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Prologue 

And he gave it for his opinion, that whoever could make two ears of corn, or two blades 
of grass grow upon a spot of ground where only one grew before, would deserve better 
of mankind, and do more essential service to his country than the whole race of 
politicians put together. 

Gulliver's Travels, part II. Chapter VII. 
A voyage to Brobdingnag. 
Jonathan Swift, 1726. 



Abstract 

The relationship between temperature and light on vegetative growth of 

Epipremnum aureum (Linden and Andre) Bunt. and X Fatshedera lizei (Guillaum) 

plants was investigated in controlled environment study during the exponential 

growth phase. Normal and inverted day/night temperature treatments with means 

between 1 o and 30 C were used. Maximum growth and development in 

Epipremnum aureum and X Fatshedera /izei occurred in constant temperature 

treatments at 28 ± 2 C and 22 ± 2 C, respectively. At less than 20 C relative 

growth rate and leaf area expansion rates for X Fatshedera lizei were usually 

higher than Epipremnum aureum. The difference between the two species 

decreased as the growth rate of Epipremnum aureum increased and X 

Fatshedera lizei decreased as the temperature was increased above 20 C. In 

both species growth in leaf area and rate of new leaf appearance were closely 

related to growth temperature and were less dependent on PFD. Leaf 

development was generally related to the sum of the rates at each temperature 

in the temperature regime. Growth and leaf development rates were similar in 

inverted and normal day/night temperature regimes. Leaf Chlorophyll was lower 

in high/low temperature (night/day) treatments. 

Epipremnum aureum was more chilling-sensitive than X Fatshedera lizei, 

exposure to 1 0 C for 4 hr decreased photosynthetic competence and plant 

growth. 

In constant day temperature (30 C) and normal night, split-night and sliding night 

temperatures with mean of 15 or 20 C growth of either species was similar at the 

same mean temperature. Growth of Epipremnum aureum was more acutely 

inhibited by the lower night temperatures than X Fatshedera lizei. Within each 

species equivalent growth and development occurred in treatments with the same 

mean temperature. 

Epipremnum aureum and X Fatshedera lizei were grown at in a controlled 

environment at 20 and 30 C. Intact leaves were exposed to a PFD of 1200 

µmol·m-2 -s-1 at leaf temperatures between 15 and 30 C and photoinhibition of 

photosynthesis was followed by measuring the time courses of light-saturated net 



photosynthetic CO2 uptake, photon yield of oxygen evolution and chlorophyll 

fluorescence kinetics at 77 Kand 692 nm. Recovery of intact leaves from each 

growth temperature after photoinhibition for 300 min. at PFD of 1200 µmol ·m-2 -s-1 

and 20 C was followed for 450 min. at 10, 20 or 30 Cat PFD of 20 µmol·m-2 -s-1
• 

Both species were similar in their sensitivity to photoinhibition manifested as a 

temperature-dependent quenching of chlorophyll fluorescence (Fv/Fm) at 77 K, 

coupled with concomitant parallel reduction in light-saturated photosynthesis and 

photon yield of oxygen evolution. 

The chlorophyll fluorescence characteristics of each species at growth 

temperatures of 20 and 30 C were similar, while the fluorescence and 

photosynthetic characteristics of both species were higher at 20 C than at 30 C. 

Maximum rates of photosynthesis for Epipremnum aureum at 20 and 30 C were 

11.5 and 6.8 µmol·m-2·s-1
, respectively. In X Fatshedera lizei maximum rates of 

photosynthesis at 20 and 30 C were 16.9 and 12.5 µmol·m-2·s-1
, respectively. 

X Fatshedera lizei leaves were more resistant than Epipremnum aureum to 

change in photosynthesis during photoinhibition. Photo-oxidative damage 

occurred in Epipremnum aureum leaves grown at 30 C after prolonged exposed 

to high PFD at 20 C or 15 C, whereas photoinhibitory treatments using higher 

leaf temperatures or lower PFD did not cause permanent damage. In each 

species the quenching of chlorophyll fluorescence induced by bright light 

depended upon an interaction with both growth and current leaf temperatures. 

Both species were similar in sensitivity to photoinhibition. However, the chilling 

tolerant X Fatshedera lizei was able to recover more efficiently than the chilling 

sensitive Epipremnum aureum at low temperatures, irrespective of the growth 

temperature. 
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1.0 Introduction 

CHAPTER ONE 

General Introduction 

"The world will never starve for want of wonder; 
but only for want of wonder." 

Tremendous Trifles 
G. K. Chesterton 

1 

Botanists have described more than 265,000 plant species and a million cultivars 

growing in diverse habitats tolerating extremes of light and temperature as they 

colonise niches over the majority of the planet (Raven, 1987). Foliage plants 

represent an arbitrary section of the plant kingdom exploited commercially 

because of their amenity value and utilised primarily for interior decoration or 

interior landscape purposes. While foliage plants may have flowers, these are of 

secondary importance compared to the features of the vegetative structures 

(Conover, 1980). 

The foliage plant industry has its roots deep in the mists of antiquity. Historical 

records show that exotic plants have been cultivated in countries of the Old World 

far away from their natural habitat. The cultivation of ornamental plants may be 

traced back to temple drawings from Sumeria and Egypt where amenity 

horticulture was already practised about 3,500 years ago. In that era, Egyptian 

traders imported plants from distant countries by ship. Our view of these events 

may be short-sighted and underestimate how long ornamental plants have been 
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important to humankind. It is difficult for us to go back into history before the time 

of written records where: 

"the gardener Adam and his wife smile at [our] claims of long descent" 
(Tennyson, 1832). 

In the 6th century B.C. the Hanging Gardens of Babylon were built for 

Nebuchadnezzar II and filled with plants from all over the known world. These 

gardens were esteemed as one of the seven wonders of the ancient world (Graf, 

1970). 

Much later, from about the 16th century, wealthy traders from Europe became 

involved in plant introduction for the aristocracy, seeking exotic plants from other 

places including tropical countries. At that time it was very fashionable for the 

wealthy members of society to have displays of rare and exotic plants in their 

orangeries. As the plant's requirements for light and heat, without noxious fumes 

became apparent, the environment in the orangeries was improved. There was 

a gradual change towards a crudely temperature-regulated structure that admitted 

more light which greatly enhanced the survival of tropical plants. Before the 

middle of the 18th century, vastly improved conditions for plant growth were 

available in structures such as 'The Crystal Palace' (M.A. Nichols pers. com., 

1992) and closely resembling the modern greenhouse. Growers attempted to 

utilise principles of environmental control known at that time to regulate plant 

growth (Allan, 1970). 

The first half of the nineteenth century saw astounding progress in the 

development of horticulture. A large number of new plants from all corners of the 

globe were brought to Europe now that plants could be grown in conditions that 

were similar to those in their own habitats. Plant hunting expeditions had no lack 

of financial support or interest. Plants from these searches became essential 

inputs for commercial nurseries who sought new plants in large numbers for plant 

fanciers. 
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Foliage and flowering plants have now become popular in many countries, 

particularly where climatic conditions preclude the year round enjoyment of a 

outdoors garden. Furthermore, increasing urbanisation of people, coupled with 

a renewed interest in growing plants has been responsible for the increased 

interest in ornamental plants worldwide (Beckett, 1987). The demand for foliage 

plants has been augmented by increasing environmental awareness and 

recognition of the important part that plants play in not only beautifying the 

environment, but also in making it safer for habitation by removing air pollutants 

like formaldehyde and other toxic materials liberated from many modern building 

construction materials (Wolverton et al., 1984, 1989). 

The demand for all types of potplants has increased steadily since 1945. There 

has however been tremendous growth in demand for foliage plants that began 

in the 1970s (Smith and Scarborough, 1981) and has continued through to the 

present day. In 1991, foliage plant production within the United States alone, was 

worth in excess of $US 500 m. More than half the production in the US originates 

from about 800 growers in Florida, utilising 1700 ha. of growing area (Conover, 

1992). The annual value of the foliage plant industry at the international level 

probably exceeds $US 1 billion dollars, with major areas of production in North 

and South America, Europe and Asia. 

Although the foliage plant industry in New Zealand is small (< $NZ 10 m) by 

international standards, it has produced crops for the domestic and export 

markets for many years. The local industry probably owes its inception to the 

Shetlander, John Nicholas Anderson who founded a houseplant business in 1889 

in Napier. This family business flourished eventually becoming one of the largest 

foliage and flowering plant producers in the Southern. Hemisphere (Anderson, 

1979). 

In the last three decades controlled environment facilities have been developed 

using high intensity lighting systems that satisfy the spectral requirements for 

normal plant growth and development. This has enabled scientists to examine the 
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effects of one or more environmental factors on plant growth, in environmental 

physiological studies, that may be extrapolated back to greenhouse or field 

conditions (Downs and Hellmers, 1975; Warrington, 1977). Recent technological 

innovations in greenhouse management and design have made it possible to 

monitor and regulate the environmental conditions with a degree of precision that 

allows control and optimisation of plant growth and development. Growers are not 

necessarily interested only in maximisation of plant growth per se, but in 

balancing heating and other production costs with production time to maximise 

economic return. Cost-benefit analysis has shown that environmental conditions 

that maximise dry matter production may not coincide with the highest yield of 

marketable produce. This applies equally to flowering and fruiting crops as it does 

to foliage plants. However, significant changes in the cost of fuel or market prices 

will have a major influence on the economics of production (Slack and Hand, 

1983). If the capacity to control the environment is to be fully utilised in protected 

cropping it is essential that the parameters for each environmental factor 

controlling the set points be ascertained with confidence. Where the optimum 

environmental requirements of a crop are unknown, it is not possible to utilise the 

full potential of the sophisticated environmental controllers now available. 

Environmental factors pertinent for crop production are known for only a limited 

number of agronomically important crops including capsicum (Nilwik, 1981 a,b), 

maize (Warrington and Kanemasu, 1983a,b,c), tomato (De Koning , 1986; 

Heuvelink, 1989) and cucumber (Slack and Hand, 1983; Uitgave, 1987). 

Information describing the environmental response of ornamental greenhouse­

grown crops is limited to a few flowering crops, such as: sunflower and zinnia 

(Hammer and Langhans, 1976), chrysanthemum (Karlsson et al., 1989, Larsen 

and Gertsson, 1992), French marigold (Armitage et at., 1981 ), Easter lily (Lieth 

and Carpenter, 1990), Petunia (Kaczperski et al., 1991) and rose (Jaio et al., 

1988, Hopper and Hammer, 1991 ). In contrast, information on foliage plants is 

sparse because of their low economic worth relative to that of potted flowering 

plants. It may also be related to the relatively low production costs in the major 

production areas of the tropics compared with those in temperate regions. 
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the increasing economic worth of foliage plants, it is surprising that detailed 

.. growth studies describing their environmental responses have not been more 

widely investigated, especially as production often takes place under conditions 

that are quite different to those in natural habitats. Furthermore, Biale (1978) 

reported the realisation that basic knowledge was a vital key required to explain 

and advance horticulture. These precepts can be traced back to Hale's Vegetable 

Staticks in a treatise on "The theory and practice of horticulture" (London, 1840), 

where it was stressed that horticultural practices should be based upon sound 

physiological principles. 

It is in response to the increasing interest in foliage plants and the dearth of 

information on their environmental physiology that stimulated the current 

investigation. In a comparative study, the influence of light and day/night 

combinations of temperature and their interactions on the growth and 

development of Epipremnum aureum and X Fatshedera lizeiwere examined. The 

specific impacts of temperature and light on photoinhibition of photosynthesis 

were investigated in an attempt to understand the basis of the growth response 

obtained and to explain the markedly different environmental responses of the 

two species. A tentative schema has been developed to explain these 

relationships as well as the differences in growth habit between foliage species. 

From these studies it is hoped that further insight may be provided about the 

environmental physiology of these crops which will facilitate a more enlightened 

approach to decision-making processes in greenhouse crop production and 

management. 
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CHAPTER TWO 

General Literature Review 

''The shortest and surest way of arriving at real knowledge is to unlearn the lessons we have 
been taught, to remount first principles, and to take nobody's word about them." 

2.0 Introduction 

Letter to Alexander Pope. 
H.J. V. Bolingbroke 

Relevant literature pertaining to the effect of light and temperature on the growth 

and development of foliage plants including Epipremnum aureum and 

X Fatshedera lizei is presented in this chapter. As far as practicable this was 

based on investigations by researchers utilising other foliage plants. However, a 

significant body of the literature relevant to this study comprises results obtained 

from a variety of other plants other than foliage plants. 

Plants are unique in their ability to produce their own basic requirements for 

growth from simple inputs of light, temperature, water, carbon dioxide (CO2), and 

mineral nutrients by converting solar energy into stored chemical energy that 

drives the anabolic and catabolic processes that determine plant growth (Berry 

and Raison, 1981 ). Light is one of the essential requirements of photosynthesis 

and the moderator of photomorphogenic responses (Moss, 1984; Govindjee and 

Eaton-Rye, 1986; Thompson and White, 1991 ). 

The absolute requirement for any of these environmental factors is largely 

predetermined by the basic physiology of the plant. This is regulated by the 
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interaction of genetic and environmental factors, and determines the plasticity of 

the plant to diverse environments (Bunce, 1986; Boardman, 1977). 

"Perhaps we should assume that evolution has perfected photosynthesis 
for high productivity in resource-limited natural environments" 
(Gifford, 1987). 

However, it is possible that when a plant is not restricted by these natural 

limitations, then productivity may be enhanced. Bjorkman (1989) suggested that 

the failure to apply mechanistic knowledge of photosynthesis to crop improvement 

was in a large part due to insufficient knowledge of the factors determining 

photosynthetic adaptation to an unfavourable environment. This is certainly true 

for ornamental plant species (like Epipremnum and Fatshedera) that fall outside 

the main thrust of academic and economic pursuit. 

2.1 History and Botanical Information 

2.1.1 Epipremnum 

Epipremnum aureum (Linden and Andre) Bunt. ( Scindapsus aureus) is a 

variegated tropical vine belonging to the arum family, Araceae, and originating in 

the Solomon Islands. In its natural habitat this plant inhabits hot tropical jungle 

conditions where it grows along the forest floor and up tree trunks. It experiences 

a hot humid climate with minimal moisture or chilling stress. As vines mature they 

develop much larger leaves than the juvenile form. They also experience much 

higher photon flux density (PFD) as they grow higher (up to 12 m) in the canopy 

(Everett, 1981 ). 

Considerable confusion has existed in the nomenclature of this species which is 

closely related to the Asian genus Raphidophora and the American Monstera. 

This species flowers very infrequently. Botanists have seen plants in flower in 

1956 in Puerto Rico and in 1962 in Florida where detailed examination of the tiny 

flowers indicated it was neither Pothos aureus or Scindapsus aureus. It was then 

briefly renamed as Rhaphidophora aurea (Graf, 1970). Further research 
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indicated, however, that Epipremnum aureum was more appropriate (Everett, 

1981; Beckett, 1987). In less than 30 years consumers have been thoroughly 

confused, as all of these names have been used for this plant in commercial 

trade (Poole et al., 1985). For sometime to come, it is likely that 'Scindapsus' will 

be the generic name most often used in the nursery trade outside of the US. 

2.1.2 Fatshedera 

X Fatshedera lizei (Guillaum), is an intergeneric hybrid between two members of 

the aralia family, Araliaceae. This interesting plant originated about 191 O when 

Liza Freres in the French nursery firm of Messers Nantes was accredited with 

accidently setting seed on Fatsia japonica Deena et Planch. 'Moseri' with pollen 

from a large leaved form of English Ivy, Hedera helix var. hibernica Kirchn. This 

hybrid has inherited some characteristics from each parent (Beckett, 1987; 

Dehgan, 1987), including considerable adaptability to varying temperature and 

PFDs (Araus, 1989). X Fatshedera lizei plants seldom exceed 2 m outdoors in 

mild climates, but under favourable greenhouse conditions may grow twice that 

height, and may occasionally produce sterile flowers (Everett, 1981 ). 

(Hereafter each species will be referred to as either Epipremnum or Fatshedera). 

Foliage plants originate from diverse habitats with respect to environmental 

conditions such as light, temperature, moisture and nutrient supply. However, in 

the absence of moisture stress, when stomata! conductance is high, and nutrient 

supply is not limiting, it is clear that light and temperature become the principle 

determinants of plant growth. In the following sections light and temperature will 

be considered in relation to their regulation of foliage plant growth. 
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2.2 Light 

The rate of photosynthesis is determined primarily by the PFD and the energy 

available in the light spectrum between 400 and 700 nm (Thimijan and Heins, 

1983; Powles, 1984; Dale, 1988). However, important morphological effects which 

may develop in radiation outside this spectral range can affect the rate of whole 

plant photosynthesis. For instance, in many species in a typical deep shade 

habitat, the balance between red and far-red light is altered as red light is filtered 

out by foliage closer to the canopy surface. This causes rapid internode extension 

as plants grow towards the light. In a review by Smith (1982) he concluded that 

the reduced fluence rate was responsible for many morphological responses 

affecting plant development and that a change in the red/far-red ratio was an 

important factor in shade acclimation. 

In contrast to most controlled environment (CE) studies, there are very few 

naturally occurring habitats that do not experience both diurnal and seasonal 

variation in PFD. Plants do have some capacity to adapt to a particular light 

environment. This involves modulating the composition of their thylakoid 

membranes in a coordinated, integrated manner to make efficient use of the 

absorbed photosynthetically active radiation (PAR) (Anderson, 1986). This 

adaptive ability is reflected in the morphological changes in leaf orientation and 

in the partitioning of resources (such as carbon and nitrogen) among leaves, 

stems and roots (Boardman, 1977; Bjorkman, 1989). Both specific leaf area and 

leaf area ratio may also change in response to the light environment in 

conjunction with chlorophyll content and with other chloroplast components, 

including the size and the orientation of photosystem II antennae (Dale, 1988; 

Bjorkman, 1989). 

