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ABSTRACT 

Tropical 	forests 	are 	disappearing 	at alarming 	rates, 	and little 	is 

yet 	known 	about 	the 	ecophysiology 	of 	their species. 	One Of 	the 

constraints 	of 	tropical 	forest 	management is the 	control 	of natural 

regeneration. Forest 	shade 	is 	known 	to 	be one of the most 	important 

factors 	influencing 	growth 	and 	development of seedlings 	at 	the forest 

floor. 

The responses and adaptation strategies of light demanding and 

shade tolerating tropical tree seedlings to shade was investigated. 

Experiments have been performed in controlled environments in which 

shade conditions of tropical moist forests were simulated. 

Plant 	responses , have been 	assessed are the 	relative 	growth rate, 

net 	assimilation 	rate 	and extension growth. 	Physiological 	parameters 

recorded 	include 	'chlorophyll contents of leaves 	developed 	at 	low and 

high 	photon 	flux 	density; rates 	of CO2  assimilation, 	respiration, and 

resistances 	to CO2 	transfer, under low or high 	photon flux density with 

low or 	high 	red/far-red 	ratio. 

Whereas the shade tolerant Khaya seriegalensis maintained a 

positive carbon balance at very low photon flux, the light demanding 

Terminalia ivorensis was below its light compensation point under the 

deepest shade, resulting in negative growth rates and assimilation rates. 

One of the most important findings has been the demonstration that 

many of the classic responses of trees to forest shade are brought 

about not through a reduction in photon flux density per se but 

through a shift in the spectral composition of the light. In particular, 

a reduction in the red:far-red which causes the expansion of leaf area 

to produce large thin leaves with a higher specific leaf area which are 

characteristic of shade grown material. This was found to be more 

pronounced in the light demanding Terminalia ivorensis than in the shade 

tolerant Khaya senegalensis. 

When leaves raised under shade conditions are transferred to 

bright light, up to 50 7 of the chlorophyll was lost, although in some 
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species the photosynthetic system has great capacity to adapt. 

It was also demonstrated that photosynthetic rates differ 

between light—demanding and shade-tolerating tropical tree species. All 

the light demanders showed capacity to adjust and switched from low 

to high photosynthetic rates when grown at low and high photon flux 

densities respectively. The shade tolerant Khaya senegalensis did not 

show this capacity: when grown at high photon flux density, its 

photosynthetic rate was low and did not differ from those of light 

demanding species when grown at low photon flux density. However, 

when the red/far-red ratio was low, Khaya senegalensis displayed slightly 

higher rates of photosynthesis than the light demanding Terminalia 

ivorensis. 
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CHAPTER ONE 

INTRODUCTION AND AIMS 

According to Kramer and Kozlowski (1979) 'basic physiological 

research can contribute to silvicultural and horticultural research and 

vice versa. The greatest overall progress will occur when physiologists 

learn more about how trees grow while foresters and horticulturalists 

learn more about physiology of trees, and these two groups co-operate 

to solve the problems of growing trees as efficiently as possible". 

The physiological processes of a tree constitutes the machinery 

through which heredity and environment operate to control growth. 

Therefore, in order to understand why trees are affected by any 

particular factor or treatment, we need to learn how that factor or 

treatment affects their physiological processes. 

This thesis concerns the response of tropical tree seedlings to 

shade. The subject is considered important to forestry in the tropics, 

both in natural forests and plantations. The extent of its importance 

can be judged only in relation to the present state of tropical moist 

forests. Thus, this introduction will serve briefly to review the general 

problem which for the last decade or so has concerned conservationists 

in many parts of the world. 

