutgers University (Chiu et al., 1997; Giacomelli et al., 1994a, b; Ting, 1992). The 

single-truss tomato production system (STTPS) described by McAvoy and Giacomelli 

(1986), utilizes sequential crops that present a continuous, horizontal plant canopy in the 

greenhouse. In contrast to the indeterminate, pruned, vertically trellised and pollinated 

greenhouse tomato cultivars used in the Rutgers' one fruit-truss system, a parthenocarpic, 

determinant (bush-type) tomato would not require trellis support or manual pollination 

(Green, 1993). The relatively synchronized flowering and fruit maturity would facilitate 

one-time harvesting. 

Tomato and cucumber (greenhouse production), and bulb onion (field production) 

are by far the major vegetable crops in Kuwait. They are produced by the conventional 

surface-irrigated, open-root zone system, and irrigated with either low-quality 

underground water (brackish) or with the more expensive desalinized seawater. Brackish 

water causes salt to accumulate in the upper soil layers. Crops with shallow roots, e.g., 

onion, may be more severely affected than deep-rooted crops. Furthermore, prices of 

these commodities (especially tomato) fluctuate sharply between cool and warm seasons. 

Farmers lose significantly in the cool, optimal-production season as prices plummet far 



below production cost. Stabilizing the production system by growing sequential, short 

production-period plantings (110 days from seeding to one-time harvest) will eliminate 

the gaps that previously have occurred during low production periods. Short-term, 

sequential plantings will maximize profit, minimize use and cost of saline and fresh 

desalinized water, and reduce the rate of salt buildup. 

1.1.3. Efficiency of Fertilizer and Water Applications 

With over-plant, broadcast application of fertilizer and irrigation water, the one- 

container-diameter distance between cylindrical containers allows 80% of the application 

to fall between the plant containers. Many container production systems, leach away their 

nutrient imbalances; about 40 to 60% of fertigation nutrients are leached from flood-and- 

drain rock wool cultures in an effort to maintain a desired nutrient/water balance (Van 

Noordwijk, 1990). The application of 45% or more excess water (leaching fraction) 

leaches the soluble salts beyond the rootzone. 

Such low utilization efficiency in irrigation water is not affordable in arid regions 

where water is already scarce. The loss between containers is eliminated when a drip 

irrigation system is combined with incorporated, topdressed, or fertigated fertihzer 

application. Even when irrigation and fertilization practices in open root zones are best 

managed, only between 4 and 8% of nitrogen fertilizer applied to woody plants is 

accounted for in the plant, whereas 17 to 49% is recovered in the leachate (Stewart et al., 

1981). Furthermore, depending on the irrigation volume, up to 64% of the applied 

nitrogen fertilizer may be leached as nitrate (NO3") under a continuous irrigation regime 

(Fare et al., 1994; Green, 1989). 



Microirrigation systems are not an answer. With the reduced volume of irrigation 

water applied per ha and the consequent reduced volume of leachate discharged from 

each root zone, the concentration of fertilizer ions is higher. In relatively small-volume 

irrigation systems, the potential is greater for gradual movement of concentrated leachate 

downward to contaminate groundwater. With relatively high-volume overhead-sprinkler 

irrigation systems, there is greater potential for runoff and contamination of surface 

waters. The quantity of chemicals lost in leachate from surface-applied and flood-and- 

drain irrigation is more directly related to the quantities of soluble chemicals within the 

container, e.g., NO3", than to the volume of effluent, e.g., rate of leaching (Rathier and 

Frink, 1989). Worldwide concern about discharge of environmental pollutants from an 

intensive crop production system is a challenge to the industry. 

Rates and timing of applications of various fertilizer formulations and of different 

application methods have been selected to maintain 100 to 200 mgL"1 (~ 0.156 to 0.313 

dS m'1) soluble nitrogen at the root surface for maximum plant growth. To achieve that 

level, the application rate of a controlled-release fertilizer is higher than that of a highly 

soluble fertilizer, but the highly soluble fertilizer must be applied more frequently (Green, 

1989). 

1.2. Description of CIPS 

1.2.1. General Concept and Purpose of OPS 

The closed insulated pallet system (CIPS) was designed at Oregon State 

University (OSU) to deal with adversities described above, and was evaluated as an 



alternative system for growing plants in containers (Briggs and Green, 1991; Green et al., 

1993a, b). The closed insulated pallet system was designed not only to eliminate pollutant 

discharge and surface evaporation, but also to decrease resource inputs and dependence 

on chemical pesticides, protect plant roots from temperature extremes, and increase 

mechanization and automation. 

A basic characteristic of CEPS is movement of water from a bottom reservoir 

through a capillary wick to the medium in the plant root pouch. Water is drawn upward 

by the matric potential of the medium. After moisture equihbrium in the medium is 

reached, capillary flow of water is 'plant-driven' in response to plant growth and 

transpiration. 

An enclosed-root zone, noncirculating system, with plant-driven uptake of 

fertilizer ions and water, dramatically reduces losses from evaporation, leaching, 

misapplication and waste discharge of water or fertilizer (Green, 1997). The capillary 

flow of water from the water reservoir and the difiiision of fertilizer ions from the 

fertilizer reservoir probably do not limit plant growth and development. Uptake of 

fertilizer and water in CIPS was 10% of that applied to control plants in a sprinkler- 

irrigated open container system (OCS). Water use efficiency in CIPS was essentially 

100% (Briggs and Green, 1991). Fertilizer reserves are retained and protected within the 

enclosed root zone and are continually available for solubilization and diffusion to meet 

plant uptake rates. 

Application of chemical pesticides is also reduced with CIPS. There are no open, 

exposed surfaces to support weed growth; therefore, there is no need for herbicides or 

other weed control measures. Other pests, e.g., insects or pathogens, requiring soil access 



or free moisture on the foliage are inhibited. With no surface splashing or movement of 

water from one pouched root system to another, pathogens such as Phytophthora 

cimamomi do not spread among plants (Green, 1997; and Linderman et al., 1994). 

The major concern in using saline water in CIPS is reducing plant water uptake 

and growth by osmotic potential. Even if high salinity water is not suitable for CIPS, the 

quantity of desalinized or a blend of saline and desalinized water required would be one- 

tenth that applied in a conventional surface-irrigated OCS. Because volumetric moisture 

content does not fluctuate in the root medium in CIPS, there is also no rapid fluctuation 

in salt concentration as occurs in OCS between irrigations. The osmotic potential within 

the plant root can adjust to constant or slowly changing salinity, but not to rapidly 

fluctuating salinity. In addition, establishing a fertilizer diffusion gradient with the 

highest concentration of soluble fertilizer salts at the top of the root medium, and an 

irrigation water gradient with the highest volumetric water content at the bottom of the 

medium facilitates root specialization. 

The closed insulated pallet system provides low maintenance and management, as 

opposed to highly engineered systems (e.g., ebb and flood) that entail high maintenance and 

intensive management. Application of CIPS in Kuwait would require fewer foreign workers, 

eliminate the necessity of moving production because of salt buildup, as required in the past, 

and most importantly, would entail less initial and total use of water, fertilizer, pesticides, and 

energy, and make the use of desalinized water more economic. By using one-harvest 

determinate tomato cultivars and multiple-generation production in CIPS, there would be 

continuous production and uninterrupted income for fanners. 



1.2.2. Physical Description of Components of CIPS 

complete physical description of CIPS is provided in the Materials and Methods 

section of Chapter 3. A diagrammatic illustration of CIPS is presented in Fig. 3.1. The 

general components include a moisture-impermeable, opaque, reflective, insulated 

container enclosing the water reservoir in the base and the pouched plant root systems. 

Plant stems extend through sealed openings at the top. Environmental conditions within 

the enclosure are independent of the plant shoot environment. 

Media pouches are sewn from spun bonded polypropylene with nylon or polyester 

thread. The pouches (15 cm deep) are treated with a solution of Kocide 101 WP (cupric 

hydroxide) and latex paint (lOOgL"1 Kocide 101 WP in latex paint diluted 1:1, v:v, with 

water) to confine the roots within the pouch and to promote higher order root branching. 

The pouched medium is placed in a basket in direct contact with capillary wicks. The 

baskets supporting the pouches and capillary wicks are constructed from standard 

polyethylene nursery containers and are placed in the pallet top holes so the bottom 

surface of the basket is a minimum of 5 cm above the surface of the water in the 

reservoir. The distal ends of the capillary wicks extend 15 cm down into the water 

reservoir. The upper surface of the medium and pallet top are sealed to prevent heat, 

light, and moisture transfer, and provide a shielded root zone. Pallet tops are covered with 

reflective, heavy-duty aluminum. 

1.2.3. Previous Research with CIPS 

Linderman et al. (1994) showed no spread of Phytophthora cirmamomi from 

inoculated plants to either the water reservoir or non-inoculated adjacent plants. Water 



and fertilizer use was 10% of that applied to control plants in open containers (Briggs and 

Green, 1994; Briggs and Green, 1991). Growth of 92 plant genera during three-month to 

three-year experimental periods was always greater in CIPS than in OCS (Briggs and 

Green, 1994). 

The Fickian diffusion model was useful in predicting the fertilizer ion movement 

in a protected diffusion zone (PDZ). Water near field capacity in laboratory column 

experiments and mathematical modeling simulated CIPS conditions (Kelly et al., 1997). 

Vertical gradients of water, electrical conductivity (EC), potassium (K*), nitrate (NCV), 

and acidity were established in the root zone over 120 days (Blackburn, 1992). In CIPS 

with a medium mix of peat and vermiculite, the effective diffusion coefficient (De) for 

NO3" was approximately 2.0 x 10"6 cm2 s"1, or approximately 2.5 cm per month. This rate 

is between the De of pure water (1.9 x 10*5 cm2 s"1) at 25 0C and that of unsaturated soils 

(lO^to 10"7 cm2 s'1). This rate of diffusion agrees with the model developed by Kelly et 

al. (1997). 

The volumetric water content of the medium decreased with increasing height 

above the water surface; the rate of movement of K+ and NCVby diffusion increased with 

increasing depth (Blackburn, 1992). Trichoderma harzianum had higher populations in 

medium strata where K+ and NO3" were higher, and in the presence of plants (e.g., maize, 

Zea mays L. cv. 'Jubilee') compared with no plants. Blackburn (1992) also successfully 

estabhshed colonization of maize roots by the vesicular-arbuscular mycorrhizal (VAM) 

fungus Glomus intraradices in copper-treated root pouches in CIPS. 

Green et al. (1993 a,b) proposed the Conserver 'PDZ' concept as an ahemative to 

shielding the fertilizer beneath the pallet lid. The Conserver consists of a capped tube to 
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provide a moisture-impermeable, insulated, thermal solar-radiation opaque and reflective 

top and sidewalls. Two factors afifecting the rate of delivery are the length and diameter 

of the diffusion tube (Green et al., 1993a). 

Strik et al. (1993) compared costs of the proposed OSU determinant-tomato 

production in CIPS with those of the traditional Dutch vertical plant canopy system in the 

greenhouse. The cost analysis assumed one cycle of tomato plants per year for the Dutch 

system, and three cycles (110 to 120 days each) per year for CIPS, for 20 years. The 

CIPS was seven to eight times more profitable and was also less sensitive to changes in 

tomato fruit yield and market price, labor costs, and interest rates. 

1.3. Hypotheses Tested in This Research 

The first hypothesis was that growth, yield, and fruit quality (incidence of 

blossom-end rot, BER) for selected tomato genotypes irrigated with several 

concentrations of NaCl-salinized water are equal or greater in CIPS compared with an 

open-surface irrigated system. 

Secondly, salt accumulation in the root medium profile is a major concern 

whenever NaCl-salinized irrigation water is used. Therefore, salinity stress imposed on 

tomato plants could be alleviated by using a desalinating, halophytic plant species, such 

as Suaeda salsa L. Pallas, as a companion plant. S. salsa belongs to the family 

Chenopodiaceae, where Na+ is a requirement for growth. 

A third hypothesis was that plant growth and fruit yield increase with increased 

root medium volume in CIPS because water is replenished in the dark. An alternative 

hypothesis was that the increased shoot growth and fruit yield are primarily related to 
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potentially greater root growth with more media volume. Increase in growth and yield 

could also result from higher potential water uptake by increasing the cross-sectional area 

of the vertical capillary wick (medium volume and geometry of root containment held 

constant). 

Because the top layer contains the least moisture (Blackburn, 1992), the timing 

and rate of diffusion may not keep pace with a highly demanding tomato crop if a 

controlled release fertilizer is applied to the top of the growth media. By the same token, 

if highly soluble fertilizers are used, high salinity develops in the root medium. With 

vertical, upward-opening Conservers, the diffusion pathway length may be longer than 

that of top surface-applied fertilizer. This would further limit ion diffusion into the water 

reservoir, and fertilizer reserves would be positioned at greater distance from the 

growing roots. Multiple Conservers can be placed within the pouched root medium with a 

different fertilizer salt in each Conserver. In preliminary experiments, root proliferation 

within the diffusion tube varied according to the specific fertilizer salt applied. Ion 

diffusion of fertilizer placed in an upward-facing Conserver, with a small cross section 

compared to fertilizer placement around the periphery of the top surface of the root 

medium as was previously done, was better matched to the plant's fertilizer requirement. 

Poss et al. (1984) suggested that VAM colonization by some Glomus species 

(e.g., G. deserticola, G. mosseae or G. fasciculatum) might enhance salt tolerance of 

tomato and onion plants. This hypothesis of salt alleviation by VAM was also examined 

in current CIPS study. 

In Chapter 1, the problems that dictated the need for the present research are 

outlined, and a general description of CIPS serves as a general introduction for the entire 
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dissertation. Chapter 2 is a general literature review discussing salinity, blossom-end rot, 

factors affecting water capillary flow, desalination of soils by halophytic plant species, 

the concept of Conserver fertilization and root specialization, and the significance of 

VAM fungi on plant performance. In Chapter 3, investigation of the interaction of the 

ionic environment of the root system (NCV, NH4+, Na+, Ca2+, and Cl"), genotype (U- vs. 

uu) and aerial environment on the expression of BER of cultivated tomato (Lycopersicon 

esculentum L.) in CIPS is reported. Chapter 4 presents the effects of salinity on tomato 

growth and the ability of halophytic companion plants to reduce salinity content in the 

tomato root zone. 

In Chapter 5 effects of increasing the cross-sectional area of the growth medium 

or wick on water uptake and marketable yield of tomato crops in CIPS is demonstrated. 

The effects of fertilizer solubility, quantity, and placement within the root zone on 

salinity occurrence (time and place) and plant growth are reported in Chapter 6. Chapter 

7 investigates the influence of VAM on growth and yield of selected tomato cultivars 

grown in a salinized root zone in CIPS. Finally, Chapter 8 concludes the entire 

dissertation, and is followed by a comprehensive bibliography and appendices. 
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Chapter 2 

Literature Review 

2.1. Salinity 

Salinity negatively affects approximately 1 billion ha worldwide, mostly in arid 

and semi-arid regions (Choukr-Allah et al., 1996). It has a substantial economic impact 

on world agriculture with an estimated annual loss of several billion dollars in crop 

production due to salt buildup (Satti and Lopez, 1994) 

Yield reductions from salinity may result from 1) the total soluble salt 

concentration and plant root osmotic adjustment; 2) toxicity or nutrient imbalance created 

when specific solutes become excessive; 3) reduction of water penetration through the 

root zone caused by excess sodium deteriorating soil structure. Ben-Zioni et al. (1971) 

modeled the occurrence of salt toxicity within the plant: NO3" migrates from the roots to 

the leaves, accompanied by K+ via the xylem. In the leaves, NO3" is reduced to amines as 

a by-product of photosynthesis, which in turn produces malate. The malate migrates back 

to the roots accompanied by K+. This model suggests that when Na+ and Cl" enter the 

vascular system of a plant instead of K+ and NO3", respectively, they migrate to the leaves 

and accumulate there. Cl" is a stable anion and cannot be reduced like NO3"; Na+ cannot 

replace K+ as a co-ion to malate. 

2.1.1. Salt Concentration and Osmotic Effects 

General effects of soil salinity on plants are osmotic. High salinity in the plant 

root zone retards the plant's ability to take up water from the soil solution. Plants may 

counter this gradient by osmotic adjustment (osmoregulation), by increasing the internal 
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solute concentration, producing organic compounds, or accumulating ions, especially K+. 

Osmoregulation in tomato probably requires both ion compartmentation and active 

synthesis of organic compounds (Zerbi et al., 1990). Jones (1986) reported that tomato 

selectively excluded Na+ ions from its roots. 

Tomato has been classified as a moderately salt-tolerant crop (Bernstein, 1964; 

1974; Rush and Epstein, 1981). Tomato yield was reduced by 50% when the EC of the 

soil solution was increased to 7.6 dS m"1 (~ 4.86 gL'1) (Maas, 1984). This is a reasonable 

level of tolerance to salinity compared with highly salt-sensitive plant species such as 

bean (Phaseoius vulgare L.) or onion (Allium cepa L. cepa group) whose yields were 

reduced by 50% when plants were exposed to only 3.6 dSm"1 (~ 2.30 gL"1) and 4.3 

dS m'1 (~ 2.75 gL"1), respectively (Maas and Hoffinan, 1977). 

Gas diffusion resistance of tomato leaves to water vapor loss increased under salt 

conditions (Downton and Loveys, 1981). Root permeability was decreased, and plant 

turgor was maintained. However, when stomatal closure increased, the resistance to 

diffusion of CO2 into the leaf, photosynthesis and growth were reduced. 

In beet, onion and radish crops, high humidity can alleviate the salinity effect on 

growth, presumably by reducing evapotranspiration potential (ETP) (Hoffman and 

Rawlins, 1971). Reduced growth rates of these crops by salinity was ascribed to the 

increased use of assimilates for maintenance respiration (Rn,) to supply extra energy for 

coping with salt stress (Greenway, 1973). The rate of change of Rn, in sah-sensitive bean 

and the more tolerant cocklebur {Xanthium stnimarium) in response to low levels of salt 

was measured by Schwarz and Gale (1981). These two plant species were exposed to 

NaCl in the nutrient solution, where the salt-induced Rm increased with each rise in the 
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concentration of NaCl in the external medium; at a high level of salt, Rn, declined. The 

increase in Rm as a response to increased salt concentration is evidence of the plants' 

ability to cope with this stress factor (Gale and Zeroni, 1984). This level coincided with 

an increase in mesophyll resistance (rm) to CO2 fixation in photosynthesis (Gale and 

Poljakoff-Mayber, 1970) indicating damage to the basic photosynthesis apparatus (Gale 

and Zeroni, 1984). Stavarek and Rains (1984) reported that salt-selected lines of alfalfa 

cells showed a much higher rate of respiration than nonselected cells, especially in the 

presence of salt. 

Enzymes extracted from salt-tolerant species are as sensitive to NaCl as enzymes 

from salt-sensitive species. The resistance of halophytes to salt, therefore, is not a 

metabohc mechanism (Flowers et al., 1977; Munns et al., 1983). Instead, other 

mechanisms are involved in protecting salt-tolerant plants from salinity. Some plants 

avoid salt injury by excluding ions from the roots. Another means is by 

compartmentation in roots and or leaves. Schachtman and Munns (1992) suggested that 

at least two mechanisms determined tolerance to NaCl in different accessions of wheat. 

These mechanisms are low Na+ uptake rates and the ability to tolerate high Na+ 

concentration in leaves. Decreased leaf longevity observed in salt-sensitive genotypes 

reduced their ability to acquire carbon. Through increased leaf longevity both of these 

physiological mechanisms should ultimately enhance the ability of plants to grow and 

produce higher yields on saline soils. 

Munns (1993) proposed a diphasic model for explaining salt tolerance. The first 

phase is the water deficit phase, where the growth rate of all varieties is equally low 

because of the high osmotic effect outside roots. In the second phase, leaf senescence 
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begins to show in sensitive varieties. This tends to affect growth further, and differences 

in growth among varieties become greater. Salt accumulates faster in the more sensitive 

varieties and death of leaves occurs at lower salt concentrations. More tolerant varieties 

can handle a higher concentration because their vacuoles can sequester more salt, or they 

accumulate salt at a slower rate. 

Bernstein (1963) reported that plants were able to adjust to an increase in the soil 

solute stress through a corresponding increase in the osmotic pressure of their cells. A 

sudden increase in soil salinity can cause the plants to wilt, but they can adjust to a 

gradual increase, usually at a rate of about one atmosphere per day. In hydroponic 

systems and open-root zone systems, such as containers, the concentration of total salts 

and individual salts fluctuates rapidly (hourly) and widely in the unbuffered solution. 

High-yielding cultivars are more sensitive to stress than cultivars with low yield 

potential (Shannon et al., 1987). Plants that are surface-irrigated and surface-fertilized 

undergo wetting cycles that change salt concentrations in this fluctuating production 

system. The cultivated tomato 'Heinz 1350', compared with wild species, had one of the 

lowest salt-tolerance thresholds of all species (3 dSm"1 or 1.92 gL"1) in a surface- 

irrigated fertilized, fluctuating system. However, its threshold in a non-fluctuating, 

solution culture was the highest (8.1 dS m"1 or ~ 5.84 gL"1). 'Heinz 1350' was more 

productive than wild species at all salinities below 15 dS m"1 (~ 9.6 gL'1) (Shannon et al, 

1987). In the closed insulated pallet system (CDPS), a non-fluctuating system, salt- 

tolerance thresholds are expected to be high. In CIPS, the root system is not subjected to 

rapid fluctuations of water supply and salt concentration. Therefore, roots in CIPS can 

gradually adjust osmotically to the saline conditions in the rhizosphere. Plants should better 
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tolerate high-salinity irrigation water in CIPS than in an open, surface-irrigated container 

system (OCS) where the root environment is subjected to wetting and drying cycles 

following each irrigation. 

2.1.2. Specific Ionic Imbalance 

The effects of ion excess and of water deficit are separated in experiments with 

salt-sensitive plant species (e.g., avocado, soybean, and grapevine) where growth or yield 

was reduced at as low as 5 to 10 mM Cl" concentration (Greenway and Munns, 1980). 

Likewise, at high salt concentrations, growth of some species such as beans and maize 

(salt sensitive), and barley (sah-tolerant)) was better in polyethylene glycol (PEG) than in 

an iso-osmotic salt solution (Greenway and Munns, 1980; LagerwerfFand Eagle, 1961). 

Greenhouse tomato plants previously fertilized with 0,200, or 400 mg L"1 K+ 

were irrigated weekly at 60% field capacity with sea water or less saline water; growth 

and development were best in plants which received 400 mg L"1 K+ and were irrigated 

with the less saline water (Eleizalde and Larsen, 1983). In addition to the importance of 

balancing K+ uptake relative to Na+ uptake, K+ may be crucial to sustaining the integrity 

of the photosynthetic system under high salinity (Brugnoli and Bjorkman, 1992; Chow et 

al., 1990). High K+ may also ameliorate the impairment of the hydraulic conductivity or 

permeability of roots to water caused by Na+. High K+ may also ameliorate the Na+ 

displacement of K+ at exchange sites in the roots, thereby making K+ more available to 

the plant (Jeschke, 1984). Potassium is required in the external medium to maintain the 

selectivity and integrity of the cell membrane because it is involved in the osmotic 

adjustment of plants under salinity stress. Satti and Lopez (1994) noted that K+ 
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moderated the effect of salinity by improving water status when replacing Na+ in the 

guard cells, thus reducing stomatal resistance to CO2 uptake. Therefore, it is essential to 

maintain K+ at a sufficiently high level to sustain photosynthesis. 

Increasing P fertilization enhanced tomato plant tolerance of NaCl in continuously 

flowing solution culture (Awad et al., 1990). Fruit yield was reduced 50% at 58 mM (~ 

3.39 gL"1), 72 mM (~ 4.21 gU1) and 130 mM (~ 7.6 gL'1) NaCl with 0.1, 1.0 and 10 

mM P, respectively. However, Patel and Wallace (1976) reported that while tomato fiaiit 

yields were significantly increased by P fertilization at medium salt levels, that effect was 

negligible at high salinity. 

Calcium is often used to ameliorate the harmful effects of Na+; the most 

commonly used source of Ca2+ is CaS04.2H20 (gypsum) (Sanchez and Silvertooth, 

1996). Calcium in gypsum displaces Na+ in the exchange colloidal complex of soil. 

CaCU is also used for the same purpose but to a lesser extent (Sanchez and Silvertooth, 

1996) because of the accompanying Cl" anion. Awad et al. (1995) investigated the role of 

Cl'and SO42" anions on the ability of different forms of Ca2+ to ameliorate salinity in 

snapbeans (Phaseolus vulgares L.). They found that although both CaS04 and CaCla 

reduced shoot growth, CaS04 ameliorated Na-induced stress better than did CaCfe. This 

may have been due to a specific toxicity of the Cl" anion. 

Influx rates of K+ and NO3' into corn roots increased moderately in low NaCl 

concentration, but sharply in high NaCl (Silberbush and Ben-Asher, 1987). Increased 

influx of ions was probably due to an increase in root membrane permeability caused by 

the Na/Ca ratio (Greenway and Munns, 1980). The value of maximal influx (Imax) for 

NO3' uptake was relatively unaffected by the NaCl concentration, but its concentration 
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(Kg) increased with NaCl, indicating probable competition with Cl". However, Imax for K+ 

uptake was extremely reduced, but Ka increased as NaCl concentration increased, which 

indicates a strong inhibition of K+ uptake by NaCl (Silberbush and Ben-Asher,1987). 

Irrigating tomato plants with sahne water may not be completely 

disadvantageous because tomato fruit quality may be improved. Salinity up to 6 dSm'1 (~ 

3.84 gL'1) improved flavor, increased total soluble solids and sugar concentration, and 

reduced color flaws (Mizrahi et al., 1988). Tomato plants irrigated with sahne water also 

had greater acidity (Mizrahi and Pasternak, 1985). High salinity irrigation water may 

provide pathogen control; maintaining an EC above 2.2 dSm"1 (-1.41 gL'1) of the 

recirculated nutrient solution apparently killed Phytophthora zoospores (Thinggaard, 

1992). 

The greater salt tolerance of the wild barley (Hordeum jubatum L.) compared 

with that of a commercial barley cultivar 'Harrington', was partly attributable to its 

ability to maintain high tissue levels of Ca2+ under salt stress (Suhayda et al., 1992). 

Under high salt conditions of 50 to 100 mM (~ 2.93 to 5.85 gL"1) NaCl, the salt-tolerant 

tomato Lycopersicon cheesmanii Hook' accumulated Na+ in the shoots, whereas a salt- 

sensitive domestic cultivar 'Walter' excluded Na+ from the leaves (Rush and Epstein, 

1981). Furthermore, when K+ was limiting, Na+ could partially substitute in the wild 

species, but not in the domestic cultivar. It seems appropriate to utilize relatively salt- 

tolerant lines in CIPS to better cope with potentially increased salinity in the root zone. 

Because fertilizers are placed at the surface of the growth substrate in CIPS, the 

concentration gradient runs from top to bottom within the root profile (Blackburn, 1992). 

Sodium chloride concentration, originating in the subirrigation, capillary water gradient, 
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would be in the opposite direction. This may minimize the interaction of fertilizer ions 

with Na+ and Cl", providing relatively more favorable root conditions in CIPS than in 

OCS. 

2.1.3. Soil Permeability 

In addition to direct toxic and osmotic effect of Na+ salts, Na+ negatively 

influences soil structure. It renders soils unsuitable for crop production by reducing water 

penetration when present in excess on the cation exchange sites of soil particles (Sanchez 

and Silvertooth, 1996). When the exchangeable sodium percentage (ESP) exceeds 10%, 

soil mineral particles tend to disperse and hydraulic conductivity decreases (Hoffman, 

1980). In such an environment, water uptake and thus delivery to plant tops is reduced, 

leading to partial stomatal closure and reduced uptake of CO2. 

2.2. Factors Affecting Blossom-end Rot Incidence 

Blossom-end rot (BER) is a widespread physiological disorder that causes 

deterioration and blackening of the tissues at the distal end of the tomato fruit. Blossom- 

end rot caused by localized deficiency of Ca2+, leads to serious economic losses (Adams 

and Ho, 1993; Adams and Holder, 1992). The deposition of imported Ca2+ into calcium 

pectate and calcium phosphate in the distal pulp tissue may be insufficient to meet the 

requirement for development of cell walls and membranes (Minamide and Ho, 1993). 

Selective permeability of the cell membranes may be lost; leakage of cell contents results 

in BER. Local deficiency of Ca2+ in rapidly expanding fruit is likely due to many factors, 

including inadequate supply of Ca2+ in the rootzone, poor absorption of Ca2+ because of 
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water or osmotic stresses, and/or a disproportionately low distribution of Ca2+ towards 

the fruit and poor transport of Ca2+ towards the distal fruit tissues at a critical stage in 

rapid cell expansion. This critical stage is one to three weeks after anthesis (Sonneveld 

and Voogt, 1991; Ho and Grimbly, 1990). 