Photon flux densities in the natural habitats of foliage plants may vary widely, 

ranging from = 3 µmol·m-2•s-1
, in the extreme shade of tropical rainforests 

(Bjorkman et al., 1972; Chow et al., 1988) through to fully open sites where the 

PFD may reach in excess of 2000 µmol·m-2·s-1
, with no remission from bright light 
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at any time during normal daylight (Bunce, 1986; Anderson et al., 1988). 

However, in many habitats the fluence rates may vary rapidly over two orders of 

magnitude indicating an inherent requirement for adaptability to changes in 

photon flux density (Anderson, 1986). 

Plants have been classified as sun or shade plants according to their ability to 

adapt to the light environment experienced in their natural habitat (Boardman, 

1977; Bjorkman, 1981 ). It has been shown, however, that the photosynthetic 

capacity of a plant is directly related to the environmental conditions, particularly 

the PFD, under which the plant is grown (Boardman, 1977; Bunce, 1986). Most 

plants have the capacity to adapt to different environmental conditions and 

depending on the species, this may be achieved by changes in leaf anatomy, 

physical characteristics and chemical composition. Changes can occur in some 

instances, even after leaves are fully mature (Syvertsen and Smith, 1984). 

However, some foliage plants appear to be obligate shade plants (Aglaonema 

spp., Maranta spp. and Spathiphyllum spp.) and do not normally acclimate to high 

light (Conover and Poole, 1990). These plants are characterised by a substantial 

investment in the light harvesting pigments and low capacity for electron transport 

compared with plants grown in bright light (Anderson, 1986; Anderson and 

Osmond, 1987). 

2.2.1 Effect of low light 

Foliage plants have been selected for their ability to adapt to indoor culture where 

warm temperatures are accompanied by very low light regimes. Acclimation of 

foliage plants has been practised with Ficus benjamina and other foliage plants 

to facilitate transition to new environmental conditions (yonover and Poole, 1975). 

Fonteno and McWilliams (1978) also reported that in all foliage plant species 

examined under decreasing PFD conditions there was an approximately 

exponential reduction in the light compensation point (LCP), where the net rate 

of photosynthesis exactly balances the total respiration rate over a 15 week 

period. Dark respiration also decreased, indicating that new growth would be 
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minimal at low PFD. Treatment of foliage plants with pesticides or brief exposure 

to low temperatures each caused a net CO2 efflux for at least 3 days irrespective 

of the PFD. Acclimated plants were able to survive at PFDs between 2 and 1 O 

µmol·m·2·s·1 (W.S. Chow pers. com. 1991, Fonteno and McWilliams, 1978). At 

light levels less than the LCP, plant homeostatic equilibrium is not possible as the 

stored reserves are dissipated in maintenance respiration without replenishment. 

Epipremnum growth and quality was improved at low PFD when the CO2 

concentration was elevated to 600 µ1-1·1 (Schmidt and Brundert, 1984), suggesting 

that even at low PFD the influx of CO2 into leaves could be an important limiting 

factor. Similarly, growth of Fatshedera was enhanced at 20 C by elevation of CO2 

from 600 to 1000 µ1•1·1 (Verberkt, 1990). Epipremnum growth was not improved 

by supplementary light when exposed to 80 µmol·m·2 ·s·1 for 20 h per day at 24 C 

(Mortensen, et al., 1988) indicating a light saturation response typical of deep 

shade plants (Boardman, 1977). Similar findings led Kristensen (1984) and 

Mortensen et al., (1988) to conclude that Epipremnum was adaptable to growth 

at low PFD. Epipremnum adapted well to growth indoors irrespective of the PFD 

used during production (Kristensen, 1984), as indicated by the rapid rate of 

acclimation indicated by the reduction in LCP at low PFD. Similar findings have 

been reported for Philodendron scandens oxycardium and Brassaia actinophylla 

(Fonteno and McWilliams, 1978; Pass and Hartley, 1981 ). Fatshedera, in contrast 

to Epipremnum, has been reported to grow better at high rather than low PFD 

(Larsen, 1979). 

2.2.2 Effect of high light 

Typical light response curves for C3 plants based on CO2 fixation or 0 2 evolution 

increase with increasing PFD up to a point where light saturation occurs, and no 

further increase in the effective rate of photosynthesis occurs with increased PFD 

(Powles, 1984; Krause and Weis, 1991 ). At some point above the light saturation 

point quenching of photosynthesis occurs with further exposure to additional PFD. 
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Impairment of photosynthetic activity by 'bright light has been recognised for a 

long time (Rabinowitch, 1945). This has however, been the object of extensive 

research since 1970 which has added greatly to our understanding of the 

mechanisms and factors involved in photosynthesis (Krause, 1988). In a review, 

Powles (1984) drew attention to the importance of interactions between light and 

temperature on photoinhibition of photosynthesis. Prolonged exposure to bright 

light usually results in reduced photosynthetic capacity that does not return to 

normal until environmental stresses are relieved. Exposure of leaves to low 

temperatures while in bright light exacerbates photoinhibition. Permanent damage 

to the thylakoid-light harvesting system occurs along with loss of chlorophyll at 

excessive PFD. This phenomenon has been reported in plants originating in the 

tropics (Lyons, 1973), and in shade-adapted plants (Dawson et al., 1991 ), 

especially where exposure to low temperatures and high PFD coincide. 

In some situations, foliage plants may tolerate exposure to higher PFD than in 

their natural habitat, provided there is sufficient air movement to maintain leaves 

at less than lethal temperatures (Carpenter and Nautiyal, 1969), or the exposure 

to high PFD is relatively brief (Harbinson and Woodward, 1984; Pearcy, 1990). 

A major disadvantage of the former approach is that stomates closed in moving 

air and remained closed at air speeds> 5 km·h·1 (Carpenter and Nautiyal, 1969). 

Fatshedera plants are adaptable to relatively high PFD without apparent damage. 

After acclimation, light saturated photosynthesis (LSP) of Fatshedera was not 

influenced by incident PFD, while the LCP decreased as PFD decreased (Jeong 

et al., 1983). In the same study, shoot growth of Fatshedera was maximised at 

67% of full sunlight. The recommended PFD for Fatshedera plant production in 

Florida ranged between 740 and 1100 µmol·m·2·s·1 a,nd between 650 and 830 

µmol·m·2·s·1 for Epipremnum (Joiner, 1981 ). In contrast, in another study 

recommended PFDs for production of Epipremnum ranged from 300 to 600 

µmol·m·2·s·1 (Conover and Poole, 1990). 
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The morphology of foliage plants may be influenced by growth at high PFD. 

Leaves of Aphelandra spp. may be distorted or buckled at high PFD. Leaves of 

Agfaonema spp. and Dieffenbachia spp. may exhibit a heliotropic movement 

where they turn almost vertical to minimise light interception at high PFD. The 

size of individual leaves of Philodendron scandens oxycardium increased with 

increased PFD (Conover and Poole, 1974), while shorter, wider leaves of 

oracaena marginata developed with increasing PFD (Conover and Poole, 1981 ). 

2.2.3 Pigment development 

The influence of light on chlorophyll and anthocyanin-related pigment 

development in leaves is well documented (Anderson et al., 1973; Bjorkman, 

1973; Boardman, 1977; Faragner and Chalmers, 1977; Armitage and Carlson, 

1981 ). The leaf pigmentation of chimeric plants with zonal non-green leaves like 

Codiaeum variegatum and Cordyline terminalis may be masked by other 

principally green pigments when the PFD < 600 µmol·m·2·s·1
• The interaction of 

light and pigment production is made more complex by the ostensibly quite 

different responses of some chimeric plants (Anderson et al., 1988). Variegated 

foliage, often caused by chlorophyll deficient chloroplasts, is an important attribute 

of many decorative foliage plants and hence these plants are widely grown. 

Chlorophyll development may be increased in variegated plants like Epipremnum 

by lowering the PFD to < 800 µmol·m·2•s·1
• In the related species Syngonium 

podophyllum, leaves were both whiter and larger at low rather than high PFD 

(Chase and Poole, 1987). Similarly, in some Dracaena spp. and Peperomia spp. 

the extent of the variegation appeared to increase at lower PFD (Conover and 

Poole, 1980, 1981; Shen and Seeley, 1983). Some Epjpremnum cultivars do not 

tolerate exposure to high light as the white areas of the leaves are readily 

damaged (Poole et al., 1985). 
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2.2.4 Photoperiodic response 

Reports of photoperiodic responses of foliage plants are scarce and pertain only 

to plants produced as flowering foliage plants (Poole, 1971; Kerbo and Payne, 

1976). Flowering of some foliage plants may be a very rare occurrence indicating 

that under normal circumstances these plants may have an extended juvenile 

period, or have adapted to a primarily asexual method of propagation with 

flowering restricted to environments where stress was minimal. 

2.3 Temperature 

Most information referring to the effect of temperature on plant growth and 

development refers to air temperature rather than leaf temperature. This reflects 

the information available and the problem of accurate measurement. No single 

leaf is completely representative of the entire plant. The leaves most often 

sampled will be near the top of the canopy exposed to high PFD and the highest 

air flow. Leaves from this position probably do not accurately represent the mean 

leaf temperature. Furthermore, the relationships between air temperature and 

plant growth are complex (Went, 1957). 

While the light requirements of foliage plants have been reported, there appears 

to be few recommendations concerning temperature. This presumably reflects the 

relative simplicity of investigations concerned with shading or fluence rate, 

compared with the complexity of achieving different temperature treatments, 

especially in greenhouses. 

In a general sense, our understanding of horticu}tural crop responses to 

temperature is improving all the time, but most interest has been focused on 

economically important edible crops such as cucumber (Uitgave, 1987) and on 

flowering plants such as chrysanthemum (De Jong and Jansen, 1992; Larson and 

Gertsson, 1992). Aside from minimum and maximum temperatures, broad 

temperature ranges form the basis of cultural conditions used in commercial 
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practice and only limited specific information on the response of foliage plants is 

available (Dawson et al., 1991 ). Nonetheless, there is general agreement that 

plants derived from the temperate, subtropical and tropical regions of the world 

will each have different temperature optima for their growth and development 

(Eastin and Sullivan, 1984), responding differently to temperatures above or 

below the optima. Temperature is of paramount importance to foliage plants as 

it determines the natural distribution of each species and is a stricture imposed 

on the cultural requirements. This is particularly evident for those plants from 

tropical regions as maximum growth tends to occur near the upper thermal limit 

for growth. Greenhouse studies suggest Epipremnum shoot growth increased to 

a maximum at a day/night temperature of 32/24 C, while plant quality and shoot 

growth decreased at day temperatures in excess of 32 C (Poole and Conover, 

1981, 1988). In contrast, a related subtropical species, Syngonium podophyllum 

was much less responsive to increased temperature than Epipremnum (Chase 

and Poole, 1987). 

2.3.1 Effect of low temperature, 

It has been suggested that differences between species in their growth response 

to temperature are dominated by the response of photosynthesis to temperature 

(Berry and Raison, 1981 ), while other workers have suggested that the primary 

effect of temperature is on leaf expansion (Milthorpe, 1959; Potter and Jones, 

1977). 

Chilling sensitive plants will frequently show signs of very slow growth and injury 

when exposed to temperatures below 15 C. Moisture stress and wilting of leaves 

at low temperatures can arise from reduced water ,uptake by the roots and 

transport. Development of plant injury depends on many factors including: the 

temperature and growth conditions prior to chilling, the age of the plant, light 

intensity, relative humidity during chilling, the rate of temperature change during 

chilling and the rate and timing of rewarming (Wilson, 1987). In foliage plants, 

symptoms of chilling injury are species dependent and quite varied. Typically 
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leaves may blacken and develop a water soaked appearance as epidermal cells 

collapse. Wilting or defoliation may occur within a few hours and plant response 

may be very rapid or take some days to develop (McWilliams and Smith, 1978; 

Fooshee and McDonnell, 1987; Wilson, 1987). 

At low temperatures thylakoid protection in Hedera spp. may be related to 

increased glutathione production (Guy and Carter, 1982) and similar changes 

may be evident in related genera such as Fatshedera. In a range of cold 

hardened and unhardened plants, light dependent photosynthetic reactions were 

influenced more by chilling than by CO2 uptake. Krause and Klosson (1983) 

concluded that a change in photochemical activity at the site of light interception 

in the photosynthetic pathway was probably the earliest sign of chilling injury. 

Adaptation of the photosynthetic apparatus to low temperature is probably more 

related to increased enzyme concentration rather than altered membranes (Berry 

and Bjorkman, 1980). The direct effect of thylakoid membrane composition on 

photosynthesis, and acclimation of photosynthesis to low temperature are both 

controversial (Rosinger et al., 1982; Oquist, 1983; Bunce, 1986). 

Foliage plants may be influenced by exposure to infrequent low night 

temperatures. For example, growth of Epipremnum was impaired by 3 nights per 

week at 1 O C (Poole and Conover, 1986) probably as a consequence of the low 

temperature induced membrane damage and reduction in photosynthesis (Krause 

and Klassen, 1983). Chilling injury of Epipremnum is reported to appear as 

mottling of mature foliage when Epipremnum is exposed to temperatures below 

13 C, while a brief exposure(< 1 h) at 2 C caused severe damage (Poole et al., 

1985). 

2.3.2 Effect of high temperature 

When temperature is increased in excess of the optimum the normal balance 

between a net photosynthetic gain and respiratory loss is reversed and growth 

ceases. Normally, at higher temperatures disruption of normal metabolic activity 
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occurs before causing cell death (Gates, 1980). Aspects of heat resistance and 

susceptibility to heat stress have been reviewed by Alexandrov (1977) who 

concluded that fully developed cells were more resistant to stress than immature 

cells. Although it is useful to classify plants by temperature range, this alone 

would be an inadequate basis for classification. The nature of heat injury unlike 

chilling injury, is related to the duration of stress in an inverse exponential 

manner. Such an interrelationship needs to be incorporated into any discussion 

of thermal stress. The temperature of plant organs is often higher than the 

surrounding air (Levitt, 1972) and the differential can be exacerbated if 

transpiration is reduced when leaves are exposed to high PFD. The primary 

cause of damage is membrane dysfunction, probably protein and lipid 

denaturation (Levitt, 1972). This causes electrolyte leakage and impairment of 

membrane-bound enzymes. The interactions between high temperature stress 

and water stress makes their specific effects more difficult to resolve as they 

normally occur concurrently (Sullivan et al., 1977). 

Adaptation to growth at high temperature is greatly enhanced by prior exposure 

to high temperature (Berry and Bjorkman, 1980). This may be related to altered 

membrane structure and functioning (Rosinger et al., 1982) or to production of 

isozymes of physiologically important enzymes with higher optimum 

temperatures. 

The optimum temperature for Epipremnum root growth is above 21 C whereas 

air temperature should be between 21 and 35 C for good growth; provided the 

PFD was low, air temperatures could be as high as 38 C without incurring 

damage (Poole et al., 1985). The importance of consistent temperatures on the 

production of high quality plant material has also be·en reported (Poole et al., 

1984). Optimum temperature for CO2 fixation in Hedera helix was 18 C and in 

Epipremnum, Ficus lyrata and Scheff/era arboricola was 15 C (Cuelemans et al., 

1985). Surprisingly, optimum growth temperatures for Hedera and Epipremnum 

have been reported to be less than 21 C, and between 24 and 27 C, respectively 
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(Mortensen and Larsen, 1989). Poole and Conover (1987) reported the best plant 

quality and growth of Epipremnum occurred at 32 C. 

Light compensation point and respiration increased with increasing temperature, 

particularly in both Hedera helix and in Fatsia japonica (Matas, 1984). Both of 

these species are related to Fatshedera (Dehgan, 1987) and it is plausible 

therefore that Fatshedera may respond in some intermediate manner between 

these two species. Very few references have been located stating the optimum 

temperature for growth of Fatshedera. In constant temperature treatments, 

Sandved (1976) reported optimum growth at 18 C, with a minimum temperature 

above 12 C recommended to avoid low temperature damage. In more recent 

greenhouse studies at a constant 20 C, growth of Fatshedera was enhanced by 

supplementary light and CO2 elevated to 700 µ1-1-1 (Verberkt , 1990). The plasticity 

of this species suggests that it may be a useful subject when examining 

relationships between environmental physiology and plant growth. 

2.4 Quantification of plant growth 

Plant growth analysis has long been used by plant physiologists where it has 

been a useful tool for describing plant growth in general and dry matter 

production in particular . The pioneering work of Gregory (1918), Blackman 

(1919), Briggs et al. (1920a,b) and Fisher (1921) set out in mathematical terms 

the foundation for the classical approach to growth analysis. This approach 

normally depended upon a large number of plants that were harvested relatively 

infrequently and allowed the application of growth analysis formulae to determine 

mean rates of growth and development between harvests. Relatively recently, a 

dynamic or functional approach to growth analysis,, based on curve fitting 

procedures has been developed concomitantly with increased computing 

capabilities (Hammerton and Stone, 1966; Radford, 1967; Hunt, 1979). This 

technique allows the mathematical description of plant growth at any instant 

during the time course of a study. This approach is now widely accepted inspite 

of relatively few comparisons between the classical and the functional 
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approaches (Hunt and Parsons, 1977; Causton and Venus, 1981 ). The 

advantages of the curve fitting (functional) approach include: fewer assumptions 

are needed than when using the classical approach, as the fitted curves are all 

that is required to adequately represent the relationships of leaf area, leaf weight 

and total plant weight with time. The functional approach, based on regression 

analysis, uses all the information from each harvest, whereas the classical 

approach used only the information from adjacent harvests and required pairing 

of plants for appropriate analysis (Causton et al., 1978). 