1.1 Extent and Distribution of Tropical Moist Forests (TMFs) 

The world's tropical moist forests lie in a belt centred on the 

equator and extending 2:30  north and south to the Tropics of Cancer 

and Capricorn. They were estimated to occupy 935 million hectares 

(Sommer, 1976). Delegates to the Eighth World Forestry Congress (in 

Jakarta, 1978) were so disturbed at our lack of knowledge of the 

extent of the world's forest area that they asked the FAO to prepare 

an accurate report for the next congress in six years time (Grainger, 

1930). FAO relies largely for its statistics on data supplied by individual 

governments, however such figures may be inaccurate and unreliable as 

shown by a recent example of the Philippines. In that country it was 
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claimed 	that 	forests 	covered 571 	of 	the 	land 	area 	until satellite 

pictures 	(N.A.S.A.) 	gave 	the 	true figure as 	381 	(Grainger, 	1980). Priority 

was 	given 	to 	obtain 	remote sensing data 	from 	LANDSAT satellites 

although 	their 	use 	could 	be limited by 	heavy 	cloud 	cover which 	is 

common over TMFs. 

The FAO and United Nations Environmental Programme (UNEP) then 

carried out extensive surveys of forest ecosystems of Tropical America, 

Asia and Africa covering 76 countries in 1978. They used LANDSAT 

satellite images from the Global Environmental Monitoring System (GEMS). 

The data obtained were divided into four categories 	closed tree 

formations, open formations, fallow or closed and open formations and 

shrub formations. 

They showed that closed formations covered 1200 million hectares, 

96.61 of which were broadleaved -Forests, 2.91 coniferous forests and 

0.51 bamboo forests. 571 of the closed formation was in Tropical 

America, 251 in Tropical Asia and 181 in Tropical Africa (Steinlin, 1932); 

this is equivalent to 5.4, 2.7 and 1.9 million km2  respectively (Caufield, 

1982). These closed tree formations are found mainly in humid and 

semi-humid regions in the tropics and are the ones this chapter is 

about. 

Tropical forests have been variously referred to as tropical high 

forests, tropical rain -Forests, equatorial rain forests and tropical moist 

Forests (Richards 1952, Whitmore 1975, Longman and 3enIk 1974, Poore 

1976, BrUnig 1977, Myres 1980, Steinlin 1982, and many others). In this 

study, they will be referred to as tropical moist forests (TMFs), which 

is a more descriptive term of the humid nature of the equatorial 

environment. 

Tropical moist forests can be subdivided into equatorial 

rain-Forests and moist deciduous forests. Rain-Forests are wetter (4,000 

- 10,000 mm of rain a year) than deciduous forests (1,000 - 4,000 

mm). They have a larger,  number of tree species which do not shed 

their leaves annually, permanently moist soils, consistently higher mean 

annual air temperatures (:30 °C) and contain more diverse fauna and 
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flora. They extend into South America, Central America Isthumus, South 

East Asia; West Central and East Africa (Figure 1). 

Tropical 	moist 	forests cover 	only 	77 	of the 	earth's 	land 	surface 

and 	they 	contain 	0-507 of all 	the 	species (Myres 	1980). 	This 	area 

represents 	more than half 	of 	the 	world's 	forest 	area, 	and 	occupies 	37 

of 	the 	total 	earth's surface 	(BrUnig 	1977). These 	forests 	represent 

607 	of 	the 	world's forest growing 	stock 	and 697 	the 	world's 	total 

forest 	productivity (Brtinig 1977) 	and 	half of 	this 	area 	is 	closed 

formation. 

Cau-Field (1982) presented TMFs in percentages by area in 

different zones of the world as follows 

Area of Tropical moist forests (Z of total) 

Brazil 	 33 Z 

Zaire 	 10 Z 

Indonesia 	 10 7. 

Rest of latin America 	 25 7 

Rest of South East Asia and Oceania 	13 7 

Rest of Africa 	 9 7 

1.1.1 Importance of Tropical moist forests 

Tropical moist forests are probably the most complex and diverse 

terrestrial ecosystems known, and they contain the greatest 

concentration of species per unit area. Myres (1980) estimated that 

40-507 of all plant species in the world are found in the tropics, 

whilst Evans (1982) considered this figure to be 857. Estimates may 

vary, but there is a general concensus on species richness. This species 

richness of tropical flora has also been recently emphasized by Caufield 

(1982) who pointed out that on conservative figures, the TMFs contain 

two million species, less than 17 of which have been scientifically 

examined for their potential value to man (Levingston and Zamora, 

1983). Even then, this wealth of identified species has in no sense 

been thoroughly investigated (Poore, 1976). The National Academy of 

Sciences (1975) pointed out that little is known even about tropical 



plant species with promising economic value, and called for,  -Further 

scientific research. 