Incidence and severity of BER of tomatoes has also been attributed to high 

saUnity in the root zone (e.g., presence of Na+ cation); to a continuously high 

evapotranspiration regime; and to a large leaf area and high EC value caused by high 

solution contents of K+ or Mg2* in relation to Ca2+ content (Sonneveld, 1989). The form 

of N fertilization has been investigated considerably because of the restrictive effects that 

ammonium (NKU*) has on cation accumulation by plants (Pill et al., 1978; Wilcox et al., 

1973; Greenleaf and Adams, 1969; Barker et al., 1966). 

Blossom-end rot incidence is a complex phenomenon affected by interactions of 

many environmental factors such as salinity, water availability, nutrient ratios in the root 

zone, daily solar radiation and air temperature, and humidity (Adams and Ho, 1993; 

Adams and Holder, 1992; Belda and Ho, 1993; Bradfield and Guttridge, 1984; Ehret and 

Ho, 1986; Ho et al., 1993; Sonneveld and Voogt, 1991). Why tomato cultivars vary in 

their susceptibility to BER is still not well understood. 

2.2.1. Effect of Salinity on BER 

Incidence of BER increased and fruit yield decreased as salinity in hydroponic 

nutrient solutions increased from either multiplication of nutrients or addition of a 

combination of nutrients and NaCl (Sonneveld and van der Burg, 1991). They reported 

that only slight specific NaCl effects were noticed. Likewise, Cerda et al. (1979) reported 
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that adding NaCl to nutrient solutions significantly increased BER of tomato; increased 

nutrient solution P levels decreased BER Occurrence of BER was lowest in plants 

supplied with high solution P and low NaCl. BER incidence on tomato fruit increased 

when the osmotic potential of a complete nutrient solution was increased by NaCl 

additions, but decreased when P was increased from 0.5 to 50 mg'L"1. Increased BER 

with increased NaCl was attributed to increased moisture stress. No explanation or 

hypothesis for decreased BER with increased P was presented. 

High salinity decreased the total number of vascular bundles in the xylem of distal 

tissues of tomato fruit more in BER-susceptible cultivars than in less susceptible cultivars 

(Belda and Ho, 1993). They also demonstrated that lignification of the xylem vessel was 

reduced by salinity. The ion exchange capacity of the xylem vessel was related to the 

degree of lignin deposition (Ferguson and Bollard, 1976). Inadequate Ca2+ transport was 

expected in fruit grown at high salinity due to lower ion exchange capacity along the 

xylem vessel (Belda and Ho, 1993). Different rates of fruit growth (Ho et al., 1993) and 

differences in xylem tissue development (Belda and Ho, 1993) probably explain 

variations in cultivar susceptibility to BER (Ho et al., 1995). Belda and Ho (1993), 

however, did not explain the occurrence of BER in the absence of salinity. 

2.2.2. Ionic Interaction and Calcium 

Unlike the many reports of a positive relationship between salinity and BER, 

Willumsen et al. (1996) and Adams (1991) suggested that incidence of BER is more 

related to ion balance than to intensity. That is, occurrence of BER is related to ionic ratio 

(e.g., K+:Ca2++ Mg2+, Mg2+:Ca2+ or Na+:Ca2+) rather than to EC. The Nielson and Hanson 
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(1984) model suggested that incidence of BER may depend on the activity ratio of 

Mg2+:Ca2+ in the root zone, where the higher the ratio, the lower the Ca2+ concentration in 

the fruit and, therefore, the higher the incidence of BER. This apparent discrepancy in the 

literature is probably due to confounding effects of simultaneous increases in NaCl and 

Na :Ca   in the root medium solution in some salinity experiments, where the 

monovalent/divalent cation ratio was not kept constant. 

The incidence and severity of BER were increased by lower evapotranspiration 

(Pill and Lambeth, 1980). A positive root pressure on humid nights, promoted transport 

of Ca2+ into tomato (Bradfield and Guttridge, 1984). Calcium import into tomato fruits is 

greater at night than during the day (Tachibana, 1991). However, with continuously high 

humidity day and night, less Ca2+ was transported from the petiole into the basal portion 

of the tomato fruit, compared to those not exposed to high relative humidity. Maintaining 

relatively humid conditions only at night favors transport of Ca2+ into the fruit due to the 

development of root pressure flow. This root pressure, however, cannot develop under 

constantly high humidity (Banuels et al., 1985). Ho et al. (1993) found that uptake and 

transport of Ca2+ to the distal part of the detached fruit of cultivars susceptible to BER 

was lower than in less susceptible cultivars. 

Import of Ca2+ during the early stages of fruit development was required for 

avoiding BER during this period of high growth rate (Wolterbeck et al., 1987). Anti- 

transpirants (Vapor guard and Folicote) and foliar apphcations of Ca(N03)2 decreased the 

occurrence of BER in two cultivars of bell pepper {Capsicum annum L.) by redirecting 

the flow of Ca2+ from leaves to developing fruits (Schon, 1993). Such treatments, 

however, caused significant declines in marketable yield. 
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Season significantly affects the incidence of BER In a field experiment, Elmer 

and Ferrandino (1991) reported a significantly higher BER incidence at early harvest (late 

July to late August) than in late harvest of two tomato cultivars regardless of mulch 

treatment. Ho et al. (1993) showed that temperature was a major factor in inducing BER 

regardless of tomato cultivar and salinity treatment. The interaction of light and 

temperature on rate of fruit enlargement, inadequate xylem tissue development in the 

fruit, and competition between leaves and fruits for the available Ca2+ are the most likely 

causes of BER in susceptible cultivars. 

There are conflicting reports of the relationship of Ca2+ uptake efficiency to the 

incidence of BER. Greenleaf and Adams (1969) linked Ca2+ efficiency to BER resistance 

in tomato. English and Maynard (1981) suggested that Ca2+ efficiency might be a useful 

criterion in selecting for BER resistance. Ho et al. (1995), however, found that Ca- 

efficient plants accumulated more dry matter in the leaves but less in the fruit. Moreover, 

even though Ca-efficient plants had higher water and Ca2+ uptake and thus higher plant 

Ca2+ contents than Ca-inefficient plants, a lower proportion of the Ca2+ was in the fruit. 

They concluded that neither Ca2+ efficiency nor Ca2+ uptake was a sound basis for 

selecting resistant BER tomato. 

2.2.3. Effect of NEL+ on BER 

There is a high incidence of BER on tomatoes grown with NH4-N in various 

production systems (Hohjo et al., 1995; Barker and Ready, 1994; Pill and Lambeth, 1980; 

Pill et al., 1978; Wilcox et al., 1973). Calcium uptake by bell pepper (Capsicum annuum 

L. 'California Wonder') fruit tissue from hydroponic solutions with NHtiNOs ratios of 
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0:1,1:3, 1:1, and 1:0 declined with each increasing increment of NlV" relative to NO3" 

(Marti and Mills, 1991a, b; Lee et al., 1991). Tissue Ca2+ levels in the blossom end of the 

fruit and vegetative yield were also reduced in the presence of NH4+. Fruit yield was not 

significantly reduced until the NH/iNOs" ratio exceeded 50% (Marti and Mills, 1991a). 

Hohjo et al. (1995) also reported an increase in the incidence of BER in tomato, 

cv. Momotaro, as the NH4+ proportion increased in the nutrient solution. Fresh weights of 

shoot and root increased, but total yield and uptake of Ca2+ and Mg2+ decreased. 

Ammonium nutrition suppressed Ca2+ accumulation by plants (Greenleaf and Adams, 

1969; Wills et al., 1977), resulting in restricted Ca2+ concentrations in fruit and advanced 

ripening (Rigney and Wills, 1981; Wills et al., 1977). BER and accumulation of NH^ 

and ethylene evolution in BER fruits was high for plants that had been fertilized with 

NH4-N, but not in fruit of plants fertilized with NO3-N (Barker and Ready, 1995). The 

major effect of NH/ on BER was its direct cationic competition with Ca2+ for uptake 

sites in roots. However, an apparent temperature interaction altered the effect of NH/ on 

BER Dceda and Osawa (1988) concluded that NH/ should be excluded to minimize BER 

at high temperatures, but included at lower temperatures and low light intensities (autumn 

crops). 

2.2.4. Effect of Genotype on BER 

The uniform degradation of chlorophyll and formation of red pigment uniformly 

over the entire tomato fruit is attributed to the homozygous recessive gene (u); the green- 

shouldered trait is attributed to the dominant gene (U). The u gene is located on 

chromosome 10 (Tigchelaar and Barman, 1978). Trinklein and Lambeth (1976) reported 
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a positive association between the uniform fruit ripening trait and the incidence of BER. 

The relationship between BER incidence and the u gene may suggest an association of u 

with other factors that influence BER. 

Studying the inheritance of resistance to tomato BER, Avdeev and Tatarinova 

(1977) concluded that two to four independent, incompletely dominant genes with 

additive gene effects determined BER resistance. They suggested that the detected 

genetic resistance could be used in selecting tomato varieties and heterotic hybrids. 

Few of the published reports state the genotypes of tomato cultivars used in BER 

studies with respect to the uniform-ripening gene. Identifying the genotypes of cultivars 

is crucial in relating the incidence of BER to the uniform-ripening gene. 

23. Use of Companion Crops to Reduce Root Zone Salinity 

Halophytic plant species that desalinize saline soils have been used to increase 

crop yields on soils with marginal salinity. Major species used to improve arid pastures 

around the world include Atriplex spp., Distichilis spp., Jouvea spp., Allenroflea 

occidentalis, Salicomia enropaea, Suaedafruticosa, and S.forreyana (Kovalev and 

Krylova, 1992). An important strategy of halophytes is to use NaCl as an osmoticum and 

to compartmentalize Na+ and Cl" in leaf vacuoles. This is achieved through extremely low 

permeability of the tonoplast to these toxic ions (Maathuis et al., 1992). 

Atriplex lentiformis and Suaeda salsa accumulated Na+ up to 650 to 700 ng g*1 

dry weight in the shoots and 350 ngg"1 in their roots, when grown in an osmotic potential 

solution of 0.992 MPa NaCl (Zhao and Harris, 1992). Riemann (1992) also reported high 

uptake and preferential transport of Na+ to the shoots of Atriplexprostrata Boucher ex 
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DC. and Suaeda maritima L. The S. maritima grown in vitro in an external solution of 

340 mM (-19.89 gL"1) NaCl efficiently compartmentalized Na+in the vacuoles of leaf 

slices suspended in 600 mM (~35.1 gL"1) NaCl. Contents of Na+ in the cytoplasm and 

vacuoles were 150 mM (3.45 gL"1) and 600 mM (13.8 gL"1), respectively (Yeo, 1974). In 

general, more than 80% of the total Na+ content in halophytic plants is found in the 

leaves (Pitman, 1984). 

Zhao (1991) found that S. salsa reduced Na+ content of saline soils by 4.5% and 

6.7%, in densities of 15 and 30 plants per m2, respectively. S. salsa can absorb salts from 

soil; the weight of accumulated salts may be as high as 27% and 12% of shoot and root 

dry weights, respectively. Zhao (1991) calculated that S. salsa could remove 

approximately 4000 Kg ha"1 NaCl by harvest. 

2.4. Factors Affecting Capillary Flow 

2.4.1. Container or Media Volumes 

Container or medium volume and/or root restriction affected plant growth and 

development in conventional and soilless (hydroponic and aeroponic) production systems 

for many plant species (Cooper, 1972; Hameed et al., 1987; Hsu et al., 1996; Liu and 

Latimer, 1995a, b; Martin et al., 1991; Peterson et al., 1991a, b; Ruff et al., 1987; van 

lersel, 1997). In some studies, shoot dry weight was reduced (Ruff et al., 1987; Peterson 

et al., 1991a). Shoot growth was suppressed even though there was greater production of 

dry matter per unit leaf area (Hameed et al., 1987). Zhang et al. (1997) suggested that the 
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primary reason for decreased growth of root-restricted wheat plants was the shortage of 

nutrients, especially N. 

Water and nutrient uptake increased in confined roots of tomato plants; water 

stress and N were not limiting factors (Bar-Tal et al., 1995). Richard and Rowe (1977) 

reported increased maximum uptake per cm root length in restricted roots of peach 

(Prunus persica L. Batsch. cv. Elberta) seedlings. However, Hameed et al. (1987) 

observed leaves frequently wilting on confined root plants during the afternoon even 

though the plants were grown hydroponically. Furthermore, because root hydraulic 

resistance was inversely proportional to the length of the conducting roots (Reid, 1985), 

root restriction could result in increased values of root hydraulic conductivity compared 

with control plants. This would lead to more negative leaf water potential, larger values 

of leaf diffusive resistance and, ultimately, reduced net assimilation rates. The smaller 

area and increased thickness of leaves grown under root confinement conditions was 

similar to drought stress responses (Hsiao, 1973; Kramer, 1983). 

Limited root growth resulted from root volume restriction in tomato (Peterson and 

Krizek, 1992; Cooper, 1972) and other species (Hsu et al., 1996; Robbins and Pharr, 

1988; Carmi and Heuer, 1981; Richards and Rowe, 1977). Krizek et al. (1985) reported 

that soil water-stressed soybean plants had 20% lower photosynthetic rates than control 

plants; however, root-restricted plants had photosynthetic rates similar to those of 

controls. 

Nearly all published research was done by severely restricting root size, resulting 

in a positive correlation between plant growth and pot or root size; conclusions were 
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based on that relationship. In the present study, however, root-media volume was varied 

by changing the diameter of the CIPS root pouch. 

2A.2. Cross-sectional Area of Capillary Wicks 

As the cross-sectional area of a medium through which diffusion is occurring 

increases, the quantity of the substance diffusing will be increased in accordance with 

Pick's Laws of Diffusion. With the capillary rise of water in a tube, the greater the 

number of capillary tubes (or the greater the total cross-sectional area of the bundled 

tubes) the greater the quantity of water rising by capillarity. We hypothesized that 

increasing the cross-sectional area of capillary wicks and root media would increase 

quantity of water moved by capillarity from the CIPS reservoir to the plant roots. Greater 

potential movement of water meant less chance for water to become limiting during 

rapid, critical stages of plant growth and development and during daily high transpiration 

period. 

2.5. Utilization of Conserver Fertilizers 

Solubility of a given fertilizer is positively correlated with the moisture content of 

the medium. Diffusion is the major force governing the mobility of ions in CIPS. 

Capillarity of the medium, hygroscopic properties of the fertilizers, and root uptake 

strongly influence water movement from the reservoir to the root system. The force of 

gravity is insignificant compared to the greater forces of adsorption, capillarity, and 

diffusion; it is not of major importance in CIPS. Mobility of ions is defined by Pick's 

laws. According to Nye and Tinker (1977), De = DiQ'f'dC\/dCs describes the diffusion of 
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ions in soils, where De is the effective diffusion coefficient in the soil (m2 s'1); D\ is the 

diffusion coefficient in water (m2 s"1); 6 is the volumetric water content of the soil (m3 m" 

3); / is the tortuosity factor; dCi/dCs is the reciprocal of the soil- buffer power for a given 

ion; C\ is the ion concentration in the soil solution; and Cs is the ion concentration in both 

soil solution and solid phase (exchangeable ion). Soils with high ion adsorption capacity 

have a high buffering power and, therefore, a low dCi/dCs value. 

Based on this formula, the term dCi/dCs is large because the buffering power of 

the small volume of peat-vermiculite mixture used in the CIPS is small. Furthermore, 

since the moisture content of the growth medium in the CIPS is at or close to field 

capacity, the terms 9 and / are large. Therefore, the effective diffusion coefficient (De) of 

any given ion is expected to be high in CIPS. 

The effective diffusion coefficient (De) for NCV, as measured in our CIPS 

environment, was 2.0 x 10"6 cm2 s"1, which is between the De of pure water and the De in 

unsaturated soil (Blackburn, 1992). A model developed by Kelly et al. (1997) confirmed 

this De. Applying fertilizer chemicals over a large surface of growth medium is of major 

concern in CIPS. The quantity of fertilizer diffused is directly related to the cross- 

sectional area of the diffusion column. Rapid solubilization and diffusion can result in 

phytotoxic salinity. 

To prevent the buildup of salinity in the CIPS root environment and to improve 

control of fertilizer release over time, without adversely increasing medium salinity, the 

effect of Conserver (Green et al., 1993b) location within the root medium profile, relative 

to the length of the diffusion pathway and proximity to developing roots, was evaluated 

in the current study. 
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2.6. Root Specialization 

Root specialization is seen in various plant species (Blum and Johnson, 1992; 

Glenn and Welker, 1993; Gough, 1984; Lunin and Gallatin, 1965; Sadras et al., 1993; 

Sonneveld and Voogt, 1990; Zerki et al., 1989; Zekri and Parsons, 1990). The total 

amount of water taken up by tomato plants was only slightly less when one-third of the 

soil was salinized, as compared with the nonsalinized control (Lunin and Gallatin, 1965). 

In tomato divided-root experiments, water was preferentially taken up by roots in the low 

EC compartment, nutrients by roots in the high EC compartment. Yield was determined 

by the optimal EC value present in either of the split-root compartments. Tomato yield 

was not reduced by high EC values in only half the root system (Sonneveld and Voogt, 

1990). This suggested that plants absorbed water and nutrients independently. 

The Dual Pouch took root separation one step beyond the divided root system 

experiments of Sonneveld and Voogt (1990). We placed half of the plant's roots in a 

fertilizer pouch, comprising an 'infinite' reservoir of fertilizer in medium within a non- 

irrigated pouch (plastic bag). The other half of the root system was placed in medium 

within the capillary-irrigated pouch. Water was transferred within roots in the irrigated 

pouch, across the air gap at the base of the plant stem to roots in the non-irrigated 

fertilizer pouch. Water was discharged from these roots to solubilize the fertilizer for 

uptake. Hydraulic lift and transfer of water was from moist root zones, with subsequent 

water efflux, solubilization, and uptake of nutrients in dry root zones (Caldwell et al., 

1991; Dirksen and Raats, 1985; Nambiar, 1977; Matzner and Richards, 1996; Schippers 

et al., 1967). The dual pouch is a "smart plant" system. The plant controls uptake from 

isolated water and fertilizer reservoirs. 
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2.7. Effect of Vesicular-Arbuscular Mycorrhizal Fungi on Salinity Stress 

Certain VAM colonized halophytic species can survive in soils with ECs higher 

thanlO dSm*1 (~ 6.4 gL"1) (Sylvia and Williams, 1992). VAM root-colonization may 

enhance salt tolerance of specific plants (Menge et al., 1978). Salinity reduced P 

concentration in many crop plant tissues, including tomatoes (Champagnol, 1979; Maas 

and Nieman, 1978; Bernstein et al., 1974; Hassan et al., 1970a; b), but the mechanisms 

responsible for decreasing P uptake by plants exposed to sahne conditions are not well 

understood (Maas and Nieman, 1978). Hurel and Gerdemann (1978) showed that VAM 

improved onion and pepper yield and salt tolerance in salinized soil. Ojala et al. (1983) 

reported that Glomusfasciculatum fungus greatly increased the yield of onion plants 

growing in P-deficient saline soils. 

Pond et al. (1984) surveyed saline environments in central and southern California 

and in Nevada for sak-tolerant VAM fungi. They collected root and soil samples from the 

root zone of 30 different plant species, to depths of 25 cm. Samples from 14 plant species 

were mycorrhizal, with spores identified as Glomusfasciculatum, G. mosseae, G. 

microcarpum, Gigaspora sp, or Sclerocystic sirmosa. These VAM species were screened 

to see which would colonize and improve the salt tolerance of tomato plants. Glomus 

fasciculatum-colomzaXvon of tomato 'Heinz 1350' seedlings caused the largest growth 

response. However, several plants with substantial mycorrhizal colonization by other 

species did not grow well, indicating that not all mycorrhizal fungi are capable of 

increasing tomato growth under saline conditions. 

Growth of tomatoes in saline soils was significantly increased by G. fosciculatum 

isolated from Cynodon dactylon L. (Pond et al., 1984). Negative correlations were 
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obtained between mycorrhizal colonization of tomato roots in the greenhouse and Na+ 

concentration of the original soil samples, EC, and osmotic potential (Pond et al., 1984). 

Studies prior to 1985 (except for Ojala et al., 1983) did not sufficiently control 

salinity to precisely examine the relative salt tolerance of VAM and noninoculated plants. 

Poss et al. (1985) separated the effect of VAM from that of P in a precisely controlled 

experiment. They indicated that increased onion growth under saline conditions depended 

primarily on P nutrition, regardless of the presence of VAM. The apparent main role of 

G. deserticola in improving onion performance in saline soil was to increase P 

accumulation and concentration when soil P was low. When P was added, tomato, growth 

increased dramatically and obscured salinity effects. VAM fungi, however, did not 

greatly increase P uptake, and their effects on growth and nutrient uptake under saline 

conditions were small. The higher VAM/tomato water potential under saline stress 

conditions suggests VAM may improve water uptake. Tomatoes inoculated with either G. 

mosseae S-50 or G. fasciculatum S-30 collected from low saline and saline soil 

conditions, respectively, grew equally well under high or low salinity in low P conditions 

(Poss et al., 1985). Increased plant growth caused by VAM in salinized soil was not 

necessarily related to environmental salinity in the natural habitat of these isolates. 

Bernstein et al. (1974) noted in yields of several plant species, that when ambient salinity 

was the dominant Umiting factor, increasing soil fertility would be relatively ineffective 

compared to decreasing salinity. In contrast, when inhibition by low fertility rather than 

high salinity predominated, greater response would come from fertilization than from soil 

reclamation. Therefore, VAM possibly influenced salinity by causing it to be a less 

limiting factor through enhancing fertility status. 
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The presence of VAM fungi in the roots might have influenced the composition 

of amino acids and carbohydrates in the host plant (Auge' et al., 1987). Such 

physiological changes in host plants may play a role in increasing the tolerance to salt 

exposure. Ruiz-Lozano et al. (1996) reported that transpiration, CO2 exchange rate, 

stomatal conductance, and water use efficiency were higher in Lactuca sativa plants 

inoculated with G. fasciculatum and G. mosseae in a NaCl-salinized soil environment. 

Blackburn (1992) established 35.4% colonization of maize cv. Jubilee roots by 

the VAM fungus Glomus intraradices in the upper 5-cm stratum of medium in CIPS. 

However, colonization of com roots was much less within the middle 5-cm layer just 

below the top layer (only 7.2%). The root substrate was 1:1 peat.vermiculite (v:v) 

amended with dolomite. Spores of G. intraradices were embedded in a clay matrix, 

which disintegrates in water. 

Most mineral elements move freely through the plant's conducting system. This is 

not true for Ca2+, which is transported in the xylem by an ion-exchange transport system. 

The Ca2+ ions are attached to lignin molecules and move only when other Ca2+ or similar 

cations come along to displace them. Therefore, Ca2+ does not move to the top of the 

plant as quickly or as easily as other necessary elements. Furthermore, once Ca2+ arrives 

in the leaves, it often combines with common plant compounds (e.g., oxalate). To release 

Ca2+ from such a highly insoluble state, divalent elements such as Zn2+ must replace the 

Ca2+, forming Zn-oxalate. This could free the Ca2+ for maintaining membrane integrity 

and reducing respiration (Faust and Shear, 1972). 

It was hypothesized that because VAM fungi improve the uptake of Zn2+ and Cu2+ 

in addition to P, more Ca2+ would then be mobilized and transported to potentially Ca2+- 
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deficient distal tissues of tomato fruits. This could reduce the incidence of BER through 

indirect delivery of Ca2+ to fruit, by increasing VAM uptake of other divalent cations. 

Zn2+ sprays increased Ca2+ content of the outer portion of apple fruit (Shear, 1975). 

Boron (B2+) helped maintain more plant Ca2+ in soluble forms and increased Ca2+ 

movement into apple fruit (Dixon et al., 1973). 
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Chapter 3 

Greenhouse Tomato Production in the Closed, Insulated Pallet System 

Mohammed S. Albahou and James L. Green 

Department of Horticulture, Oregon State University 



3.1. Abstract 

The CIPS was patented by Oregon State University and developed as an 

alternative system for growing plants in containers. It is a continuous subirrigation- 

capillary system where water moves upward from the reservoir to the root medium and 

roots in response to plant uptake. Individual plants are placed in pouched-media of 1:1 

vermiculite: peat moss (v:v). Fertilizers are applied at the peripheral upper surface of 

root substrate. 

This three-year study had multiple objectives. One set of objectives was to 

directly compare tomato plant growth and yield with several irrigation water qualities in 

CIPS with that in a conventional open container system (OCS) with water applied to the 

open top surface and drainage from the open bottom surface of the medium. In CIPS, 

tomato growth and yield were much greater than in OCS regardless of water quality. 

Another set of objectives was to test the hypothesis that incidence of blossom-end 

rot (BER) is greater in tomato genotypes with the uniform ripe fruit gene (uu) and to 

determine the effects of ammonium-nitrogen (NH4-N) fertilizer and season on this 

physiological disorder. In this study, with a limited set of genotypes under evaluation, 

incidence of BER was significantly greater in genotypes with the uniform ripe fruit gene 

(uu). Genotype (uu vs U-) was the most important factor affecting % BER. Salinity had 

the second greatest effect on % BER. Incidence of BER decreased with increasing NaCl 

salinity of the subirrigation water. Nitrogen form was third in importance. Incidence of 

BER was significantly higher with NH4-N fertilization in CIPS than with NO3-N. 

Differences in seasonal solar irradiation and temperatures had a significant effect on % 

BER. In three successive plantings at three-week intervals (April-May) each during 



38 

successively higher solar irradiation and temperature, the % BER was successively 

higher. 

3.2. Introduction 

The closed insulated pallet system (CIPS) is an enclosed plant root environment 

providing a protected diffusion zone (PDZ) for applied fertilizers. Oregon State 

University patented the system invented by Green and Schneckenburger (1992) and 

Green, et al., 1993a). This system is being developed and evaluated as an alternative 

system for growing plants in containers (Briggs and Green, 1991; Green et al., 1993b). 

The cultivated tomato {Lycopersicon esculentum L. cv. Heinz 1350) had a salt 

tolerance threshold of only 3 dS-m"1 in the surface-irrigated and fertilized, fluctuating, 

open container system (OCS) but the threshold in a non-fluctuating solution culture was 

as high as 8.1 dS-m*1 (Shannon et al., 1987). In the current research we tested the 

hypothesis that tomato plants were more tolerant of saline irrigation water in CIPS than in 

OCS. In CIPS, we also evaluated the effect of irrigation waters having a wide range of 

sodium chloride (NaCl) concentrations on tomato growth and yield and on the 

accumulation of NaCl in the root medium profile. 

Blossom-end rot (BER) is a major screening factor when evaluating tomato 

production systems and selecting tomato varieties for these systems. BER is a widespread 

physiological disorder caused by local calcium (Ca2+) deficiency and loss of selective 

permeability of the cell membranes in developing fruit (Simon, 1978; Van Goor, 1968). 

Many factors that influence the incidence of BER were evaluated in the present study. 

The uniform degradation of chlorophyll and formation of red pigment over the 

entire tomato fruit surface is ascribed to a homozygous recessive gene, u. The dominant 
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gene, U, determines the green-shouldered trait. The u gene is located on chromosome 10 

(Tigchelaar and Barman, 1978). Trinklein and Lambeth (1976) reported a positive 

association between BER incidence and the uniform-ripening (u) gene. Many published 

reports of BER research do not state the genotypes of tomatoes used with respect to the u 

gene; this makes it difficult to determine from these reports the possible association of 

BER and the uu genotype. We selected eight tomato genotypes from diverse genetic 

backgrounds to test the hypothesis that incidence of BER is correlated with the 'u' gene. 

The increased incidence of BER with ammonium (NH^ salts as compared to 

nitrate (NO3") salts has been noted in conventional production systems for many crops 

(Hohjo, 1995; Miller, 1961; Sonneveld, 1989; Pill and Lambeth, 1980; Shear, 1972; 

Thibodeau and Minoti, 1969; Wills and Scott, 1972; Young and Minor, 1961). Whether 

NH4-N fertilizer increases the occurrence of BER in CIPS, with several tomato 

genotypes, was investigated here. 

Incidence and severity of BER is attributed to a continuously high 

evapotranspiration regime, large leaf area, and a high electrical conductivity (EC) value 

caused by low phosphorus (P) and high potassium (K*) or magnesium (Mg2+) in relation 

to the Ca2+ in solution (Ehret and Ho, 1986; Sonneveld, 1989). If the NaCl in the 

subirrigation water is phytotoxic, it may be necessary to balance the ion concentration in 

the reservoir water. It has been demonstrated that the detrimental uptake of Na+ by 

tomato plants was minimized if K+ and/or Ca2+ were present in adequate concentrations. 