In addition, Hunt (1979) suggested that while the functional approach provided 

a convenient way of summarising a complex process and reduces a large data 

set to a few representative parameters, if the growth function is an inappropriate 

description of the data, then the conclusions drawn from the data could be 

incorrect. Thornley (1976) and Causton et al., 1978) also cautioned against use 

of the functional approach as an empirical model where the mathematical function 

has no special biological significance, but where the primary aim has become 

accuracy of fitting. While Williams (1975) also warned 

"in general, curve fitting should be indulged only where there are clear-cut 
objectives, and where the practitioner is aware of the pitfalls". 

The relevance of parameters fitted to polynomial models of different orders may 

be difficult to compare, even where environmental conditions are regulated in 

controlled environment studies (Hurd, 1977). Although a compromise between 

precision and pragmatism, it is better to select the most appropriate equations 

with biological meaning to describe the growth data in a convenient manner, 

replacing the original data disturbed by irregular errors with a smoothed 

continuous function (Richards, 1969; Hunt, 1973). 

The problem of biological interpretation arises when fitted functions are not 

derived from a biological basis. The functional approach may use functions 

chosen somewhat arbitrarily to describe the data. Exponential curves are the 

simplest biologically meaningful function to deal with mathematically. They give 
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rise to a constant relative growth rate and are appropriate for quantifying the early 

growth of many organisms. Exponential polynomial functions are commonly 

employed as they are readily fitted using regression techniques and confidence 

intervals can be estimated (Causton and Venus, 1981 ). Although in biological 

systems the formation of a plateau at a maximum or minimum is universal, it may 

not be evident in all data sets or fitted functions. As polynomial models have no 

satisfactory way of dealing with an asymptotic function, models have been 

developed to take into account the ontogenetic change in relative growth rate as 

a crop develops (Hunt, 1982). 

Many empirical functions have been developed to flexibly describe the growth of 

plants over extended periods of time and in different environmental 

circumstances. The Richards function appears as one of the more appropriate 

models of this type where the data are asymptotic, as the parameters of the fitted 

function may be interpreted in a biologically meaningful manner (Causton et al., 

1978). 

Growth analysis of plants is not an end in itself, but in this study forms part of an 

investigation of how the vegetative growth of two foliage plants is influenced by 

light and temperature. 

Plants function as temperature integrators provided the diurnal temperature 

variation is within the linear portion of the temperature response curve (Johnson 

and Thornley, 1985; Feng et al., 1990). The overall rate of plant growth and 

development may be the sum of the rates at each temperature over a 24 h 

period. Such relationships, however, have not been proven for many crop or 

ornamental plants. 

Under closed canopy conditions crop growth rate may be determined primarily 

by the total quantity of intercepted light and not by the total leaf area per plant 

(Monteith, 1977). It is anticipated that plant production in an intensive nursery 

situation would seldom, if ever, reach a closed canopy situation as productivity 
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is assessed on individual plant performance. However, rapid development of leaf 

area is considered extremely important for early crop establishment and 

subsequent growth. Similarly, light interception and its utilisation in photosynthesis 

is considered of utmost importance in determining plant productivity. These 

aspects will be assessed in this study. 

2.5 Rationale 

From the foregoing review, it is clear that there is limited information about the 

growth response of foliage plants, including Epipremnum and Fatshedera, in 

closely regulated temperature treatments with contrasting light environments. This 

study was designed to characterise the environmental physiology responses of 

Epipremnum and Fatshedera by investigating the separate effects of light and 

temperature (ceteris paribus) on vegetative growth and on photosynthetic activity. 

This knowledge was then used to develop hypotheses to explain differences in 

plant performance. In the subsequent chapters the growth and development of 

these foliage plants has been examined at two different PFDs and over a range 

of day and night temperature combinations. This led to further examination of the 

effect of night temperature on these plants. The final experiments sought to 

identify the underlying physiological basis for differences in growth of 

Epipremnum and Fatshedera that were manifest as interactions between light and 

temperature in the photoinhibition processes associated with photosynthesis. 
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CHAPTER THREE 

Growth and development of Epipremnum and Fatshedera as Influenced 
by temperature and light. 

"The activities of living beings seem to be directed towards the attainment of goals that lie in the 
future [but] their behaviour just reflects the fact that they have evolved under conditions which 
favoured great variability." 

(Eckardt, 1975) 

3.1 Introduction 

In the nursery trade foliage plants form an important component of total plant 

sales. Epipremnum and Fatshedera are well established as important foliage 

plants and feature prominently in industry publicity (Anon, 1992a). 

Domestic sales of ornamental plants in New Zealand now exceed $NZ 200 m per 

annum and foliage plants would account for 5-10% of these total sales. There 

has been significant growth (40%) in export receipts from the ornamental plant 

industry over the period from 1990 to 1991 (Anon, 1992b) thus increasing 

industry confidence. The export potential of ornamental plants such as camellia 

and zantedeschia are of considerable economic importance particularly as these 

plants can be produced commercially outdoors in many parts of New Zealand. 

However, the challenges in optimising efficient plant production lies in the areas 

where we are not so well advantaged, particularly with greenhouse crops of 

tropical origin. In the prevailing free market economy New Zealand horticulturists 

are expected to develop and maintain a competitive edge over the rest of the 

world with regard to the production of ornamental plants with an inherently high 

energy requirement, it is essential that studies examining the fundamental 

environmental physiology of these crops be carried out to optimise production. 

Failure to support this industry with basic research in the longer term will 

contribute to retrenchment of grower-initiatives that create both domestic and 
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export opportunities for ornamental plant production. This applies particularly 

where our export competitors arise from production areas supported by a 

significant research base. 

In addition, knowledge of how light and temperature interactions influence plant 

growth would enable growers of ornamental plants and other protected crops to 

plan production schedules more efficiently for the domestic and overseas 

markets. 

The need for basic knowledge is recognised, but its importance has not been 

appreciated (Biale, 1987). Plant growth and development are acknowledged as 

the primary determinants of economic yield and have been a focus for the 

attention of plant physiologists and horticulturists (Landsberg, 1977). However, 

the transfer of information and technology from the researcher to the commercial 

grower does not occur readily (A.H. Hughes pers. com., 1992) and there is still 

much to be done in this area with many fruitful areas awaiting investigation. 

3.1.1 Plant response to environmental conditions 

Environmental conditions in greenhouses have been established on an empirical 

basis primarily dictated by considerations of plant origin and ecology. Greenhouse 

environments have traditionally been programmed to maintain a warmer day than 

night temperature due to the general belief that better plant growth and 

development resulted (Schimper, 1898). Conservation of photosynthates 

produced during the light period was the physiological explanation offered in 

support of this management strategy (Went, 1957). However, this may not be 

entirely valid as many plants appear to grow just as well at constant temperature 

as under conditions with no diurnal variation (Friend and Helson, 1976; 

Warrington and Kanemasu, 1983a,b). 
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The temperature regimes used in the production of greenhouse crops are of 

prime scientific and economic interest because of the impact they have in 

regulating plant development. (Post, 1939; Parups, 1978; Gent et al., 1979). 

The effect of temperature on plant growth has been studied for more than a 

century, albeit infrequently, and with widely differing results and interpretation. 

some of the earliest plant science literature suggested much of the (extension) 

growth in crop plants occurred at night (Sachs, 1872). Similarly, development of 

chrysanthemum flowers are influenced by night temperature (Cathey, 1955). 

Control of plant growth has also been attributed to the influence of light (Cremer, 

1976; Christ, 1978; Lecharny and Jacques, 1980), temperature (Post, 1939; 

Went, 1957; Cremer, 1976), leaf water status (Powell, 1976; Parrish and Wolf, 

1983), photosynthate and endogenous rhythms (Cremer, 1976) and plant growth 

regulators (Purohit, 1985). 

In some crops detailed analyses have been conducted on different cultivars to 

identify those attributes that may be manipulated to produce an increased harvest 

index. This has most application where only a portion of the plant is harvested 

and sold, such as in a cut flower. However, an increase in production cannot be 

realised simply by altering the harvest index (De Jong and Jansen, 1992). In the 

case of foliage plants where the whole plant is sold, the grower may be interested 

in the possibility of altering the partitioning of dry matter into different parts of the 

plant including, for example, an enhanced leaf area. Comprehensive studies of 

this nature on foliage plant production are conspicuous by their absence. 

3.1.2 Influence of diurnal temperature variation 

Early studies by Went (1944) noted that the pattern of plant development under 

constant temperature conditions may be different where a temperature differential 

exists. Went proposed that plant growth could be altered by diurnal variation in 
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temperature, and may be influenced by the particular temperature regimes 

experienced during the light or the dark period. The beneficial effect of diurnal 

temperature variation on the growth of tomato plants was the first reported 

instance of thermoperiodism observed in a controlled environment facility (Went, 

1944). These observations led to the concept of thermoperiodicity and Went 

suggested that many plants could have different temperature optima for 

processes occurring in the light and the dark periods. 

Many experiments have been conducted to investigate the effect of diurnal 

variation on plant growth and development. Beneficial effects of diurnal variation 

have been demonstrated in lettuce (Verkerk and Spitters, 1973), tomato (Klapwijk 

et al., 1978), cucumber (Challa, 1976; Toki, 1975) and in other species (Knapp, 

1956). Heron et al. (1972) reported in tobacco that fresh weight, dry weight and 

leaf number were affected more by the night temperature than the day 

temperature. They concluded that diurnal variation enhanced growth and 

development. 

The universal nature of thermoperiodicity in the plant kingdom has been 

contested by numerous investigators who failed to demonstrate any significant 

advantage from diurnal temperature treatments with a wide range of crops 

including bean (Dale, 1964), tomato (Calvert, 1964; Hussey, 1965), Festucaspp. 

(Robson, 1973), sunflower, cotton, maize (Rajan and Blackman, 1975), wheat, 

oat, pea (Friend and Helson, 1976), soybean (Warrington et al., 1977), cucumber 

(Slack and Hand, 1983) and tropical grasses (Ivory and Whiteman, 1978). 

In spite of widespread questioning, publications continue to appear in print 

supporting the thermoperiod concept. Recent reports using cucumbers (Krug and 

Liebig, 1980), rose (Van den Berg, 1984), lily (Wilkins, 1973; Erwin and Heins, 

1985) and chrysanthemum (Karlsson and Heins, 1986) support the hypothesis 

that specific benefits exist for plant growth with a diurnal temperature differential. 

These results demonstrated that increased shoot extension growth occurred 

when day temperatures were lower than night temperatures. The morphology of 
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plants may also be altered by differential day/night temperatures, in particular, 

leaf shape (Filcher, 1954; Njoku, 1957), leaf orientation and flower size (Erwin 

and Heins, 1985). 

To accommodate this evidence, Heins et al. (1989) proposed a new term 

'thermomorphogenesis' to reflect the way in which temperature influences plant 

morphology. The term theromorphogenesis is intended to be consistent with the 

parallel term photomorphogenesis which describes the effect of light on plant 

morphology. Stem elongation responses have been reported in a range of plant 

species including chrysanthemum (Karlsson et al., 1989), fuchsia (Erwin and 

Heins, 1988), poinsettia (Berghage and Heins, 1988), Easter lily (Erwin et al., 

1989), campanula (Moe, 1989) and tomato (Koning, 1988). A diurnal temperature 

differential is also reported to influence flower initiation and flower number (Moe, 

1989), leaf orientation (Erwin et al., 1989) and leaf pigmentation (Heins et al., 

1989). 

These findings raise the question of why do some aspects of plant development, 

such as shoot growth, benefit from diurnal temperature variation while other 

factors, such as RGR and leaf development rate, do not? 

Krug and Liebig (1980) suggested the reported inconsistencies arose from 

variation between species and cultivars. However, mature plants show little or no 

response to diurnal variation, whereas thermoperiodic effects have been reported 

in immature crops (Went, 1944, 1945; Calvert, 1964; Hussey, 1965). This may 

explain some of the inconsistencies between reports on thermoperiodism. The 

particular temperature in relation to an optima (Dale, 1964; Calvert, 1964; Hori 

and Arai, 1971 }, the magnitude of the diurnal variati9n (Knapp, 1956) and the 

length of the low temperature period (Toki, 1975; Challa, 1976) each may 

influence the nature of a thermoperiodic response. It may be concluded that any 

attempt to evaluate the response of plants to diurnal temperature variation would 

need to be comprehensive and test a wide range of environmental conditions. 

The value of investigating a wide range of temperature and light conditions was 
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demonstrated by Ashby and Oxley (1935) using the simple aquatic plant Lemna 

minor. 

It would also be of particular interest to consider if plants can distinguish between 

exposure to a particular temperature during the light or dark period as this could 

challenge the traditional approach to plant production in greenhouses. 

Higher night than day temperatures (23/27 C) lead to reduced shoot growth in 

tomato plants with minimal effect on the time to a leaf area index of 1 or on time 

to first harvest (Krug and Liebig, 1980). Heuvelink (1989) using tomatoes and 

Thomas and Raper (1978) using soybean concluded that development was less 

influenced by inverted day/night temperature regimes than dry weight. Differences 

in tomato shoot length were related to reduced internode extension rather than 

to the number of leaves developed. Thomas and Raper (1978) reported similar 

results with soybean. Recently, Erwin et al. (1991) and co-workers at Michigan 

State University have sought to exploit the relationship between day/night 

temperature differentials and internode extension as a practical means of plant 

growth control, popularly known as the "DIF temperature control program". 

3.1.3 Effect of environmental conditions on greenhouse production 

Increasing costs of production in protected cropping has caused growers and 

researchers to be more vigilant in their efforts to improve production efficiency 

and to effectively limit the rise in fuel consumption costs. This problem may be 

approached in several ways including making better use of the available energy 

inputs. For instance, better greenhouse construction will improve light 

transmission and heat retention with the potential to reduce the energy 

requirements for crop production. If greenhouse heating could be scheduled with 

night temperatures higher than the day temperature in combination with energy 

conservation measures during the night this could provide an alternative 

production strategy that may result is less energy wastage. 



Chapter three 28 

The greenhouse environment may be highly tuned to ensure energy wastage is 

minimal, but it may be difficult to optimise plant growth under these conditions. 

Particularly as the cultural requirements for many important greenhouse crops 

have not been well defined and conditions for optimal growth cannot be specified 

with confidence. These empirical recommendations can be used as a guide to 

plant response, but a systematic approach to environmental physiology would 

permit the construction of a more robust model to manage growth. Improvements 

in crop management based on a physiological response to PFD and temperature 

have considerable potential to produce improved plant growth with the opportunity 

to reduce in heating requirements. However, insufficient information is available 

to permit this to be carried out at present. 

Manipulation of the greenhouse environment to modify crop production is not a 

new idea. Before the advent of chemical growth regulators, Davidson (1960) 

considered using low night temperature during part of the production schedule to 

reduce Poinsettia internode extension. This work may also be viewed as one of 

the earliest recorded attempts to conserve energy in greenhouse production while 

attempting to produce poinsettias at lower than normally accepted night 

temperatures. 

Many plants appear to act as temperature integrators providing that growth and 

development is occurring in the linear part of the temperature response curve and 

that plants respond more to the mean daily temperature than to the individual 

fluctuations in temperature. Growth outside the linear range may be slower than 

anticipated unless the shape of the temperature response curve is defined 

(Orchard, 1976). 

Development of Easter lilies and geranium plants in a range of thermoperiods 

was correlated directly with the daily accumulated heat-sum (Armitage and 

Carlson, 1980; Wilkins et al., 1980). This has been incorporated into the standard 

production schedule of many commercial producers. Leaf emergence rate has 

also been modelled as a function of time in constant temperature treatments in 
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a range of crops including lily (Erwin and Heins, 1990), and wheat and barley 

(Volk and Bugbee, 1991 ). The direct translation of results derived from the 

constant temperature environment to the natural fluctuations in temperature of an 

uncontrolled environment has been questioned by Volk and Bugbee (1991 ). They 

cite the temperature dependence of leaf development in lilies as reason for 

concern. Clearly this is not an issue with all crops as development rate of beans 

was not influenced by diurnal temperature variation (Yourstone and Wallace, 

1990a,b). 

The processes collectively acting to regulate plant development, experience 

diurnal temperature variation in all but a few unusual habitats. Watson (1956) 

considered that those factors which influence the formation of adequate leaf area 

were probably the most significant determinants of dry matter production in crop 

plants. However, Milthorpe (1959) reported that leaf area expansion was 

determined by the rate of leaf unfolding which in turn was regulated by the 

temperature and the assimilation rate of upper leaves. This indicates a close 

linkage between the environment and plant development. 

Despite a general awareness of the importance of environmental physiology 

in plant production, information applicable to foliage plant production in 

greenhouses is limited. The current study was undertaken to characterise the 

growth and development of Epipremnum and Fatshedera in different day/night 

temperature and light regimes in an attempt to explain their markedly different 

environmental responses. 
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3.2 Materials and Methods 

3.2.1 Plant material 

Stock plants of Epipremnum aureum and Fatshedera lizei were grown in a 

greenhouse heated at 15 C and ventilated at 25 C under ambient PFD (max 

:::::1 ooo µmol·m-2·s-1
) and ambient photoperiod conditions during autumn and 

winter. Plants were grown in a potting medium of 60% Hauraki peat and 40% 

Waikato river pumice (1-10 mm diameter) supplemented with 3 kg·m-3 

Osmocote™ (8-9 month), 1 kg·m-3 Osmocote™ (3-4 month), 3 kg·m-3 dolomite 

lime and 0.1 kg·m-3 Micromax™ (Sierra Chemicals, Europe B.V. Heerlen, 

Nederland). Plants were watered automatically from the base by capillary 

watering and leached by weekly overhead watering. 