In particular, 	TMFs are important because 

Certain parts of these tropical forests are the living area for 

indigenous people who derive all their means of subsistence from the 

-Forests e.g. The Pygmies of Ituri forest - Zaire. 

They cover large catchment areas thereby regulating the quality and 

quantity of water,  leaving the catchment area. When removed, local 

hydrology is disturbed and soil may be eroded. 

Species in TMFs have already made numerous contributions, through 

their genetic resources, to modern agriculture, medicine and industry. 

In addition, they are habitats in which genotypes of plants and 

animals can perpertuate and express their evolutionary potential apart 

from serving as natural gene banks. In their virgin form, TMFs may be 

used in other scientific research areas such as standards against which 

changes in areas outside may be measured and evaluated: for instance 

they are known to have a moderating influence on climate, and 

consequently could be used as monitoring stations for measurement of 

regional and global changes such as atmospheric components of industrial 

pollutants. 

The above benefits 	may 	be 	of a 	long term 	nature. 	The 	effects 

of 	total removal of 	substantial 	areas 	of these 	forests 	have 	been 

avenues of great speculation 	by 	scientists 	as summarized below 

1) The removal of forest cover is likely to have an influence on global 

climate through two main processes. The first of these is the transfer 

of carbon from biomass to CO2  in the atmosphere (Woodwell et al., 

1978). Enhancement of atmospheric CO concentration is certain to 

cause greater absorption of outgoing longwave radiation, but the 

extent to which this may lead to global warming is uncertain (Gribbin, 

1979). The second process is the change in albedo consequent on the 



vegetation removal, and its influence on local and global climate. On 

the carbon question, Lugo and Brown (1980) pointed out that as long 

as TMFs are managed for net yield or allowed to regenerate naturally, 

and provided that the clearfelled areas are a small fraction of the 

entire forested areas; the carbon balance will be maintained. 

It is now generally agreed that the irreversible nature of complete 

destruction of TMFs is the loss of species and hence the gene bank 

(Gcrnez-Pompa et al., 1972). 

In general, the removal of any vegetation cover exposes soils to 

erosion (e.g. Spears, 1979). Natural forests show well developed 

mechanisms for efficient nutrient cycling stored in their biomass so 

that losses are minimal (Herrera et al., 1981). Removal of these forests 

leads to leaching and laterization especially in the equatorial regions 

where annual rainfall totals are very high. 

The points raised above (and many more uncovered) all suggest 

that destruction of forests especially the fragile TMFs has important 

socio-economic consequences (e.g. Poore, 1976) in addition to the 

effects on fauna and flora (e.g. Harrison, 1968). However, there seem 

to be conflicting views on what should be done. The conservationist 

lobby (e.g. Poore, 1976) suggests that these TMFs should be left alone 

since we know little about them. But can we afford to leave them 

alone ? It would be better to aim at (a) understanding the 

functioning of these forests (b) wise management of selected forests 

based on scientific: principles (c) construction of alternative systems 

which serve additional needs, but at the same time avoid deficiencies 

of mindless exploitation. A combination of these three factors would 

resolve the conflict because TMFs are a resource that can be wisely 

exploited to serve the needs of millions of people in everyday life. 

Where wise use is lacking, then these forests are bound to be 

destroyed through various agents as follows. 

1.2 The causes and extent of Tropical moist forest conversion 

In spite of their importance (section 1.1.1) tropical moist forests 



7 

have continued to disappear at alarming rates (e.g. Spears 1979, 

Sommer 1976, and Myres 1980). 