Therefore, we hypothesized that soluble Ca2+ from calcium chloride (CaC^) in the CIPS 

reservoir or surface-applied irrigation water in the OCS would lessen BER. 
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Ho et al. (1993) demonstrated seasonal environmental effects on the incidence of 

BER in different trusses for many tomato genotypes. The number of BER-affected fruits 

per truss increased with time in winter-into-spring cropping and decreased in summer- 

into-autumn cropping. These changes followed closely the changes in solar irradiance 

and average daily temperature. Shoots compete preferentially with the fruit for Ca2+. 

Wolterbeck et al. (1987) reported that the amounts of Ca2+ imported during the early 

stages of fruit development were important for avoiding BER during periods of rapid 

growth. Our experiments evaluating the relative impact of various treatments on BER 

were repeated during different planting dates within a season. 

3.3. Materials and Methods 

A summary-comparison of experimental treatments and designs for this chapter is 

presented in Table 3.1. Methods and materials common to Experiments 1, 2, and 3 are 

presented below. Methods and materials specific to each experiment are presented in the 

methods and materials sections 3.3.1, 3.3.2 and 3.3.3 for each of the respective 

experiments. 

Production Systems: The Closed Insulated Pallet System. CIPS is 

diagrammatically illustrated in Fig. 3.1 and is also described by Kelly (1998), Green et al. 

(1993), Blackburn (1992), and Briggs and Green. (1991). CIPS is a continuous 

subirrigation-capillary system where water movement is plant driven in response to plant 

uptake to support transpiration and growth. In CIPS, fertilizers are placed at the top of the 

growth medium. Nutrient ions move downward slowly by chemical diffusion to establish 



Table 3.1. Summary of experimental design. 

Experiment 1A Experiment IB Experiment 2A Experiment 2B Experiment 3 

Planting date 28 Dec. 1993 28 Dec. 1993 15 June 1994 15 June 1994 3 April 1995 
18 April 1995 
16 May 1995 

Production system CIPS CIPS 
OCS 

CIPS CIPS 
OCS 

CIPS 

Water quality 0 0 0 

1 g-L"' CaCb 

0 0 

1 g-L"' CaCb 

Ig-L"1 CaCl2 + 
3.5 g-L"1 CaCh 

lg-L"1CaCl2 + 
3.5 g-L/' NaCl 

lgL-'CaCl2 + 
3 g-L"' NaCl 

3 g-L'1 NaCl 

6 g-L'1 NaCl 

1 g-L"' 
3 g-L'1 

CaCl2 + 
NaCl 

lg-L"'CaCl2 + 
3 g-L"' NaCl 

6 g-L" NaCl 

10 g-L'1 NaCl 



Table 3.1. Summary of experimental design (Continued). 

Experiment 1A Experiment IB Experiment 2A Experiment 2B Experiment 3 

Fertilizer Ca(N03)2.4H20 
(13.8 g/plant) 

NH4N03 

(5 g/plant) 

Ca(N03)2.4H20 
(13.8 g/plant) 

Ca(N03)2.4H20 
(27.6 g/plant) 

NH4NO3 
(10 g/plant) 

Ca(N03)2.4H20 
(27.6 g/plant) 

Ca(N03)2.4H20 
(27.6 g/plant) 

Genotype PAT (U-) PAT (U-) PAT (U-) PAT (U-) PAT (U-) 

SAN (U-) SAN (U-) SAN (U- SAN(U-) 

PET (uu) PET (uu) PET (uu) PET (uu) 

BUT (uu) BUT (uu) BUT (uu) BUT (uu) BUT (uu) 

S70 (Uu) 

S73 (UU) 

S70 (Uu) 
S73 (UU) 

MTS (uu) 

MOG (uu) MOG (uu) 

Replicates 4 reps 4 reps 4 reps 3 reps 4 reps/planting date 
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Pallet Lid 

Shielded 
Fertilizer 

Capillary 
Wick 

Water 
Reservoir 

Foam + 
Urethane 
Stem-Collar 

Peat- 
Vermiculite 
Media 

Pouch & 
Basket 

Fig. 3.1. The closed insulated pallet system (CIPS). 
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relatively stable chemical gradients. Plant roots gradually adjust osmotically to the salt 

gradients in the rhizosphere and develop salt tolerance (Bernstein, 1963). 

The bottom, top, and sidewalls enclosing the root environment are impermeable 

to water. They are opaque, reflective and insulated to prevent transfer of light, heat and 

moisture. The 15 cm diameter plant holes in the pallet lid on 30-cm centers provide 900 

cm2 space per plant (density of 9.25 plants/m2) with 16 plants in each pallet. Each pallet 

base reservoir has a volume of 262 L. Pallet tops are covered with reflective, heavy-duty 

aluminum foil. A collar fits around the plant stem, extending and sealing to the 

surrounding lid. Water-impermeable, non-phytotoxic, triple-expanding polyurethane 

foam completes the seal between the plant stem and collar without restricting growth. 

Water-and air-permeable root pouches are constructed of spunbond polypropylene (e.g., 

Agro fabricPRO70, 47.4 gm"2; or Kimberly Clark 11564-00, 63.79gm"2 SMS filter 

fabric) sewn with polyester thread. The pouches are treated with a copper-latex solution 

(lOOg-L/1 Kocide 101 WP (77% Cu(OH)2, 60 ppb soluble copper) in latex paint diluted 

1:1 (v/v) with water) to regulate root growth and confine the roots within the pouch. 

Baskets are constructed from 15 cm diameter x 17 cm deep polyethylene nursery 

containers. The pouches are suspended from the CIPS lid within the containers placed in 

the precut holes (the suspended container is supported by the container-lip/lid overlap). 

Capillary strips (spun-bonded polyester fabric 10.2 cm wide x 46 cm long available from 

Troy Mills, Inc. Troy, New Hampshire) are placed across the basket bottom. The bottom 

of the pouch is in direct contact with the capillary mat and the ends of the capillary strip 

extend downward 15 cm to the bottom of the water reservoir in the base of the CIPS 

pallet. Water moves by capillary and adsorptive forces. The Troy capillary material has a 
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vertical water capillary rise of approximately 13 to 15 cm. Water liquid and vapor moved 

upward against gravity in response to surface adsorption, capillary, diffusion, and 

hygroscopic forces. 

After planting, the media is initially moistened to field capacity to establish 

capillarity. After gravitational water drains, fertilizer is applied to the perimeter of the top 

surface away from the young plant roots. The plant collar is then installed and the stem 

sealant applied so that the fertilizer is shielded from gravitational and evaporative water 

flow. Solubilized fertilizer diffuses slowly along a gradient from the initial placement site 

to the plant roots and other areas of lower solute concentration (Blackburn, 1992; Kelly, 

1998). 

Open Container System (OCS): The surface irrigated, open-container controls 

(15-cm diameter x 17-cm deep , 3.0-L volume polyethylene pots) were placed in pallet 

tops supported by open framework above the greenhouse benches to standardize spacing, 

container-plant elevation and surface reflectivity. 

Rooting Medium for CIPS and OCS: The rooting medium is peat moss (Canadian 

Sphagnum) and horticultural grade vermiculite (1:1, v/v) that is sufficiently fine to 

provide capillary movement of water. In the medium, 3.0 Kgm"3 dolomite (CaCOs and 

MgCOa) and 1.8 Kg-m"3 gypsum (CaSO^I^O) are uniformly incorporated to provide 

calcium, magnesium and sulfur and to adjust pH. 
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Greenhouse Environment: Plants were grown in a glass greenhouse with 

perimeter and under-bench hot-water pipe heating. Heating was activated at 18 0C. 

Cooling by roof vents, and evaporative-cooling system was activated at 240C. Plants were 

exposed to ambient CO2 and humidity. In experiments where supplementary lighting was 

used, it was supplied by 400 watt high-pressure sodium lamps centered 182 cm above 

each pallet top. 

Plant Materials: Eight tomato plant genotypes with determinant growth habit, 

concentrated flowering and fruit maturity, and either uniform ripening (uu) or green- 

shouldered fruit (U-) were grown in the experiments (Table 3.1). 

1) Peto (PET) is homozygous recessive for the uniform ripening (uu) gene. Peto is a 

medium-to-compact determinate plant with very concentrated fruit set for mechanical 

harvesting. Fruit have medium-high viscosity and mature in 110-118 days from seeding. 

(Petoseed Co., Inc., Saticoy, CA.). 

2) Butte (BUT) is homozygous recessive for the uniform ripening (uu) gene. Butte is a 

small determinant habit plant with medium sized, red, deep globe, firm fruit maturing in 

110 days. (Gold Trail Series, Ferry-Morse Seed Co., Modesto, CA.). 

3) Santiam (SAN) is a U- genotype with green-shouldered fruit. Santiam is a highly 

determinate plant; majority of the fruit are seedless (parthenocarpic). There is an early 

flush of flowers and fruit. (Baggett and Kean, 1986). 

4) Patio (PAT) is a green-shouldered, U- genotype with deep oblate fruit. It is a dwarf, 

small plant (50-75 cm high). (Petoseed Co. Inc.). 

5) Sunex 6573 (S73) is a determinate, green-shouldered, homozygous, UU, plant. 

(SunSeeds, Hollister, CA). 
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6) Mogambo (MOG) is a determinate, uniform-ripening, homozygous, uu genotype. 

(SunSeeds, Hollister, CA). 

7) Sunex 6570 (S70) is a determinate, heterozygous, Uu genotype. (SunSeeds, Hollister, 

CA). 

8) Mountain Spring (MTS) is a uu genotype with uniform ripe firuit. It is an Fl hybrid 

with determinate plant habit. Fruit are oblate shape, exceeding 9 cm diameter. (Gardner, 

1992, and Rogers NK Seed Co.). 

Parameters Measured: All parameters were measured on an individual-plant basis 

except for water consumption, which was on a whole-pallet basis. For each salinity level, 

the amount of water added in each pallet was recorded beginning with the application of 

salinity treatment through the termination of the experiment. This method ignored any 

varietal differences because it averaged water consumed per plant per day within a pallet. 

Plant growth parameters, including fresh shoot weight (plus dry shoot weight for 

16 May planting date in Experiment 3), fruit number, and fresh weights of ripe fruits 

were determined at the end of each experiment. Plant heights were measured at three-day 

intervals; Day 0 was the day saline irrigation water was applied. The incidence of BER 

was reported as the percent of fruit showing physiological symptoms. Number of days to 

first ripe fruit and ripe fruit concentration (days between first and eighth ripe fruit) were 

also determined. 

Following harvests, root media were divided into three 5-cm horizontal strata. 

Electrical conductivity (EC) was determined for each stratum with the saturated paste 

method. Sodium content in each layer was also determined at harvest by extraction with 

ammonium acetate (Homeck et al. 1989) and analyzed by atomic absorption (Perkin- 
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Elmer Optima 3000 DV, Perkin-Elmer Corp., Norwalk, CT). The pH values for the 

lower and middle strata were recorded. 

Plants were pollinated mechanically with a commercial tomato vibrator-pollinator 

three to four times per week. 

Analyses of variance for the split-plot designs and factorial ANOVAs were 

performed and treatment means were compared according to Fisher's least significant 

difference (LSD) using SAS Inc. procedures (SAS, 1996). 

3.3.1. Experiment 1 - Specific Methods and Materials 

Seeds of PET, BUT, SAN and PAT were planted in 1:1 peat moss:vermiculite on 

11 November 1992. The seedlings were transplanted at the first true-leaf stage on 4 

December 1992, into 21-cm cell frays containing peat-vermiculite medium. Seedlings 

were then transplanted into either CIPS or OCS on 29 December 1992. Photosynthetic 

supplementary lighting was provided 16 hrs daily (7am to 11pm). The experiment was 

terminated on 14 April 1993 when the first tomato fruit was ripe. 

Three irrigation-water salinity treatments for CIPS were initiated on December 

29,1992. Water treatments were 0 g-L"1 (control, Na+, Ca2+ or Cl" ions), 1 g-L"1 CaCl2, 

and 1 g-L"1 CaCl2+ 3.5 g-L"1 NaCl. All salinity treatments were initiated at time of 

transplanting to allow gradual salinization and plant adjustment. 

For OCS the two irrigation water salinity treatments included 0 g-L"1 (control) and 

'4.5 g-L'1 salt' (as above). They were initiated the same day as for CIPS. 

Two nitrogen fertilizer treatments were surface-applied to CIPS pouches and OCS 

containers on 30 December 1992: 125 meq N as NO3" [1.75 g N per plant from 14.75 g 

Ca(N03)2-4H20]; or 62.5 meq N as NH/ + 62.5 meq N as NO3" (1.75 g N per plant from 
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5.0 g NH4NO3). Also, to each pouch/container, 60 meq K+ + 60 meq H2PO4" (8.2 g 

KH2PO4) to supply potassium and phosphorus and Ig micronutrients (Micromax) were 

applied. 

Experiment 1A was designed to evaluate the effects of a range of saline irrigation 

waters in CIPS on tomato growth and development. Experiment IB was designed to 

compare tomato plant growth and development in a subset of treatments in CIPS in 

Experiment 1A with the same treatments in OCS (Table 3.1). In CIPS Experiment 1A, 

three water qualities (0, 1 g-L"1 CaCh, and 1 g-L"1 CaCli + 3.5 g-L"1 NaCl) x two 

nitrogen-form treatments (Ca(N03)2-4H20 vs. NH4NO3) x four plant varieties (PAT, 

SAN, PET, and BUT) were included in a split-plot design: main plot was irrigation water 

quality (control = 2 pallets; CaC^ = 2 pallets; and CaCh + sodium chloride = 2 pallets); 

subplot was nitrogen form (125 meq NO3-N; or 62.5 meq NH4-N + 62.5 meq NO3-N); 

the sub-subplot was four plant varieties (2 uu and 2 U-) x four replicates each completely 

randomized within each pallet. 

In Experiment IB (Table 3.1) comparing CIPS with OCS , the effects on tomato 

growth and BER incidence of two water quantities (0 vs. 1 g-L"1 CaCh + 3.5 g-L"1 NaCl) 

and four plant genotypes (PAT, SAN, PET, and BUT) were determined in a split plot 

design. Only one fertilizer treatment was included (100% NO3-N). The main plot was 

production system (OCS vs. CIPS); subplot factor was irrigation water quality and sub- 

subplot was the tomato plant genotype x 4 replicates. 
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3.3.2. Experiment 2 - Specific Methods and Materials 

Experiments 2A and 2B (Table 3.1) were initiated on 15 June 1994 and were 

terminated on 17 October 1994 after a minimum of eight ripe fruit per plant had been 

harvested. Supplementary lighting began on 9 September 1994 provided 16 hrs daily 

(7am to 11pm) through 17 October 1994. 

Seedlings of PET (uu), BUT (uu), SAN (U-), PAT (U-), S70 Uu), S73 (UU), 

MOG (uu) and MTS (uu) were seeded on 15 June 1994 and transplanted into OCS on 15 

July 1994. Seedlings were transplanted into CIPS on 18 July 1994. Ambient temperature 

of the CIPS water reservoir was 20 0C. 

Five irrigation water salinity treatments in CIPS were initiated on July 25, 1994. 

Water treatments were 0 (control), 1 g-L"1 CaCh, 1 g-L"1 CaCl2 + 3 g-L"1 NaCl, 3 g-L"1 

NaCl, and 6 g-L"1 NaCl.   Two irrigation water quality treatments were initiated in the 

OCS the same day as for CIPS and included the control (0 g-L"1) and the 1 g-L"1 CaCh + 

3 g-L"1 NaCl. 

Nitrogen-form. Pouches were filled with medium. Each was then top-dressed 

with 60 meq K+ + 60 meq H2PO4" (8.2 g KH2PO4) and 1 g micronutrients (Micromax). 

Two nitrogen forms were applied to the pouched media surface: including 250 meq NO3- 

N (29.5 g Ca(N03)24H20 per pouch), or 125 meq NH4-N + 125 meq NO3-N (10.0 g 

NH4NO3 per pouch). 

Experiment 2A (Table 3.1) was designed to evaluate the effects of water quality 

on tomato plant growth and development in CIPS. The blocking factor was the salinity 

treatment applied in the water reservoir (5 salt concentrations - 0,1,3,4, and 6 g-L"1- by 

3 replications). The nitrogen form was the sub-plot treatment, applied in the pouch (2 
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nitrogen forms: NO3-N vs. NH4-N), and the tomato plant genotype was the sub-subplot 

effect (8 tomato genotypes: PAT, SAN, PET, BUT, S70, S73, MTS, and MOG). 

Experiment 2B (Table 3.1) was designed to compare plant growth and 

development in CIPS with that in OCS. A subset of treatments from the CIPS 

Experiment 2A was compared with the same treatments in OCS: Two systems x two 

salinity treatments (0 vs. 1 g-L'1 CaCb + 3 g-L"1 NaCl) by five tomato genotypes (SAN, 

PET, PAT, S70, and BUT). 

3.3.3. Experiment 3 - Specific Methods and Materials 

Seeds of Patio, Butte, S73 and Mogambo were planted on three successive dates: 

3 April, 18 April, and 16 May 1995. After a minimum of eight ripe fruit per plant were 

harvested, the respective planting groups were terminated on 7 July, 25 July, and 17 

August 1995. Nitrogen-form and production system were standardized in Experiment 3. 

Plants were grown in CIPS only. Each plant was fertilized with 3.26 g NO3-N (27.5 g 

Ca(N03)2-4H20) and 3.39 g N (20 g, three-month controlled release 17-6-12 plus 

micronutrients). No supplemental lighting was used because the experiment was 

conducted during long summer day lengths. 

Water quality treatments were initiated following the emergence of the fourth to 

fifth true leaves on 6 May, 23 May, and 9 June 1995 (for seeding dates 3 April, 18 Apr, 

and 16 May, respectively). Five salinity treatments were imposed: 0 g-L"1 (control), 1 

g-L"1 CaCla, 4 g-L"1 (1 g-L"1 CaCb + 3 g-L"1 NaCl), 6 g-L"1 NaCl, or 10 g-L"1 NaCl. 

The experiment was designed to evaluate the effect of seasonal solar irradiation 

and temperature and irrigation water quality on tomato plant growth and development 

(Table 3.1).   For each planting date there were 5 salinities (whole plot) x 3 replicates x 4 
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genotypes (PAT -U-, BUT -uu, S73 -Uu, and MOG -uu) per salinity x 4 plants (samples) 

per genotype. Statistical analysis for effect of NaCl in CIPS included the 0, 6, and 10 

g-I/1 NaCl only. 

3.4   Results 

3.4.I. Comparison of CIPS with OCS 

While not always statistically significant, the fresh shoot weight, weight per ripe 

fruit and total fresh biomass were always greater in CIPS than in OCS regardless of water 

quality of irrigation water in Experiments IB and 2B (Tables 3.2-4). 

Analyses of variance for the comparison of CIPS with OCS for Experiments IB 

and 2B are presented in Table 3.2. All tomato genotypes had significantly greater shoot 

weight and biomass in CIPS than in OCS in Experiment IB (Table 3.3). However, there 

was a significant interaction between production system and genotype for the fresh shoot 

weight (Experiments IB and 2B), and total fresh biomass per plant (Experiment IB). In 

Experiment 2B, BUT, SAN, and PET had significantly greater shoot weight in CIPS than 

in OCS, but it was not significantly greater for PAT and S70 (Table 3.4). In Experiment 

IB (Table 3.2), the mean weight per ripe fruit was significantly greater in CIPS than in 

OCS (61.3 vs. 51.8 g per fruit). 

The number of days from seedling emergence to first ripe fruit (earliness) was 

significantly shorter in CIPS than in OCS (p=0.033. Table 3.2). In CIPS, the mean 

number of days to first ripe fruit was 90.5 days, whereas in OCS it was 96.5 days (Table 

3.4). 
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Table 3.2. Analysis of variance of effect of two production systems on fresh shoot 
weight, weight per ripe fruit, total fresh biomass and days to first ripe fruit 
(earliness)*. 

Fresh Wt./ Total Days to 
Experiment Source of variation shoot fruit fresh first 

df mass (ripe) biomass* ripe 
fruit 

IB Production System (P) 1 ** ** ** - 
Water quality (W) 1 *** *** *** - 
Genotype (G) 3 NS *** *** - 
P*W 1 NS NS NS - 

P*G 3 ** NS ** - 

W*G 3 NS NS * - 

P*W*G 3 NS NS NS - 

2B Production System (P) 1 * NS ** * 

Water quality (W) 1 NS * * * 

Genotype (G) 4 * *** *** * 

P*W 1 NS * NS NS 
P*G 4 ** NS NS NS 
W*G 4 NS NS NS NS 
P*W*G 4 NS NS NS NS 

t *, **, ***, and NS indicate significance at p=0.05, 0.01, 0.001 andnonsignificance. 
X total fresh biomass = fresh shoot mass + total weight of fruit per plant. 
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Table 3.3. Fresh shoot weight, weight per ripe fruit, and total fresh biomass per 
plant for various tomato genotypes in CIPS and in OCS (Experiment IB)^ 

Treatment8 Fresh Weight/ Total 
          QVi/\/\t fruit 

(ripe) 
(g) 

fresh 
biomass 

(g)* 
Tomato 
genotype 

Production 
system 

onooi 
Mass 
(g) 

BUT CIPS 363 41.8 851.8 
OCS 207 30.7 376.9 
p-value 0.0001 NS 0.0020 

PAT CIPS 332 75.4 621.7 
OCS 194 72.3 394.2 
p-value 0.0001 NS 0.0242 

PET CIPS 413 53.5 1201.5 
OCS 153 36.7 395.0 
p-value 0.0001 0.0390 0.0001 

SAN CIPS 323 74.5 1054.5 
OCS 191 67.3 535.8 
p-value 0.0001 NS 0.0001 

t Values presented are means of two water qualities. 
% total fresh biomass = fresh shoot mass + total weight of fruits per plant. 
§ NS, nonsignificance at p=0.05. 



55 

Table 3.4. Comparison of effects of the closed insulated pallet system 
(CIPS) vs. open container system (OCS) on fresh shoot weight, weight per 
ripe fruit, total fresh biomass per plant and days to first ripe fruit for various 
tomato genotypes (Experiment 23)*. 

Treatment8 Fresh Wt./ Total Days to 
shoot fruit fresh first ripe 

Tomato 
genotype 

Production 
system 

mass 
(g) 

(ripe) 
(g) 

biomass 
(g)1 

fruit 

BUT CIPS 231 33.6 804.0 84.7 
OCS 120 25.8 311.0 91.0 
p-value 0.0005 NS 0.0005 0.0159 

PAT CIPS 169 57.8 1168.9 100.1 
OCS 120 38.8 403.5 103.7 
p-value NS NS 0.0067 NS 

PET CIPS" 306 41.6 1018.7 89.1 
OCS 112 29.7 328.1 95.3 
p-value 0.0001 NS 0.0009 0.0159 

SAN CIPS 191 65.2 1319.0 85.5 
OCS 118 51.2 491.9 92.5 
p-value 0.0168 NS 0.0009 0.0075 

S70 CIPS 176 80.6 1572.4 93.5 
OCS 151 53.7 541.5 100.0 
p-value NS NS 0.0025 0.0125 

f Values presented are means across two water salinity concentrations. 
$ total fresh biomass = fresh shoot + total weight of fruits per plant. 
§ NS, nonsignificance at P=0.05. 
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Table 3.5 presents the analysis of variance of effects of the two production 

systems and water qualities for PET and BUT for both Experiments IB and 2B. 

Incidence of BER in the uu tomato genotypes (PET and BUT) was significantly affected 

by salinity x production system interactions in both Experiment IB (p = 0.0025, Table 

3.6) and Experiment 2B (p = 0.0221, Table 3.7). In Experiment IB, % BER was 

significantly higher in OCS than in CIPS in the nonsaline control. In Experiment 2B, % 

BER was significantly higher in the CIPS under a saline environment than in the 

nonsaline control. It is emphasized that the nitrogen source supplied in the CIPS-OCS 

comparison trials was nitrate-nitrogen (NO3-N). 

3.4.2. Factors Influencing Blossom-end Rot fBER) in CIPS 

3.4.2.1. Nitrogen-form. Tomato genotypes varied in their susceptibility to 

incidence of BER. Table 3.8 presents the analysis of variance of effects of the nitorgen- 

form and genotype factors in Experiments 1A and 2A. There was a significant interaction 

between genotype and nitrogen-form in Experiment 1A (Fig. 3.2). Regardless of 

nitrogen-form, genotypes with the fruit uniform-ripeness character (BUT -uu and PET - 

uu) had significantly greater % BER than genotypes with green-shouldered fruits, e.g. 

PAT (U-) and SAN (U-). In ammonium-nitrogen (NH4-N) treatments, uniform ripe (uu) 

genotypes had significantly greater % BER than the same genotypes in nitrate-nitrogen 

(NO3-N) treatments. In Experiment 2A, with the four genotypes from Experiment 1A and 

an additional four genotypes (2 U-, and 2 uu), there also was a significant interaction 

between genotype and nitrogen-form (Fig. 3.3). Three genotypes possessing the u gene 

(BUT, MOG, PET) and two green-shouldered (U-) genotypes (S70 and S73) had 
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Table 3.5. Analysis of variance of effect of two production systems on 
blossom-end rot of PET and BUT. 

Experiment Source of variation                  df        Significance 
IB Production system (?)              ] 1                 NS 

Water quality (W)                    ] I                 NS 
Genotype (G)                           ] i                 NS 
P*W                                         1 * 

P*G                                        ] * 

W*G                                         1 [                 NS 
P*W*G                                     1 L                  NS 

2B Production system (P)              ] NS 
Water quality (W)                     ] 1                 NS 
Genotype (G)                           1 * 

P*W                                         1 * 

P*G                                          ] [                 NS 
W*G                                         1 1                 NS 
P*W*G                                   1 1                 NS 
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Table 3.6. Interaction of production system (closed 
insulated pallet system 'CIPS' or open container system 
'OCS') and two water qualities on % blossom-end rot 
(BER) incidence in uu tomato genotypes (Experiment 
IB^. 

Treatmenr 

Water quality Production BER 
system (%) 

0 CIPS 16.8 

OCS 48.8 

p-value 0.0256 

1 g-L-1 CaCb + CIPS 59.0 
3.5 g-L/1 NaCl OCS 41.3 

p-value NS 

Significance df 

Production system (P) 1 * 

Water quality (W) 1 NS 

P*W 1 * 

t Each value represents n=4 for each of two susceptible 
tomato genotypes (BUT and PET) per each level of water 
quality. 
% *, and NS indicate significance at p=0.05, and 
nonsignificance. 
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Table 3.7. Interaction of production system (closed 
insulated pallet system 'CIPS' or open container system 
'OCS') and two water qualities on % blossom-end rot 
(BER) incidence in susceptible tomato genotypes 
(Experiment 26)*. 

Treatment1 

Water Production BER 
quality system (%) 
0 CIPS 13.3 

OCS 17.3 

p-value NS 

1 g-L/1 CaClz + CIPS 30.5 
3 g-L"1 NaCl OCS 6.3 

p-value 0.0115 

Significance df 

Production system (P) 1 NS 

Water quahty (W) 1 NS 

P*W 1 * 

t Each value represents n=3 for each of two susceptible 
tomato genotypes (BUT and PET) per each level of salinity 
concentration. 
| *, and NS indicate significance at p=0.05, and 
nonsignificance. 
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Table 3.8. Analysis of variance of effect of nitrogen-form and genotype 
on blossom-end in the 0 g-L"1. 

Experiment Source of variation df Significance 

1A Nitrogen-form (N) 1 NS 

Genotype (G) 3 NS 

N*G 3 * 

2A Nitrogen-form (N) 1 NS 

Genotype (G) 7 NS 

N*G 7 * 
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BUT (uu) N-fonn 
PET (uu) 

SAN(U-) 
Tomato cultivar (genotype) PAT (U-) 

Fig. 3.2. Interactive effect of Nitrogen-form (NO3-N vs. NH4-N) and 
tomato genotype (uniform-ripe 'uu' vs. greenshouldered TJ-') on the 

incidence of blossom-end rot (BER) with 0 g.L"1 salt in CIPS 
(Experiment 1A). 
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Fig. 3.3. Interactive effect of Nitrogen-form (NO3-N vs. NH4-N) and 
tomato genotype (uniform-ripe 'uu' vs. greenshouldered XJ-') on the 

incidence of blossom-end rot (BER) with 0 gL'1 salt in CIPS 
(Experiment 2 A). 
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significantly higher % BER in NH4-N than in NO3-N. The genotypes PAT (U-), SAN 

(U-) and MTS (uu) had the lowest % BER. 