Experimental plant material was propagated vegetatively from single node 

cuttings treated basally with 1% IBA powder (Plate 3-1). Cuttings were rooted in 

30% Hauraki peat and 70% Waikato river fine pumice (~ mm diameter) under 

intermittent mist with bottom heat ("" 21 C) in greenhouse conditions similar to 

those used for the stock plants. 

Rooted cuttings were transplanted into 1.2 liter pots of containing a growing 

medium of 75% pea gravel, 15% peat and 10% vermiculite, and received up to 

four daily applications of a modified North Carolina State University nutrient 

solution (Brooking, 1976). 

3.2.2 Growth environment 

Both species were grown in walk-in controlled environment (CE) rooms 

maintained at a range of environmental conditions (Table 3-1, Fig. 3-1) in the 

DSIR Climate Laboratory (Anon, 1981 ). A 12 h photoperiod synchronous with the 

mid point of the change-over to day temperature period was provided by a water­

screened array of four 1 Kw high pressure discharge "Metalarc" lamps and four 
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Plate 3-1. Typical propagation material of Epipremnum (upper photo) and 
Fatshedera (lower photo) used to produce plants for the current study. 
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1 Kw tungsten halogen lamps (all supplied by GTE Sylvania, Drummondville, 

Que, Canada). 

In each CE room, plants were positioned on six trolleys, three being exposed to 

an average PFD of 320 ± 5 µmol·m-2 ·s-1 (measured with a Li-Cor Ll-185 meter 

and a 190S quantum sensor (Li-Cor, Lincoln, Nebraska, USA)) at the top of the 

plants. 

Low PFD treatments within each temperature treatment were achieved by 

screening three trolleys with green polypropylene shade cloth (Sarlon-Reid, 

Auckland, N.Z.) giving an average PFD of 150 ± 5 µmol·m-2 ·s-1 at the top of the 

plants (Warrington et al. 1978; Greer and Laing, 1988a) (Plate 3-2). 

Plate 3-2. Shaded and non-shaded trolleys with plant material in a standard 
controlled environment room. 
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The high and low PFD in each CE room were equivalent to a daily light integral 

(DLI) of 14.0 and 6.8 mol[photons]·m-2·daf1
, respectively. The water vapour 

pressure deficit (VPD) was controlled by the air conditioning equipment in each 

room (Table 3-1 ). Carbon dioxide was monitored continuously but not controlled 

during the study and ranged between 330 and 360 µI CO2•r1 air. Air flow down 

through plants in each CE room was 0.3 - 0.5 m·s-1 measured with an Alnor 

Instruments thermoanemometer. 

3.2.3 Experimental design 

In each temperature treatment, 16 plants of each species were randomly 

assigned to each temperature x PFD treatment. In each CE room the 

environmental treatments were replicated producing 3 blocks. On 3 successive 

occasions from the beginning of the experiment, four plants of each species 

selected at random from each replicate within each block, were destructively 

harvested. The position of the remaining plants was adjusted over the total area 

within the replicate to restore uniform spacing and avoid inter-plant competition. 

The uniformity of growth room conditions and lack of replication in CE studies has 

been questioned by some investigators (Hammer and Urquhart, 1979; Lee and 

Rawlings, 1982). The number of treatments utilised in this study and the time 

required to complete each treatment precluded any possibility of replicating each 

treatment. In CE facilities with appropriate standardisation, the variation due to 

time and between CE rooms could be relatively small and generally not 

significant (Warrington and Kanemasu, 1983a; Dreesen and Langhans, 1991 ). 

Therefore, while using the same facilities (but not necessarily the same CE 

rooms) as Warrington and Kanemasu (1983a), it was assumed that differences 

arising in the current experiments were attributable primarily to the effects of 

temperature and PFD, as systematic spatial and temporal effects were assumed 

to be small. 
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The environmental conditions used in chapters three and four have been 

represented schematically (Fig. 3-2). 

3.2.4 Plant Analysis 

Shoot length, leaf area, and dry weight of the leaves, stems and roots (after 

washing to remove potting medium) from individual plants were recorded at each 

harvest. The number of leaves larger than 1 cm2 on each plant were recorded at 

the final harvest. 

Leaf area was measured with a Li-Cor model 3100 leaf area meter. Samples 

were vacuum dried (24 hat 2 mm Hg; 40 C) to constant weight and equilibrated 

at room temperature before recording. 

3.2.5 Data Analysis. 

Temperature treatments were arranged in each CE room as a randomised 

complete block design where each trolley within a PFD treatment represented an 

individual block. Data were analysed by analysis of variance using the general 

linear model procedure of SAS Institute, N.C. to establish whether there were 

significant block effects. As each temperature treatment (CE room) was 

unreplicated, data from each treatment were then combined, treating the 

temperature treatment as a simple block effect. Sequential estimates of plant dry 

weight (W) and leaf area (LA) from each block (and each treatment) for the 1st, 

2nd and 3rd harvests were fitted to a stepwise growth analysis program (Hunt 

and Parsons, 1974). Data from the initial harvest collected at the beginning of the 

experiment (time = 0 days) was not included as the plant material was not 

acclimated to the environmental conditions and therefore was not representative 

of growth in each treatment. Data for each of the variates was transformed 

logarithmically to render their variability more homogeneous with time. Estimates 

of RGR, LER, LAR, NAR and their standard errors (from the Hunt and Parsons 
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Fig. 3-2. Schematic representation of treatments used in 
chapters three and four. High and low PFD treatments were used 
within all temperature treatments. 
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program) were comparable with values from instantaneous functions developed 

in an independent analysis. The instantaneous functions were derived from 

polynomials fitted to leaf area (LA), leaf weight (lw) and total plant dry weight (W), 

using equations of the form loge LA, loge Lw and loge W at any time (t). The least 

squares method was used to fit the following growth functions: 

Relative growth rate (RGR) calculated from the slope of the equation: 

( 3. 1) 

RGR = fw' (t) ( 3 • 2) 

Similarly, the relative leaf area expansion rate (LER) at any instant was equal to 

the slope of the following function: 

(3. 3) 

LER = f/ (t) ( 3. 4) 

Inspection of the analysis of variance tables revealed that in all cases the linear 

fit to the exponential model was the most appropriate (P<.001 ). Based on this 

assumption five derived functions were fitted using the following equations: 

Leaf area ratio (LAR) 

L 
LAR = V: = exp [ f L ( t ) - f w ( t ) ] (3. 5) 

Net assimilation rate (NAR) 

( 3. 6) 
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( 3. 7) 

Specific leaf area (SLA) 

( 3. 8) 

Leaf weight ratio (LWA) 

L 
LWR = .; = exp [ f L ( t) - f w ( t) ] (3. 9) 

The notation in the equations above follows Hunt (1990). 

The regression coefficients for AGA and LEA were analysed as dependent 

variates using the Manova command within the General Linear Model (GLM) 

procedure (SAS Institute Inc. N.C.) as described by Eskridge and Stevens (1987) 

and Yourstone and Wallace (1990a,b). 

The following additional parameters were calculated from the data collected at 

each harvest: 

New leaf production per day (LFP) = (LF" - LF1) / (tn - t1) 

Mean leaf area (MLA) = (LAn / LFni 

Shoot growth per day (HP) = (Ht" - Ht1) / (tn - t1) 

Mean node length (NOL) = S~ / LF n 

Shoot-root ratio (SHA) = Shoot dry weight / root dry weight 

Efficiency of dry weight production = Wn I (DU x tn) 

Where t1 = time (days) at harvest 1, tn = time at a subsequent harvest 

LFn = leaf number attn, LAn = leaf area attn, s~ = Shoot length attn, wn = dry 

weight at t" and DLI = daily light integral. 
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Plate 3-3. Growth of Epipremnum (upper photo) and Fatshedera (lower photo) in 
a preliminary experiment at constant 20 C and at 30 C (day)/1 0 C (night) 
temperature and at high and low PFD after 45 days. Treatments, left to right: 
20 C high and low PFD and 30/10 C high and low PFD. 



Chapter three 41 

Plate 3-4. Typical growth of Epipremnum (upper photo) and Fatshedera (lower 
photo) in constant temperature and high and low PFD after 52 days. Treatments, 
left to right : 20 C high and low PFD, 25 C high and low PFD and 30 C high and 
low PFD. 
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Plate 3-5. Typical growth of Epipremnum (upper photo) and Fatshedera (lower 
photo) in day/night temperature treatments 30/1 0 C and 10/30 C after 52 days. 
Treatments, (upper photo) left to right: 30/1 0 C; high and low PFD, 10/30 C; high 
and low PFD and 30 C; high and low PFD, (lower photo) 30/10 C and 10/30 C 
at high PFD. 
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3.3 Results 

This research programme compared the relative importance of constant 

temperature and diurnal temperature on vegetative growth and development at 

two PFDs. Data quantifying growth and development were collected from plants 

grown under constant day/night temperature or with various differential day/night 

temperature combinations. 

3.3.1 Relative growth rate 

Plots of logarithms of the total dry weight (W) at each harvest show a significant 

linear pattern of increase over time (Fig. 3-3). This response was indicative of 

exponential growth and of a constant relative growth rate for both Epipremnum 

and Fatshedera in almost all temperatures and PFD treatments. An exception 

occurred at 1 0 C where Epipremnum exhibited a net decrease in loge W (Fig. 3-

3a). Fatshedera also only grew very slowly at 1 0 C as evident by the small 

increase in loge W over time. As the mean temperature and the PFD increased, 

the slope of each fitted line increased. Invariably, W was higher in Fatshedera 

than Epipremnum over time by approximately the same magnitude in all 

temperature treatments between 1 0 and 20 C. The difference in W between each 

species tended to diminish in the low PFD treatments at constant 25 and 30 C 

but was maintained at high PFD (Fig. 3-3). In each species the relationship 

between the relative growth rate and temperature was described by a quadratic 

function (Fig. 3-4). In Epipremnum the RGR increased with increasing 

temperature reaching a maximum value at 29.6 C (from the fitted quadratic 

function) at low PFD, while at high PFD a peak value did not occur within the 

temperature range investigated. Differentiation of the fitted function indicated a 

maximum value occurred at about 36 C. The curvilinear relationship of RGR to 

temperature in Fatshedera peaked at 23.0 and 22.2 C at high and low PFD, 

respectively. 
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(b) 

• 
-1 .._ ________ __, 

4 

3 

2 

1 

D 

18 32 52 
Days at 15/15 C 

-1 .._ ________ __, 

18 32 52 
Days at 25/25 C 

- Epipremnum 
········ Fatshedera 

Fig. 3-3. Influence of constant day/night temperature (10-30 C) and PFD 
(open symbols = 320 µmol.m-2.s-1

, closed symbols = 150 µmol.m-2.s-1
) on 

time course of change in log0 of total dry weight in Epipremnum (solid line) 
and Fatshedera (dashed line). Each fitted line represents a functional 
relationship based on 36 plants and 3 harvests. 
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Relative growth rates in all other temperature treatments were constant for the 

duration of the treatments (Fig. 3-5). Highly significant differences existed 

between the temperature treatments, PFD treatments, the species, and the 

species x PFD interaction (Ps0.0001 ). The overall mean RGRs for Epipremnum 
\ 

and Fatshedera were 0.020 and 0.031 g·g-1·day-1
, respectively. As noted in the 

constant temperature treatments, RGR tended to increase with increasing mean 

temperature at both high and low PFD. In both species at any mean temperature 

RGR was usually higher in treatments with a constant temperature than with a 

diurnal temperature with the same mean. In both species where the day or the 

night temperature was at 1 0 C, even for a brief period of 4 h (refer to Fig. 3-1 

profile c), this resulted in a marked reduction in RGR. In most treatments growth 

data could be related to the environmental treatments, but growth data for the 

25/7 C treatment originating in the first run carried out in late spring was 

anomalous to treatments examined later, and not considered further. The species 

x temperature interaction was evident in the differential sensitivity of Fatshedera 

to high temperature and Epipremnum to low temperature. 

In Epipremnum at low temperature (< 20 C) or when the day temperature was 

markedly lower than the night temperature, RGR was usually higher at low PFD 

than at high PFD. Where the temperature was~ 20 C during the day and plants 

were not exposed to chilling temperatures during the night, RGR was higher at 

high PFD and increased with increasing mean temperature (Fig. 3-Sa). 

In Fatshedera, RGR was always higher at high PFD compared with low PFD and 

no evidence of photoinhibition at low temperature was found. The relationship 

between RGR and temperature in treatments with a day/night differential 

suggests that a high RGR in Fatshedera is somewhat less dependent on 

temperature than in Epipremnum (Fig. 3-Sb). 

In both Epipremnum and Fatshedera higher night temperatures than day 

temperatures tended to reduce RGR compared with other treatments with the 
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same mean temperature. The RGR of each species in relation to a particular 

combination of day and night temperature at high or low PFD can be described 

by a quadratic response surface. Data from all temperature treatments were used 

to generate the response surface (this included computer prediction of some 

temperature treatments not included in this study). The response surface for the 

effect of day and night temperature on RGR in Epipremnum shows a relatively 

flat surface with RGR increasing as day and night temperature increased. This 

is evident from the near-symmetry of the response on either side of the constant 

temperature treatments at high and low PFD (Fig. 3-6). A similar trend was found 

in Fatshedera. However, there was a significant difference between the shape of 

the response surfaces for Epipremnum and Fatshedera. The RGR in Fatshedera 

increased with increasing temperature and peaked at a constant temperature of 

about 25 C and then decreased at higher temperatures. A small thermoperiodic 

response in Fatshedera is indicated where RGR was higher at 25 C during the 

day than at night. However, RGR was always higher in constant temperature than 

in treatments with a day/night differential at the same mean temperature (Fig. 3-

7). 

3.3.2 Relative Leaf area expansion rate 

Natural logarithms of the total leaf area (LA) plotted against time were similar in 

their pattern to Loge W in the majority of the temperature treatments. A linear 

relationship indicated that exponential leaf growth was occurring throughout the 

treatment period investigated and was equivalent to a constant relative leaf 

growth rate or leaf area expansion rate (LER). Leaf area data for the constant 

temperature treatments is presented to illustrate this finding (Fig. 3-8). At 1 o C 

negligible leaf growth of Epipremnum and Fatshedera occurred during the time 

course and progressively higher LER occurred as growth temperature increased 

in both species. The temperature optima for LER in Epipremnum was outside the 

range of temperatures investigated, however it is probably closely related to the 

optima for RGR as these two factors are highly correlated (P$;0.0001 ). The peak 
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10 15 20 25 30 
Temperature (C) 

Fig. 3-9. Influence of constant temperature (10 to 30 C) and PFD (open 
-2 -1 I -2 -1 symbols = 320 µmol.m .s , closed symbols = 150 µmo .m .s ) on leaf 

expansion rate (cm2.cm-2.da{1
) in Epipremnum (solid line) and Fatshedera 

(dashed line). Fitted functions for Epipremnum and Fatshedera at high 
PFD are y = -0.065 + 0.0064x - 0.0000088x2 (r2 

= 0.989), y = -0.115 + 
0.015x - 0.00037x

2 
(r

2 = 0.951 ), and at low PFD y = -0.056 + 0.0058x -
2 2 2 2 0.0000083x (r = 0.988), y = -0.117 + 0.0160x - 0.00038x (r = 0.886), 

respectively. Each data point represents the mean of 12 plants. Lines were 
fitted using least squares regression. 
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rate of leaf expansion in Fatshedera (when derived from the fitted curves, refer 

to Fig. 3-8) occurred at 21.5 and 21.1 C at high and low PFD, respectively. 

Analysis of variance results indicated a significant effect of temperature and 

species (P~0.0001) on LER. Interaction between species and PFD and PFD, as 

a main effect, were not significant across all temperature treatments. The mean 

LER for Epipremnum (0.021 cm2·cm·2·day·1) was almost half the rate found for 

fatshedera (0.039 cm2·cm·2·day"1
) over all treatments (Fig. 3-10). 

The pattern of LER response to temperature, in treatments where a day/night 

temperature existed, closely parallels RGR; this is particularly apparent in 

Epipremnum. However, in Fatshedera attenuation of LER with increased 

temperature tended to be more pronounced than in RGR at the same 

temperature (compare Figs. 3-5 and 3-10). 

Exposure of both species to 10 C either during the day or night markedly 

inhibited LER. Higher night temperature than day temperature generally reduced 

LER to a lower level than temperature treatments with the same mean, whereas 

in treatments with a higher day than night temperature LEA was often 

comparable with constant temperature treatments. As noted with RGR in 

Epipremnum at low temperatures (~0 C), there was a trend towards LEA being 

higher at low PFD than at high PFD. 

A significant positive correlation (P~0.0001) and linear relationship existed 

between relative growth rate (RGR) and leaf expansion rate (LEA) in both 

species and each PFD. The relationship between RGR and LEA in all 

temperature and light treatments was relatively stable resulting in significant 

correlation coefficients (r2 between 0.701 and 0.937 for Epipremnum, and 

between 0.684 and 0. 709 for Fatshedera). Regression lines for each species and 

PFD treatment were not significantly different (P=0.001) when tested for 

homogeneity of slopes. 
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The temperature response surfaces illustrating the relationship between LER and 

combinations of day/night temperature (not presented) were very similar to RGR 

at high and at low PFD (Figs. 3-6, 3-7). 