A distinction should he made between modification and 

transformation or conversion (of TMFs). Modification is essentialy a 

process whereby the original structure, composition or dynamics of the 

forest is altered by human intervention or natural causes. This may he 

a result of extracting a few good trees or forest produce at a very 

small scale, or at the extreme, it can include forms of shifting 

cultivation which induce secondary succession in the forest. Provided 

that continuity is maintained with the original forest ecosystem and 

that there is no permanent loss of potential (e.g. soil degradation, 

extinction of species, etc....) the forest could return in a reasonable 

time to something like its original condition. 

On the other hand, transformation or conversion is a completely 

different kind of change whereby the original or unmodified forest is 

totally removed and replaced by a man-made ecosystem or by inanimate 

structures e.g. plantations, roads, dams, towns, etc... (Poore 1976, 

Myres 1980, Grainger 1980 and Steinlin 1982). 

1.2.1 	Causes of conversion 

The causes of tropical moi;t forest conversion derive from 

historical, socio-econornic factors and lack of scientific knowledge of 

the species as well as poor management strategies. 

1) Historical: 

Steinlin (1982) pointed out that, "What is historically significant 

that areas that can support forest growth also offer the most 

favourable 	conditions 	for 	human 	life; and 	from 	the 	earliest time 

mankind 	and 	therefore 	socio-economic development has 	tended to 

concentrate 	in 	the 	forested 	regions 	of the 	earth. It 	is 	here that 

over 	centuries 	man 	has 	cleared 	large 	forest areas 	and converted them 

to 	other 	land 	uses 	and 	therefore 	made the 	greatest changes 	in the 

earth's 	vegetation. 	This 	process 	of 	conversion 	is 	still taking 	place but 



it has shifted from the temperate zones of Asia, Europe and North 

America to 	the tropics 	and 	sub-tropics where 	population 	is 	now 

increasing rapidly. In 	some 	countries 	loss of 	Forests 	has 	gone 	cn 

steadily 	over 	two thousand 	years, 	in 	others it 	is 	a 	recent 	occurence. 

But 	only in 	the 	last 	150-200 	years 	has 	net conversion 	of 	forests 	taken 

place 	in almost every 	country, 	and 	in 	recent years, 	the 	rate 	of 

disappearance 	has increased 	sharply'. 

2) Other factors: 

In most cases, the contributing factors are peculiar to the 

socio-economic conditions. Most of the tropical moist forests are 

situated in Third World Countries often referred to as less developed 

countries (LDC) which are very poor by any standards and lack forestry 

awareness as well as being confronted with very high population growth 

rates: Caufield (1982) reported that rural population in these countries 

is expected to double within 27 years. The choice is not between 

feeding their people or retaining the forests for obvious biological 

productivity. Frequently, governments of these countries require 

foreign exchange earnings, and if these can be obtained immediately by 

forest exploitation, the long-term considerations have to be swept 

aside. 

According to the World Bank report (1978), between 1900 and 

1955 about half the forests in LDC were cleared for agriculture, 

intensive logging for veneer, sawn timber, chipwood and fueiwood. 

Taken together urban and industrial expansion take up to 12 million 

hectares of land each year (Evans, 1982). 

1.2.2 Estimates of conversion rates 

The rates of conversion vary from country to country. Though 

forecasts vary (Evans 1982, Steinlin 1982) it is estimated that in LDC 

forests are being converted at a rate of 15-20 million hectares per 

year (World Bank, 1978) and at present levels of demand, the remaining 

TMFs will disappear in a period variously estimated as between 50-80 

years (Spears, 1979) to 312 years (Huguet, 1983) assuming a continuation 



of the past rates of conversion. Myres (1980) estimated that the 

earth is losing around 670 km2  of TMFs a day, or an area the size of 

Wales a month. Lanly and Clement (1979) offered a more substantiated 

-Figure for total forest conversion, roughly 10 hectares per minute. 

Myres (1980) reported a rate of 245,000 km2  per year. If this 

rate is sustained, the entire biome of some 9 million km2  will be 

eliminated within '37 years. The rate of conversion is likely to 

accelerate in many areas, and in hardly any area is it likely to decline. 