3.4.2.2. Salinity and Nitrogen Form. To more closely examine the potential 

effects of nitrogen form (NH/ vs. NO3") and salinity (0 vs. 4.5 or 4 g-L"1 salt) in 

Experiment 1A and Experiment 2A on % BER, the data subsets for genotypes uu, e.g. 

PET and BUT, were statistically analyzed. Table 3.9 presents analysis of variance for 

salinity (water quality) and nitrogen-form on BER. In Experiment 1 A, a significant 

salinity x nitrogen interaction on % BER (p=0.0024) was observed. In the NH4-N 

treatment, the slight reduction in % BER at 4.5 g L"1 (1:3.5 ratio CaCb to NaCl) was not 

significant. However, in the NO3-N treatment BER incidence increased significantly as 

salinity increased (Fig. 3.4). 

In Experiment 2A, similar results were obtained. A significant interaction 

between salinity and nitrogen-form (p=0.0058) was observed. Increasing salinity from 0 

to 4 g L"1 (1:3 ratio CaCb to NaCl) significantly increased % BER in the NO3-N and 

significantly reduced % BER in the NH4-N treatment (Fig. 3.5). Also, in the NH4-N 

treatment, increasing NaCl concentration in the irrigation water linearly decreased % 

BER in uu-genotypes from 44.5% with 0 g-L'1 NaCl to 12.8% with 6 g L/'NaCl (Fig. 

3.6). 

In Experiment 3, % BER in uu-genotypes significantly declined in the ammonium 

treatment from 29% BER in the nonsaline control to 21% in the 4 g I/'salt (1:3 ratio 

CaCl2 to NaCl). Analysis of variance on the effect of NaCl concentration in PET and 

BUT is presented in Table 3.10. 
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Table 3.9. Analysis of variance of the effects of water quality and 
nitrogen-form on the blossom-end rot in PET and BUT (uu genotypes). 

Experiment Source of variation                      df        Significance 

1A Water quality (W)                          ] 1                 NS 

Nitrogen-form (N)                        ] [                NS 

Genotype (G)                                ] 1                NS 

W*N                                             ] ** 

W*G                                           ] [                NS 

N*G                                              ] I                NS 

W*N*G                                        ] [                NS 

2A Water quality (W)                         ] I                NS 

Nitrogen-form (N) [                NS 

Genotype (G) ** 

W*N * 

W*G I                NS 

N*G                                              1 I                NS 

W*N*G                                        ] i                NS 
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Table 3.10. Analysis of variance of the effects of water 
quality on incidence of blossom-end rot in PET and BUT 
(uu genotypes). Experiment 3. 

Source of variation df        Significance 

Water quality (W) 2 ** 

Genotype (G) 1 *** 

W*G 2 NS 
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1+3.5 
Water quality (g.L~) 

Fig. 3.4. Interactive effect of water quality of irrigation water (control 

vs. 1 g.1/1 CaCl2 + 3.5 gX'1 NaCl) and nitrogen-form (NH4VS. NO3) 
on incidence of blossom-end rot (BER) in BUT and PET (uu 
genotypes) in OPS (Experiment 1 A). 
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NH4 

Nitrogen-form 

1+3 
Water quality (g.L" salt) 

Fig. 3.5. Interactive effect of water quality of irrigation water (control 

vs. 1 g.L"1 CaClj + 3 g.L"1 NaCl) and nitrogen-form (NH, vs. N03) on 
incidence of blossom-end rot (BER) in BUT and PET (uu 
genotypes) in CIPS (Experiment 2A). 
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Fig. 3.6. Effect of sodium chloride (NaCl) salinity of irrigation water 
on % BER of uu tomato genotypes supplied with ammonium-nitrogen 
in the closed insulated pallet system. Vertical bars represent LSD0 05 

(Experiment 2A). 
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3.4.2.3. Planting Date. Analysis of variance of the effect of planting date and water 

quality (NaCl concentration) for Experiment 3 is presented in Table 3.11. The control water 

treatment (0 g-L"1 NaCl) incidence of BER on uu-genotype tomatoes significantly increased 

(p=0.0007) with subsequent planting date from 12.4% BER on 3 April, 27% BER on 18 

April, to 41% BER onl6 May (Fig. 3.7). However, there was a significant interaction 

between NaCl concentration and planting date (p=0.0153 ) on % BER (Fig. 3.7). BER 

incidence decreased with increasing NaCl salinity (similar trend as in Experiment 2A, Fig. 

3.6) and with delayed planting date. In April plantings, BER incidence was significantly less 

than in May. 

3.4.2.4. Fruit Uniform Ripeness Genotype (U- vs. uu). In Experiment 2A, % BER 

of all U- genotypes was compared with the % BER of all uu (rather than the % BER for 

each specific cultivar) from all NaCl treatments (0,3, and 6 g-L"1 NaCl) within the NH4- 

N treatment to determine if % BER of the uu-group of genotypes was significantly 

greater than % BER of the U—group of genotypes. Likewise, in Experiment 3, % BER of 

all U~genotypes was compared with the % BER of all uu-genotypes from all NaCl 

treatments (0, 6, and 10 g-L"1 NaCl) combined across all planting dates (3 and 18 April 

and 16 May). The % BER of genotype-uu was greater in all three experiments than the % 

BER of the U- genotype (Table 3.12). 
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Table 3.11. Analysis of variance on the effect of planting date and 
water quality (sodium chloride (NaCl) concentration on incidence 
of blossom-end rot in BUT and MOG (uu genotypes) (Experiment 
3). 

Source of variation df Significance 
Planting date (P) 2 ** 

Water quality (W) 2 *** 

Genotype (G) 1 ** 

P*W 4 * 

P*G 2 NS 
W*G 2 NS 
P*W*G 4 NS 
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Water quality (g.L" NaCl) 

Fig. 3.7. Interaction of Planting date with sodhun chloride (NaCl) 
concentration of the irrigation water on blossom-end rot (BER) in 
BUT (uu) and MOG (uu) genotypes in CIPS (Experiment 3). 
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Table 3.12. Occurrence of blossom-end rot (BER) in several tomato 
genotypes based on fruit ripeness genotype (green-shouldered U-, or 
uniform ripeness, uu) in Experiments 2A and 3 with various sodium 
chloride concentrations and across three planting dates in Experiment 
3 (see text for actual salinity concentrations and planting dates)*. 

Experiment Genotype BER 
(0/. 

2A 

Significance d: 

Planting date (P) 2 
Water quality (W) 2 
Genotype (G) 1 
P*W 4 
P*G 2 
W*G 2 
P*W*G 4 

U- 6.9 
uu 18.8 
p-value 0.0160 

Significance df 

Water quality (W) 
Genotype (G) 
W*G 

2 
1 
2 

* 
* 

NS 

3 U- 
uu 
p-value 

8.3 
17.4 

0.0001 

*** 

*** 

NS 
NS 
NS 

t *, **, ***, and NS indicate significance at p=0.05, 0.01, 0.001 and 
nonsignificance. 
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3.4.3. Effect of Sodium Chloride Salinity on Yield Components in CIPS 

Statistical analyses of Experiments 2A and 3 determined that most yield 

components measured in these experiments were significantly lower in the higher NaCl 

water treatments. In addition, there were significant interactions of genotype and salinity 

on these yield components in both Experiments 2A and 3. In Experiment 3 there was 

also a significant interaction of genotype and planting date on these yield components. 

Therefore, to simplify the evaluation of the effect of NaCl salinity on tomato yield in 

CIPS, the subset of data for the tomato cultivar Mogambo (MOG) will be analyzed. 

Mogambo had the highest fruit yield of any of the cultivars in the control water treatment. 

With Mogambo in Experiment 2A (Table 3.13), there was a significant effect of 

NaCl concentration interacting with nitrogen-form on fruit yield (p=0.0340) and total 

fresh biomass (shoot + fruit weight per plant, p=0.0400). In 0 g-L"1 NaCl treatment, yield 

was significantly greater with NH4-N than with NO3-N. However, there was no 

significant nitrogen treatment effect at the higher NaCl concentrations. With NH4-N, 

yield significantly decreased with each increase in NaCl concentration, but with NO3-N, 

yield did not significantly change as salinity increased from 3 to 6 g-L"1 NaCl (Table 

3.13). Total fresh biomass also decreased in higher NaCl concentration but was not 

significantly affected by nitrogen-form at concentrations higher than 3 g-L"1 NaCl (Table 

3.13). Salinity treatment had no significant effect on weight per fruit, number of fruit 
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Table 3.13. Interactive effect of sodium chloride (NaCl) concentration in the irrigation 
water and nitrogen-form (NH4-N vs. NO3-N) on fruit yield and total fresh biomass 
(shoot + fruit yield) in tomato genotype MOG (Experiment 2A)t. 

Nitrog ;en-form 
Water LSDo.os 

Parameter salinity 
(g I/1 NaCl) 

NH4-N NO3-N 

Fruit yield 0 1742 1459 159.2 
(g) 3 1015 952 NS 

6 784 951 NS 
LSD0.05 523.1 274.8 

Fresh biomass 0 2008 1626 186.3 
(g) 3 1014 1132 NS 

6 1165 1130 NS 
LSDo.os 575.5 244.2 

Fresh 
Significance df Fruit yield biomass 

Water quality (W) 2 * * 

Nitrogen-form (N) 1 NS NS 
W*N 2 * * 

f *, and NS indicate significance at p=0.05, and nonsignificance. 
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per plant, earliness (days to first ripe fruit), and fruit ripeness concentration (days to ripen 

eight fruit) in Experiment 2A. 

In Experiment 3, There were no significant interactions of salinity and other 

treatment factors on shoot dry weight. Shoot dry weight declined with each increase in 

NaCl concentration of irrigation water (Fig. 3.8); shoot dry weights in the 6 and 10 g L"1 

NaCl were 38.4 and 13.1% of that of control, respectively. Sodium chloride salinity 

interaction with planting date in Experiment 3 (Table 3.14) had a significant effect on 

fruit yield (p=0.0001), total fresh biomass (p=0.0002), days to first ripe fruit or earliness 

(p=0.0001), and fruit ripe concentration (p=0.0001). As a general trend, NaCl 

concentration significantly decreased fruit yield and total biomass regardless of planting 

date. Days to first ripe fruit (fruit earliness) were significantly decreased by NaCl salinity 

with the exception of the 18 April planting where it remained unaffected. Results for fruit 

concentration (number of days from first to eighth ripe fruit) were inconsistent. Number 

of days from first to eighth ripe fruit (fruit concentration) increased with salinity of water 

in 3 April and decreased in 18 April, but remained constant in the 16 May planting. 

Salinity may not effect this parameter; salinity had no significant effect on fruit 

concentration in Experiment 2A. 

In Experiment 3, weight per fruit and number of fruit per plant also decreased 

significantly with NaCl concentration, but there was no further decrease above 6 g-L"1 

NaCl (Table 3.15). Weight per fruit was greater in 16 May (69 g) compared to 3 and 18 

April (43 and 48 g, respectively, LSDo.o5=l 1.9). 
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Fig. 3.8. Effect of sodium chloride (NaCl) concentration in irrigation 
water on dry shoot mass of tomato genotype MOG. Vertical bars 
represent LSD0 05 (Experiments). 
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Table 3.14. Interactive effect of planting date and sodium chloride (NaCl) concentration 
in the irrigation water on fruit yield, fresh total biomass (shoot + yield), earliness (days to 
first ripe fruit), fruit concentration (days from first to eighth ripe fruit) in tomato MOG 
(Experiment 3). 

Parameter 
Planting 
date 

Water 

0 

salinity (g-L"1 

6 

NaCl) 

10 
LSDQ.OS 

Fruit yield 
(g) 

3 April 
18 April 
16 May 
LSDo.os 

1373 
851 
1392 
346 

343 
321 
413 
NS 

211 
188 
251 
NS 

154 
172 
163 

Total biomass 
(g) 

3 April 
18 April 
16 May 
LSDQ.OS 

2082 
1404 
2045 
435 

525 
546 
663 
NS 

337 
353 
378 
NS 

169 
280 
251 

Earliness 
(day) 

3 April 
18 April 
16 May 
LSDQ.OS 

114.8 
100.0 
102.8 
2.6 

105.8 
104.5 
100.5 
4.1 

105.8 
103.0 
97.0 
3.3 

5.2 
NS 
1.1 

Fruit concentration 
(day) 

3 April 
18 April 
16 May 
LSDQ.OS 

12.0 
14.8 
10.0 
1.9 

18.0 
8.5 
11.8 
5.8 

19.5 
11.0 
12.3 
2.3 

1.2 
2.7 
NS 

Significance df Yield 
Total 

biomass Earliness 
Fruit 

concentration 

Planting date (P) 
Water quality (W) 
P*W 

2 
2 
4 

NS 
*** 
*** 

NS 
*** 
*** 

*** 
** 

*** 

** 
* 

*** 
*   **   *** and NS indicate significance at p=0.05, 0.01, 0.001 and nonsignificance. 
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Table 3.15. Effect of sodium chloride (NaCl) concentration in irrigation 
water on weight per fruit and total number of fruit per plant 
(Experiment 3)*. 

Water salinity 
(g-L-1)  
0 
6 
10 
LSDQ.OS 

Significance df 

Planting date (P) 2 * NS 
Water quality (W) 2 * * 
P*W 4 NS NS 
f *, and NS indicate significance at p=0.05, and nonsignificance. 

Weight/ fruit Number of 
(g) fruit/ plant 

99.2 12.9 
31.2 12.4 
29.6 8.1 
15.9 6.5 
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3.4.4. Other Effects of Salinity in CIPS 

3.4.4.1. Water uptake. Across all tomato genotypes average water consumption 

per day per plant was linear and inversely correlated with salinity (Fig. 3.9). Mean daily 

water uptake in the 1,4, 6, and 10 g-L"1 salinity treatments was 86.2, 57.2, 36.2 and 

18.4% of the control, respectively. The decrease in water uptake with increasing salinity 

level was most likely due to an osmotic effect; even a small concentration of CaC^ (1 

g-L'1) decreased water uptake. 

3.4.4.2. Plant height.  Salinity had a dwarfing effect on all tomato genotypes; 

there was no interaction between salinity and genotype. Seedling height rates began to 

show differences in plants watered with the highest salt concentration (10 g-L"1) 6 days 

after salinity treatments were applied (Fig. 3.10). Height rates of plants irrigated with 6 

g-L"1 NaCl began to decline on Day 9 followed by those irrigated with 4 g-L"1 salt on Day 

12. Seedlings irrigated with lower salt concentrations (1 g-L"1) had heights similar to the 

control (0 g-L"1). 

3.4.4.3. Salinity Gradient of Growth Medium in CIPS. Sodium content profiles in 

the root growth medium determined at termination of the experiment, significantly 

decreased from the top to bottom stratum (Fig. 3.11). 

The EC of the root growth medium measured at harvest was a quadratic function 

of increasing irrigation water salinity (r2 =0.66; Fig. 3.12). The rate of accumulation 

slowed at 6 g-L"1 NaCl and declined slightly at 10 g-L"1 NaCl. This was most likely 

caused by the rapid accumulation of salts in the root matrix of plants irrigated with high 

saline water. Plants at 10 g-L"1 NaCl grew slowly or ceased growth much earlier than 



80 

CO 

600 

500 

400 

CD 

•S  300 
+- 

>- 

I  200 

100 

• 
y=450.28-39.46x, r2=0.96 

- 
•N^ 

~ 
•^^^ 

~ 

i            i           i           i i 

10 12 

Water quality (g.L~ ) 

Fig. 3.9. Negative linear relationship between irrigation water salinity 
and mean daily uptake of water in CIPS (Experiment 3). 
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Fig. 3.10. Tomato seedling heights after application of saline irrigation 
water (DSA; days from salinity application; SE= 1.03; Experiment 3). 
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Fig. 3.11. Sodium (Na) concentration gradient in the top, middle, and 
bottom strata of the root growth media in CIPS when experiment 
terminated (Experiment 3). 
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Fig. 3.12. Electrical conductivity (EC) of root growth medium at termination of 
experiment as a response to concentration of CaCl2 and/or NaCl in irrigation 

water (Experiment 3). 
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those exposed to lower salt concentrations (see also Figs. 3.11 and 3.12). As plants took 

up water, salt ions were excluded from the root and accumulated in the rhizosphere. 

Overall EC was 23.9 d-Sm"1 at the bottom and 34.8 d-Sm"1 in the middle stratum. 

3.5. Discussion 

Growth and yield component parameters of tomato genotypes irrigated with 

nonsaline or saline water in CIPS were much greater than yield components of the same 

genotypes grown in OCS in Experiments 1A and 2A. This supports our hypothesis that 

salt tolerance of tomato plants is higher in CIPS than in OCS. CIPS is a non-fluctuating 

production system in terms of moisture content. Moisture content of growth medium in 

CIPS remains constant (near field capacity) throughout the cropping period. In contrast, 

the OCS has wetting and drying cycles after each irrigation event. Such a stable root 

environment in CIPS enhances root osmotic adjustment and, thus, greater salt tolerance. 

Shannon et al. (1987) reported a non-fluctuating solution culture had a salt-tolerance 

threshold 2.7 times higher than that of a surface-irrigated system in tomato. In 

hydroponic production systems, the specific ion concentrations and total salinity often 

fluctuate rapidly in the unbuffered solution causing imbalances and deficiencies. 

Intensive tomato production systems that depend on fertilizer diffusion gradients in the 

media have advantages over hydroponic systems (Geraldson, 1990). In diffusion gradient 

systems, as plant uptake of specific ions increases the diffusion of that ion along the 

gradient from the fertilizer reserve to the root increases to meet the increased uptake. In 

hydroponic systems, however, the concentration of specific ions in the hydroponic 

solution may be limiting during periods of rapid plant growth. 
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Belda and Ho (1993) found that high salinity decreased the total vascular bundles 

in the xylem of distal tissues of tomato fruit more in BER-susceptible genotypes than in 

less susceptible genotypes grown in hydroponic system. This, however, does not explain 

the occurrence of BER in the absence of salinity nor the decrease observed in CIPS with 

saline water. The negative correlation between the incidence of BER and salinity 

concentration of irrigation water observed in CIPS is probably because of decreased plant 

growth rate. Fruit expansion decelerated with consequently less occurrence of BER; BER 

disorder is known to increase under favorable growth conditions. Decline in plant growth 

was mainly caused by osmotic stress imposed by salinization of the root environment, 

resulting in diminished water uptake (Fig. 3.9). Bar-Tal and Pressman (1996) reported 

that tomato root restriction decreased BER incidence. Root restriction in many plant 

species, including tomato, is known to decrease plant growth. Moreover, concentration 

gradients of Na+ ions (Fig. 3.12) and fertilizer ions in CIPS run in opposite directions 

within the CIPS root matrix (Briggs and Green, 1991). Although, ionic ratios in the root 

media were not determined, these opposite ionic gradients may have minimized cationic 

competition especially between Ca2+ and Na+ ions, facilitating uptake of Ca2+ to fruit. 

According to Willumsen et al. (1996), the ion activity ratios resulting in competition and 

inhibition among ions in the root zone are more critical to the occurrence of BER than is 

EC. 

Although tomato genotypes used in the present study were selected from diverse 

genetic backgrounds, genotypes possessing the u gene had higher incidence of BER. The 

diallel analysis of six parental lines by Trinklein and Lambeth (1976) yielded a linear 

response implying that increasing the u gene dosage from 0 to 2 (UU to uu) would 
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increase the incidence of BER. They suggested a pleiotropic effect of the u gene or a 

linkage of the u gene with another factor influencing BER. The basis for the higher 

incidence of BER in uu genotypes needs further investigation. 

The increased BER incidence as planting date progressed toward warmer weather 

found in the current study agrees with findings of Ho et al. (1993) of increased BER in 

warmer seasons in hydroponic systems. Poor transport of Ca2+ toward the distal fruit 

tissues at a critical stage of rapid cell expansion (1 to 3 weeks after anthesis) leads to 

local deficiency of Ca2+ in rapidly expanding fruit. As photosynthesis increases due to 

increasing irradiance during warmer environmental conditions (Ho et al., 1993), 

competition for Ca2+ between shoot and fruit intensifies. Transport of Ca2+ towards the 

distal end of fruit diminishes, increasing the chance of incidence of BER. Size of fruit is 

probably not an issue in BER development; genotypes with small numerous fruit (such as 

PET and BUT) in the current study produced the highest % BER. BER incidence is a 

complex phenomenon affected by interactions of many environmental factors, and the 

reason that tomato genotypes vary in their susceptibility to BER is not well understood. 
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4.1. Abstract 

Tomatoes were grown in the closed insulated pallet system (CIPS) with capillary 

subirrigation water containing 0 or 4 g-L"1 NaCl. Sodium (Na+) content of the root 

medium at termination was 50% lower when Suaeda salsa, a halophyte, was grown as a 

companion in the same pouch with the tomato plant. Sodium concentration was also 

significantly less in the companion tomato plant's foliage. Blossom end rot of tomato 

fruit was significantly less with S. salsa as a companion plant, but S. salsa as a 

companion plant did not significantly affect tomato fruit yield or number. 

4.2. Introduction 

Salinity in the root medium in the closed, insulated pallet system (CIPS) may 

increase during tomato production, limiting plant growth and fruit yield, especially when 

irrigation water high in sodium chloride (NaCl) is used. Suaeda salsa (L.) Pallas, 

commonly known as seepweed, is a halophyte that removes Na+ and Cl" from the root 

medium and compartmentalizes these ions in the leaf vacuoles (Maathuis et al., 1992). S. 

salsa decreased Na+ in field soils by 4.5% with plant density of 15 plants/ m2 and by 

6.7% at 30 plants/ m2. In container experiments, S. salsa reduced Na+ content from 20.6 

g to 10.0 g per 9-L pot (Zhao, 1991). In the current study, the effect of S. salsa when 

planted as a companion plant in the same pouch in CIPS with tomato, Lycopersicon 

esculentum. Mill was evaluated. Electrical conductivity (EC) and concentrations of Na+ and 

Cl" in the root medium, and tomato plant growth and fruit yield with 0 and 4 g-L"1 NaCl 

in the capillary subirrigation water were measured. 
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4.3. Materials and Methods 

4.3.1. Plant Materials 

Seeds ofSuaeda salsa were obtained from Dr. Kefii Zhao, Dept of Biology, 

Shandong Teachers University, Jinan 250014, Shandong Province, China. Because of 

slower growth, Suaeda seeds were sown 30 days before the tomato seeds. Suaeda seeds 

for the Spring trial were sown in 5-cm plastic cubes containing (1:1 v/v) peat: vermiculite 

on 24 January 1996 and transplanted into CIPS pouches on 24 February 1996. Seeds for 

the Autumn trial were sown on 20 July 1996 and transplanted on 20 August 1996. 

Nutrients were supplied in a Hoagland solution from seedling emergence until the 

transplanting date. 

Seeds of an early hybrid tomato {Lycopersicon esculentum Mill. cv. Pik Red) were 

sown directly into CIPS pouches three seeds each on 24 February 1996 (Spring trial), and 

on 20 August 1996 (Autumn trial). Seedlings were selected for size uniformity and 

thinned to one per pouch immediately after second true-leaf expansion. There were three 

combinations of plants per pouch: tomato alone (T), Suaeda alone (S), and both plant 

species together (T+S). Flowers were pollinated with a battery-powered tomato pollinator 

three or four times per week. 

The Spring trial was terminated on 22 June 1996; The Autumn trial on 2 

December 1996. 

Plants were grown in a glass greenhouse with perimeter and under-bench hot-water 

pipe heating for a minimum temperature setting of 18 0C. Cooling by roof vents, pads, and 

evaporative-cooling fan was activated at 24 0C. Plants were exposed to ambient CO2 and 

humidity. Plants received 16-hr daily supplementary irradiation with 400-watt high- 
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pressure sodium lamps centered 182 cm above each CIPS unit. In the Autumn trial, light 

supplementation began on 13 September 1996. 

43.2. Production System 

A complete description of CIPS is presented in Chapter 3. Root medium in the 

CIPS was sufficiently fine to accommodate the capillary rise of water, and was prepared 

according to CIPS media preparation outlined in Chapter 3. The medium in the pouch 

was initially saturated to field capacity to establish continuous capillarity, then drained to 

container capacity before fertilizer was applied. Volume of each growth medium pouch 

was 2 liters, with 15 plant pouches per CIP for a planting density of 7.5 plants m"2. The 

initial total dissolved solutes (TDS) of the growth medium was 1 g-L"1. Plants were 

fertilized with 20 g controlled-release 17-6-12 plus micronutrients (Sierra brand) and 20 g 

soluble (Ca(N03)2.4H20). Fertilizers were placed on the surface at the perimeter of the 

pouched growth medium and shielded from surface-applied water and from gravitational 

and evaporative water-flow pathways. Fertilizer ions move by diffusion in accordance 

with Pick's laws from the top-placed fertilizer reserve and establish ion concentration 

gradients. 

4.3.3. Water Uptake 

To measure plant water uptake, three plants (each in a separate root pouch) per 

experimental plant variable were placed in small pallets, each with a water capacity of 25 

L. 
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4.3.4. Data Measurement 

Sodium (Na*) and Cl" contents in plant foliage and root media were determined at 

termination of each trial. Sodium was analyzed by ICP Spectrometer (Perkin-Elmer 

Optima 3000 DV, Perkin-Elmer Corp., Norwalk, CT) and Cl"1 was analyzed by Dionex 

Ion Chromatography (Dionex 20001, Dionex Corp., Sunnyvale, CA). Electrical 

conductivity (EC) of root media was also determined then using the saturated paste 

method. Fresh shoot weight of tomato and S. salsa and total fruit yield per tomato plant 

were recorded. Dry shoot weight was determined after oven-drying at 60 0C for 48 hr. 

Concentrations of P, K+, Ca2+, Mg2+, and Mn2+ were determined in both the plant foliage 

(ICP Spectrometer) and growth medium [extracted with ammonium acetate (Homeck et 

al. 1989) and analyzed by atomic absorption (Perkin-Elmer Atomic Absorption 

Spectrometer 372, Perkin-Elmer Corp., Norwalk, CT)]. 

4.3.5. Experimental Design 

The experiment was a two-factor split plot design. Three plant combinations 

(tomato alone, tomato with S. salsa in the same root pouch, and S. salsa alone) and two 

subirrigation water salinities (0 and 4 g-L"1 NaCl). Four replicates per plant combination 

were randomized within each salinity treatment. Salinity was the main factor and plant 

combination was the subplot factor. Three replicates of each plant combination were used 

to measure water uptake in the miniature CIPS. 

4.3.6. Statistical Analyses 

ANOVA was performed by SAS Institute procedures (SAS, 1996). Fisher's 

protected least significant difference (LSD) test was used to separate means. Shoot 
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weight and elemental concentrations in foliage were analyzed for each species separately. 

In pouches where both species were placed together, tomato will be referred to as (T+), S. 

salsa as (S+), and their growth medium as (T+S). Tomato-alone (T) was the control for 

tomato plants grown with Suaeda (T+). Suaeda alone (S) was the control for Suaeda 

plants grown with tomato (S+). Analyses of Na+ or Cl" were performed on the 4 g-L"1 

water treatment only. 

4.4. Results 

4.4.1. Effect of Suaeda salsa on Salinity of Growth Medium 

S. salsa reduced Na+ concentration and EC of growth medium 50.8 and 45.2%,. 

respectively, when capillary irrigated with 4 g-L"1 NaCl water in the Spring trial (Table 

4.1). 

With S. salsa, the growth medium was slightly acidified (pH 5.16 and 5.08 with S. 

salsa compared with pH 5.40 and 5.46 without S. salsa in 0 and 4 g-L"1 NaCl water 

treatment, respectively) regardless of salinity treatment or plant combination. Results 

were similar in the Autumn trial. 

With high-salinity subirrigation water, Mg2+ was significantly lower in the root 

medium with Suaeda alone (S) than with tomato alone (T) (Fig. 4.1). All other elements 

were not significantly different. 
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4.4.2. Effect of S. salsa on Ion Concentration in Tomato Foliage 

With 4 g-L"1 NaCl subirrigation water, Na+ concentration in tomato foliage in the 

presence of S. salsa (T+) was reduced by 37.6% in the Spring trial (Table 4.1), but not in 

the Autumn trial (data not shown). Concentration of P in tomato foliage was significantly 

higher with 0 g-L"1 than with 4 g-L'1 NaCl irrigation water whether accompanied by S. 

salsa or alone (Table 4.2). However, concentration of Mn2+ was much higher in the 

foliage of tomato plants irrigated with saline water. Magnesium was greater in tomato 

foliar tissues grown alone (T) than when grown with S. salsa (T+S). Concentrations of 

NO3", K+ and Ca2+ in tomato foliage were similar at both high and low irrigation water 

salinity whether grown alone or with S. salsa. 