3.3.3 Leaf area ratio 

Significant effects for temperature treatment, species and PFD (P~0.0001) on 

LAA were found in these experiments whereas significant interactions between 

species and PFD were absent. Change in LAR over time was described by a 

functional relationship (Eq. (3.5)). This formula was used to calculate expected 

values at day 30 (corresponding to the middle harvest). Leaf area ratio tended 

to remain almost constant over time between 1 O and 15 C in Epipremnum and 

Fatshedera. At higher temperatures LAR increased over time. 

A quadratic function described the relationship between LAR (at 30 days) and 

temperature in the constant temperature treatments (Fig. 3-11 ). In Epipremnum 

the parabolic relationship of LAR with temperature resulted in minimum values 

at 18.1 C and 16.9 C for high and low PFD, respectively. In Fatshedera LAR 

increased in a curvilinear manner with increasing temperature. Maximum values 

for LAA derived from these functions occurred at 30.6 and 26.6 C in high and low 

PFD treatments, respectively (Fig. 3-11 ). 

Over all temperature treatments LAR was markedly lower (26%) in Fatshedera 

than in Epipremnum (Fig. 3-12). Within Epipremnum there was a trend towards 

higher LAR with increasing mean temperature. As noted in the constant 

temperature treatments, LAR increased in Fatshedera but peaked at less than 

30 C. Leaf area ratio tended to be higher in treatments where 25 C or higher was 

utilised at least for part of the diurnal cycle (Fig. 3-12). 

Leaf area ratio was significantly higher (P~0.01) at low PFD compared with high 

PFD, although this was less apparent in low temperature treatments where 

differences tended to diminish as plant growth was relatively slow (Fig. 3-12). 
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ithin each species a significant linear relationship (Ps0.01) existed between leaf 

rea ratio (LAR) and RGR at each PFD over all temperature treatments. The 

orrelation between LAR and RGR for each species (but not for PFD within 

pecies) were significantly different (Ps0.001 ) . 

. 3.4 Leaf area partitioning coefficient 

":rhe leaf area partitioning coefficient representing the daily change in LAR was 

t
5
~enerated using Eq. [3.7]. The derived values of LAP increased in an 

approximately linear manner during time within the treatments and the data 

rpresented is for the middle harvest at day 30. The influence of PFD on LAP was 

, highly significant (P;;;:0.001 ), whereas both species and temperature treatment 
"' 
effects were not significant (at P=.05). Leaf area partitioning coefficient was 

significantly higher (PS0.001) at high PFD than at low PFD. 

Quadratic curves were fitted to the constant temperature treatment data for each 

species and each PFD (Fig. 3-13). In Epipremnum, the daily change in LAP 

increased, in a curvilinear manner with increasing temperature. As the 

temperature increased the margin between LAP in the high and low PFD 

treatments increased. In contrast, in Fatshedera the difference between LAP in 

the high and low PFD was almost constant across the temperature range 

investigated. As the temperature increased from 1 0 to 30 C LAP for Fatshedera 

increased to a maximum value of 22.2 and 22.5 C for high and low PFD, 

respectively. 

As noted with LAR, LAP was markedly higher at low PFD than at high PFD. This 

trend was evident in almost all temperature treatments (Fig. 3-14). In 

Epipremnum LAP tended to increase in with increasing mean temperature. In 

Fatshedera LAP tended to be influenced less by the temperature treatments than 

PFD. 
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A linear relationship existed between RGR and LAP in both species and in each 

pFD with data pooled from each temperature treatment. However, the 

relationship between RGR and LAP was relatively weak as reflected in the 

low values of the regression coefficients (r = 0.030 to 0.114 for Epipremnum and 

r2= o.064 to 0.358 for Fatshedera), and in the lack of significance (P=0.05) when 

regression lines were tested for homogeneity of intercepts and slopes. 

3.3.5 Net assimilation rate 

Analysis of variance results for NAR indicated that the effects of temperature, 

species and PFD, and their interactions were all highly significant (Ps0.0001 ). 

Change in NAR over time was described by a functional relationship (Eq. [3.6]) 

and data derived for day 30 (corresponding to the middle harvest) are presented 

here. Net assimilation rates in both Epipremnum and Fatshedera were almost 

constant over time in treatments between 1 0 and 15 C whereas at higher 

temperatures NAR decreased in an almost linear manner with increasing time. 

Quadratic curves described the response of NAR to temperature in both species 

(Fig. 3-15). Derivatives from these fitted curves reveal that in Epipremnum 

maximum rates of NAR occurred at 25. 7 and 23.5 C at high and low PFD, 

respectively. There was relatively little difference between the values at high and 

low PFD, except at 25 C and above. The temperature optima for Fatshedera 

were similar being 21.5 and 21.3 C at high and low PFD, respectively. A 

consistent increase in NAR occurred in Fatshedera, at high PFD relative to low 

PFD, at temperatures greater than 1 0 C. 

Evaluation of NAR in all temperature treatments shows that, on an area basis, 

NAR was markedly higher at high PFD in almost all treatments, except where 

Epipremnum was exposed to temperature below 20 C (Fig. 3-16). At these low 

temperatures, NAR tended to be higher at low PFD. Exposure of Epipremnum 
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the highest rate of dry matter production of 5 and 3.2 mg·mor1·m-2 occurred at 

low and high PFD, respectively in plants grown at constant 30 C. Exposure to 

light at 1 o C inhibited dry matter production and reduced the relative efficiency 

more than if exposed to 1 0 C in the dark. This was evident when comparing the 

30/1 o and 10/30 C treatments. A brief period (4 h) as experienced in the variable 

night treatment 30/15 C, or 12 h in the dark at 1 0 C were similar in their 

depression of overall efficiency (Fig. 3-18). A brief exposure of Fatshedera to 

10 C (Fig. 3-1c) had less effect on depression of overall efficiency of dry matter 

accumulation than a full night at 1 0 C (Plate 3-5). This result suggests that there 

may be an important and significant difference in the tolerance of Fatshedera and 

Epipremnum to chilling temperatures. 

The temperature response surfaces illustrating the relationship between efficiency 

of dry matter production on an incident light basis and combinations of day/night 

temperature (not presented) were very similar in form to data presented for RGR 

at high and low PFD (Figs. 3-6, 3-7). 

3.3.7 Specific leaf area 

Specific leaf area tended to increase over time in a manner described by the 

functional relationship defined in Eq. [3.8]. This formula was used to calculate 

expected values at day 30 (corresponding to the middle harvest) and are 

presented here. 

Specific leaf area was influenced significantly (P~0.0001) by the temperature 

treatments, species, PFD and harvest date. 

' 
Specific leaf area tended to increase with increasing temperature (Fig. 3-19) and 

was significantly higher in Epipremnum (196 cm2·g-1
) compared with Fatshedera 

(11 0 cm2·g-1
). Specific leaf area was significantly higher at low PFD than at high 

PFD in both species. 
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3.3.a Leaf weight ratio 

Instantaneous values for leaf weight ratio were derived in a similar manner to 

SLA using Eq. [3.9]. Leaf weight ratio for Epipremnum and Fatshedera although 

different, remained essentially constant in each temperature and PFD treatment 

within each species. Equation [3.9] was used to calculate expected values for 

LWR at day 30 (corresponding to the middle harvest) and are presented here 

(Fig. 3-20). 

Analysis of variance indicated there were highly significant (Ps;;0.0001) treatment 

effects related to temperature and species, while no significant effects due to 

PFD were obtained. Mean LWR values for Epipremnum and Fatshedera were 

0.58 and 0. 70 g·g-1
, respectively. 

3.3.9 :Shoot length 

Shoot length was significantly influenced by temperature and PFD (Ps;;0.0001) 

and a significant interaction was found between species and PFD. This was 

evident as no effect of PFD on shoot length in Epipremnum (133 mm) compared 

with Fatshedera where mean shoot growth at low PFD (159 mm) was significantly 

lower than at high PFD (21 O mm). Overall shoot length was significantly greater 

at successive harvests. The mean shoot length was significantly larger in 

Fatshedera (185 mm) than Epipremnum (133 mm) (Ps;;0.0001 ). 

Total shoot length at the conclusion of the experiment was normalised to shoot 

length at 52 days (all data not presented) to allow growth to be compared at the 

same time. The effect of day/night temperature differential (at the same mean 
, 

temperature) on shoot growth was investigated (Fig. 3-21 ). In both species there 

was a marked trend towards maximal shoot growth occurring in all constant 

temperature treatments, except at 15 C where only treatments utilising higher day 

than night temperature were investigated. A slight trend towards increased shoot 
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Fig. 3-21. Influence of difference between day and night 
temperature [DIF] on shoot growth (mm) of Epipremnum 
and Fatshedera at high PFD (open symbols) and low PFD 
(closed symbols) after 52 days at mean temperatures of 15 
to 30 C. Each data point represents the mean of 12 plants. 
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Fig. 3-22. lime courses of increase in shoot length {mm) in {a) 
Epipremnum and {b) Fatshedera at constant temperature (10-30 C). 
Data from from high and low PFD were pooled. Each data point 
represents the mean of 24 plants. Quadratic functions were fitted 
using least squares regression to data above 1 0 C. A linear function 
was fitted to data at 1 0 C. 
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growth in Fatshedera with increased day/night temperature differential. This effect 

'was not maintained in Epipremnum as no quantitative increase in shoot length 

· occurred with change in temperature differential. 

Time courses of increase in shoot length were plotted for each constant 

temperature treatment with Data for each PFD being pooled (Fig. 3-22). At 1 0 C 

shoot length increased linearly with increasing time, whereas at higher 

temperatures a curvilinear increase occurred. In both species the rate of shoot 

growth increased as temperature increased, except in Fatshedera at 30 C where 

the shoot growth rate was intermediate between 15 and 20 C. 

3.3.1 O Mean shoot growth rate 

Analysis of variance revealed highly significant effects of temperature, species 

and harvest on mean shoot growth per day. In contrast, no significant effect of 

PFD was found. Mean shoot length growth rates of 10.0 mm per day for 

Epipremnum and 11.2 mm for Fatshedera were significantly different (Ps;0.02) 

overall temperature treatments. 

After 30 days, significant differences between the mean rate of shoot growth were 

present among the temperature treatments (Fig. 3-23). Mean shoot growth per 

day was almost completely inhibited in both species when plants were exposed 

day temperatures of 1 0 C (Plates 3-4, 5-5). In Epipremnum, 4 h at 1 0 C was 

sufficient to reduce shoot growth rate, whereas 12 h was required for a similar 

effect in Fatshedera. At temperatures above 10 C, shoot growth rate in 

Epipremnum increased with increasing mean temperature up to 25 C, above 

which the rate of shoot growth increased rapidly. Fatshedera had highest rates 

of shoot growth at temperatures between 20 and 25 C and had higher rates than 

Epipremnum from 15 to 25 C. This confirmed the intolerance of Fatshedera to 

high temperature, and that of Epipremnum to low temperature (Fig. 3-23). 
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.3.11 Node Length 

Highly significant (P::;;0.0001) effects of temperature treatment and harvest on 

~ode length were present in the treatments whereas no significant effect of PFD 

or species or significant interactions were present (P=0.01 ). A mean node length 

of 28 mm occurred in both Epipremnum and Fatshedera and values tended to 

increase at each successive harvest. At low temperature, node length was 

significantly shorter than at higher temperatures, increasing from about 16 mm 

at 10 C to 38 mm at 30 C (Fig. 3-24). 

3.3.12 Leaf appearance rate 

The rate of development or leaf appearance rate (LFPD) was influenced 

significantly (P::;;Q.0001) by temperature and species. Overall, PFD and harvest 

date were not significant determinants of LFPD (P=0.01 ), however, there was a 

trend towards higher LFPD at higher PFD in Fatshedera, but not in Epipremnum. 

Data collected after 30 days growth at each temperature showed significant 

differences between each species. Overall of the temperature treatments LFPD 

was significantly lower in Epipremnum (0.099) than in Fatshedera (0.165 

leaves·day-1
) (Fig. 3-25). 

Temperature was the dominant factor influencing the rate of leaf development in 

both Epipremnum and Fatshedera, as noted with other parameters. Rate of 

appearance increased with increasing temperature (Figs. 3-25, 3-26). Exposure 

of Epipremnum and Fatshedera to 1 O C for part of the diurnal cycle (in light or 

dark) reduced LFPD dramatically (by up to 50%) compared with other 
' 

temperature treatments at the same mean. 

Rates of leaf appearance in the constant temperature treatments were plotted 

against temperature (Fig. 3-26). In Epipremnum, LFPD increased with increasing 

temperature arid was fitted to a cubic function with maximum rates of 0.25 to 0.27 
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Fig. 3-26. Influence of constant temperature (10 to 30 C) and PFD (open 
-2 -1 -2 -1 

symbols = 320 µmol.m .s , closed symbols = 150 µmol.m .s ) on leaf 
production per day in Epipremnum (A) and Fatshedera (8) at 30 days. 
Fitted functions for Epipremnum and Fatshedera at high PFD are y = 

2 3 2 -0.013 + 0.0042x - 0.00021 x + 0.0000013x (r = 0.990), y = 0.015 -
0.028x + 0.0038x2 - 0.0000088x3 (r2 = 0.999), and at low PFD y = 0.0704 -

2 3 2 0.0118x + 0.00071 x - 0.00000038x (r = 0.989), y = -0.219 + 0.0184x + 
0.00089x2 

- 0.00000036x3 (r2 
= 0.982), respectively. Each data point 

represents the mean of 12 plants. Lines were fitted using least squares 
regression. Refer to text for explanation of the additional lines on each 
graph. 
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ieaves·day"1 occurring at 30 C. Similarly, LFPD in Fatshedera increased with 

emperature, but differed in that maximum values of 0.30 and 0.25 leaves·day"1 

ere found at 25 C at high and low PFD, respectively. 

JJata from the constant temperature regimes could be used to predict the 

· performance of plants in a wide range of differential day/night temperatures 

treatments, assuming the development during the day and night were 

independent and additive. The rate of development (for instance at 30/1 0 C) 

could be estimated from the point where a vertical line from the x-axis through 

· the mean temperature (20 C) intersected with a line joining the values 

corresponding to the temperature differential (i.e., 30 and 1 0 C) (Fig. 3-26). The 

height of the vertical line corresponds with the rate of development. In Fatshedera 

there was good agreement between the actual (0.11) and predicted values (0.11 ). 

However, in Epipremnum using the same temperature combination the predicted 

values (0.14) over-estimated the actual rate (0.05 leaves·day"1
}. In Epipremnum, 

reducing the day/night temperature differential while increasing the mean 

temperature, decreased the difference between the observed LFPD and the 

predicted values. In Fatshedera agreement between predicted and observed 

values depended on the mean temperature and the PFD. At a mean of 25 C, 

obtained using 20/30 C, the predicted rate of LFPD over-estimated the actual 

rate, whereas at 20 C the outcome depended on the PFD. At high PFD the 

predicted rate over-estimated the actual rate, whereas at low PFD there was 

good agreement. 

3.3.13 Shoot/root ratio 

Significant variation in shoot/root ratio was due to differences arising between 

each species and among temperature treatments (Ps0.0001 ), while the effects 

of PFD and harvest were not significant (at P=0.05). 
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Fig. 3-28. Effect of PFD and constant temperature (10 - 30 C) 
on the dry matter partitioning between leaves, shoots and 
roots (base, middle and upper section of each bar) on (a) 
Epipremnum and (b) Fatshedera at 30 days. (Light shading = 
high PFD, diagonal lines = low PFD). Each bar represents the 
mean of 12 plants. Vertical lines indicate the standard error of 
the mean. 
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The shoot/root ratio in Fatshedera was generally higher (15.6) than in 

Epipremnum (7.6) at all temperatures and was relatively constant during each 

treatment (Fig. 3-27). In Fatshedera the shoot/root ratio was consistently high in 

treatments with a mean temperature of ;;:: 20 C. High ratios were also found in 

treatments where plants experienced low day temperatures. In contrast, in 

Epipremnum no clear patterns were evident, except in treatments where plants 

experienced low day temperatures then, like Fatshedera, the shoot/root ratio was 

higher. 

Shoot/root ratio in both Epipremnum and Fatshedera was higher in treatments 

where growth was relatively slow or was impaired by exposure to low or high 

temperatures. The higher shoot/root ratio in the slow-growing treatments probably 

resembled the shoot/root ratio of a recently rooted cutting (Fig. 3-28). 

3.3.14 Partitioning between leaves, stem and roots 

The partitioning of dry matter between leaves, stem and roots was influenced 

significantly (P~0.0001) by temperature and species. Partitioning of dry matter 

between plant parts was not influenced significantly by harvest or PFD (P=0.05). 

The proportion of dry matter allocated to leaf tissue was markedly lower in 

Epipremnum (54%) than in Fatshedera (69%). There was a correspondingly 

significant (P=0.01) increase in the proportion of stem and root in Epipremnum 

compared with Fatshedera (Fig. 3-28). The allocation of resources to roots was 

almost constant in Fatshedera across the temperature range, except at 1 O C 

where it was almost double the quantity present at other temperatures. In 

Epipremnum the proportion of total plant dry matter allocated to roots was highest 

at 20 C. 
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Discussion 

,4.1 Introduction 

rtie growth response of each species may be attributed primarily to differences 

· -hin the aerial environment as the root systems were not restricted by lack of 

ia.ter, aeration or nutrients through selection of a suitable substrate and 

,appropriate irrigation frequency (Brooking, 1976). The relative consistency of the 

'barbon dioxide concentration and the vapour pressure deficit ensured differences 

'h, plant performance could be ascribed primarily to differences in temperature 

<and PFD. 

·Fitting smooth curves to the primary growth data may lead to loss of information 

that could in some circumstances have biological significance, especially where 

~ubstantial differences exist between the raw data and the fitted values 

;representing responses to environmental treatments. The functional approach has 

been used to fit curves to the data collected in CE treatments where variation 

~hhin each environment was considered relatively small compared to differences 

fietween environments. However, in common with most experiments of this type, 

~recision of fitted functions could have been enhanced by additional harvests and 

/ncreased replication of experiments. 