4.4.3. Effect of S. salsa on Tomato Growth and Yield 

Mean water uptake by tomato was 83 % higher from nonsaline than from saline 

water supplies (Table 4.3). Total water uptake for plant species grown together (T+S), 

when irrigated with 0 g-L"1 or 4 g-L"1 NaCl water, was 32.5 L and 24.0 L per pouch, 

respectively. In contrast, mean water uptake by S. salsa was over nine-fold (15.3 

compared with 1.5 L/plant) greater from saline compared to nonsaline water. Mean water 

grown alone was 39.5 L/plant at 0 and 4 g-L"1 NaCl, respectively. 

The dry weights of tomato plants and tomato fruit yield were significantly less 

with 4 g-L"1 than with 0 g-L"1 NaCl irrigation water in Spring trial (Table 4.4). The S. 
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Table 4.1. Influence oiSuaeda salsa on sodium (Na+) concentration in tomato 
cv. Pik Red foliage, and in growth medium and electrical conductivity of growth 
medium at termination of experiment subirrigated with 4 g-L"1 NaCl (Spring/. 

Plant Na content in Na content in EC of growth 
combination tomato foliage growth medium medium 

(g/lOOgdwt) (meq/lOOg) (dS.in1) 
T 4.65 186.8 43.4 

T+ 2.90 91.8 29.9 
Significance* ** ** ** 

t tomato alone (T), or with S. salsa in same pouch (T+). 
% **, indicate significance at p=0.01. 
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Fig. 4.1. Magnesium (Mg) content of growth medium for plant 
combinations [tomato (T), Suaeda (S), or sharing a pouch (T+S)] 
irrigated at two salinity levels (SE=2.67; Spring). 
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Table 4.2. Ion concentration in tomato cv. Pik Red foliage at two sodium chloride 
(NaCl) salinity concentrations (Autumn)*. 

Treatment1 
P 

(%) (ppm) (%) 
Water salinity 
(g-L"1 NaCl) 

0 
4 

Significance 

0.78 
0.56 

* 

164.9 
251.9 

* 

0.70 
0.80 
NS 

Plant 
combination 

T 
T+ 

Significance 

0.73 
0.61 
NS 

231.9 
184.9 
NS 

0.84 
0.66 

* 

Significance df 

Salinity (S) 
Plant comb (P) 
S*P 

1 
1 
1 

NS 
NS 

* 

NS 
NS 

NS 
* 

NS 
t tomato alone (T), or with S. salsa in same pouch (T+). 
| *, ** and NS, indicate significance at p=0.05, 0.01, and nonsignificance. 



99 

Table 4.3. Total water uptake (Day 60 after tomato 
seedling emergence to Day 120) for Suaeda salsa 
and tomato cv. Pik Red when subimgated with two 
saline concentrations (Spring)^ 

Treatment 
Plant 
combination1 

Water 
salinity 

(g-L"1 NaCl) 

Total water 
uptake 

(L plant"1) 
S 0 1.5 

4 15.3 

Significance *** 

T+S 0 32.5 

4 24.0 

Significance NS 

T 0 39.5 a 

4 21.5 b 

Significance ** 

f tomato alone (T), & salsa alone (S), or both in same 
pouch (T+S). 
% **, ***, and NS indicate significance at p=0.01, 
0.001 and nonsignificance. 
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Table 4.4. Influence ofSuaeda salsa as a companion plant on dry shoot weight, fruit 
weight per plant, fresh weight per fruit and incidence of blossom-end rot (BER) in 
tomato cv. Pik Red when subirrigated with two sodium chloride (NaCl) concentration 
(Spring)^ 

Dry shoot Fruit weight/ Fresh 
Treatment1 weight plant weight/ fruit BER 

(g) (g) (%) 
Water salinity 0 61.9 1008.4 91.9 19.0 
(g-L"1 NaCl) 4 33.9 416.6 61.8 7.7 

Significance ** * * * 

Plant T 52.4 675.8 74.1 17.5 
combination T+ 43.4 749.2 79.6 9.2 

Significance NS NS NS * 

Singnificance df 

Salinity (S) 1 ** * * * 

Plant comb (P) 1 NS NS NS * 

S*P 1 NS NS NS NS 
t tomato alone (T), or with S. salsa in same pouch (T+). 
J *, **, and NS indicate significance at p=0.05, 0.01 and nonsignificance. 
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salsa companion had no significant effect on tomato growth (e.g., dry shoot weight), fruit 

weight per plant or weight per fruit. However, presence of S. salsa reduced the % BER 

from 17.5 to 9.2%. Furthermore, BER was less with 4 g-L'1 NaCl (7.7%) subirrigation 

water than in the control treatment (19%) in Spring (Table 4.4). In the Autumn trial, 

similar results were obtained for growth and fruit weight parameters, but incidence of 

BER was not significantly effected by S. salsa presence or increase in NaCl concentration 

(Table 4.5). 

4.4.4. Growth of S. salsa 

S. salsa growth was greater with saline compared with nonsaline water. S. salsa 

alone (S) in the saline water had 2.2 and 2.8 times greater dry and fresh shoot weight, 

respectively, than when grown in nonsaline water (Table 4.6). This is a strong indication 

that S. salsa has an obligate requirement for Na+ for optimal growth and development. 

When S. salsa was grown with tomato in the same root pouch (S+), dry and fresh shoot 

weight of S. salsa were reduced by 38.7 and 32.9%, respectively. 

Concentrations of Na+ and Cl" in S. salsa foliage were the same whether combined 

with tomato (S+) or alone in both trials (data not shown). Phosphorous (P) and Ca2+ 

content in the foliage of S. salsa were much greater in 0 g-L"1 than in the 4 g-L"1 NaCl 

water treatment (Table 4.7). However, concentrations of these elements were similar in S 

and S+. Suaeda salsa alone (S) at either salinity level had greater foliar concentrations of 

Mn2+ (p=0.05) and NO3" (p=0.01) than (S+). Potassium and Mg2+ contents were similar 

regardless of water salinity for S or S+. 
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Table 4.5. Influence ofSuaeda salsa as a companion plant on dry shoot weight, fruit 
weight per plant, fresh weight per fruit and incidence of blossom-end rot (BER) in 
tomato cv. Pik Red when subirrigated with two sodium chloride (NaCl) concentration 
(Autumn)*. 

Treatment1 
Dry shoot 

weight 
(g) 

Fruit weight/ 
plant 
(g) 

Fresh 
weight/ fruit BER 

(%) 
Water salinity 
(g-L"1 NaCl) 

0 
4 

Significance 

47.6 
28.5 

* 

981.2 
589.2 

* 

136.0 
111.9 

* 

3.2 
1.3 
NS 

Plant 
combination 

T 
T+ 

Significance 

42.5 
33.6 
NS 

789.2 
761.2 
NS 

132.6 
115.3 
NS 

3.2 
1.3 
NS 

Significance df 

Salinity (S) 
Plant comb (P) 
S*P 

1 
1 
1 

* 

NS 
NS 

* 

NS 
NS 

* 

NS 
NS 

NS 
NS 
NS 

t tomato alone (T), or with S. salsa in same pouch (T+). 
% *, and NS indicate significance at p=0.05, and nonsignificance. 
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Table 4.6. Shoot fresh and dry weights ofSuaeda salsa when grown alone 
(S) or with tomato (S+) in a single pouch (Autumn)^. 

Treatment Fresh shoot Dry shoot 
weight 

(g) 
weight 

(g) 
Water salinity 
(g-L"1 NaCl) 

0 
4 

Significance 

85.0 
238.7 
*** 

12.8 
27.8 
** 

Plant combination S 200.7 24.3 
S+ 123.1 16.3 

Significance * * 

Significance df 

Salinity (S) 
Plant comb (?) 
S*P 

1 
1 
1 

*** 

* 

NS 

** 
* 

NS 
f *, **, ***, andNS indicate significance at p=0.05, 0.01, 0.001 and 
nonsignificance. 
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Table 4.7. Comparative analysis of ion concentration in Suaeda salsa foliage grown 
alone (S) or with the tomato cv. Pik Red (S+) in a single root pouch at two salinity 
concentrations (Autum)*. 

Treatment P 
(%) 

Ca 
(%) 

NO3' 
(%) 

Mn 
(ppm) 

Water salinity 
(g-U1 NaCl) 

0 
4 

Significance 

1.32 
0.68 
*** 

2.33 
1.57 

* 

1.06 
0.98 
NS 

105.2 
116.0 
NS 

Plant 
combination 

S 
S+ 

Significance 

1.02 
1.98 
NS 

2.23 
1.67 
NS 

1.43 
0.61 
** 

131.0 
90.2 

* 

Significance df 

Salinity (S) 
Plant conm. (P) 
S*P 

1 
1 

-   1 

*** 

NS 
NS 

* 

NS 
NS 

NS 
** 

NS 

NS 
* 

NS 
f *, **, *** and NS indicate significance at p=0.05, 0.01,0.001 and nonsignificance. 
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4.5. Discussion 

Sodium is beneficial to some glycophytes (Marschner, 1971) and halophytes 

(Brownell, 1965). In these plants, Na+ can replace K+ in its contribution to the solute 

potential in vacuoles and consequently in the generation of turgor and cell expansion. It 

may even surpass K+ in this respect because it accumulates preferentially in the vacuoles 

(Jeschke, 1977; Nunes et al., 1984). Although S. salsa considerably reduced EC and Na+ 

content of growth media (Table 4.1), the reduction may have been insufficient to improve 

tomato plant growth and fruit yield (Tables 4.4 and 4.5) due to the high NaCl 

concentration in the capillary irrigation water (4 g-L'1). 

The relative lack of growth in S. salsa with 0 g-L"1 NaCl compared to its 

performance in 4 g-L"1 NaCl irrigation water was attributed to its obligate sodium 

requirement. The higher Mg2+ content (two fold) in foliage tissues of S. salsa than in 

tomato (Fig. 4.1 and Table 4.2) may indicate the high demand for Mg2+ by this halophytic 

plant species. 

Nutrient concentrations in tomato foliage were within the range for a healthy 

tomato crop. Magnesium content in foUage (Table 2) and growth medium (Fig. 1) of 

tomato declined significantly when grown with the halophyte indicating competition 

between the two species for Mg2+. Results regarding foliage nitrate concentration (Table 

4.7) indicate that the tomato plant probably outcompeted S. salsa for NO3", especially 

with nonsaline water irrigation. 

The lower incidence of BER for tomatoes grown with S. salsa companion plants 

(Table 4.4) may be related to the lower shoot weight to fruit weight of T+S plants. 
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Another possibility is that the lower Na+ in the foliage and growth medium of T+ (Table 

4.1) resulted in more favorable Ca:Na balance. 

Competition for light between tomato and S. salsa companion plantings may have 

decreased growth of S. salsa; its shoot fresh and dry weights were significantly reduced 

when it shared a root pouch with tomato (Table 4.5). Light limitation was not likely 

problematic for the taller tomato plant; its growth was unaffected by S. salsa (Table 4.4). 

In future research on S. salsa companionship with tomato in CIPS, a wide range 

of irrigation water salinity concentrations, including those lower than 4 g-L"1 NaCl, 

should be evaluated. The NaCl concentration (only 0.2 g-L"1 NaCl) used by Zhao (1991) 

for testing Suaeda as a desalinator for Medicago sativa was considerably less than the 4 

g-L*1 used in our investigation. 

The performance of tomato cultivars that are more salt-tolerant should be 

evaluated with the companion S. salsa. Fruit yield was significantly increased for tomato 

cv. Pik Red when growth medium cross-sectional area for diffusion and capillary water 

uptake was increased in CIPS (Chapter 5). Cross sectional area of the medium may have 

been a limiting factor in the current study, so range of growth medium diameters should 

be included in future bio-desalinating, companion-plant studies. Other salt-loving plant 

species such as Atriplex and Salicornia, and other Suaeda spp. also should be tested as 

salt absorbers when planted with tomato or other important vegetable crops in CIPS. 
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5.1. Abstract 

This two-year study investigated the effect of root medium geometry on daily 

water uptake and subsequent yield of the determinate tomato cv. Pik Red over various 

growth stages. The root medium depth was a constant 15 cm, but volume and cross 

sectional area (CSA) of the root medium was varied by varying the pouch diameters. 

Pouch diameters were 16,23, and 28 cm. We also tested the hypothesis that increased 

cross-sectional area of vertical water wicks combined with different root pouch diameters 

(different CSA and volumes) would allow greater water uptake in OPS. A significant 

growth stage and pouch diameter (CSA and volume) interaction was found for daily water 

uptake. Diameter (CSA, volume) of the medium had no significant effect during the first 

45 days after seedling emergence (0-45 DAE). The 23 cm diameter root medium diameter 

had the highest rate of water uptake during the flowering period (45-70 DAE). During the 

fruit expansion stage (70-95 DAE), daily water uptake in the 23 and 28 cm diameter 

pouches were similar. During the maturation stage (96-119 DAE), daily water uptake in 

the 28 cm diameter pouch was greatest. The 16 cm diameter growth medium had the 

lowest uptake during the fruit expansion and maturation stages. Daily water uptake 

correlated strongly with medium diameter (CSA, volume) as did total fruit weight per 

plant during the fruit ripening stage. 

Increasing the cross-sectional area of the wicking material increased daily water 

uptake only when combined with the 16 cm diameter medium during flowering and fruit 

expansion periods of high water demand. The increased wick CSA resulted in 

significantly greater fruit yield. Water transport in the 16 cm diameter pouches was likely 

limited during stages of vigorous vegetative growth and fruit development. 
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5.2. Introduction 

Container medium volume and/or root restriction affects plant growth and 

development in conventional and soilless (hydroponic and aeroponic) production methods 

for many plant species (van lersel, 1997; Hsu et al., 1996; Liu and Latimer, 1995a; b; 

Martin et al., 1991; Peterson et al. 1991a; b; Ruff et al., 1987; Hameed et al., 1987; 

Cooper, 1972). Nearly all pubhshed research was done by severely restricting the root 

size, resulting in a positive correlation between plant growth and pot or root size. 

Discussions were based on that relationship. 

In this study, we evaluated methods of increasing water uptake. Root size 

restriction was not severely imposed in any of the treatments. Root medium volume and 

cross-sectional area were varied by changing the diameter of the root pouch in a 

completely enclosed root system environment known as the closed insulated pallet system 

(CEPS) (Green et al. 1993; Briggs and Green 1991, 1994). The current investigation 

consists of two experiments. The effect of changing the root pouch diameter on daily 

water uptake over multiple stages of plant development and consequent yield of the 

determinate tomato cv. Pik Red was evaluated in Experiments 1A and IB. We 

hypothesized that as the cross-sectional area of a medium through which diffusion occurs 

increases, the quantity of substance-diffusing increases. In addition, the greater the number 

of capillary pores in a cross section, the greater the quantity of water rising by capillarity. 

In Experiment 2, we hypothesized that a higher quantity of water could be moved by 

capillarity from the CIPS reservoir to the plant roots through vertical capillary wicks and 

root medium having a greater cross-sectional area. With greater potential movement of 
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water, there is less chance for water to become limiting during rapid, critical stages of 

plant growth and development. 

5.3. Materials and Methods 

5.3.1. The Closed Insulated Pallet System 

For complete description of CIPS, the reader may refer to Chapter 3, and Briggs 

and Green (1991 and 1994). A basic characteristic of CIPS is the plant-driven movement 

of water from a reservoir below the plant container through a capillary wick and then 

through the growth medium to the roots. Water is drawn upward by matric potential of 

the medium and subsequently removed by the plant through roots distributed in the 

medium. Cupric hydroxide-treated water permeable pouches were used to contain the root 

medium. Root media volumes and cross sectional area (CSA) were varied by changing the 

pouch diameter (16,23, and 28 cm), while keeping a constant depth of 15 cm. Cross 

sectional areas (CSA) were 201,416, and 616 cm , respectively. Corresponding volumes 

were 3, 6, and 9 liters, respectively. Baskets containing the pouches, plants and capillary 

mats were placed in the designated pallet top holes. The bottom surface of the basket was 

a minimum 5 cm above the surface of the water in the reservoir. The capillary wicks or 

strips were made of spun-bonded polyester fabric 0.5 cm thick and 10.5 cm wide x 60 cm 

long. An approximately 12-to 14-cm-long slot was cut at the bottom of each pouch-holding 

basket for insertion of capillary mats. The strips were than folded so the surface area of the 

wicks in contact with the pouch bottom remained constant at 110.25 cm (or 10.5x10.5 cm). 

In Experiment 1, only one capillary strip (mat) was used. With each strip in place, ends of the 
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strips extended down into the water reservoir to provide two vertical wicks (2 vw) having 10.5 

cm CSA. In Experiment 2, one or three capillary strips were used (2vw with 10.5 cm2 or 6vw 

with 31.5 cm2 CSA). 

Growth medium sufficiently fine to provide capillary rise of water was prepared 

according to the CIPS medium preparation procedure outlined in Chapter 3. Soluble 

fertilizers (15g each) of KNO3 and Ca(NC)3)2 were placed in separate, upward-opening 

Conservers (plastic vials, 5 cm height x 3 cm diameter) to avoid creating one pocket of 

high salinity in a given spot in the medium profile, to prevent possible reactions 

(precipitations) among fertilizer ions, and to facilitate greater selectivity in ion uptake. 

Conservers were placed in the growth medium with Conserver opening at 7.5 cm above 

the bottom surface of the medium. Conservers were centered beneath the plant in all 

CSA's. Diffusion of fertilizer ions from the upward opening Conservers was governed by 

Pick's Laws (Kelly et al., 1997). 

5.3.2. Plant Material 

Both experiments were conducted in the greenhouse using an early beefeteak-type, 

hybrid tomato (Lycopersicon esculentum Mill. cv. Pik Red). This cultivar was chosen for its 

determinate growth habit and large fruit size that consistently ripens in short-season climates. 

Seeds were sown directly into CIPS pouches. We had predetermined that this provided 

great savings in labor and one-to-three weeks time reduction from seeding to harvest. 

Three seeds were sown per pouch. Immediately following expansion of the second true 

leaf seedlings were thinned to one for seedling size uniformity. 



113 

Plants were grown in a glass greenhouse with perimeter and under-bench hot-water 

pipe heating at a minimum temperature setting of 18 0C. Cooling by roof vents, pads, and 

evaporative-cooling fen was activated at 24 0C. Plants were exposed to ambient CO2 and 

humidity. Throughout Experiment 1 A (1 September 1996 to 25 January 1997), plants 

received 16- hr daily supplemental lighting throughout the experiment from 400-w high 

pressure sodium lamps centered 90 cm above each pallet top. In Experiment 1B (25 February 

1997 to 25 June 1997) was a repeat of Experiment I A. In Experiment IB plants received 16-hr 

daily supplemental lighting from April through May. In Experiment 2, also plants received 16- 

hr daily supplemental lighting from April through May. Tomato flowers were mechanically 

pollinated, three or four times per week. No pathological or insect problems were 

encountered throughout the course of the experiments. 

5.3.3. Measurement of Water Uptake 

Water reservoirs were contained in 8-liter buckets, one under each pouched-plant 

to measure water uptake for each plant independently. The rate of water uptake was 

measured using the 'Marriotte bottle or siphon' method (Fig. 5.1). This method utilizes 

the principle of Mariotte Law (Boyle's law). The amount of water taken up by each plant 

was replenished from a separate 100-ml graduated cylinder. Changes in water levels due 

to plant use were recorded and cylinders were refilled accordingly. This method allows 

precise hourly measurement of plant water uptake. In CIPS, moisture does not evaporate 

from the closed system; water removal occurs only through transpiration and plant 

growth. Measurement of accumulative water uptake by the whole plant was determined 

for each developmental stage by summing the rates of daily water uptake from Day 1 to 
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Mariotte Siphon 

Open to 
atmosphere 
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transpiration 

Water level maintained constant in CEPS water 
reservoir 

Fig. 5.1. Mariotte Siphon method for measurement of water uptake. 
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the end of each growth stage. Leaf water potential OFieaf) of fully expanded young leaves 

was measured at midday for different growth stages, using a pressure bomb chamber 

(Scholander et al., 1965). 

5.3.4. Plant Growth and Fruit Yield 

Plant heights and the number of intemodes were determined at 5-day intervals, 

beginning 25 days after emergence (DAE) of the seedlings. A subset of three plants/ 

treatment was harvested at 45 and 77 DAE. Plants were cut at the soil line and data 

recorded on a per-plant basis. At 45 and 77 DAE, fresh and dry weights of shoots were 

recorded. At 77 DAE, dry and fresh weights of fruits were also recorded. The experiment 

was harvested at 119 DAE (six plants/treatment). In addition, marketable yield was 

recorded as the weight of healthy fruit (free of blossom-end rot, and weighing at least 100 

g) from individual plants in all treatments. The number of days to first ripe fruit (earliness) 

was also recorded. The experiment was arbitrarily terminated when eight fruits had 

ripened on the last plant, a measurement of concentration fruit maturity. 

Plant tissues were oven-dried for 48 hr at 65 0C. Fruit dry weight was determined 

by holding shced fruit in a 65 0C oven until a constant weight was reached. Each growth 

medium was subdivided into three 5-cm strata; percent moisture content in each stratum 

was determined for the three harvest days. 

Experiments 1 and 2 had the same data gathered except that in Experiment 2, all plants 

were harvested at the termination of the experiment (no sub-samples were taken at 45 or 77 

DAE). 
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5.3.5. Experimental Design 

Experiment 1 A was planted on 1 September 1996 and terminated on 25 January 

1997. Experiment IB was planted on 25 February 1997 and terminated on 25 June 1997. 

Three root medium (pouch) diameters were investigated: 16,23 and 28 cm (201,416, and 616 

cm2 CSA's 

corresponding to 3,6, and 9 liters, respectively). The media are hereafter referred to as 16,23, 

and 28 cm diameter. Eflfect of root medium diameter on daily water uptake and tomato growth 

during various developmental stages and on yield at harvest were evaluated. There were 

two vertical capillary wicking strips extending down into the water reservoir from each 

pouched-plant. This experiment was arranged in a randomized complete block design with 

four blocks and three replications per block. Plants of different treatments were assigned 

randomly in each pallet. Each pallet accommodated nine plants and planting density was 

6.25 plants/m . 

Experiment 2 was planted on 1 March 1997 and terminated on 30 June 1997. We 

measured effects of three root medium diameters combined with two-capillary-wick cross 

sectional areas on water uptake during various developmental stages and on fruit yield at 

harvest. If rate and cumulative water uptake were greater with the increased CSA of the 

capillary wick, the direct effect of wick-volume would impose differential water uptake on 

tomato growth and development within each root medium diameter. The arrangements 

were the same as in Experiments 1A and IB, but each medium diameter had two (2vw) or 

six (6vw) vertical wicks extending into the 8-liter buckets. This experiment was a 

completely randomized design with six plants per treatment. 
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5.3.6. Statistical Analyses 

Data in Experiments 1A and IB were subjected to two-way ANOVA: Growth 

stage x media diameter. In Experiment 2, a three-factorial analysis of variance was 

performed: Four plant growth stages (vegetative, flowering, fruit expansion and fruit 

maturation) x three media diameter (16,23, and 28L) x two capillary wick CSA (2vw and 

6vw). The GLM procedure of the SAS Institute, Cary, NC (version 6.12; SAS, 1996) was 

used in all the analyses. 

5.4. Results 

The determinate tomato cv. Pik Red underwent four major distinguishable plant 

developmental stages. The first stage (seedling or vegetative stage) was a period of 

juvenility from 0 to 45 DAE referred to hereafter as the 'vegetative stage'. Stage 2 (the 

flowering stage) was marked by vigorous vegetative growth, onset of flowering, anthesis, 

and fruit fonnation (46 to 70 DAE). The next growth stage was characterized by little 

vegetative growth but rapid fruit expansion (71 to 95 DAE). Hereafter, it is referred to as 

'rapid fruit expansion or rapid fruit enlargement stage'. The final stage was characterized 

by accelerated leaf senescence and fruit ripening, but with very little fruit enlargement 

(from 96 to 119 DAE). This is referred to as the 'fruit maturation or fruit ripening stage'. 
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5.4.1. Experiments lAand IB 

5.4.1.1. Water relations. Daily water uptake in all treatments responded sharply to 

mean greenhouse temperature (Fig. 5.2). Coefficient estimates for the reaction of water 

uptake rates to changes in mean greenhouse temperature for different root-medium 

diameters at various growth stages are in Table 5.1. In determining such estimates, the 

maximum greenhouse temperature was used as a covariant in rate of water uptake models. 

The daily rate of water uptake over time in both trials was a polynomial regression. The 

curves were bell-shaped for all diameters: all reached their peak daily water uptake during 

the fruit expansion stage (Fig. 5.3). The 16 cm diameter treatment peaked first, 

immediately followed by the 23 cm diameter. The 28 diameter did not reach its maximum 

rate of daily water uptake until approximately 2 weeks later. 

There was a significant interaction between growth stage and diameter for daily 

water uptake in both trials. The smallest medium diameter (16 cm) began to take up 

significantly less water than the larger medium diameters (23 and 28 cm) at the onset of 

the flowering stage and thereafter (45 DAE; Fig. 5.3). No difference in daily water uptake 

among diameters had been observed during the vegetative stage (Table 5.2). In the 23 cm 

treatment, the average daily water uptake was the greatest (603 mid') during the 

flowering stage. Mean daily water uptake in the 28 cm diameter (887 mid", Table 5.2) 

and the 23 cm diameter treatment (849 mid') were similar during the rapid fruit 

expansion stage (71-95 DAE), but mean water uptake in the 28 cm diameter exceeded 

that in the 23 cm medium diameter during the fruit maturation period (96-119 DAE) in 

Experiment IB. In Experiment 1A, daily water uptake remained statistically similar for 23 

and 28 cm diameter during the fruit maturation stage (Table 5.2). 
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Fig. 5.2. Response of daily rate of water uptake to changes in daily maximum (Max) and minimum (Min) 
greenhouse temperatures for tomato cv. Pik Red grown in different medium diameters (16, 23 and 28 cm, 
Experiment IB) 
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Table 5.1. Influence of maximum greenhouse temperature on water uptake rates of 
different root-medium diameters at various growth stages for tomato cv. Pik Red 
(Experiment IB) . 

Treatment 

Growing 
stage 

Medum 
diameter 

(cm) 

— Coefficient 
estimates 

(mlH20/l0C) 

Model 
2 r 

Model 
p-value 

Vegetative 16 8.55 
23 8.36 0.67 NS 
28 9.46 

Flowering 16 18.80 
23 23.64 0.51 0.0001 
28 22.06 

Fruit Expansion 16 11.14 
.    23 17.17 0.51 0.0001 

28 15.37 

Fruit Maturation 16 28.94 
23 36.34 0.51 0.0001 
28 41.86 

t NS, slopes were not significantly different at p=0.05. 
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Fig. 5.3. Daily rate of water uptake during 24-hr periods for various growth stages of 
tomato cv. Pik Red grown in different medium diameters (16,23 and 28 cm) over time. 

2  _2 Polynomial regression equations for 16 cm: y=l006.09+43.36x-0.27x , r =0.61; 23 cm: 
y=l 163.85+94.04 
(Experiment IB). 
y=1163.85+94.04x-0.30x2, r2=0.63; and 28 cm: y=-1092.41+45.06x-0.27x2, r2=0.58 
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Table 5.2. Influence of medium diameter on mean daily water uptake per growth stage, 
cumulative water uptake through a given plant growth stage, and leaf water potential 
(Sficaf) at various growth stages of tomato cv. Pik Red (Experiments 1A and IB)^ 

Treatment 

Mean water Cumulative water Growth Medium Tleaf 
stage diameter uptake uptake through a 

given stage 
(cm) (mid'1) (L/plant) (-MPa) 

1A IB 1A IB IB 

Vegetative 16 234.2 305.3 1.8 3.4 0.41 
23 232.8 302.1 1.7 3.3 0.37 
28 231.9 309.1 1.7 3.4 0.40 

±SE NS NS NS NS NS 

Flowering 16 500.9 522.3 14.8 15.8 0.75 
23 604.5 602.7 16.2 17.5 0.51 
28 599.1 522.8 16.3 15.8 0.51 

±SE 17.00 12.61 NS NS NS 

Fruit expansion 16 502.1 754.8 27.4 34.7 1.25 
23 727.7 849.3 34.2 38.8 0.50 
28 711.6 886.7 33.9 38.0 0.50 

±SE 12.62 15.91 1.09 1.04 0.31 

Fruit maturation 16 431.1 458.6 39.83 46.13 0.77 
23 660.4 550.1 54.84 52.58 0.50 
28 649.0 619.1 54.12 53.46 0.50 

±SE 11.33 12.47 1.39 1.14 NS 
t NS, not significant at p=0.05. 
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Unfortunately, root parameters were not quantified because of the difficulty 

associated with precise and reliable root sampling in our peat-moss: vermiculite mixture. 

However, visual examination of roots at various stages of plant development ascertained 

that in the 16 cm diameter pouch, a dense higher order root system fully occupied the root 

pouch by approximately 50 DAE. By 75 DAE, root tips had reached the perimeter of the 

medium in the 23 cm diameter pouch. Root tips did not reach the 28 cm diameter 

perimeter in Experiment 1 A; in Experiment IB, they reached the perimeter at 87 DAE. 

There were no noticeable changes in water uptake curves (Fig. 5.3) as roots reached 

periphery of the root media. 

During the vegetative and flowering periods there were no differences in 

cumulative water uptake among diameter treatments, with means of 1.7 and 15.1 L/plant 

in 1996, and 3.4 and 16.4 L/plantin Experiment IB, respectively (Table 5.2). However, by 

the fruit expansion and maturation stages, the 16 cm diameter had significantly less 

cumulative water uptake. 

Leaf water potential OFieaf) of plants in the 16 cm diameter pouches was 

significantly higher during the rapid fruit expansion stage in Experiment IB (Table 5.2) 

than in the 23 or 28 cm diameters. Leaf water potential was not measured in Experiment 

1A. 

The daily water uptake during the night dark period throughout the course of the 

experiment is described by second-degree polynomial regression in Fig. 5.4. Patterns are 

slightly different but outcomes for all diameters during various growth stages are 

statistically similar to those for daily 24-hr periods (Fig. 5.3). However, differences among 

diameters in daily water uptake during darkness (~ 10 to 40 ml) were small compared to 
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Fig. 5.4. Daily rate of water uptake during dark periods for various growth stages of 
tomato cv. Pik Red grown in different medium diameters (16,23 and 28 cm) over time. 
Polynomial regression equations for 16 cm: y::=-120.74+6.61x-0.04x2, r2=0.68; 23 cm: 
y=-136.52+7.52x-0.05x2, r2=0.66; and 28 cm: y=-106.22+6.15x-0.04x2, r2=0.65 
(Experiment IB). 
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differences in total daily uptake ranging from 100 ml (80 DAE) to 200 ml (120 DAE) 

(Fig.5.3 and Fig.5. 4). The percent average daily water uptake in dark hours ranged 

between 17.0% during the flowering stage to 22.9% during the maturation stage (Table 

5.3). The mean daily water uptake peaked between 37.3 to 39.9% of the daily total during 

the warm afternoon hours (1200 to 1630) when incidence of solar irradiance, temperature, 

and transpiration peaked. This short period each day strongly influenced the overall water 

uptake during all growth stages. 

5.4.1.2. Plant growth and yield. Plant height in the 16 cm diameter treatment was 

significantly greater than in 28 cm diameter during the vegetative stage in both trials. This 

might be related to the more densely branched root system of the smallest volume, where 

numerous root tips allowed better uptake of nutrients. Gain in plant height diminished 

rapidly beyond 45 DAE; plants in all treatments then had similar heights (data not shown). 

This is not surprising with a determinate growth-habit tomato genotype where branching 

becomes dominant. The number of intemodes did not differ significantly across treatments 

at this early stage of development (data not shown). This agrees with Krizek et al. (1985), 

who found that root restriction had no significant effect on the rate of cell division in the 

leaf or on the number of intemodes in the stem of soybean. 

In 1 A, fresh fruit weight per plant and fresh weight per fruit increased as medium 

diameter increased (Table 5.4). Earliness in fruit ripeness (days to first ripe fruit) of the 28 

cm treatment as compared with the 16 cm medium diameter was delayed by an average of 

4 days in Experiment 1A (Table 5.4) but not in Experiment IB. Fresh and dry weights at 

day 45 were not effected by the medium diameter (data not shown). 
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Table 5.3. Percent of total water uptake by time segment of day for tomato cv. 
Pik Red during diflferent plant growth stages (Experiment IB). 

Time of day % Total water uptake by growth stage 

Fruit Fruit 
Vegetative Flowering expansion maturation 

0700 -1200 25.0 24.5 23.5 22.4 

1200 -1630 37.3 39.9 39.4 37.4 

1630 -2030 17.0 18.6 17.8 17.3 

2030 -0700 20.7 17.0 19.3 22.9 
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Table 5.4. Effect of medium diameter on the days to first ripe fruit, individual fruit weight 
and total fruit weight per plant for tomato cv. Pik Red (Experiment 1 A). 

Medium 
diameter 
(cm) 

Fruit weight/ 
plant 
(g) 

Fresh weight/ 
fruit 
(g) 

Days > to first ripe 
fruit 

16 676.8 84.6 122.3 

23 925.1 100.9 122.8 

28 1189.6 125.2 126.5 

±SE 50.45 7.96 0.99 
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None of the parameters measured at DAE 77 were influenced by different medium 

diameters (Table 5.5). However, at harvest (119 DAE), the 28 cm diameter treatment 

produced greater total fresh fruit weight, fresh weight per fruit, dry weight per fruit and 

marketable yield per plant increased as diameter of the medium increased. Fruit number 

per plant was the same for all diameters in both sampling dates (data not shown). The 28 

cm diameter treatment plants produced larger marketable fruit than did plants grown with 

smaller medium diameters (Table 5.5). Nearly 72% of fruit produced by plants in the 28 

cm diameter was marketable, followed by the 23 cm diameter (68.3%) and the 16 cm 

diameter (67%) treatments. "Non-marketable" was defined in this study as fruit that 

lacked maturity at time of termination, was lighter than 100 g per single fruit, or showed 

any sign of BER. 

Blossom-end rot data were determined as the percent of the total fruit showing the 

physiological disorder. None of the fruit had BER symptoms at 77 DAE (Table 5.5). At 

the termination of the experiment (119 DAE), however, incidence of BER ranged from 

3.0 to 9.0%. The 23 cm diameter treatment produced fruits with significantly less 

incidence of BER than the 16 cm diameter treatment. Ruflf et al. (1987) found the same 

results in tomato cv. Better Bush, but Bar-Tal and Pressman (1996) reported a decrease in 

% BER with restricting root size in tomato 'F121' in an aeroponics production system. 

Fresh and dry shoot weights of tomato plants did not differ significantly for any 

treatment at 45 DAE (data not shown) and at 77 DAE (Table 5.5). At DAE 119, 

however, fresh shoot weight for the 23 cm diameter treatment was significantly greater, 

whereas dry shoot weight for 28 cm diameter was significantly less. In studies by other 



Table 5.5. Effect of medium diameter on fruit parameters and incidence of blossom-end rot (BER), fresh and dry 
shoot weight, harvest index (fruit/total plant bioweight expressed in percent, HI), and water use efficiency (WUE) of 
tomato cv. Pik Red (Experiment IB)*. 

Treatment Fresh 
fruit 

weight/ 
plant 
(g) 

Fresh 
weight/ 

Fruit 
(g) 

Dry 
weight 

/ 
fruit 
(g) 

Marketable 
yield/ 
plant 
(g) 

BER 
(%) 

Fresh 
shoot 

weight 
(g) 

Dry 
shoot 

weight 
(g) 

HI 
(%) 

DAE1 Medium 
diameter 

(cm) 

WUE 
(gDM/ 
LH2O) 

77 16 425.7 36.0 2.7 N/A 0 718.0 61.0 33.3 17.1 

23 455.0 40.6 3.1 N/A 0 695.3 59.4 36.4 16.3 

28 403.7 46.3 3.6 N/A 0 792.3 68.3 30.9 20.2 

±SE NS NS NS - NS NS NS NS NS 

119 16 2026.7 183.3 13.2 1344.2 9.0 818.3 114.1 55.8 5.6 

23 2486.8 208.9 15.7 1671.7 3.0 972.7 110.9 63.1 4.7 

28 2978.8 220.4 17.9 2138.3 6.9 788.7 104.2 68.3 4.2 

±SE 140.61 3.06 1.39 107.1 2.5 40.5 2.14 1.73 0.76 

f NS, Nonsignificant at p=0.05, N/A, not applicable. 
X days after emergence. 

to 
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researchers, shoot dry weight was reduced (Ruffet al., 1987; Peterson et al., 1991a), and 

shoot growth was suppressed while there was greater production of dry matter per unit 

leaf area (Hameed et al., 1987). 

Neither harvest index (HI; calculated as the ratio of fruit weight to total biomass 

produced per plant) nor water use efficiency (WUE: g dry matter (DM) produced per 

amount of water taken up /plant) were significant during the rapid fruit expansion stage 

(77 DAE) (Table 5.5). Harvest index increased as diameter of the medium increased 

during the maturation stage (119 DAE), which indicated proportionally more water and 

assimilates were being transported to fruit in the largest diameter. Harvest index (HI) was 

highly correlated with the cumulative daily water uptake per plant, r = 0.94, at p=0.0001 

(Fig. 5.5). In severely restricted root systems, however, NeSmith et al. (1992) found that 

HI of 'Jupiter' bell pepper (Capsicum armuum L.) was inversely proportional to container 

volume. Water use efficiency (WUE) in our experiments, decreased with increasing 

substrate diameter during the maturation stage (119 DAE) (Table 5.5). 

Total fresh fruit weight per plant was strongly correlated with both the average 

daily water uptake and the root-medium diameter. Stepwise forward analysis produced the 

following equation of the fitted model to describe the relationship between total fruit 

weight (TFM) and the other two variables in this experiment: TFM= 405.21 + 1.99*WUP 

+ 110.09*VOL, with ^=0.77, where WUP = average daily water uptake (ml) and VOL = 

root-media diameter (cm). A positive linear relationship between TFM and WUP was 

found during fruit expansion and fruit ripening stages for all diameters (Fig.5.5). The 

intercept of the regression line for the TFM and WUP relationship with the 28 cm 

diameter medium was much greater than for smaller diameters. 
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Fig. 5.5. Regression of total fruit mass/tomato cv. Pik Red on mean water uptake during 
the fruit expansion and fruit maturation stages with 3 different medium diameters (16,23 
and 28 cm). Linear regression equation for 16 cm: y=-l 11.39+3.36x, r =0.92; 23 cm: 
y=-140.7+3.57x, r2=0.76; and 28 cm: y=1527.84+1.85x, r2=0.74 (Experiment IB). 
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Moisture content of the growth medium layers (top, middle, and bottom 5 cm) was 

significantly different at p=0.01, and there was no interaction between medium diameter 

and layer. However, the layer effect was the most important factor; moisture content of 

the bottom, middle and upper 5-cm layers was 83.8, 80.4, and 77.4%, respectively. Each 

moisture content level remained constant throughout the experiment for all root-medium 

diameters (data not shown). 

5.4.2. Experiment 2 

Although wick number did not affect water uptake in 23 and 28 cm diameters 

media, it was significant when combined with the 16 cm diameter medium. The effect of 

cross-sectional area of vertical wick on the rate of daily water uptake in the 16 cm 

diameter pouch over time for 24-hr periods is shown in Fig. 5.6. The slope of the 

regression line for the 16 cm-6 vw (16 cm pouch with 6 vertical wicks) was greater than 

for the 16 cm-2 vw (16 cm pouch with 2 vertical wicks), indicating more accelerated 

water uptake and, thus, more available water during high-demand periods. Rate of daily 

water uptake during dark periods shows similar pattern but with much smaller magnitude 

(Fig. 5.7). 

With the 16 cm diameter pouch, during the vegetative stage, no significant 

differences among treatments existed for water uptake at any time of day (data not 

shown). The 6vw significantly increased water uptake in the 16 cm diameter pouch only 

during flowering and fruit expansion stages, regardless of period of day (dark, light or 24- 

hr durations. Tables 5.6 and 5.7). During the flowering stage (Table 5.6), mean daily 24- 
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Fig. 5.6. Effect of cross-sectional area of water wicks in the 16 cm diameter medium, 
with either 2 or 6 vertical wicks (2vw or 6vw), on daily rate of water uptake during 
24-hr periods over various growth stages of tomato cv. Pik Red. Polynomial regression 
equations for 16 cm-2 vw: y=-839.5Of33.87x-0.19x2,1^=0.67; and 16 cm-6 vw: 
y=-1065.33+42.96x-0.26x2,1^=0.63 (Experiment 2). 
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Fig. 5.7. Effect of cross-sectional area of water wicks in the 16 cm diameter medium, 
with either 2 or 6 vertical wicks (2vw or 6vw), on daily rate of water uptake during dark 
periods of day over various growth stages of tomato cv. Pik Red. Polynomial regression 

2   _2_ equations for the 16 cm-2 vw: y=-109.78+5.39x-0.03x , r =0.45 and 16 cm-6 vw: 
2  _2_ y=-124.99+6.25x-0.04x% ^=0.40 (Experiment 2). 
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Table 5.6. Interactive effect of medium diameter and capillary wick cross-sectional 
area on mean daily water uptake and cumulative water uptake through the flowering 
stage (46-70 DAE1) of tomato cv. Pik Red (Experiment 2,1997)1 

Parameter 
Medium 
diameter 

(cm) 

No. of vertical wicks 
Significance 

Mean water uptake 
(ml/period of day): 

24-hr 16 445 569 *** 

23 598 601 NS 
28 508 491 NS 

LSDo.os 59.8 68.4 

Light 16 330 419 *** 

23 436 444 NS 
28 367 355 NS 

LSDo.os 48.8 55.8 

Dark 16 115 149 *** 

23 162 157 NS 
28 140 136 NS 

LSDo.os 17.8 18.5 

Accumulative water 
uptake 16 14 17 NS 
(0-70 DAE) 23 18 18 NS 
(L/plant) 28 16 15 NS 

LSDo.os NS NS 

Significance df Mean water uptake Accumulative 
water uptake 

24-hr Light Dark 

Diameter (D) 2 *** *** *** NS 
Wick(W) 1 ** ** * NS 
D*W 2 *** *** *** NS 
t days after seedling emergence. 
J ***, and NS, significance at p=0.001 and nonsignificance at p=0.05. 
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hr water uptake of the 16 cm-6 vw treatment matched the level of either 23 cm pouch 

treatment, and was significantly higher than the 28 cm pouch treatment. 

The mean daily water uptake in the 16 cm-6 vw peaked on average at 716 mid" 

during the fruit expansion period, but this daily uptake was significantly less than that for 

the 28 cm diameter (Table 5. 7). Although average water uptake was considerably greater 

in the 16 cm-6 vw than in 16 cm-2 vw treatments in darkness during the fruit expansion 

stage, it was significantly less than that in the 23 cm and 28 cm diameters (Table 5.7). 

During the fruit maturation (ripening) stage, mean daily water uptake in the 28 cm- 

medium diameter was significantly higher than in the smaller pouch diameters at any 

period of day (Table 5.8). 

Medium diameter and number of vertical wicks had little or no effect on 

cumulative water uptake up to the end of the flowering stage (0-70 DAE, Table 5.6). 

However, by 95 DAE (Table 5.7), the cumulated water uptake of the 16 cm-2 vw, but not 

that of the 16 cm-6 vw plants, was significantly less than that of the larger medium 

diameter. During the fruit maturation stage (96-119 DAE), the 16 cm-6 vw uptake 

exceeded the 16 cm-2 vw treatment but was still less than for the larger pouch diameters 

(Table 5.8). 

In the 16 cm diameter, increasing the cross-sectional area of the vertical wicks (by 

increasing the number from 2 to 6) also increased the fresh fruit weight by 11%, number 

of fruit by 18%, and fresh shoot weight per plant by 28% (Table 5.9). The number of 

vertical wicks had no effect on % BER. 
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Table 5.7. Interactive effect of medium diameter and capillary wick cross-sectional 
area on mean daily water uptake and accumulative water uptake through the fruit 
expansion stage (71-95 DAE*) of tomato cv. Pik Red (Experiment 2,1997)*. 

Medium No. of vertical wicks 
Parameter diameter ■ »                               ^^ « ^^di**** rffe4fe«% **^^ 

7 A dignmcance 
(cm) 

** yj 

Mean water uptake 
(ml/period of day): 

24-hr 16 649 716 * 

23 751 743 NS 
28 821 797 NS 

LSDo.os 68.4 62.8 

Light 16 544 604 * 

23 629 622 NS 
28 695 675 NS 

LSDo.os 65.8 59.9 

Dark 16 105 112 NS 
23 122 121 NS 
28 127 122 NS 

LSDo.os 10.4 NS 

Accumulative water 
uptake 16 30 35 ** 

(0-95 DAE) 23 34 35 NS 
(L/plant) 28 38 37 NS 

LSDo.os 3.2 1.1 

Significance             df Mean water uptake Accumulative water 
uptake 

24-hr Light Dark 

Diameter (D)             2 *** *** *** ** 

Wick (W)                  1 * * NS NS 
D*W                         2 * * NS * 

t days after seedling emergence. 
% *, **, and NS, significance at p=0.05, 0.01 and nonsignificance at p=0.05. 
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Table 5.8. EfiFect of medium diameter and capillary wick cross-sectional area on 
mean daily water uptake and accumulative water uptake through the fruit 
maturation stage (96-119 DAE^ of tomato cv. Pik Red (Experiment 2, 1997)1 

Medium No. of vertical wicks 
Parameter diameter Significance 7 f. 

(cm) 
Zt \J 

Mean water uptake 
(ml/period of day): 

24-hr 
16 573 575 NS 
23 703 706 NS 
28 769 769 NS 

LSDo.os 64.0 55.5 

Light 16 461 465 NS 
23 572 567 NS 
28 625 622 NS 

LSDo.os 58.6 51.5 

Dark 16 111 109 NS 
23 131 139 NS 
28 143 146 NS 

LSDo.os 11.4 10.0 
Accumulative water 
uptake 16 44 49 * 

(96-119 DAE) 23 55 54 NS 
(L/plant) 28 53 52 NS 

LSDo.os 4.4 1.6 

Significance           df Mean water uptake Accumulative 
water uptake 

24-hr Light Dark 

Diameter (D)          2 *** *** *** ** 

Wick (W)                 1 NS NS NS NS 
D*W                        2 NS NS NS * 

t days after seedling emergence. 
% *, and NS, significance at p=0.05, and nonsignificance at p=0.05. 
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Table 5.9. Effect of medium diameter and number of vertical wicks on fresh 
fruit weight (yield), fresh weight per fruit, number of fruit and fresh shoot weight 
in tomato cv. Pik Red (Experiment 2,1997)t. 

Parameter 
Medium 
diameter 

(cm) 

No. of vertical wicks 
r>t. °    IC _ 

2 6 aigmircaoce 

Fresh fruit 
weight/plant 
(g) 

16 
23 
28 

2026 
2662 
2830 

2246 
2547 
2901 

* 

NS 
NS 

Fresh weight/ 
fruit 
(g) 

16 
23 
28 

243.1 
270.0 
282.0 

248.3 
275.3 
285.0 

NS 
NS 
NS 

No. fruit/ 
plant 

16 
23 
28 

13.7 
17.8 
18.2 

16.7 
17.7 
17.5 

* 

NS 
NS 

Fresh shoot 

(g) 

16 
23 
28 

718 
1069 
947 

918 
1050 
940 

** 

NS 
NS 

Significance df Fresh fruit 
weight/plant 

Fresh 
weight/ 

fruit 

No. 
fruit/ 
plant 

Fresh 
shoot 

Diameter (D) 
Wick(W) 
D*W 

2 
1 
2 

*** 

NS 
* 

*** 

NS 
NS 

* 

NS 
* 

** 

NS 
* 
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5.5. Discussion 

We hypothesized that smaller root medium diameter would become more limiting 

to water as tomato plants developed because of limited capacity for water recharge 

overnight. Our data, however, nullified that hypothesis (Table 5.3 and Fig. 5.4). The 

relatively small quantity of water uptake during the dark period (peak nightly uptake of 

125 ml) and small peak difference between the 16 and 28 cm diameter pouch (40 ml) is 

inconsequential compared to peak daily uptake (800 ml) and peak uptake difference 

between 16 and 28 cm diameter (200 ml). Increased water uptake with increased CSA, 

rather than the overnight reserve accumulation, accounts for the greater water uptake and 

plant growth. AbiUty to meet daily peak demands as well as peak demands during the plant 

flowering, fiuh expansion, and fruit maturation stages is directly related to medium CSA. 

The potential quantity of capillary water uptake as well as diffusion increase as the 

CSA of the medium increases. With increased CSA, rate of capillary water uptake is less 

likely to be limiting during peak plant demands for water. Results from by 6 vw vs. 2 vw 

with the 16 cm diameter medium show that greater CSA of wicking material led to greater 

water uptake (Fig. 5.6). 

Even though the 16 cm-diameter (201 cm CSA) medium had significantly less 

water uptake than other treatments during high water demand periods (flowering and fruit 

expansion stages), it still produced the same fresh shoot weight as the larger pouch 

volumes (Table 5.5). This may have created mild leaf-water deficit stress during the rapid 

fruit expansion period (Table 5.2) and, consequently, smaller final fruit size and yield. The 

degree to which water uptake met the high transpirational demands in a given 

environmental situation or stage of plant development (e.g., afternoon, or during flowering 
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and rapid fruit stages), rather than water recharge during dark periods, accounts for the 

different response between the smallest (201 cm ) and largest (616 cm ) medium cross 

sectional areas. 

Increasing root medium diameter and CSA in OPS improved tomato marketable 

fruit yield by 37% and individual fruit size by 17%. The root medium diameter also 

influenced partitioning of assimilates in favor of fruit. Our harvest index was highest from 

the large diameter medium. 

Peterson et al. (1991a) proposed that root density, gas difiusion, and root 

metabolic activity were important factors in determining root restriction stress. In CIPS, 

oxygen level is not an issue because of the continuity of water flow from water reservoir 

to plant to atmosphere. We observed healthy, white-colored, dense root systems at each 

harvest. 

Because the nutrient supply was the same for all our root-medium treatments, 

differences among treatments could not be related to nutrition. Root restriction also had 

no significant effect on nitrogen (N) concentrations in the root, stem, leaves, and fruits in 

tomato (Bar-Tal et al., 1995) and beans (Carmi and Heuer, 1981). 

5.6. Conclusion 

The influence of medium and wick CSA on water uptake rate and fruit yield of the 

determinate tomato 'Pik Red' depended on plant physiological stage. Insufficient water 

transport through the smaller CSA medium caused differences during vigorous vegetative 

growth and fruit development. Increased water uptake and improved yield from the 

smallest diameter pouch obtained by increasing the cross-sectional area of water-wicking 
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material proved our hypothesis that CSA, rather than volume, was the primary limiting 

factor. 
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6.1. Abstract. 

In the closed insulated pallet system (CIPS), rates of 15, 45, 60, 75, or 105 g of 

fertilizer per tomato plant were applied in upward-opening Conservers with peat- 

vermiculite in the protected diffusion tube (5-cm sidewall, 3-cm diameter plastic vial). 

Fertilizer rates did not significantly affect vegetative growth. However, fruit ripened 5 to 

8 days earlier with the low fertilizer rate of 15 g/plant (1.3 g N per plant). Total dissolved 

solutes (TDS) in the middle layer of the pouched media at Day 100 (harvest) ranged from 

1617 mgl/1 (15 g/plant) to 8300 mg-L"1 (105 g/plant fertilizer; 9.0 g N per plant). The 

diffusion pathway to the water reservoir was 12.5 cm (5-cm sidewall height + 7.5 cm 

from Conserver top to the pouch bottom). At Day 100 the majority of the TDS was in the 

middle layer (5 to 10 cm). In a second experiment, solubilization + diffusion of 15g/plant 

fertilizer rate, with or without tomato plants in the pouch, was determined at Day 0, 20, 

40, 60, 80 and 100. Total dissolved solutes in the medium with plants (solubilization + 

diffusion of the fertilizer minus uptake by the tomato plant) peaked at Day 20. 

Throughout the 100-day production period, TDS in the middle layer of the pouched 

medium ranged from 100-129% of the pre-fertilized medium TDS content. This indicates 

that plant available fertilizer did not become either excessive or depleted. In the absence 

of a growing plant in the pouch, the TDS resulting from solubilization-diffusion of 15 

g/plant fertilizer peaked on Day 40 in the medium (2828 mgL"1) and on Day 100 in the 

water reservoir (1850 mgL"1). The 15-g/plant fertilizer in upward-opening Conservers 

with 12.5 diffusion pathway provided adequate fertilizer to growing-fruiting tomato 

plants for 100 days, with little or no diffusion into the pallet water reservoir. 
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6.2. Introduction 

The concern over polluting soil and underground water environments by 

discharging pollutants from intensive crop production has led to the development of the 

closed insulated pallet system (CIPS) as a potential environmentally sound greenhouse 

production system (Briggs and Green, 1991). Gertsson (1995) and Voogt (1993), reported 

that large quantities of fertilizer were required by hydroponically-grown greenhouse 

tomato plants during 9-to 10-month production period (around 223 g per plant providing 

19.6 g N per 9 to 10-months). If this quantity of fertilizer were added at planting time and 

solubilized in CIPS, high salinity would develop in the plant root medium. In contrast, 

tomato plants grown in CIPS for 100-day period received 1.3 to 9.0 g N in this study. 

Unlike traditional greenhouse tomato production systems with indeterminate plants 

grown for 8 to 12 months, determinate tomato cultivars with concentrated fruit maturity 

are grown in CIPS for 90 to 110 days. To prevent the buildup of salinity and improve 

control of fertilizer release over time, we propose applying fertilizer in the Conserver 

protected diffusion zone (PDZ) of Green et al. (1993a, b). The quantity of fertilizer 

diffused is directly related to the cross sectional area (CSA) through which diffusion 

occurs. The 3 cm diameter Conserver has a CSA of 7 cm2 as compared to the CSA of the 

16 cm diameter pouched medium (201 cm2 CSA). 

In the present study, we determined the amount of fertilizer required for this 

shorter production period. Furthermore, we examined whether fertilizer could be placed 

to better orient the diffusion gradient relative to the growing roots and plant growth 

stages (e.g., placing the fertilizer reserve (Conserver compartment) at the bottom of the 

root pouch in an upward opening Conserver). The total diffusion pathways were the 
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length of the Conserver sidewall plus the distance from the Conserver opening to the 

plant root or to the bottom of the pouch. According to Pick's law, the quantity of fertilizer 

at any point along the diffusion gradient is positively correlated to the cross-sectional area 

through which the fertilizer can diffuse, e.g., the diameter of the Conserver. By limiting 

relative ion diffusion of fertilizer by placement in an upward-facing Conserver with a 

small cross section (compared with that of placement of the fertilizer around the 

periphery of the top surface of the root medium as was previously done), the plant's 

fertilizer requirements and available fertilizer for uptake can be better matched. 

Objective of Experiment 1 was to determine the least amount of Conserver- 

applied fertilizer needed to sustain tomato cv. Pik Red growth and fruit yield. Experiment 

2 objective was to determine the salinity profiles in root growth media over time when 15 

g/plant fertilizer was Conserver-applied in the presence or absence of plants in CIPS root 

pouches. 

6.3 Materials and Methods 

6.3.1. Plant Materials and Production System 

A determinate, early, beefsteak-type, hybrid tomato, Lycopersicon esculentum cv. 

Pik Red, was grown. In Experiment 1, four-week-old seedlings were transplanted into 

CIPS on 25 June 1996. Flowers were mechanically pollinated at noon, three to four times 

a week. Production system used to conduct the experiments was the closed insulated 

pallet system (CIPS) Briggs and Green (1991). For a more detailed description and 
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diagram of OPS, refer to Chapter 3. The experiments were conducted in the greenhouse 

with day and night ambient temperatures of 27 and 19 ±2 0C, respectively. 

6.3.2. Plant Growth and Fruit Parameters 

Plant growth and fruit measurements were taken when the experiment ended on 28 

September 1996, 100 days after emergence (DAE) of seedlings. The number of fruit, fruit 

fresh weights, and shoot fresh and dry weights (at 60 0C for 48 hr), occurrence of 

blossom-end rot (percent of total fruits with the physiological symptom), and earliness of 

fruit ripening (date the first marketable red fruit was produced with red, BER-free fruits 

weighing at least lOOg) were recorded. 

6.3.3. Growth Medium 

The pouched-medium was a 1:1 (v/v) peatvermiculite mix, amended with 

dolomite and gypsum (see Chapter 3 for more details on media preparation). Electrical 

conductivity (EC) was measured with a 1:1 medium : water-by-volume method for the top 

(0 to 5 cm), middle (5 to 10 cm), and bottom (10 to 15 cm) layers. Fertilizer conservers 

opened into the middle layer of the medium; samples were collected from the outer region 

of each Conserver opening. The bottom 5-cm layer included the region just below the 

Conserver (Fig. 6.1). 