' \3.4.2 Relative growth rate 

~elative growth rate may be considered as an index .of efficiency describing 

growth in terms of the rate of increase in dry weight per unit of dry weight. this 

9"1easure of growth enables more meaningful comparisons between different sized 

irldividuals than is possible with absolute growth rate. 
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Under favourable conditions the RGR of each species is determined by the rate 

of carbon assimilation. This is largely determined by the potential photosynthetic 

activity of the leaves and may be used as a convenient basis to compare plant 

performance in different environments (Hunt, 1991 ). 

In these experiments in all temperature treatments (except at 1 0 C) exponential 

growth of both Wand LA occurred over the period between 15 and 60 days. This 

is a comparatively long period for constant relative growth rate in woody plants 

(Barrow, 1977), but is often matched or exceeded by other herbaceous plants 

such as maize (Duncan and Hesketh, 1968), ryegrass (Troughton, 1971) and 

cotton (Raper et al., 1977). These results indicate that in favourable 

environmental conditions the temperature and PFD treatments did not prevent 

exponential growth over an extended period, but were only responsible for 

modifying the rate that occurred in each treatment. However, exponential growth 

in whole plants could not be maintained indefinitely and it is envisaged that an 

asymptotic growth function would be required to describe the growth data over 

an extended period of time. 

In these experiments RGR increased with temperature up to a maximum of 30 

to 36 C for Epipremnum and 22 to 23 C for Fatshedera. These values are typical 

of many crop plants (Dale, 1964; Terry,·1968; Rajan and Blackman, 1975). While 

the temperature optima for Fatshedera could be determined readily, this was not 

possible with Epipremnum owing to the restricted range of high temperature 

treatments investigated in this study. The RGR was only half that reported in 

bean at PAR <20 W·m-2 (Dale, 1964). Mortensen (1992) obtained a similar 

patterns of dry weight increase in Dieffenbachia maculata and Syngonium 

podophyllum. In the current study, RGR in constant temperature treatments was 

higher than in other treatments with the same mean. The growth of many plants 

including bean (Dale, 1964) and tomato (Calvert, 1964; Hussey, 1965; Friend and 

Helson, 1976; Klapwijk and Wubben, 1978; Heuvelink, 1989) was also higher at 

constant temperature than with an inverted day/night temperature regime. Friend 

and Helson (1976) reported in a study of seven crops that plant growth was 
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reater at a high day and low night temperature than a low day and high night 

'temperature at the same daily mean temperature. 

It was established that inhibition of RGR occurred where Epipremnum and 

f:atshedera were exposed to chilling temperatures. These temperatures resulted 

.in a severe limitation to plant growth, particularly in Epipremnum. Sensitivity to 

chilling temperatures was also reflected in the other growth parameters quantified 

in this study. Similar findings have been reported in chilling sensitive species 

such as maize (Long et al., 1983) and tomato (Vallejos et al., 1983). Recently, 

chilling related inhibition of plant growth has been linked to both the temperature 

dependence of photochemical activity and to carbon fixation (BrOggemann et al., 

t992a,b). In this study there was some evidence of low temperature-induced 

chlorophyll degradation particularly at high PFD possibly contributing to impaired 

photochemical activity (Plate 3-5). 

Inhibition of RGR also occurred when Fatshedera were grown at temperatures 

in excess of 25 C and noted in the other growth parameters investigated in this 

study. The relative sensitivity of Fatshedera to high temperatures compared with 

Epipremnum probably reflects a more rapid rise in the inactivation of enzymes 

with increasing temperature compared with the activation energy of chemical 

reactions required for plant growth. The asymmetric temperature response curve 

for RGR could result from the net difference between these two opposing 

Arrhenius functions (Johnson and Thornley, 1985). 

Thermoperiodic responses have been described by Went (1944), where 

increased stem elongation rates occurred when the temperature during the dark 

period was lower than during the day. Unfortunately Went did not examine plant 

dry weight in his early investigations, an·d other studies suggested that only a 

relatively poor correlation existed between stem height and dry weight (Bendix 

and Went, 1956; Kristoffersen, 1963). This study did not find any substantive 

evidence of a thermoperiodic response in the two foliage species. Maximal values 

for RGR occurred in the constant temperature treatments with no further increase 
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n RGR occurring with a day/night temperature differential. This was in agreement 

ith findings of many other researchers (Dale, 1964; Calvert, 1964; Hussey, 

.965; Rajan and Blackman, 1975; Friend and Helson, 1976; Warrington et al., 

g77; Ivory and Whiteman, 1978). The equal contribution of the day and night 

temperature to RGR is clearly evident for Epipremnum and Fatshedera from the 

symmetry of the response surfaces about the mid-line of each graph between 

equal day and night temperatures (Figs. 3-6 ,3-7). 

3.4.3 Relative leaf area expansion rate 

•· Relative leaf area expansion rate is analogous to RGR, representing an efficiency 

index describing plant growth in terms of the rate of increase in leaf area per unit 

of leaf area. Like RGR, LER depends upon photosynthetic and respiratory 

activity, nutrient supply and metabolic balance; in addition it is also concerned 

with internal correlation mechanisms that determine the growth of new meristems 

and organs (Evans, 1972). In this study LER was related to RGR in a linear 

manner. A similar relationship was reported using an Impatiens sp. (Hughes, 

1959). The interdependence between leaf area and total dry weight was also 

evident in the similarity of the response surfaces representing the effect of day 

and night temperature on LER and RGR. The parallel growth of leaf area and dry 

weight in Epipremnum and Fatshedera not only suggests the close relationship 

of the two parameters, but also the similar temperature dependency in each 

species of all the underlying processes that culminate in the LER and RGR. 

In this study, relative leaf growth rate increased with increasing temperature up 

to a maximum value and then decreased with further increases in temperature. 

The temperature dependency of LER was very similar to RGR. It has been 

suggested that differences between species in their growth response to 

temperature are reflecting the response of photosynthesis to temperature (Berry 

and Raison, 1981 ). Several investigators have found that leaf expansion is 

strongly influenced by temperature and is a significant factor determining growth 
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t low temperature (Milthorpe, 1959; Beauchamp and Lathwell, 1966; Potter and 

ones, 1977). In this study the lower LER in Epipremnum than Fatshedera at low 

emperature reflected their relative tolerance and ability to grow at low 

mperature. 

l.:eaf expansion rate has been related to the average daily temperature as 

reported in bean (Dale, 1964), cucumber (Milthorpe, 1959; Slack and Hand, 

1983) and poinsettia (Berghage, 1989), but was not evident in fuchsia (Erwin et 

al., 1991 ). In a recent paper Wolfe (1991) comparing chilling-sensitive and 

<chilling-tolerant species reported that the relative importance of low temperature 

~depended on species, time, intensity and duration of treatment. 

Maximum rate of LER occurred in constant temperature treatments, and there 

was no evidence of a thermoperiodic response that could be related to specific 

increases in RGR arising from particular day/night temperature treatments. Leaf 

expansion rates in the inverted day/night treatments were generally similar in 

magnitude, but lower than in constant temperature treatments at the same mean 

temperature. A notable exception occurred where the low temperature period 

occurred during the light period, when both RGR and LER were reduced 

substantially. Chilling-dependent reduction in dry matter production and leaf area 

expansion may be linked to low temperature impairment of photosynthesis. 

Chilling-induced temperature stress may arise from either one or several of the 

following: direct thylakoid membrane damage or impairment of photosystem II 

reaction centres, disruption of dark reaction enzymes by reduced ribulose-1 ,5-

biphosphate carboxylase/oygenase (Rubisco) activity, loss of bulk chlorophyll, or 

stomata! closure triggered by ABA or some related factor. These mechanisms 

may operate in plants arising from exposure to incipient chilling damage 

mediating feedback inhibition of photosynthesis by carbohydrate accumulation 

during chilling (refer to Chapter four). The low activity of Rubisco could be a 

significant factor in depression of photosynthesis and growth in chilling sensitive 

Plants (BrOggemann et al., 1992) including Epipremnum. 
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;4.4 Leaf area ratio 

elative growth rate can be partitioned into a morphological component (LAR) 

nd a physiological component (NAR). Leaf area ratio describes the leaf area per 

unit of total plant dry weight. In these experiments the maintenance of 

exponential growth in both Epipremnum and Fatshedera required LAR to increase 

~over time to compensate for the time-dependent decrease of NAR. 

Jhe relationship between temperature and LAR was quadratic in both the high 

and low PFD treatments. This contrasts with a recent report suggesting that LAR 

was influenced by temperature at low PFD in a quadratic manner, but this 

relationship was not maintained at high PFD (Hunt, 1990). If this report 

represents a general principle, then it must be concluded that the PFDs utilised 

in this study were effectively both 'low' PFDs. 

Leaf area ratio was lower in constant temperature treatments than in alternating 

temperature conditions in Epipremnum, but not in Fatshedera suggesting a 

differential thermoperiodic response. This contrasts with earlier findings that 

thermoperiodic effects were absent from both RGR and LER. 

3.4.5 Net assimilation rate 

The NAR is the assimilatory component of RGR being a measure of the 

productive efficiency of whole plants expressed as the net rate of photosynthesis 

integrated over time. This represents the rate of carbohydrate production less 

respiratory losses (equivalent to dry weight increase) between harvests on a leaf 

area basis. In these experiments the net assimilation rate generally decreased 

as plants developed over time. Similar findings have been reported in other 

studies (Thorne, 1960, 1961; Hughes and Cockshull, 1972) where NAR declined 

in both CE and natural environments in many different crops. The decline in CE 

indicates this is not related to an externally-limiting factor response or a seasonal 
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hange in the environment, but rather a normal and inevitable consequence of 

plant growth where the proportion of non-photosynthesising components in the 

Iant increases with plant size . 

. In this study NAR increased with increasing temperature up to a maximum rate 

and then declined. Similar trends have been reported by Dale (1964), Warren 

Wilson (1966), Terry (1968), Rajan et al., (1973), Rajan and Blackman (1975), 

Thomas and Sprent (1984), Midmore and Prange (1992) and contrasts with the 

finding that in young tomato plants NAR was not influenced by temperature 

(Heuvelink, 1989). The reduction in NAR with increasing temperature, particularly 

in Fatshedera was probably due to respiration having a higher temperature 

coefficient than photosynthesis or could reflect a more rapid rise in the 

inactivation of enzymes with increasing temperature compared with the activation 

energy of chemical reactions required for plant growth (Johnson and Thornley, 

j985). 

Chilling-related inhibition of plant growth may be related to the temperature 

dependence of photochemical activity and carbon fixation (BrOggemann et al., 

t992a,b) as this would be expected to depress NAR as noted in this study when 

plants were exposed to 1 O C. 

The highly significant correlation between NAR and RGR found in these results 

could have been anticipated as these two factors are interrelated and not 

independent. This raises the question as to why this was not considered in other 

studies (Potter and Jones, 1977; Heuvelink, 1989) and not evident in 

chrysanthemum in findings by De Jong and Jansen (1992). 

In the current study the combination of high NAR and high LAA usually 

contributed to a high RGR. Accordingly, the light intercepting capacity and the 

efficiency of its use are responsible for high RGR. Similar findings have been 

reported by Jarvis and Jarvis (1964) when comparing growth of Helianthus 

annuus with Betula verrucosa and Populus tremula. Another study comparing 
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hade-avoiding and shade-tolerating plants also reported a similar relationship 

'etween RGR, NAR and LAR (Corre, 1983). While this evidence supports the 

ndings with Epipremnum and Fatshedera, it is clearly not typical of most plants 

demonstrated recently when Poorter (1990) summarised 60 plant growth 

· tudies, and found that variation in RGR among species was largely accounted 

or by LAR (80-90%) and the balance by NAR (10-20%) . 

. 4.6 Efficiency of dry matter production 

:fhe relative efficiency of light energy utilisation in different environmental 

conditions may be readily evaluated in CE studies. The constant pattern of 

increased efficiency of dry matter production at low compared with high PFD is 

Consistent with the adaptation of both Epipremnum and Fatshedera as facultative 

, shade plants. 

The large difference between each species in their relative efficiency of dry 

matter production per mole of incident light suggests there could be important 

differences in the response of each species to PFDs that exceed the 

photosynthetic requirements. 

Efficient utilisation of light is probably never more important than in determining 

crop productivity in intensive greenhouse production. In protected cultivation the 

opportunity exists to maximise productivity through understanding the 

environmental physiology of crops and its application to management strategies. 

It is therefore surprising how few references on this topic exist in the literature for 

ornamental greenhouse crops; begonia (Hershey and Merritt, 1987; Merritt and 

Kohl, 1989), chrysanthemum (Kohl and Mor, 1981; Kohl and Thigpen, 1979; 

Munoz, 1974), geranium (Merritt and Kohl, 1985, 1989), kalanchoe (Munoz, 

1974), and petunia (Merritt and Kohl, 1982, 1983; Leith et al., 1991). Strangely, 

most of these references neglected to consider the roots as an important part of 

the plant. This must limit the validity of some of the conclusions drawn from this 
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· brk when attempting to apply results to other crops. Hershey and Merritt (1987) 

.suggested roots were of minor importance since they were not part of the 

marketable yield. Using seedling begonias they showed a productive efficiency 

.of9.5% which is comparable with the highest measured values of 9.8% for maize 

{Loomis et al., 1971) and 1 0 % for petunia (Leith et al., 1991 ). 

If the conversion of photosynthetically active radiation into dry weight were to 

proceed without loss then the conversion rate could be calculated assuming the 

; energy output in PAR from metal halide and tungsten halogen lamps was similar 

to a typical value for sunlight of 218 Kj·mor1 (Thimijan and Heins, 1983, Merritt 

and Kohl, 1989) divided by a typical heat of combustion for herbaceous plants of 

1.6.8 Kj·g-1 (Loomis et al., 1971) yielding about 13 g·mo1-1
• 

Productivity efficiency of Epipremnum and Fatshedera on a per plant basis may 

... be evaluated by assuming that each plant occupied about 0.04 m2
• On this basis, 

"Fatshedera at 20 C produced 1.5 g·mo1-1
, about 20% of the dry matter reported 

for petunia (Leith et al., 1991 ), while maximum productivity of Epipremnum (at 

30 C) was about 10% of the overall efficiency of petunia. Previous studies have 

consistently shown that in crops such as chrysanthemum a leaf area index >3 is 

required for maximum light absorption capacity (Kohl and Mor, 1981; Kohl and 

Thigpen, 1979). Although not recorded in these experiments it is expected that 

LAI would be lower than values reported above. A relationship between increased 

productivity efficiency and increased number of growing points per plant has been 

presented by Merrit and Kohl (1983). The linking of these two factors could be 

an important determinant of the efficiency of light trapping and conversion to dry 

matter in this study as leaves were restricted to an alternate arrangement on to 

a single stem in Epipremnum and Fatshedera. 

Although recognised, the relationship between low production temperatures and 

quality of foliage plants has seldom been reported (Conover and Poole, 1981 ). 

Infrequent cool nights did not reduce the quality or size of Epipremnum, but with 

three cool nights per week the reductions in these factors were readily discerned 
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poole and Conover, 1986). This could suggest that the deleterious effects of low 

Jght temperatures may be restored slowly during warm days in between the cool 

ays. Few signs of chilling stress occurred provided at least half of the potential 

ecovery from an earlier cold period was allowed for before the next period of 

occurred, otherwise the deleterious effects of chilling may 

Results presented in this study for Epipremnum, that demonstrate exposure to 

1 o c during the night or the day caused a marked repression of photosynthetic 

activity, this may be related to chlorophyll degradation in Fatshedera and to 

'photo-oxidative damage in Epipremnum (Plate 3-5). The same effect was not 

evident following exposure of petunia plants to low temperatures (4 C) during the 

,dark period (Leith et al., 1991 ), but apparent in young geranium plants at 7 C 

;(Merritt and Kohl, 1989). In the current study and in a related investigation by 

Poole and Conover (1983) Epipremnum grew slowly at 15 C. The temperature 

0'.i.response of Epipremnum was similar to a related species. Sandved (1976) 

"recommended a minimum temperature of 15 C to avoid chilling injury in 

>Philodendron scandens and also suggested Fatshedera was more chilling­

Jtolerant, being able to grow at 12 C without damage. 

'3.4. 7 Specific leaf area 

The SLA is an index of the ratio of leaf area to leaf dry weight (i.e., a measure 

of the relative thickness or density of leaves). 

Specific leaf area in Epipremnum was largely independent of temperature and 

leaves were about half the thickness of Fatshedera. The findings in this study 

suggest that SLA may contribute to growth reduction in the inverted day/night 

temperature treatments in Fatshedera as noted in tomato by Heuvelink (1989). 

However, the opposite was found in Epipremnum. In view of the relative stability 

of LWR, this could be interpreted as indicating the effect on NAR, and hence the 
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'iciency of light interception, was more important in controlling RGR in 

ipremnum than it was in Fatshedera. 

!though SLA in Epipremnum did not vary systematically with mean temperature, 

afthickness may be an important factor in the avoidance of temperature-related 

ress in Fatshedera. Leaves were significantly thinner near the optimum 

't~mperature for growth compared with higher or lower temperatures. It has been 

proposed that leaf thickness and chlorophyll content may be critical factors in the 

protection of photosynthetic pigments from destruction under light saturating 

, onditions and under cool growing temperatures during exposure to high PFD 

';(Bunce et al., 1977; Armitage et al., 1981 ). 