6.3.4. Experimental Design 

6.3.4.1. Experiment 1. Five fertilization rates of 15, 45, 60, 75, and 105g with each 

weight comprised of equal weights of KH2PO4, Ca(N03)2.4H20, and controlled- 
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Sealed top surface 

- Pouched media 

Copper coated pouch 

Water reservoir 

Fig. 6.1. KH2PO4 was placed an upward opening Conserver; KNO3 and Ca(N03)2.4H20 
were placed in a second Conserver. The Conservers were positioned with their bottoms 
2.5 cm above the pouch bottom. The Conserver opening was at 7.5 cm depth in the 
middle layer of the growth medium. 
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release KN03, respectively were arranged in a randomized complete design with three 

replicates (plants) per treatment. The total fertilizer applied to each plant was 15, 45, 60, 

75, and 105g, respectively (provided 1.3, 3.9, 5.1, 6.4, and 9.0 g N per plant per 100 d 

growth period, respectively). To avoid precipitating P and Ca2+, the KH2P04 was placed 

in an individual Conserver. The CaONOj^HjO and controlled-release KNO3 were 

placed together in a second Conserver. Conservers were plastic pharmaceutical vials with 

3 cm diameter (7 cm2 cross sectional diffusion area) and 5 cm sidewall length. 

Both upward opening fertilizer Conservers were placed with their bottom 2.5 cm above 

the pouch bottom (Fig. 6.1). This provided a diffusion pathway of 12.5 cm to the 

medium's top or bottom surfaces. The protected diffusion tube of the Conserver was filled 

with peat-vermiculite growth medium. 

6.3.4.2. Experiment 2. The same growth medium was used as in Experiment 1. 

Plants were grown in mini-pallets with 25-L capacity water reservoirs. The mini-pallets 

were insulated cooler chests modified by cutting three 15-cm diameter holes in the lids to 

receive three plant medium pouch containers. The lowest fertilizer rate of 15 g/plant of 

KH2P04 in one Conserver and of Ca(N03)2.4H20 and KNO3 in a second Conserver 

provided 1.3 g N per plant. Salinity profiles of the root growth medium were determined 

at 0, 20,40, 60, 80, and 100 days. Destructive samplings (three replications per treatment) 

at 20-day intervals from Day 0 to Day 100 were made on medium in pouches containing 

tomato plants and on medium in control pouches without plants. At each date, the 

medium was subdivided into three 5-cm layers; total dissolved solutes (TDS) were 

measured for each layer and the water reservoir. The TDS of growth medium was 

determined by the 1:1 
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soil: water method. The base TDS level of the sub-irrigation water reservoir was 45 

mg-L"1. The base TDS of the medium prior to installing the Conservers was 1100 mg-L"1. 

6.3.4.3. Statistical analysis. SAS was used to statistically analyze the data. The 

GLM procedure was followed for the ANOVA and LSD was determined at 5% 

significance level for separation of treatment means (SAS, 1996). 

6.4. Results 

6.4.1. Experiment 1 

6.4.1.1. Yield component. Fertilizer rates did not affect fruit traits (total fruit 

weight, marketable fruit yield, average weight per fruit, total number of fruits produced 

per plant, and fruit dry weight; Table 6.1). This agrees with reports by Sonneveld and 

Voogt (1990) where tomato yield was not decreased when only half the root system was 

exposed to high EC values. Root specialization enabled plants to absorb water and 

nutrients independently. Lunin and Gallatin (1965) also showed a compensatory increase 

in the water uptake by tomato roots in nonsaline zones. The total amount of water taken 

up by the plant was only slightly less when one-third of the soil was salinized as 

compared with the nonsalinized control. Incidence of blossom-end rot (BER) was 

significantly higher in the 75 and 105 g/plant fertilizer rates (Table 6.1). The 15 g/plant 

(1.3 g N per plant) was by far the most efficient rate with 68.12 g dry matter (DM) fruit 

per g N (Table 6.2). Based on data of Sonneveld and Voogt (1990) for 5-months, and 
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Table 6.1. Influence of fertilization rate on several fruit parameters of tomato 
cv. Pik Red1'. 

Fertilization 
Rate 
(g/plant) 

Total 
fruit wt./ 
plant 
(g) 

Marketable 
fruit yield / 
plant 
(g) 

Wt/ 
fruit 
(size) 
(g) 

Number 
fruit/ 
plant 

Fruit 
dry 
weight 
(g) 

BER 
(%) 

15 1251 974 129 9 9 2 

45 967 773 105 8 8 0 

60 1437 1124 141 9 11 0 

75 1500 1097 127 13 10 10 

105 1147 773 114 12 8 9 

LSD0,05 NS NS NS NS NS 6.11 

t NS, non-significant at p= 0.05. 
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Table 6.2. Fruit dry matter (DM) production of tomato cv. 
Pik Red per different rates of nitrogen provided from 
fertilizer rates applied for a 100-day growth period (Experiment 
1). 

Fertilizer 
Applied 
(g/plant) 

Nitrogen 
provided 
(g/plant) 

g DM fruit/ 
g N applied 

15 1.3 68.12 

45 3.9 18.06 

60 5.1 20.97 

75 6.4 17.02 

105 9.0 9.05 
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Voogt (1993) for 10-month and Gertssen (1995) for 9-month production periods, g DM 

fruit per g N applied were 3.9,21, and 20.1, respectively. 

6.4.1.2. Plant growth and development. Fresh and dry shoot weight did not differ 

significantly among fertilizer treatments (Table 6.3). Rate of fertilizer application 

significantly affected fruit ripening. At 15g/plant, fruit ripened 5 to 8 days earlier than at 

higher rates. With respect to concentration of fruit maturity (days to eighth ripe fruit), the 

75 g/plant concentrated fruit maturity in only 5 days (Table 6.3). 

6.4.1.3. Salinity of growth medium. Medium salinity was related to fertilizer rate 

and media layer within the pouch, but fertilization rate and medium layer interacted to 

affect TDS (P< 0.0001). 

Total dissolved solutes (TDS) in the middle layer of the pouched medium at Day 

100 (harvest) ranged from 1617 mg-L"1 (15 g/plant) to 8300 mg-L"1 (105 g/plant) at which 

time a major portion of the TDS was in the middle layer (5-10 cm layer) of the pouched 

medium (Fig. 6.2). 

6.4.2. Experiment 2 

Without a growing plant in the pouch, the TDS resulting from fertilizer solubilization and 

diffusion rapidly increased after fertilizer application, and began to plateau on Day 40 in 

the middle layer (Fig. 6.3). In the water reservoir, TDS increased slowly from Day 0 to 

Day 60, then increased more rapidly after day 60 and peaked at Day 100. Salt 

concentration in the water reservoir increased rapidly after reaching salt concentration 

peak on Day 40 in the bottom layer. The TDS of the top and middle layers was relatively 

constant after Day 40. 
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Table 6.3. Influence of fertilization rate on fresh and dry shoot weights, 
number of days to first fruit ripe and days from first to eighth ripe fruit 
(fruit concentration) of tomato cv. Pik Redt (Experiment 1). 

Fertilization 
Rate 
(g/plant) 

Fresh 
shoot 

weight 
(g) 

Dry 
shoot 

weight 
(g) 

Days to 
first ripe 

fruit 

Fruit Cone. 
(days from first to 

eighth ripe 
fruit) 

15 451.3 48.2 78.7 8.0 

45 468.7 43.5 83.3 8.7 

60 492.0 55.7 83.3 9.7 

75 516.0 58.3 84.7 5.0 

105 444.3 55.8 86.3 8.0 

L0U005 NS NS 3.51 1.05 

f NS, non-significant at p= 0.05. 
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The TDS in the medium with tomato plants in the pouch (solubilization + 

diffusion of the fertilizer minus uptake by the tomato plant) peaked at day 20 (Fig. 6.4). 

TDS in the middle layer of the pouched media ranged from 100 to 129% (1100 to 1633 

mg-L"1) of the initial medium content. Lowest value was 1230 mg-L"1 at Day 100, 

indicating that fertilizer did not become depleted during the 100-day production period. 

The TDS of the top layer, however, remained constant at near initial value (1100 mg-L"1). 

6.5. Discussion 

A 15-g per plant fertilizer rate in upward-opening Conservers with 12.5 cm 

diffusion pathway will provide adequate fertilizer to growmg tomato plants for 100 days, 

with little or no diffusion of fertilizer into the water reservoir in the base of the CIPS. 

The salinity (TDS) range in Experiment 1 of 1617 to 2950 mg-L"1 obtained from 

rates of 15 to 75 g/plant in the middle 5-cm layer (Fig. 6.2) is a salt-tolerable range for 

tomato plants growing in CIPS. Because the bottom layer (Fig. 6.4) was severely 

depleted of nutrients by Day 60, most nutrient uptake must have been from this layer as 

well as from the upper 5-cm layer for these treatments. However, the TDS of 8300 mgL"1 

in the middle layer at the highest treatment (105 g/plant) creates a very high osmotic 

potential in the growth medium. Very little water uptake is possible within such a layer. 

However, a visual examination of the middle layer showed a healthy root system. Water 

uptake by roots in the bottom 5 cm may have compensated for this inability in the middle 

layer as tomato growth and yield were similar across all fertilizer rates. This situation is 

similar to a divided or split root system and examples of root specialization in various 
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plant species are numerous (Glenn and Welker, 1993; Sadras et al. 1993; Blum and 

Johnson, 1992; Sonneveld and Voogt, 1990; Zekri et al. 1989; and Lunin and Gallatin 

(1965). 

Salinity profile data indicated that between Days 20 and 60, the bottom layer was 

important for nutrient uptake (Fig. 6.4), but once depleted the upper layers became 

prominent sources for nutrients. 

Using the minimal fertilizer rate possible in CIPS is a prerequisite for a cleaner 

environment and reduced pollution caused by excessive fertilization in conventional 

intensive-production systems. 
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7.1. Abstract 

Salinity buildup in root growth medium in the closed insulated pallet system 

(CIPS) may adversely affect growth and yield of tomato plants. Vesicular-arbuscular 

mycorrhizal (VAM) colonization may enhance salt tolerance of selected plant species. 

Our objectives were to identify the best combination of VAM fungus, tomato genotype, 

and growth medium for mycorrhization of tomato roots, and to determine if VAM fungal 

colonization influenced plant salinity tolerance. One cucumber (Marketmore) and five 

tomato cultivars (Sunex70, Santiam, Pik Red, Butte, and Patio) in combination with four 

VAM fungi (Gigaspora margarita, Glomus intraradices, G. etunicatum, and G mossae) 

did not produce successful root colonization. 

7.2. Introduction 

Sylvia and Williams (1992) reported that certain vesicular-arbuscular mycorrhizal 

(VAM)-colonized halophytic plants can survive in soils with electrical conductivities 

(EC) higher than 10 dSm"1. VAM root colonization may enhance salt tolerance of specific 

plants (Menge' et al., 1978). Hirrel and Gerdemann (1978,1980) showed that VAM 

improved onion and pepper yield and salt tolerance in salinized soil. Salinity reduced P 

concentration in many crop plant tissues, including tomatoes (Champagnol, 1979; Maas 

and Nieman, 1978; Bernstein et al. 1974; Hassan et al., 1970a, 1970b). Poss et al. (1985) 

indicated that increased onion growth under saline conditions depended primarily on P 

nutrition regardless of the presence of VAM. The main role of the VAM fungus Glomus 

deserticola was to increase P accumulation and concentration when soil P was low. With 

tomato, when P was added, growth increased dramatically, obscuring salinity effects. 
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Ojala et al. (1983) and Poss et al. (1985) showed that Glomus fasciculatum-myconhizal 

onion plants had a remarkable ability to maintain K+ concentrations as salinity increased. 

Part of the benefit of G. fasciculatum at high salinity lies in improved K+ as well as 

improved P nutrition. By enhancing plant nutrient uptake, VAM may cause salinity to be 

a less limiting factor. Poss et al. (1985) suggested that VAM may also improve water 

uptake of tomato and onion plants grown in salinized environment. 

Imbalance in cation nutrition caused by salinity has long been observed 

(Bernstein, 1964). Bernstein et al. (1974) noted that when yields of several plant species 

were decreased by high salinity, increasing soil fertility was relatively ineffective 

compared to decreasing salinity. In contrast, when inhibition was caused by low fertility 

rather than salinity, a greater response resulted from fertilizer applications than from soil 

reclamation. 

Blackburn (1992) established 35.4% root colonization of Zea mays cv. 'Jubilee' 

by the VAM fungus Glomus intraradices in the upper 5 cm stratum of medium in the 

CIPS. Salinity concentration was highest in this top layer in CIPS. 

The objectives of the present study were to 1) determine the best combination of 

VAM fungus, tomato genotype, and growth medium for mycorrhization of tomato roots, 

2) determine effects of VAM fungi on VAM colonization and growth and development of 

tomato plants, and 3) determine if VAM colonization influences plant salinity tolerance 

in the closed insulated pallet system (CIPS). 
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7.3. Materials and Methods 

7.3.1. Experiment 1 

Experiment 1 was initiated on 30 September 1995 in CIPS. Three VAM fungi 

treatments (Glomus intraradices, G. mosseae and nonmycorrhizal control) and two 

tomato cultivars [(Sunex70 (S70) and Santiam (SAN)] were used. Seedling were raised in 

cell trays and transplanted into CIPS when they reached the second true leaf stage. 

Inocula (10 g/pouch) were applied in the middle 5-cm layer of the growth medium 

immediately preceding transplanting the tomato seedlings into the CIPS' pouches; the 

nonmycorrhizal control was sterilized inoculum. Dolomite, 3.0 Kg-m"3 was uniformly 

incorporated into a 1:1 peat:vermiculite mix (v/v). Plants were fertilized in CIPS with 20 

g of Ca(N03)2.4H20 and 15 g of controlled-release KNOj fertilizers, applied at the top 

periphery of the growth medium. Two irrigation water qualities were applied in the CIPS; 

0 vs. 4 g-L"1 NaCl (sodium chloride). Experiment was terminated after a 1 lO-day growth 

period. 

Detailed description of CIPS is provided in the Materials and Methods section of 

Chapter3. 

7.3.2. Experiment 2 

In Experiment 2, three VAM fungi species {Gigaspora margarita, Glomus 

intraradices and G etunicatum) and three tomato cultivars (Pik Red (PIK), Butte (BUT), 

and Patio (PAT), and one cucumber genotype (Marketmore, obtained from Dr J. Baggett, 

OSU) were evaluated. In Experiment 2, seedlings were not transplanted into CIPS. 
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Seedling root-colonization screening was initiated on 31 May 1996 in cell trays. The 

inocula (1.5 g-L"1 medium) were mixed into the medium before planting. Seedlings were 

watered daily and fertilized with a low-P fertilizer (1 Ippm P from monobasic sodium 

phosphate). 

After approximately four weeks of growth, the percent of root length colonized by 

mycorrhizae was evaluated for ~10 plants for each VAM treatment (Biermann and 

Linderman, 1981). Growth media consisted of a 1:1 peatvermiculite mix or 1/3:1/3:1/3 

soil:peat:vermiculite mix amended with 3.0 Kg-m"3 dolomite. 

In both experiments, plants were grown in a glass greenhouse with perimeter and 

under-bench hot-water pipe heating with a minimum temperature setting of 18 0C. Cooling by 

roof vents, pads, and evaporative-cooling fan was activated at 24 0C. Plants were exposed to 

ambient COjand humidity and light 

7.3.3. Experimental Design 

Experiment 1 was arranged in a split plot design in a factorial arrangement: 1) 

VAM- three treatments (G. intraradices, G. mosseae, and nonmycorrhizal control), three 

replicates per pallet; 2) Two tomato genotypes (S70, and SAN) and 3) Water Quality- 

two levels (0 vs. 4 g-L"1 NaCl) with three replicates (pallets) per water treatment. 

Experiment 2, VAM Colonization Predetermination (Screening at the Seedling 

Stage) was a completely randomized design with the following experimental factors: 1) 

three VAM fungi (Glomus intraradices.G. etunicatum and Gigaspora margarita), 2) two 

growth media (1:1 peat:vermiculite and 1/3:1/3:1/3 soil:peat:vermiculite by volume), and 
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3) three tomato genotypes (PIK, PAT, and BUT) and one cucumber genotype 

(Marketmore), were replicated ten times in this split plot experiment. 

7.3.4. Data Collection 

Roots were cleared and stained (Phillips and Hayman, 1970) and VAM root 

colonization was measured as a percentage of root length with mycorrhizal colonization 

(Biermann and Linderman, 1981). Dry weights were taken of shoots and roots. Total 

number and weight of fruit produced per plant and weight per fruit were recorded. Foliar 

concentrations of Na, P, K, Ca, Mg, and Zn were determined by ICP Spectrometer 

(Perkin-Elmer Optima 3000 DV- Perkin-Elmer Corp., Norwalk, CT). Chloride was 

analyzed by Dionex Ion Chromatography. Sodium (Na) cationic ratio with respect to 

other cations was determined in media of mycorrhizal and nonmycorrhizal treatments. 

7.4. Results and Discussion 

No colonization was detected in plant cultivars used in Experiments 1 and 2. 

This may have been due to a specific relationship between tomato (or cucumber) plant 

host and VAM fungi that was not found in our selected combinations. 

A wider range of tomato cultivars (and other high cash vegetable crops) and 

VAM fungi, especially Glomus deserticola, need to be screened at seedling stage for 

positive association prior to transfer into CIPS. Inocula should be initially screened for 

viability. 

Juniper and Abbot (1993) presented a thorough review of literature on the effect 

of salinity on various stages of VAM fungi development (sporulation to root infection). 
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revealing that this area of research is extremely neglected and poorly understood. 

Research is needed to explore the influence(s) of salinity (especially NaCl) on the biology 

of VAM fungi. 
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Chapter 8 

Summary and Conclusions 

The qualitative and quantitative shortage of water for irrigating vegetative crops 

in Kuwait was the initial motivation behind this study. The closed insulated pallet system 

(CIPS) is nearly 100% efficient in water use. As an alternative production system for 

growing tomato genotypes of determinate growth habit, it is an elegant way to evaluate 

effects of increasing sodium chloride (NaCl)-salinized irrigation waters. This research, 

continuing over a three year period, explored several hypotheses, with the following 

conclusions: 

1) CIPS is a promising system for growing tomato cultivars having determinate 

growth habit. Compared with a conventional open-surface container system (OCS), CIPS 

was superior with twofold or greater tomato growth and yield, regardless of irrigation- 

water quality. This supported our hypothesis that salt tolerance was higher in CIPS 

because of its non-fluctuating root environment, e.g., stable moisture content and salinity 

concentration. 

2) Occurrence of blossom-end rot (BER) depended on four major factors: tomato 

genotype, planting date (season), salinity of irrigation water, and nitrogen form supplied. 

Incidence of BER is governed by interactions between genetic and environmental factors. 

a) Linking the incidence of BER with the uniform pigmentation (uu) of tomato 

fruit was hypothesized by Trinklein and Lambeth (1976). In the current study, genotype 

(U- vs. uu) was the most important factor influencing the incidence of BER. Although 
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our eight genotypes were selected from various genetic backgrounds, the greatest percent 

BER occurred in those homozygous for the uniform ripening gene. 

b) Season or planting date markedly affected incidence of BER. Three planting 

dates within 43 days (April 3 to May 16) resulted in steadily increasing BER incidence, 

from 13.1 to 30.3% in uu genotypes, and from 2.8 to 17.1% in UU tomato genotypes. 

Within this period, temperature and solar irradiance increased significantly at this latitude 

(45° N). The increased rate of fruit enlargement increased demand for limited calcium 

and may have resulted in greater % BER. 

c) Incidence of BER was negatively correlated with NaCl-salinity concentration 

in water. Salinity caused a decline in plant growth and decelerated fruit expansion and 

possibly calcium demand. 

d) Providing half the nitrogen equivalents as ammonium resulted in 16% BER 

incidence on uu tomato genotypes compared with 11% BER incidence on those fertilized 

with nitrogen-nitrate. This was similar to results in other production systems and has been 

attributed to direct competition of ammonium with calcium. 

3) Questions about highly saline water in CIPS led to experimenting with the 

halophyte Suaeda salsa as a companion. Since S. salsa is able to take up large amounts of 

salt (Na+ and Cl") from the soil and deposit these ions into leaves, it was hypothesized 

that the growth medium could be desalinated by planting S. salsa with a tomato plant in 

the same CIPS medium pouch. Sodium content of the medium was 50% lower with the 

presence of S. salsa, and Na+ concentration was significantly lower in the companion 

tomato plant's foliage. Although S. salsa did not affect tomato fruit yield or number, it 
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significantly reduced the occurrence of BER. Further testing of plant companionship with 

lower Na+ concentrations in irrigation water and a range of root medium volumes in 

CIPS is recommended. 

4) Mean daily water uptake of tomato 'Pik Red' was influenced by the interaction 

of root-pouch diameter and plant growth stage. Mean uptake in the smallest root medium 

diameter (16 cm) was less than for 23 cm and 28 cm diameters at the onset of flowering 

period through harvest. The 23 cm diameter pouch, however, had the greatest average 

daily water uptake during the flowering stage. During the fruit enlargement stage, 

average uptake was similar for 23 cm and 28 cm diameter pouches, but the 28 cm 

diameter exceeded the 23 cm during the fruit- ripening period. Fruit yield was improved 

by 37% in the 28 cm diameter over the 16 cm diameter pouch. 

Increasing the number of vertical wicks (vw) from 2vw to 6vw increased the wick 

cross sectional area from 10.5 to 31.5 cm and increased mean daily water uptake during 

flowering and fruit enlargement stages. This supported the hypothesis that the greater the 

cross-sectional area of capillary vertical wicks and root media, the greater the potential 

water quantity transported from the CIPS reservoir to plant roots. 

5) Fertilizers were delivered via upward-opening Conservers (3-cm-diameter, 5- 

cm sidewall) with opening at 7.5 cm depth in the 16 cm diameter root pouches. This was 

a feasible approach for growing determinate tomato cultivars for 100 days in CIPS. As 

little as 15 g (1.3 g N) of fertilizer per plant was needed. There was negligible diffusion 

into the CIPS reservoir. 
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6) No root colonization was established between tomato cultivars and selected 

VAM fungal species and strains, perhaps because of the absence of plant host-VAM 

fungi specificity. 
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Appendix A 

Analysis of Variance Tables for Chapter 3 

Table Al. ANOVA for the split plot design in comparison 
of two production systems (Experiments IB and 2B). 

Source of variation df 
Expt IB Expt 2B 

Block (B) 
Production system (P) 
B*P (error a) 

3 
1 
3 

2 
1 
2 

Water quality (W) 
P*W 

1 
1 

1 
1 

B*W(P) (error b) 
Genotype (G) 
P*G 

3 
3 
3 

2 
4 
4 

W*G 3 4 
P*W*G 3 4 

Table A2. ANOVA for the split plot design in evaluating 
the effects of water quality and nitrogen-form in CIPS 
(Experiments 1A and 2A). 

Source of variation df 
Expt 1A Expt 2A 

Block (B) 3 2 
Water quality (W) 2 4 
B*W (error a) 6 8 
Nitrogen-form (N) 1 1 
W*N 2 4 
B*N(W) (error b) 6 8 
Genotype (G) 3 7 
W*G 6 28 
N*G 3 7 
W*N*G 6 28 
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Appendix B 

Analysis of Variance Tables for Chapter 4 

Table Bl. Summary ANOVA for the effect of plant 
companion on pH, electrical conductivity (EC), and Na+ 

concentration of growth medium*. 

Effect df       pH EC NJT 

Tlant 2 * * * 
Salinity (0 vs. 4 g-L-'NaCl)     1 NS *** *** 
Plant*Salinity 2        NS NS * 
t NS, *, and *** non-significant, significant at p= 0.05, and 
p=0.001 respectively. 
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Table B2. ANOVA of the effect of plant combination (S. salsa alone, tomato 
Alone and both plant species in same pouch), salinity of irrigation Water (0 vs. 
4 g-L"1) and growth media Layer (BOX vs. MID) on elemental concentration 
in medium at harvest (p-values)*. 

Source df P K Ca Mg NO3 
Plant (?) 2 NS NS NS 0.0001 NS 
Salinity (S) 1 0.0292 NS NS 0.0001 NS 
Layer (L) 1 0.0001 0.0364 0.0001 0.0001 0.0001 
P*S 2 NS NS NS NS NS 
P*L 2 NS NS NS NS NS 
S*L 1 0.0530 NS 0.0004 NS NS 
P*S*L 2 NS NS NS 0.0127 NS 
t NS, nonsignificant at p=0.05. 
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Appendix C 

A. Analysis of Variance Tables for Chapter 5 

Table Cl. Summary ANOVA for the effect of medium diameter 
on water relations variables for tomato cv. Pik Red (1 A). 

Effect df Rate of water   Accumulated 
 uptake transpiration 
Stage (S) 3 *** *** 
Diameter (D) 2 *** *** 

Significant at p= 0.001. 

Table C2. Summary ANOVA for the effect of media diameter on water 
relations variables for tomato cv. 'Pik Red' (IB). 

Effect df Rate of water   Accumulated   ^^ 
 uptake transpiration  
Stage (S) 3 *** *** ** 
Diameter (D) 2 *** *** * 
C*J) 6 *** *** * 

*   ** and *** significant at p= 0.05, 0.01, and 0.001, respectively. 

Table C3. Summary ANOVA for the effect of medium diameter on fruit parameters for 
tomato cv. Pik Red at harvest (125 days after seedling emergence, 1 A). 

Effect df Fresh 
fruit wt/ 
plant 

wt/ 
fruit 
(size) 

Dry 
wt./ 
fruit 

Fruit 
water 
content 

Number 
fruit/ 
plant 

BER Marketable 
fruit 
yield 

Dia- 
meter 

2 ** ** * NS NS NS ** 

NS, *, and **, non-significant, significant at p= 0.05, and 0.01, respectively. 
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Table C4. Summary ANOVA for the effect of medium diameter on other 
measured variables for tomato cv. 'Pik Red' at harvest (125 days after 
seedling emergence, 1 A). 

Effect      df    Fresh        Dry       Shoot     Days to Daysto8to 

shoot        shoot     water      Is1 ripe Fruit ripe 
 Wt weight   content   fruit (fruitcone) 

Dia- 2      * * NS * NS 
meter 
NS and *, non-significant and significant at p= 0.05. 

Table C5. Summary ANOVA for the effect of medium diameter on fruit 
parameters for tomato cv. Pik Red (45 days after seedling emergence, 
IB). 

Effect df Plant 
height 

Fresh shoot 
Weight 

Dry shoot 
weight 

Number 
flowers/plant 

Diameter 2 ** NS NS NS 
NS and **, non-significant and significant at p= 0.01. 

Table C6. Summary ANOVA table for the effect of medium diameter on 
fruit parameters for tomato cv. Pik Red at harvest (119 days after seedling 
emergence, IB). 

Effect df Fresh 
fruit wt/ 
plant 

wt/ 
fruit 
(size) 

Dry 
wt./ 
fruit 

Fruit 
water 
content 

No. 
fruit/ 
Plant 

BER Marketable 
fruit 
yield 

Dia- 
meter 

2 ** *** * NS NS * *** 

NS, *, **, and *** non-significant, significant at p= 0.05, 0.01 and 0.001, 
respectively. 
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Table C7. Summary ANOVA for the effect of medium diameter on other 
measured variables for tomato cv. Pik Red at harvest (119 days after 
seedling emergence, IB). 

Effect df Fresh 
shoot 
Wt. 

Dry 
shoot 
weight 

Shoot 
water 
content 

Days to 
1st ripe 
fruit 

Days to 8* 
Fruit ripe 
(fruit cone.) 

Dia- 
meter 

2 * * NS NS NS 

NS and *, non-significant and significant at p= 0.05. 

Table C8. Summary ANOVA for the effect of medium diameter and 
number of vertical wicks on water relations variables for tomato cv. 
Pik Red (IB). 

Effect df Rate of water 
uptake 

Accumulative 
transpiration 

Yleaf 

Stage (S) 3 *** *** * 

Diameter (D) 2 ** * * 

Wicks (W) 1 NS NS NS 
S*D 6 * * * 

S*W 3 NS NS NS 
D*W 2 NS NS NS 
S*D*W 6 * * NS 
NS, *, **, and *** non-significant, significant at p= 0.05, 0.01, and 
0.001, respectively. 
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Appendix D 

Data Corresponding to Fig. 6.2 

Table Dl. Influence of fertilization rate on salinity profiles (total dissolved 
solutes, TDS) at termination of experiment (100 days after emergence). 

Treatment: Salinity by growth media stratum (TDS.mg.L"1) 

Fertilization rate 
(g.planf1) Bottom i                        Middle Top 

15 188.3 1616.7 733.3 
45 185.0 2850.0 1800.0 
60 186.7 2900.0 3600.0 
75 230.0 2950.0 2783.3 
105 756.7 8300.0 4216.7 
LSDo.os 527.9 1765.0 1033.1 

Analysis of variance: 
Source: df Significance 

Rate 4 0.0001 
Strata 2 0.0001 
Rate* Strata 8 0.0001 
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Appendix E 

Preliminary Experiments: Using an Air Gap to Separate 
the Water Root Zone from the Fertilizer Root Zone 

Introduction 

In early research with the CIPS, Blackburn (1992) showed that capillary uptake of 

water from the reservoir in the base of the CIPS was plant-driven to meet requirements 

for plant growth and transpiration. Because water is moving upward from the base 

reservoir into the plant growth medium by capillary action, the large pore spaces in the 

medium remain open for air exchange and capillary flow rates are synchronized with 

plant water requirements. 

Movement of fertilizer ions in the CIPS was shown by Blackburn (1992) and 

Kelly (1998) to be in agreement with Pick's Laws of Diffusion. Rapid plant uptake can 

increase the rate of ion diffusion, but ion diffusion continues in the absence of plant 

uptake. With application of large quantities of soluble fertilizer, diffusion in excess of 

plant uptake could result in high salinity throughout the plant root zone and consequent 

plant water stress. An air gap dividing the root growth medium and plant root system 

would allow water uptake from medium on one side of the air gap and fertilizer 

application, solubilization, diffusion and uptake from medium on the other side of the air 

gap. The air gap would prevent diffusion and salinization of the entire root medium. For 

published literature pertaining to divided-root system studies, the reader may refer to 

section 2.6 in Chapter 2 of this dissertation. 
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Experiment 1. Evaluation of the Conserver with an air gap between fertilizer 
compartment and diffusion tube (Figs. Ela, b, and c). 

Methods and Materials 

Fertilization and Media: CaCNOsMI^O (20 g, 3.4 g N), KNO3 (20 g, 2.7 g N), 

and 10 g triple super phosphate were placed in the fertilizer compartment (distal 2 cm 

length of the Conserver). An air gap of 1.5 cm was created by nylon net screens to 

prevent diffusion of solute from the main fertilizer compartment into the diffusion tube 

medium. In the air gap compartment between the main fertilizer compartment and the 

diffusion tube medium, 5 g controlled release fertilizer (Sierra 17-6-12 with minor 

elements) was placed. A total of 6.4 g nitrogen was applied in each of the upward or 

downward opening air gap Conservers. The base medium in the plant root pouch and 

Conserver diffusion tube was equal volumes of peat and vermiculite mixed uniformly 

with 3 Kg m" dolomite and 1 Kg m" gypsum. 

Plant Material. Seedlings {Lycopersicon esculentum L. cv. Pik Red) were 

transplanted into the experiment on 3 September 1996 The experiment was terminated and 

data collected on 31 October 1996. 

Plants were grown in the Closed Insulated Pallet System (see Chapter 3-Materials 

and Methods for description of CIPS). Plants were grown in a glass greenhouse with 

perimeter and under-bench hot water pipe heating for a minimum temperature setting of 

18 0C. Cooling by roof vents, sidewall fans and evaporative coolers was activated at 24 

0C. Plants were exposed to ambient CO2 and humidity. 
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Results 

On 31 October 1996,58 days after transplanting tomato seedlings and installation of 

the 'air gap fertilizer Conserver' into plant root pouches in the CIPS, no roots had grown 

through the air gap into the fertilizer compartment. There were, however, live roots in the 

growth medium within the diffusion tube. The plants grew normally and had several large 

fruit on each plant indicating that they were obtaining adequate fertilizer. There was 

extensive root growth throughout the pouch except in the areas immediately adjacent to the 

Conserver opening. 

On careful examination of the upward opening Conservers, we observed water vapor 

(approximately 1 ml d"1 .based on quantity of fertilizer salt in the fertilizer compartments of 

the Conserver) had moved into the fertilizer and condensed. The solubilized fertilizer 

solution moved up the sides of the PVC cap (Conserver) and then across the nylon net and 

then condensed on the underside of the media supported over the fertilizer air gap. A layer 

of salt crystals formed on the bottom side of the medium in the diffusion tube. The soluble 

salt concentration in this area was 20000 to 25000 mg L*1. There were a few live roots in 

this area. The salinity in the bottom half of the plant media pouch was 850 to 1,000 mgL"1. 

Conclusions 

Because of the movement from the Conserver fertilizer compartment of the 

fertilizer solutes around the air gap via the Conserver sidewall to the diffusion tube 

medium and surrounding growth medium in the plant root pouch, the air gap was 

ineffective. 
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20 g €8^03)2,20 gKN03 

2.0 cm, FertUizer 
Compartment 

^ 

Nylon N^t J 

Diameter, 
5 cm 

SiHpwalk 

Fig. El a. With a shield over the fertilizer compartment to prevent leaching and an 
'air gap' to prevent diffusion of fertilizer from the Conserver into the medium, a 
large quantity of fertilizer can be applied at one time and retained within the 
Conserver. The Conserver either facing down or up. 
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Elb. With a shield over the fertilizer compartment to prevent leaching and an 'air gap' to 
prevent diffusion of fertilizer from the Conserver into the medium, a large quantity of 
fertilizer can be applied at one time and retained within the Conserver. Position of 
Conserver within CIPS pouch facing down. 
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Fig. Elc. With a shield over the fertilizer compartment to prevent leaching and an 'air 
gap' to prevent diffusion of fertilizer from the Conserver into the medium, a large 
quantity of fertilizer can be applied at one time and retained within the Conserver. 
Position of Conserver within CEPS pouch facing up. 
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Experiment 2. Comparison of fertilizer application methods in Dual Pouch I. 

Instead of planting all the roots of a plant into one pouch containing medium, 

fertilizer and capillary water, the plant's roots may be washed free of media and divided 

between two pouches. One water permeable pouch contains medium with only dolomite 

and gypsum amendments; this pouch is the 'water uptake' pouch. The second pouch 

contains medium and the fertilizer and is the 'fertilizer' pouch. 

In Dual Pouch I system there are two Cu(OH)2-treated, moisture permeable, 

spunbonded polypropylene fabric pouches (15 cm diameter x 15 cm sidewall, 3-liter (L) 

volume). Each pouch is filled with approximately 2 L of growth medium. A moisture- 

impermeable sheet of plastic is placed between the adjacent fabric pouches to prevent 

diffusion between the 'fertilizer' and 'water' pouches. At the top of the two adjacent 

pouches, the plant roots going into the 'fertilizer' pouch are separated from those going into 

the 'water' pouch by an air gap. This gap at the base of the plant stem dividing the roots 

combined with the impermeable plastic sheet between the adjacent sidewalls of the two 

pouches prevents solubilized ions from diffusing to the water pouch. Capillary movement 

of water into both pouches provides non-saline water for root uptake in the non-fertilizer 

pouch and provides water to solubilize fertilizer for root uptake in the fertilizer pouch. 

Methods and Materials 

The base medium in both the capillary water pouch and the fertilizer pouch was 

equal volumes of peat and vermiculite mixed uniformly with 3 Kg m"3 dolomite and 1 

Kgm"3 gypsum. In the 'fertilizer pouch', 7 g plant"1 triple super phosphate was 

uniformly incorporated into the medium. 
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Dual Pouch la. 5 or 10 g plant"1 KNO3 and 10 g/plant Ca(N03)2.4H20 were 

applied to the periphery of the top surface of the growth medium in the 'fertilizer' pouch. 

Dual Pouch lb. 10 g plant"1 Ca(N03)2.4H20 was shielded by placement in upward 

opening Conservers (plastic vials, 3 cm diameter, 5 cm sidewalls) in the 'fertilizer' 

pouch. 5 or 10 g plant"1 KNO3 were placed in a second upward opening Conserver in the 

'fertilizer' pouch. 

Plant material. Seedlings of Lycopersicon esculentum L. cv. Patio (PAT) were 

transplanted into the system on 17 July 1996. Tomato seedling roots were split after 

washing the lower half of the root-transplanting cubes with running tap water- One half the 

roots were placed in the 'fertilizer' pouch; the other half of the root system was placed in the 

'water uptake' pouch. The intact (remaining) upper half of the seedling root-cube was 

placed in the middle, on folded portions of bags (plastic and treated bags). 

Plants were grown in the Closed Insulated Pallet System (see Chapter 3-Methods 

and Materials for description of CIPS). Plants were grown in a glass greenhouse with 

perimeter and under-bench hot water pipe heating for a minimum temperature setting of 

18 0C. Cooling by roof vents, sidewall fans and evaporative coolers was activated at 24 

0C. Plants were exposed to ambient CO2 and humidity. 

Data Collected. On 31 October 1996 (day 107 after transplanting and initiation of 

the experiment), growth and development and yield data (Table El) and data regarding 

fertilizer solubilization and diffusion (Table E2) were recorded. 
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Results and Conclusions 

Fruit yield was greater with 10 compared with 5 g plant"1 KNO3 (Table El) and 

was greater with Conserver-applied fertilizer than with fertilizer applied to the top surface 

of the growth medium in the fertilizer pouch (Table E2). Salinity in the 'water' pouch 

was lower after 107 days than (600-650 mg-L"1 TDS on day 107 compared with 750 

mg-L"1 TDS on Day 0) indicating that the 'air gap' between the 'water' and 'fertilizer' 

root pouches was effective. 
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Table El. Performance of the tomato cv. PATIO under 2 rates of soluble KN03 (in addition 
to lOg Ca(N03)2 + 7g TSP) applied either in vials (within BOTTOM layer) or without vials 
(in TOP layer). Percent BER = 0. 

Fertilizer KNO3 Total Fruit No. Fresh Mean 
placement applied fruit size fruit shnnt water 

(g) 
wt. 
(g) 

(wt.) 
(g) 

per 
plant 

weight 
(g) 

uptake 
(mls.d-1) 

Conservers in 10 848 76.3 12 373 300 
Pouch I 

5 790 83.4 10 300 450 

Media surface 10 737 81.9 12 338 500 
in Pouch I 

5 512 73.1 7 302 400 
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Table E2. Total dissolved solutes (TDS) in different positions of 'fertilizer pouch' in 2 rates 
of soluble KNO3 (in addition to lOg Ca(N03)2 + 7g TSP) applied either in vials (within 
BOTTOM layer) or without vials (in TOP layer). TDS in 'water pouch' varied between 600 
to 650 mg.L" at termination of experiment. TDS in the 'water' pouch was 750 mg.L*1 on 
day 0 and on day 107 was 650 with Pouch lb (Conserver) and 600 with Pouch la (fertilizer 
applied at periphery of the top surface of the medium in the fertilizer pouch). 

Fertilizer 
Placement 

KNO3 
applied 

(g) 

TDS in 'fertilizer pouch' (mg.L" ) 

Top 
0-5 cm 

Bottom 
10-15 cm 

Within vial 

Conservers in 10 2500 190 
Pouch lb 

5 950 190 
Media Surface 10 750 500 
in Pouch la 

21000 

7500 

600 200 
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Experiment 3. Comparison of Dual Pouch I and Dual Pouch II and two fertilization 
rates. 

Instead of planting the entire roots of a plant into one pouch containing medium, 

fertilizer and capillary water, plant roots may be washed free of media and divided 

between two pouches. One water permeable pouch contains medium with only dolomite 

and gypsum amendments; this pouch is the 'water uptake' pouch. The second pouch 

contains medium and the fertilizer and is the 'fertilizer' pouch. 

The Dual Pouch I system. (Fig E2) is comprised of two Cu(OH)2-treated moisture 

permeable spunbonded polypropylene fabric pouches (15 cm diameter x 15 cm sidewall, 3 

liter volume). Each pouch is filled with approximately 2 liters of growth medium. A 

moisture-impermeable sheet of plastic is placed between the adjacent fabric pouches to 

prevent diffusion between the 'fertilizer' and 'water' pouches. At the top of the two adjacent 

pouches, the plant roots going into the 'fertilizer' pouch are separated from those going into 

the 'water' pouch by an air gap. This gap at the base of the plant stem dividing the roots 

combined with the impermeable plastic sheet between the adjacent sidewalls of the two 

pouches prevents solubilized ions from diffusing to the water pouch. Capillary movement 

of water into both pouches provides non-saline water for root uptake in the non-fertilizer 

pouch and provides water to solubilize fertilizer for root uptake in the fertilizer pouch. 

The Dual Pouch II system (Fig E3) is comprised of one Cu(OH)2-treated moisture 

permeable spunbonded polypropylene fabric pouch and a second, water-impermeable 

plastic film pouch ('fertilizer' pouch). Each pouch has a 15 cm diameter x 15 cm sidewall, 3 
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ual Pouch, 
Divided Roots 

Fig. E2. Dual Pouch I System. Air gap-separation of water uptake roots from 
fertilizer uptake roots in dual-pouches prevents diffusion of fertilizer and high 
salinity throughout total rootzone. Capillary movement of water into both 
pouches provides non-saline water for root uptake in the non-fertilizer pouch 
and provides water to solubilize fertilizer for root uptake in the fertilizer 
pouch. 
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liter volume. Each pouch is filled with approximately 2 liters of growth medium. At the top 

of the two adjacent pouches, the plant roots going into the 'fertilizer' pouch are separated 

from those going into the 'water' pouch by an air gap. This gap at the base of the plant stem 

dividing the roots when combined with the impermeable plastic 'fertilizer' pouch prevents 

solubilized ions from diffusing to the water pouch. In the Dual Pouch II, fertilizer 

solubilization and uptake is Plant-Controlled. Water transfers across the air gap from 

roots in the capillary irrigated pouch to roots in the fertilizer pouch. Water is discharged 

from these roots to solubilize the fertilizer for uptake. In this system, the "smart plant" 

controls uptake of both water and fertilizer (Green, 1996). 

Methods and Materials 

The base medium in both the capillary water pouch and the fertilizer pouch was 

equal volumes of peat and vermiculite mixed uniformly with 3 Kgm"3 dolomite and 1 

Kgm"3 gypsum. In the 'fertilizer pouch', 7 gplant"1 triple super phosphate was uniformly 

incorporated into the medium. 

Fertilizer Treatments. 

Dual Pouch I (capillary water moves upward into both the fertilizer and water 

pouches): Fertilizers were shielded from the upward moving capillary water by 

placement within upward opening Conservers (3 cm diameter x 5 cm sidewall plastic 

vials). 10 gplant"1 calcium nitrate was placed in one Conserver. Either 5 or 10 gplant"1 

KNO3 was placed in a second upward opening Conserver in the 'fertilizer' pouch. 
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^/Divided Roots 
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Fig. E3. Dual Pouch n System. 'Smart' plant, plant-controlled fertilizer 
solubilization and uptake: This system works based on the assumption that 
water is transferred across cm air gap from roots in the capillary irrigated 
pouch to roots in the fertilizer pouch. Water then discharged from these roots 
to solubilize the fertilizer for uptake (Plant-controlled water and fertilizer 
uptake). 
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Dual Pouch II (water impermeable, plastic fertilizer pouch): Fertilizer was incorporated 

into the bottom third of the moist medium in the plastic fertilizer pouch. 10 g 

Ca(N03)2.4H20 and either 5 or 10 g of KNO3 were incorporated into the bottom third of 

the base medium in the fertilizer pouch. 

Seedlings of Lycopersicon esculentum L. cv. Butte (BUT) were transplanted into 

the experiment on 17 July 1996. Tomato seedling roots were split after washing the lower 

half of the root-transplanting cubes with running tap water- One half the roots were placed 

in a two-thirds-full growth pouch, (referred to as the fertilizer half or fertilizer pouch). The 

other half of the roots were placed in a two-thirds Cu(OH)2 treated pouch (referred to as the 

water pouch or water half). Positive air gap prevented solubilized ions from diffusing to the 

water pouch. The intact (remaining) upper half of the seedling root-cube was placed in the 

middle, on folded portions of bags (plastic and treated bags). 

Plants were grown in the Closed Insulated Pallet System (see Chapter 3-Methods 

and Materials for description of CIPS). Plants were grown in a glass greenhouse with 

perimeter and under-bench hot water pipe heating for a minimum temperature setting of 

18 0C. Cooling by roof vents, sidewall fans and evaporative coolers was activated at 24 

0C. Plants were exposed to ambient CO2 and humidity. 

Data Collected Growth, development and yield data (Table E3a) and data 

regarding fertilizer solubilization and diffusion were recorded on 31 October 1996, 107 

days after experiment initiation. 
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Results and Conclusions 

At the termination of the experiment (107 days after transplanting seedlings), 

plants had mature fruit (Table E3) and roots had grown throughout the top 2/3's of the 

medium in the plastic fertilizer pouch. Salinity in the top portion of the root medium in 

the 'fertilizer' pouch was lower when applied in the bottom third of the medium in the 

plastic fertilizer pouch compared with that when fertilizer was applied in the upward 

opening Conserver in the water-permeable fertilizer pouch (Table E4). There may be an 

interaction between fertilizer rate and method of application on fruit yield. The salinity in 

the 'water' pouch remained constant from day 0-107 indicating that the air gap 

effectively prevented diffusion of salt from the 'fertilizer' pouch to the 'water' pouch. 
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Table E3. Performance of the tomato cv. Butte in 2 rates of soluble KNO3 (in addition to 
lOg Ca(N03)2 + 7g TSP) at termination of experiment (82 days). 

Fertilizer Total Fruit No. Fresh Mean 
Compartment KNO3 fruit size fruit BER shoot water 

applied 
(g) 

wt. 
(g) 

(wt.) 
(g) 

per 
plant (%) Weight 

(g) 

uptake 
(mls.d-1) 

Plastic 10 672 50.3 20 26.7 400 470 
Fertilizer 5 452 38.3 12 8.3 250 470 
Pouch IIt 

Conservers + 10 605 42.2 20 20 350 400 
Permeable 5 728 49.6 15 0 460 550 
Fertilizer 
Pouch It 

t Fertilizers placed at the bottom 5-cm layer within the plastic compartment, 
t Fertilizers were placed within vials (Conservers) for diffusion protection. 
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Table E4. Total dissolved solutes (TDS) in two types of 'fertilizer pouch' in 2 rates of 
soluble KN03 (in addition to lOg Ca(N03)2.4H20 + 7g TSP). TDS in 'water pouch' was 
750 mg.L"1 at initiation and termination of experiment. 

Fertilizer 
Compartment 

KNO3 
applied 

(g) 

TDS in 'fertilizer pouch' (mg.L") 

Top 
0-5 cm 

Bottom 
10-15 cm 

Within vial 

Plastic Fertilizer 10 5000 7400 
Pouch IIt 5 2500 6000 

Conservers + 10 7500 1250 
Permeable Fertilizer 5 325 325 
Pouch I* 

11500 
6800 

f Fertilizers placed at the bottom 5-cm layer within the plastic compartment. 
J Fertilizers were placed within vials (Conservers) for diffusion protection. 
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Experiment 4. Comparison of Dual Pouch I and Dual Pouch II with 10,15 or 25 
g plant"1 KNO3. 

Descriptions of Dual Pouch I and II systems are provided in Experiment 3 above. 

Methods and Materials: 

The base medium in both the capillary water pouch and the fertilizer pouch was 

equal volumes of peat and vermiculite mixed uniformly with 3 Kgm"3 dolomite and 1 

Kg m"3 gypsum. In the 'fertilizer pouch', 7 g plant'1 triple super phosphate was uniformly 

incorporated into the medium. 

Fertilizer Treatments. 

Dual Pouch I (capillary water moves upward into both the fertilizer and water 

pouches): Fertilizers were shielded from the upward moving capillary water by 

placement within upward opening Conservers (3 cm diameter x 5 cm sidewall plastic 

vials). Ten, 15 or 25 g plant"1 KNO3 was placed in one of the upward opening Conservers 

in Pouch I; 5 g plant"1 Ca(N03)2.4H20 was placed in the second upward opening 

Conserver in Pouch I. 

Dual Pouch II (water impermeable, plastic fertilizer pouch): Fertilizer was 

incorporated into the bottom third of the moist medium in the plastic fertilizer pouch. 10, 

15 or 25 g plant"1 KNO3 and 5 g plant"1 Ca(N03)2 was incorporated into the bottom third 

of the moist medium in Pouch II. 

The three fertilizer treatments provided 2.23,2.93, and 4.31 g plant"1 nitrogen 

respectively. 
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Plant Material 

Seedlings (Lycopersicon esculentum L. cv. Butte, BUT) were transplanted into 

the experiment on 10 July 1996. Growth, development and yield data were recorded on 1 

October 96, 82 days after experiment initiation (Table E5). 

Plants were grown in a glass-covered greenhouse in the Closed Insulated Pallet 

System (see Chapter 3-Methods and Materials for description of CIPS). Plants were 

grown in a glass greenhouse with perimeter and under-bench hot water pipe heating for a 

minimum temperature setting of 18 0C. Cooling by roof vents, sidewall fans and 

evaporative coolers was activated at 24 0C. Plants were exposed to ambient CO2 and 

humidity. 

Results 

Salinity in the 'water' pouch decreased from 750 mg.L"1 IDS on day 0 to 100-270 

mg.L"1 on day 82 (Table E6) indicating that the air gap prevented solute diffusion between 

the 'fertilizer' pouch and the 'water' pouch. Fruit yields were similar for the two systems, 

but vegetative growth (fresh weight basis) was greater and incidence of blossom end rot on 

fruit was lower when fertilizer was applied in a Conserver within a capillary water 

permeable pouch. 

Application of the Dual Pouch II system is illustrated in figs. 4 and 5. 
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Table E5. Performance of the tomato cv. Butte in 3 rates of soluble KNO3 (in addition to 5g 
Ca(N03)2 + 7g TSP) at termination of experiment (82 days). 

Total Fruit No. Fresh 
Fertilizer fruit Size fruit shoot 
Compartment KNO3 wt. (wt.) per BER weight 

(g) (g) (g) plant (%) (g) 
Plastic Fertilizer 25* 778 27.3 32 62.5 543 
Pouch IIt 15 982 23.4 41 39.0 587 

10 641 31.6 22 36.4 515 

Conservers + 25 852 25.7 33 30.3 729 
Permeable 15 589 34.6 23 35.3 468 
Fertilizer Pouch I1 10 787 36.4 21 31.0 526 
f Fertilizers placed at the bottom 5-cm layer within the plastic compartment 
$ Fertilizers were placed within vials for diffusion protection (upright). 
* with no air gap in 'fertilizer pouch' in this plant only. 
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Table E6. Total dissolved solutes (TDS) on day 82 in two types of 'fertilizer pouch' in 3 
rates of soluble KNO3 plus 5 g Ca(N03)2 and 7g TSP). TDS in 'water pouch' was initially 
750 mg.!/1. 

Fertilizer 
ComparLment 

KNO3 
(g) 

TDS in 'fertilizer 
(rng-L"1) 

pouch' TDS 
in 

Middle 
5-10 cm 

Top 
0-5 cm 

Within 
Cavial 

Within 
KNO3 

vial 

Outside 
vials 

(middle) 

'water 
pouch' 

Plastic 
Fertilizer 
Pouch IIt 

Conservers + 
Permeable 
Pouch It 

25* 
15 
10 

25 
15 
10 

6600 
2700 
1050 

3300 
1250 
750 

1250 
1600 
1500 

15000 
8800 
3500 

300 
195 
180 

270 
135 
100 

210 
125 
180 

f Fertilizers placed at the bottom 5-cm layer within the plastic compartment 
J Fertilizers were placed within vials for diffusion protection (upright). 
* with no air gap in 'fertilizer pouch' in this plant only. 
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'Smart Plant' System ... Plant Controlled 
Water and Fertilizer Movement & Uptake 
Dual Pouches: The 
root system of each 
plant was divided with 
half of the roots in the 
fertilizer-media in the 
water impermeable 
plastic bag on the right; 
the other half were in 
the light blue, copper 
coated, water 
permeable 
the left. 

m . 

Fig. E4. Application of the Dual Pouch 11 System. 
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Water uptake in the left pouch; water exuded 
from root to dissolve fertilizer in the right pouch 
for uptake. 

Fig. E5. Close up of Fig. E4 showing the Dual Pouch 11 System. 
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Appendix F 

Procedures Used in Chapter 7 

Table Fl. Long Ashton Mineral Solution (Hewitt, 1966)* used for watering 
tomato seedlings. 

Macroelements: g.lOOL-' ppm 

KNO3 40.4 404 

Ca(N03)2 65.6 656 

or Ca(N03)2.4H20 94.4 944 

MgS04.7H20y 36.8 368 

NaH2P04.2H20 20.8 208 

or KH2P04 18.4 184 

Oligoelements 

MnSCMHzO 0.223 2.33 

Or MnS04.H20 0.169 1.69 

CUSO4.5H2O 0.025 0.25 

ZnS04.7H20 0.029 0.29 

HsBOs 0.31 3.1 

NaCl 0.59 5.9 

Ferric citrate (1%)Z 200 ml 2 

Hewitt, E.L. 1966. Sand and water culture methods used in the study of plant 
nutrition. Technical communication No. 22 (2nd edition, revised), Commonwealth 
Agricultural Bureau, London. 
y Dissolved separately to avoid precipitation and incorporated into stock solution 
when completely dissolved. 
2 (10 g Ferric citrate + 10 g citric acid)/1 L distilled water. Stirred for a few min. 
and autoclaved for complete dissolution. Ferric citrate was added to stock solution 
just before use. 
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Steps followed in clearing and staining roots for VA Mycorrhizae: 

1) Clear roots in 10% KOH in 55 to 60 0C water bath overnight (12 to 15 hr). 

2) Rinse twice in tap water. 

3) Place roots in dilute HC1 for at least 1 hr. 

4) Place in 0.05% trypan blue in lactoglycerine (437 ml 85% lactic acid, 315 ml 

glycerin, 310 ml water, 0.5 g trypan blue) and return to water bath (55 to 60 0C) for 

lOmin. more. 

5) Pour off stain and destain in clear lactogycerine (87.5 ml 85% lactic acid, 63 ml 

glycerin, 62 ml water). 

Steps for counting spore: 

1) Weigh 100 g soil (inoculum). 

2) Float in water. 

3) Spin down at 17,000 rpm. 

4) Decant supernatant (fine particles). 

5) Resuspend pallet in 65% sucrose. 

6) Shake well. 

7) Spin again and collect supernatant on 38 (i screen. 

8) Wash spores out and count them. 
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Chemical Composition of Fertilizers Used 

Table Gl. Summary of actual amounts of elemental nutrients supplied in terms of weight 

Fertilizer 
salt 

Application 
rate 

(Kg.m-3) 

Actual 
amt. 
used 
(g) 

Mol. 

wt. 

(g) 

Element 

supplied 

Amt. of 
element 
supplied 

(g) 

Purity 
correction 

(g) 

Amt. received 
by each plant 

(g) 
Remarks 

Ca(N03)2 per plant 27.5 164.1 Ca2+ 

2(N03-) 
6.7 

20.8 
6.0 
18.7 

6.0 
18.7 

highly 
soluble 

NH4NO3 per plant 10 80 NH4+ 

NO3- 
2.3 
7.7 

2.3 
7.5 

2.3 
7.5 

highly 
soluble 

KH2PO4 per plant 8.2 136.1 K+ 

H2PO4- 
2.4 
5.8 

2.4 
5.7 

2.4 
5.7 

highly 
soluble 

MgS04.7H20 
(premixed) 

0.11 13.2 246.5 Mg2+ 

S04_ 
1.3 
5.1 

1.3 
5.0 

0.022 
0.083 

highly 
soluble 

CaS04.2H20 
(premixed) 

0.41 49 172.2 Ca2+ 

S04= 
11.4 
27.3 

8.0 
19.1 

0.133 
0.318 

very 
insoluble 

CaH4(P04)2 
TSP, premixed 

1.18 142 234 Ca2+ 

2(P04=) 
24.3 
115.3 

N/A 
N/A 

0.405 
1.922 

very 
insoluble 

CaCOa (78%) 
MgCOs (13%) 

dolomite, premixed 

3.00 360 100 
84.31 

Ca2+ 

Mg2+ 
112.3 
13.5 

112.3 
13.5 

1.872 
0.225 

very 
insoluble 

to to 
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Table G2. Composition of the controlled-release 
fertilizer (Sierra, 17-6-12) used in experiments. 
Three to four months longevity @ 21 0C, Four 
to five months @ 15°^. 

Element % 

NH4 9.1 

NO3 7.9 

P2O5 6 

K2O 12 

TotalS 4 

B 0.02 

Cu 0.05 

Chelated Fe 0.4 

Mn 0.1 

Mo 0.001 

Zn 0.05 

Ca 1.5 

Mg 1.0 

t elements derived from NH4PO4, NH4NO3, 
CaPCU, K2S04, MgO and NaB. 