3.4.8 Leaf weight ratio 

Leaf weight ratio quantifies the leafiness of the plant on a dry weight basis and 

?represents the proportion of the total plant invested in photosynthesis. It provides 

an estimate of the proportion of potential photosynthetic area in relation to the 

total weight of respiring plant material. Leaf weight ratio was almost constant in 

.Epipremnum and Fatshedera and was insensitive to changes produced by 

temperature and PFD treatments examined in this study. The morphology of 

Epipremnum and Fatshedera can be considered as a simple repeating leaf-stem 

sequence. As plant growth occurs the proportion of leaf to stem and other 'non­

photosynthetic' tissues would remain in a stable ratio. 

The stability of this ratio suggests that it is highly regulated within each species. 

Such tight control is probably determined by the genoflle and is recognised as 

occurring widely in other plants (Dale, 1964; Evans, 1972; Thomas and Sprent, 

1984; Heuvelink, 1989; Vlahos eta/., 1991; Midmore and Prange, 1992). 
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.4.9 Partitioning of dry matter 

Rartitioning of assimilates within a plant is the final result of many processes 

iinteracting together and over time. Although it is possible to describe how 

assimilates are partitioned, the mechanisms controlling the processes have yet 

to be resolved (Daie, 1985; Patrick, 1988). Kramer and Kozlowski (1979) reported 

that each species has a characteristic shoot/root ratio. This ratio may be 

disturbed by environmental stress and the plant may respond by directing 

assimilates into the organs that are most repressed by the stress in an effort to 

maintain the ratio by compensatory growth (Hunt and Nicholls , 1986). 

The shoot/root ratio tended to be higher in those temperature treatments where 

plants were exposed to high or low temperature stress. If the hypothesis of Hunt 

and Nicholls (1986) is correct, then it may be concluded that in these treatments 

the shoots are the primary site of stress. The results of this study indicate that 

there may be more than one species-specific response of the shoot/root ratio to 

. temperature. Both Epipremnum and Fatshedera had higher shoot/root ratios 

when exposed to 1 0 C. At other temperatures the ratio remained almost constant 

in Epipremnum, while in Fatshedera the ratio increased to a higher almost 

constant level above 20 C. Similar response patterns in other species have been 

reported by Cooper (1973). The temperature optima for root growth may be lower 

than for shoot growth (Terry, 1968; Nielsen and Humphries, 1966) and hence the 

sink strength would also be lower. This may partially explain the interspecific 

differences in shoot/root ratio. The temperature optima for Fatshedera shoot 

growth was about 25 C, and the optima for roots appears to occur at about 20 C. 

At temperatures above the optima for shoot growth the ratio would be increased 

and would be regulated by the relative reduction in growth rate for the shoots and 

the roots. In contrast, growth of Epipremnum in greenhouses was maximised at 

air and root temperatures of 21 and 27 C, respectively (Conover and Poole, 

1986). This suggests that empirically derived principles related to temperate crops 

may not always be directly applicable to tropical plants (Nielsen and Humphries, 

1966; Terry, 1968). 
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variation in shooVroot ratio increased between plants in some treatments in an 

uncontrolled manner, suggesting that some unexplained heterogeneity existed 

within these particular treatments. In this study, distribution of dry matter was not 

affected by plant age or PFD. This contrasts with young legumes where 

increased PFD was associated with increased partitioning into stems and 

decreased partitioning into roots with that to leaves remaining unchanged 

(Cooper, 1967). In lettuce, the partitioning to leaves increased at low PFD 

(Lorenz and Wiebe, 1980). 

3.4.10 Plant development rate 

Leaf appearance rate in Epipremnum and Fatshedera increased in a curvilinear 

manner with respect to temperature and in the constant temperature treatments 

was described by cubic functions. Similar equations were used by Tollenaar et 

al., (1979) and Karlsson et al., (1991) to describe the maximum rate of leaf 

unfolding in maize (0.57 leaves·day"1 at 31-32 C) and hibiscus (0.23 leaves·day-1 

at 32 C). Frond unfolding in nephrolepis fern peaked at about 0.38 fronds·day·1 

at 25 C (Erwin et al., 1990) and a similar temperature optima has been reported 

for poinsettia (Berghage et al., 1989) and fuchsia (Erwin et al., 1989). Warrington 

and Kanemasu (1983) fitted a cubic function to leaf initiation rate and a quartic 

function to leaf appearance rate in maize - a maximum leaf appearance rate of 

0.43 leaves·day"1 at 33 C was similar to that determined by Tollenaar et al. 

(1979). 

The temperature range in this study was appropriate to determine the maximum 

rate of leaf unfolding for Fatshedera (from the fitted function) of 0.31 leaves·day"1 

occurred at 24 C. With Epipremnum the maximum of 0.27 leaves·day-1 was 

recorded at 30 C. For many plants the leaf development rate was determined to 

be a linear function of mean daily temperature between approximately 1 o and 

30 C (Friend et al., 1962; Tollenaar et al., 1979; Rawson and Hindmarsh, 1982; 

Karlsson et al., 1988, 1989, 1991 ; Lieth and Carpenter, 1990). 
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.he results of this study indicate that in treatments utilising different day/night 

mperature conditions the rate of leaf appearance in Epipremnum and 

atshedera was determined by the sum of the rates of development over the time 

ntervals spent at any particular temperature. Furthermore, the results indicated 

hat leaf appearance rate was not influenced by the sequencing of temperatures. 

Exposure of plants to inverted day/night temperature regimes, where the day 

emperature was lower than the night temperature, produced similar rates of leaf 

"development to the reciprocal temperature treatments with the same mean 

\temperature (Plate 3-3). These findings are in agreement with reports using bean 

.(Dale, 1964), maize (Warrington and Kanemasu, 1983a,b) and Easter lily (Erwin 

and Heins, 1990). 

The lack of data above 30 C reduces the ability to extrapolate with any 

confidence into this region as rapid changes in the shape of the temperature 

response curve may be anticipated as reported by Orchard (1976) and, 

Warrington and Kanemasu (1983). These changes at high temperature may be 

attributable to thermal inactivation of enzymes or to instability of genes (Levitt, 

1972; Forward, 1960). The nature of high temperature stress is a complex 

process. As temperature increases, a point is reached where respiratory activity 

exceeds photosynthetic efficiency and growth is slowed down, finally ceasing 

when stored reserves are exhausted. Most mesophyllic crop plants grow and 

develop in the 1 Oto 30 C range, but are heat stressed at 35 to 45 C (Eastin and 

Sullivan, 1984). Although it may be useful to group plants according to their 

preferred growth temperature range, alone this is an inadequate classification as 

the upper temperature limit to growth is time dependent and related to the stage 

of development. High temperature damaging and stress, unlike chilling stress, 

varies inversely with time in an exponential manner. Young actively growing 

plants are more susceptible to high temperature stress than mature leaves 

(Alexander, 1964, 1977). Short-term thermal stress therefore would be more 

evident as damage or a reduction in size or development rate in new leaves 

formed in high temperature conditions. 
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ttemperatures below about 10 C, rate of development would probably continue 

n a slightly curvilinear manner to approach the base temperature where zero 

evelopment occurred. The base temperatures estimated by graphical 

extrapolation for Epipremnum and Fatshedera were approximately 7.6 and 9.0 C, 

respectively. 

Chilling injury is important in plant species from the tropical regions (Wolfe, 1991 ). 

The relative sensitivity of Epipremnum and Fatshedera to chilling damage 

following brief exposure to low temperature is particularly significant. Breakdown 

of chlorophyll occurred when both species were exposed to low temperatures, 

'and this was most severe in Epipremnum where photo-oxidative damage 

occurred. Environmental factors, such as chilling temperatures, will determine the 

appropriateness of plant production conditions and locations where either species 

may be produced in unprotected outdoor situations. 

There was no evidence of a thermomorphogenic response, indicated by a change 

in development rate, that was caused by the day/night temperature differential 

This is in contrast to Easter lily (Erwin and Heins, 1990) and campanula (Moe 

and Heins, 1991) where more rapid development was claimed in specific 

day/night temperature treatments. There was no effect of PFD on plant 

development rate in Epipremnum and Fatshedera. In contrast, in chrysanthemum, 

development is influenced by an interaction between PFD and day/night 

temperature combination (Karlsson et al., 1989). 

The difference between the day and night temperature has been demonstrated 

to influence internode length and plant height, particularly in determinate crops 

following floral initiation. It is uncertain how the difference between the day and 

night temperature regulates plant growth or how applicable the principle is to 

vegetative plants. lnternode length has been reported to increase as the 

differential between day and night temperature increased (Erwin et al., 1989). 

However, in this current study and in a report by Kaczperski et al. (1991 ), no 
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neficial effect of temperature differential was found on either development rate 

r shoot growth . 

. 4.11 Summary 

In summary, the present experiments have investigated the influence of 

emperature and PFD on the growth and development of young Epipremnum and 

Fatshedera plants. Clear differences in chilling sensitivity and adaptability to high 

temperatures were evident between the two species. Epipremnum was sensitive 

to chilling at 1 O C and was heat tolerant at 30 C, while Fatshedera was chilling 

tolerant but heat intolerant to temperatures above 25 C. Relatively short periods 

at 1 o C were responsible for reduced growth performance of Epipremnum. In 

both species increases in dry weight were responsive to temperature and to PFD, 

while morphological responses (such as leaf area and leaf development rate) 

, were closely related to temperature effects and were largely independent of PFD. 

Leaf development was closely related to duration at a particular temperature and 

the to sum of the rates at each temperature. 



CHAPTER FOUR 

Effect of night temperature on vegetative growth 

of Epipremnum and Fatshedera 

4.1 Introduction 

"For nature is pleased with simplicity, 
and affects not the superfluous causes." 

Isaac Newton 
Principia, Book 111. 

99 

Plant growth and development are major determinants of yield and have been a 

·.· primary focus for the attention of plant physiologists and horticulturists 

(Landsberg, 1977). Control of plant growth has been attributed to the influence 

of temperature (Post, 1939; Went, 1957; Cremer, 1976), light (Cremer, 1976; 

Christ, 1978; Lecharny and Jacques, 1980), leaf water status (Powell, 1976; 

Parrish and Wolf, 1983), photosynthate and endogenous rhythms (Lyr et al., 

1968) and relatively recently to hormonal control of plant growth and development 

(Purohit, 1985). 

4.1.1 Effect of temperature variation on plant growth 

The effect of temperature on plant growth has been studied for more than a 

century although infrequently and with widely differing results and interpretation. 

An exceptionally early and discerning report suggested that the growth of many 

crop plants occurred predominantly at night (Sachs, 1872). This suggested that 

night temperature could be an important factor regulating plant growth and be 

Worthy of closer investigation. This observation is particularly relevant if the night 
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is indeed regulating plant development through the period of 

aximum energy input into a heated greenhouse environment. After almost a 

~entury relatively few references are available on the effect of night temperature 

n plant growth. Cathey (1955), was among the first in the horticultural literature 

f the recent past to report development of chrysanthemum flowers was 

influenced more by night than by day temperature. 

few studies have investigated the effect of night temperature on foliage plant 

production and it is not known how these ornamental plants would respond to 

different night temperature regimes with the same mean. While Epipremnum is 

a tropical vine and Fatshedera is a relatively cool tolerant plant, both are grown 

for their amenity value as foliage plants. There is a dearth of literature describing 

their response to temperature and light, despite their popularity in ornamental 

horticulture. 

Environmental conditions in greenhouses have been established on an empirical 

interpretation of ecological origins and conditions. In their natural habitats plants 

experience diurnal variation in temperature in all but the most unusual of habitats. 

Greenhouses have traditionally been programmed to maintain a warmer day than 

night temperature to mimic the observed temperature changes outdoors in the 

belief that better plant growth and development resulted (Schimper, 1898). 

Conservation of photosynthates produced during the light period has been offered 

as a physiological explanation for this management strategy (Went, 1957). 

Watson (1958) contended that the formation of adequate leaf area was probably 

the most significant determinant of dry matter production in crop plants. While 

Milthorpe (1959) reported that leaf area expansion in cucumber was determined 

by the rate of leaf unfolding, this was regulated by temperature and the net 

assimilation rate of the upper leaves. 
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,here is a widely held and popular view that diurnal temperature variation is 

'ecessary for optimal plant growth. However, in environmentally controlled 

acilities few experiments have demonstrated a marked benefit of a diurnal 

ariation over constant temperature with the same mean (Robson, 1973; Friend 

~nd Helson, 1976; Warrington et al., 1977; Ivory and Whiteman, 1978; Krug and 

Liebig, 1980; Slack and Hand, 1983). Friend and Helson (1976) found no 

influence of enhanced growth under a diurnal temperature fluctuation of up to 

20 c when young plants were grown at a daily mean of 30 C. At mean 

\temperatures < 30 C, the dry weight gain increased when either the day or the 

nighttemperature was increased while maintaining a common mean temperature. 

11ncreasing the day temperature was more effective than raising the night 

temperature. 

The growth of some plants may benefit from diurnal variation in temperature and 

may be influenced by the particular temperature regimes experienced during the 

light or the dark period. A beneficial effect of diurnal temperature variation on 

stem growth of tomato plants was demonstrated by Went (1944, 1945) using 

controlled environment treatments. A change in plant growth that was related to 

diurnal temperature fluctuation was defined as a thermoperiodic response and 

has been the subject of considerable controversy in the literature (Haroon et al., 

1972; Friend and Helson, 1976; Warrington et al., 1977). These authors could not 

produce an increase in fresh or dry weight required for a thermoperiodic 

response. Interest in thermoperiodism has been revived by recently by 

investigations based at Michigan State University. Shoot extension growth of 

many flowering plants, including Easter Lily and Companula, has been highly 

correlated with the day-night temperature differential (Berghage, 1989; Karlsson 

et al., 1989; Erwin et al., 1991; Moe et al., 1991 ). 
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4.1.2 Respiratory losses in the dark period 

The popular expectation that diurnal temperature variation would produce 

improved growth rates depends upon respiratory losses being reduced at low 

temperature during the night compared with the day. However, when respiratory 

losses over a diurnal cycle are compared with constant temperature treatments, 

the relationship between temperature and respiration is approximately linear, 

irrespective of the diurnal fluctuations. Reduction in respiration during the dark 

period would therefore be offset by a similar increase during the warmer light 

period. Respiratory activity is closely coupled to the rate of biomass production, 

and this normally increases as the temperature is raised. The efficiency of 

biomass production is related to the substrate available from photosynthetic 

activity and probably independent of the diurnal temperature cycle (Penning de 

Vries, 1974). When the effect of diurnal temperature variation on the carbon 

balance in clover plants was investigated, Mccree and Amthor (1982) showed 

that growth at a mean of 20 C was superior to a day/night temperature of 

30/1 O C. This was indicative of a small negative thermoperiodic effect that was 

predictable from the geometric increase in maintenance respiration that occurred 

with increasing temperature - there was a 100% decrease in respiration from 30 

to 20 C compared with a 50% decrease from 20 to 1 O C. 

The time courses of respiratory losses and net CO2 production in shoots may be 

partitioned into three phases, each following a characteristic pattern, in a range 

of plants including sorghum and clover (Mccree, 1974), tomato (Ludwig et al., 

1975) and cucumber (Challa, 1976). The initial phase shows exponential decay 

kinetics, while the next phase is characterised by a steady state equilibrium 

situation that may persist for much of the dark period in the same way that plants 

may adjust their light compensation point when exposed to low PFD. In the last 

phase, CO2 production decreases exponentially to a new equilibrium (suggesting 

the uncoupling of a regulatory mechanism) before the onset of the next 

photoperiod. 
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halla (1976) demonstrated that there was a direct relationship between sugar 

I0ncentration in the leaves and CO2 production from shoots and suggested that 

e time course in CO2 production paralleled the time course in leaf sugar 

~1.3 Managing the greenhouse environment to control plant growth 

anipulation of the greenhouse environment to modify crop production arose 

before the advent of chemical growth regulators. Davidson (1960) used low night 

temperatures to manipulate poinsettia production and reduce internode extension. 

fhese poinsettia data may be reinterpreted as an attempt to produce plants at 

lower night temperatures. A constant day temperature throughout the production 

period in conjunction with various dark periods at lower than normal night 

temperature treatments were evaluated using a standardised photoperiod. 

Provided temperatures were high enough to allow early development of poinsettia 

only small production delays occurred when a mid-production night temperature 

was up to 11 C cooler than normal. However, if the temperature in the first 28 

days was too low, development was retarded and not offset by a higher 

temperature treatment later in the production period. Langhans and Larsen (1960) 

also reported that night temperatures over the range from 1 o to 21 C had more 

effect on poinsettia flower bud development than day temperature supporting the 

view that night temperatures play a very significant role in plant growth. 

'Princess Anne' chrysanthemum plants were grown in a study for O to 9 weeks 

using two temperature treatments, either 6 or 17 C (Zieslin and Kohl, 1978). At 

,rntervals plants were transferred from one temperature to the another until 

:flowering occurred. When plants were given low night temperatures (6 C) during 

then first 3-4 weeks or in the last 3-4 weeks of crop production, no marked delay 

in flowering occurred. This indicates the relative insensitivity of both the 

egetative phase and the period following floral development to low temperatures. 
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Similar trials with chrysanthemum in England led Butters (1974) to conclude that 

it may be possible to alter the greenhouse temperature during the year without 

causing an increase in production time. During periods of high PFD in Europe 

(March-June) production of high quality plants and flowers occurred when day 

temperatures were lowered to 13 C compared with the widely used 16 C. Flower 

production was normally much lower during periods of low PFD experienced 

during the winter months. However, warmer nights had a very marked effect on 

improving winter production. This could be interpreted as indicating that plant 

growth was not only source-limited, but also limited by sink activity. 

Subsequently Butters (1977) recommended that in England chrysanthemum 

growers could make substantial savings without cropping delays by providing the 

following night temperatures between March to October (13 C), November (16 C), 

December-January (17 C) and February (16 C). This temperature regime 

produced higher yields and annual heating costs were lower by about 10% 

compared with plants grown at 16 C all year round. 

4.1.4 Development of a split-night temperature regime 

Two further refinements to this heating strategy have been proposed to reduce 

heating costs. Firstly, thermostats could be turned down to 4 C on one night per 

week (which results in 10-14% saving). This is achieved at the expense of a 

cropping delay of 0.6-1.6 days (depending on the cultivar) for each low 

temperature night used per week. The second method was to examine the effect 

of reducing the temperature for only a proportion of the night. This heralded the 

introduction of a system initially called the 'Efford regi]11e', but now more widely 

known as the 'split-night temperature' regime (SNT) (Butters, 1977). Trial results 

using the SNT temperature regimes at Efford Horticultural Research Station are 

difficult to obtain, but it was claimed that chrysanthemum plants grown at 16 C 

day and exposed to 'the Efford regime' showed little or no delay, or reduction in 
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modifying the night temperature regime to save energy while maintaining 

productivity. The SNT regime used a relatively warm period early in the night 

followed by a cooler period producing a similar mean night temperature over the 

entire night. 

The investigations in England, coupled with an energy crisis, triggered a major 

investigation of techniques to reduce production costs while maintaining 

productivity and quality (primarily in the U.S.A. where there is an extensive 

greenhouse industry). Thorne and Jaynes (1977) have also proposed that 

lowering the temperature for part of the night might not limit plant development, 

but could result in significant energy saving. Around the same time a greenhouse 

grower (Loefstedt, 1977) suggested it was illogical to maintain high temperatures 

throughout the entire night when plants had only limited ability to produce 

photoassimilates in low light under winter conditions. He proposed that the 

metabolic processes dealing with the previous day's photosynthate would be 

completed in less time under low light compared with high light conditions. Using 

this approach Loefstedt successfully grew chrysanthemum and lily plants at 16 C 

until 11 pm and then at 5 C for the remainder of the night, after which the 

temperature was raised to 16 C for the day. Plants of an acceptable quality were 

produced using this approach, but it was not possible to compare production with 

a standard temperature regime as none was used. 

Gent et al. (1979) also examined the effect of SNT temperatures during a North 

American winter on the production of tomato, tobacco and Easter lily. They 

reported an energy saving of 20% using SNT and no marked delay in flowering. 

Physiological studies conducted on tomato suggested that a warm period early 

in the night assisted with the processing of photosynthate and the transport of 

carbohydrates to fruits. The duration of the warm period would therefore depend 

on the quantity of assimilate processed during the previous day. Although 

conveying a trend, confidence in these results is reduced due to poor control of 

the experimental conditions. 
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parups (1978) grew a large number of chrysanthemum cultivars (26) using a SNT 

regime of 16 C for 4 h then 1 O C for 8 h in comparison with a constant 16 C night 

Jemperature. Vegetative growth was comparable with that in the control treatment 

and plants were taller in the SNT treatment. Flowering was delayed by 3 days 

without any change in quality. Similarly, little or no delay in flowering of 

chrysanthemum, marigold and petunia occurred using SNT. However, 

inconsistent results were obtained for other crops (Koths and Schneider, 1980). 

Part of the variation in results using SNT could be related to the effect of low 

temperature on leaf expansion early in the life of the crop (Milthorpe, 1959). 

Using chrysanthemum, Kohl and Thigpen (1979) reported that a critical leaf area 

was required before plants could be grown equally well at 6 or 16 C night 

temperature. Plant growth throughout the later part of the crop production cycle 

was determined during the 3 weeks prior to the start of short day treatment while 

plants were still vegetative. Although no differences in dry weight accumulation 

occurred, flowering was delayed at the lower growth temperature. Using a 

combination of 24 C (mean) day and 5 C from 4.30 pm till 8.30 am satisfactory 

growth of chrysanthemum occurred provided early growth and the start of floral 

initiation occurred with a night temperature of 15 C (Kohl and Mor, 1981 ). 

Hanan (1979) reported that SNT treatments markedly delayed production of 

greenhouse roses and reduced flower quality during the low light conditions of 

winter. Also, when roses were grown at a night temperature of 12 C for 15 h 

instead of 17 C growth was delayed, but 6 h at 12 C (from 2 am until 8 am) 

following an early night temperature of 17 C did not delay flowering or reduce 

productivity (Osnos, 1980). In other experiments Osnos concluded that the warm 

period should occur in the early part of the night to minimise the delay in 

development. This is in accord with suggestions by Thorne and Jaynes (1977). 

Good growth of roses required 17 C air temperature until 2 am while satisfactory 

growth of chrysanthemum, hydrangea and lily occurred with 17 C until 8 pm. 

Shanks et al. (1986) used a SNT with a warm period early and cool period later 

in the night found that the quality of greenhouse roses was not impaired, but 

Production was delayed and flower yield reduced. Zieslin et al. (1987) speculated 
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that the delaying aspects of SNT regimes arose from extended periods at sub­

optimal temperature which would lead to an irreversible reduction in growth and 

development. They tested the following night temperatures treatments (1) 

constant 18 C, (2) constant 14 C, (3) 18 C until midnight, then 14 C until an hour 

before dawn and (4) 18 C alternated to 14 C every 2 h during the night. Flower 

production in the two partial heating treatments was similar to the constant 18 C 

treatment in three of the four rose cultivars examined; in the fourth, 'Golden 

Times' the alternating temperature treatment (4) produced 28% more flowers. The 

altered yield was attributed to increased carbohydrate transport capacity to the 

terminal buds. In an exceptional report, the relative growth rate of sweet pepper 

plants increased using various SNT temperature regimes (Kooistra, 1984) 

however, this does not appear to have been reported elsewhere. 

Hurd and Enoch (1976) found little effect of night temperature on photosynthesis 

and transpiration of spray carnations over the range 6 to 30 C. Chrysanthemum, 

marigolds and petunias (Koths and Schneider , 1980) and poinsettias (Schneider 

and Koths, 1980) could be grown using SNT without any significant production 

delay. However, there have been several reports comparing yields from flowering 

plants produced using SNT and with warmer night temperatures treatments. 

Chrysanthemum development was usually slower in the cooler night temperatures 

used by the SNT regimes (Parups, 1978; Zieslin and Kohl, 1978; Kohl and 

Thigpen, 1979; Bonaminio and Larsen, 1980; Kohl and Mor, 1981 ). Other crops 

have been affected similarly. For example, development of rose flowers was 

delayed by low night temperature and they were of inferior quality (Hanan, 1979). 

Similarly, growth and development of poinsettia was impaired by low night 

temperatures. In a unique report (Lovelidge, 1982) poinsettia production at more 

than 5 C below normal night production temperatures was possible provided the 

humidity of the air could be maintained at a low level. More recently, White and 

Warrington (1984) have shown that geranium growth and development was 

.·· similar in SNT and constant night temperature treatments with the same mean 

temperature. The comparison of environmental treatments with equivalent energy 

input is clearly important. 
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White (1981) considered several different night temperature profiles including 

various split night (SNT) and sliding night (SN) temperature regimes and their 

applicability to the greenhouse environment. The lack of standardisation of 

temperature conditions in the literature (Wilkins et al., 1982) makes it very difficult 

to make meaningful comparisons between results of different workers. 

Few studies have investigated the effect of SNT or night temperature on the 

growth and development of ornamental foliage plants (Mortensen and Larsen, 

1989; Shanks, 1987; Zielsin et al., 1985). Considerably more effort has been 

directed towards greenhouse flower and vegetable crop plants. It is recognised 

that the physiological changes induced by flowering and fruiting will influence 

plant response, and therefore caution must be exercised when translating this 

information back to vegetative plants. Flower development of chrysanthemum 

(Langhans et al., 1981) and geraniums (White and Warrington, 1984a, 1988) has 

been related to the mean night temperature, whereas vegetative growth may be 

influenced more by the daily light integral (White and Warrington, 1984a,b). 

4.1.5 Production delays using split night treatments 

Under European winter and spring conditions Challa (1978) found cucumber 

plants depleted starch reserves after 12 h in the dark at 25 C. When starch was 

depleted, productivity was not impaired provided the air temperature was reduced 

to 12 C for the remainder of the dark period. When plants were grown in a 

constant temperature regime then development was inferior. 

Production delays associated with low night temperature and SNT production 

schedules have been moderated using root zone heating with varying success 

(Shedlosky and White, 1987). When air temperatures were less than optimum 

some reduction of production time and other advantages are reported for a range 

of ornamental horticultural crops including gerbera, chrysanthemum, poinsettia, 
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rose and ficus where root zone heating was used. Development time were 

reduced by root zone heating, particularly during the vegetative phase prior to 

. floral initiation. Fresh and dry weights of bedding plants was reduced when air 

temperatures were lower than 16 C using SNT, but this could be completely off­

set when root zone heating at 16 or 21 C was used with SNT (Shedlosky and 

White, 1987). They concluded that substantial energy savings could be achieved 

by using root zone heating in combination with SNT regimes in many crops. 

The incident light during the period when SNT treatments are in use can have a 

major effect on growth. Hicklenton and McRae (1984) showed that the production 

of chrysanthemum was not delayed in SNT treatments when PFDs were relatively 

high over the summer. However, in the low PFD of a Canadian winter, SNT 

treatments caused a substantial delay in flowering and a reduction in flower 

quality that could only be partially overcome with supplemental lighting. 

Challa (1978) found growth of chilling-sensitive cucumber crops could be 

manipulated by temperature to optimise growth and development in a similar 

manner as reported with ornamental greenhouse flowering crops. Some plants 

may have critical developmental phases when vernalisation or floral induction are 

mediated by the thermal environment. This may prevent the lowering of 

temperature during the night when cropping delays become unacceptable. 

Following this physiologically important developmental phase it was possible to 

lower the night temperature with fewer adverse effects on production schedules. 

Zielson and Kohl (1978) and Kohl and Thigpen (1979) have also suggested that 

periods of low temperature early in the life of a chrysanthemum crop were more 

deleterious than if they occurred later in the development of the crop. 

Development of Easter lilies and geranium plants in a range of temperature 

environments was directly correlated with the daily accumulated heat-sum 

(Armitage and Carlson, 1980; Wilkins et al., 1980). This approach has been 

incorporated into the standard production schedule of these crops by many 

commercial producers. Instead of considering the heat-sum of the night and day 
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. temperatures together, Langhans and Albright (1981) proposed that plants might 

integrate the temperatures over the day and the night independently. Growth and 

development of lettuce or chrysanthemum were the same in a CE study that 

compared the average night temperature with a similar constant night 

temperature. Only minor differences in plant growth were reported when 

comparing a constant night temperature with SNT regimes using a warm-cool or 

a cool-warm sequence of temperatures. Langhans and Albright concluded that 

plant performance depended on the mean temperature over a 24 h period. This 

contrasts with findings by Challa (1976) and Thorne and Jayne (1977) who 

suggested that during the night it was better to have a warm period before the 

cool period. 

The effect of different temperature patterns with the same temperature integral 

(average) on growth and yield of tomatoes was investigated by Hurd and Graves 

(1984). Cucumber growth and yield has also been highly correlated with the 

average day and night temperature (Krug and Liebig, 1980; Slack and 

Hand, 1983). In other crops such as chrysanthemum (Cockshull et al., 1981) and 

rose (Van den Berg, 1987) a similar pattern has been reported indicating a 

general underlying response to temperature. The diurnal temperature range over 

which plants may effectively integrate will depend on the thermal limits of 

physiological processes within each plant (Wilkins et al., 1982; Orchard, 1976). 

Langhans et al. (1981) using lettuce and chrysanthemum showed growth was 

related to the temperature integral, but this has not been evaluated further with 

many ornamental flowering plants (White and Warrington, 1984a) or any foliage 

plants. In studies using geranium, White and Warrington (1984a) reported growth 

. and yield depended more on the average temperature than diurnal variation. In 

contrast, Miller and Langhans (1985) using lettuce showed that growth and 
' 

productivity was influenced by both the temperature profile and the mean 



Chapter four 111 

4.1.6 Effect of night temperature on foliage plants 

Many plants appear to act as temperature integrators and respond more to the 

mean daily temperature than the individual fluctuations in temperature within the 

physiologically active range (Liebig, 1988). Very little data are available on the 

response of foliage plants to night temperatures. The effect of night temperature 

on the growth of foliage plants has only been examined in a preliminary study by 

Poole and Conover (1986). Their data showed Epipremnum would tolerate one 

night per week at 7.2 C, whereas 3 nights per week at the same temperature 

caused marked loss of plant quality and plant growth. As foliage plants are 

sensitive to night temperatures, this study was proposed to investigate their 

response to different night temperatures and to different diurnal temperature 

regimes. 

The objectives of this research were to: 

(1} investigate the effect two PFD levels with a constant day (30 C) 

temperature and three night temperature regimes (with a daily 

mean of either 25 or 20 C) on growth and development. 

(2) investigate the effect of temperature profile and mean night 

temperature on the accumulation and partitioning of dry matter and 

carbohydrates in vegetative growth of Fatshedera and Epipremnum. 

The present study was undertaken in order to char~cterise the response of 

Epipremnum and Fatshedera plants to three different night temperature regimes 

so that management practices could be based on a sound knowledge of the 

environmental physiology of the two crops. 
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4,2 Materials and Methods 

4.2.1 Plant material 

···stock plants of Epipremnum aureum and Fatshedera lizei were grown as 

described in Chapter three. 

4.2.2 Growth environment 

Both species were grown in six walk-in controlled environment rooms at 30 ± 

o.5 C during the photoperiod ('day'), whilst in the dark period ('night') temperature 

profiles were adjusted to give a mean night temperature of 20 or 15 ± 0.5 C. The 

temperatures profiles used in each treatment were achieved using programmable 

temperature controllers that could step through the predetermined temperature 

sequence (Figs. 4-1, 4-2). (Note the photoperiod in any particular treatment did 

not always coincide with natural day due to minimisation of peak electrical loading 

over the whole climate room facility. This required offsetting of the diurnal cycle 

in some CE rooms. Cooling in the 15 C night temperature treatments commenced 

slightly earlier than at 20 C due to limitations in the capacity of the air 

conditioning equipment.) The environmental conditions used in each CE room are 

summarised in Table 4-1. 

A 12 h photoperiod, synchronous with the mid point of the change-over to the day 

temperature period, was provided by a water-screened array of four 1 Kw high 

pressure discharge "Metalarc" lamps and four 1 Kw tungsten halogen lamps (all 

supplied by GTE Sylvania, Drummondville, Que, Canada). 
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Table 4-1. Temperature treatments, relative humidity and mean PFD used in 
night temperature studies with Epipremnum and Fatshedera. 

Temperature Rel. Humidity PFD 

Day Night Mean Day Night High Low 

±0.5 C ± 5% R.H. ± 5% µmol·m-2 -s-1 

SN30/20 C treatments 

30a 20 25 70 70 314 152 
3Qb 20 25 70 70 325 151 
30c 20 25 70 70 319 119 

SN30/15 C treatments 

3Qd 15 22.5 70 70 313 154 

30° 15 22.5 70 70 326 155 

301 15 22.5 70 70 325 157 

Superscripted letters within each mean temperature relate to particular 
temperature regimes; refer to schematic representation of the temperature time 
course in each treatment in Figs. 4-1, 4-2. 
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Fig. 4-2. Temperature profiles (e, f & g) used to produce 30 C day and 
a mean night temperature of i 5 C. (on = beginning of photoperiod, off 
= end of photoperiod) 
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In each CE room plants were located on six trolleys, three being exposed to an 

average PFD of 320 ± 5 µmol·m-2·s-1 (measured with a Li-Cor Ll-185 meter and 

a 190S quantum sensor (Li-Cor, Lincoln, Nebraska, USA)) at the top of the 

plants. Low PFD treatments within each temperature treatment were achieved by 

screening three trolleys with green polypropylene shade cloth (Sarlon-Reid, 

Auckland, N.Z.) giving an average PFD of 150 ± 5 µmol·m-2·s-1 at the top of the 

plants (Warrington et al., 1978; Greer and Laing, 1988a). The high and low PFD 

in each CE room were equivalent to a daily light integral (DLI) of 13.8 and 6.9 

mol·m-2•day-1, respectively. Carbon dioxide was monitored continuously but not 

controlled during the study and ranged between 330 and 360 µI CO2·r1 air. Air 

flow down through plants in each CE room was 0.3 - 0.5 m·s-1 measured with an 

Alnor Instruments thermoanemometer. 

In each night temperature profile (Figs. 4-1, 4-2) 16 plants of each species were 

randomly assigned to each temperature x PFD treatment. In each CE room each 

environmental treatment was replicated producing 3 blocks. Four plants of each 

species from each replicate within each block were destructively harvested at 0, 

15, 30 and 47 days from the beginning of the experiment in night temperature 

profiles a, b and c. Harvest dates in the other night temperature profiles (d, e and 

f) were at 0, 14, 30 and 42 days. 

4.2.4 Plant Analysis 

Shoot height, leaf number, leaf area, and dry weights of the leaves, stems and 

roots were recorded at each harvest. 

4 

Leaf area was measured with a Li-Cor model 3100 leaf area meter and samples 

were vacuum dried (24 h at 2 mm Hg; 40 C) to constant weight. Duplicate 

samples of roots, shoots and leaves from one of four plants harvested from each 

PFD treatment within each block were analysed for carbohydrates using the 

methods developed by Haslemore and Roughan (1976); Haslemore (pers. com. 


















































































































































































































































































































































































































































