Indeed, certain areas are undergoing conversion rates fast enough to 

bring them to an end within a decade, whereas other areas could well 

remain little changed by the turn of the century. Examples of the 

more rapid rates of conversion include the Philippines, Peninsular 

Malaysia and most parts of West Africa which seem likely to he 

converted by 1990 at the least; little could remain of Central America's 

moist forests within 10 years. Extensive areas of Amazonia in Colombia 

and Peru could be claimed for cattle ranching (Myres, 1981) and various 

forms of cultivator settlements by the end of the century. By 

contrast, in Central Africa, meaning Gabon, - Congo and Zaire with low 

human densities and abundant mineral resources, large expanses of little 

disturbed forests could well be retained by the end of the Century. 

Similarly, the western portion of Brazil's Amazonia, because of its 

remoteness and humid climate, may undergo moderate change. Myres 

(1980) reviewed the situation in 16 countries that comprise 70-757. of 

the biome and in 10 countries that contain the bulk of the richest 

types of IMFs. He pointed out that the main agents of conversion are 

the timber harvester, the forest farmer, the fuelwood gatherer and 

the cattle rancher. Altogether these agents are believed, "as a 

preliminary and approximate calculation" to be possibly accounting for-

the 

For

the reported annual rate of TMF conversion. For more recent reviews, 

see Evans (1982). 

1.3 Prescriptions for survival 

In 	the previous 	section 	it was shown 	that 	while 	the 	estimates 

for 	rates 	of conversion 	may 	vary the agents 	of 	destruction 	are 	active 

and 	there 	is consistent 	alarm 	in all the 	regions. 	What 	is 	being 	done 
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about the situation ? 

Poore (1976) warned that if great benefits are to he derived 

from the remaining tropical moist forests and undesirable consequences 

averted, certain precautions are necessary 

High standards of planning with appropriate legislation and caution 

in conversion from one land use to the other. 

Good management and utilization based on sound scientific principles 

especially knowledge of the species. 

The most obvious on-the-spot solutions are those concerned with 

increased research and development of tropical moist forest resources, 

increased education and public awareness about the importance of TMFs, 

development of alternative technologies to reduce demands of tropical 

forest products and land on which they stand, and an attack on the 

causes of the pressures upon these forests including poverty, 

unemployment, food and energy deficiencies and uncontrolled population 

growth. 

Rubinoff (1982) opts for a more radical change and suggests 

adoption of a new world-wide economic order, 

increased co-operation among nations to protect these valuable 

resources, 

rental of tropical forests by developed nations. 

The convention of International Trade in Endangered species of 

wild fauna and flora opts for a ban. For instance, according to an 

article in New Scientist (11/8/83 p.411) "Mahogany" could be commercially 

extinct wood by 1990. Knees and Gardner (1983) suggest that trade in 

all mahoganies (about 23 species) should he controlled by the above 

convention. They reported that at present, Only exporters of the 

Pacific coast mahogany (Swietenia humus) need a permit. They also 
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TABLE 1 

Family Genus 

American Leguminosae Andira, Apuleia, Dalbergia, 
Tropical-forest Region Hymenolobium, Mora 

Sapotaceae Manilkara, Prczdosia 
Meliaceae Cedrela, Swietenia 
Euphorbiaceae Hevea 
Myristicaceae Virola 
Moraceae Cecropia 
Lecythidaceae Bert hol letia 

African Verbenaceae Gmelina, Tectona 
Tropical-forest Region Leguminosae Albizzia, Brachystegia, 

Cynometra., Dialiwn, 
Erythrophleum, Crj lbertio- 
dendron 

Sterculiaceae Cola, Nesogordonia, Tarrietia, 
Trip lochi ton 

Meliaceae Carapa, Entandrophragma, 
Khaya, Trichilia 

Euphorbiaceae Drypetes, Macaranga, 
Ricinodendron, Uapaca 

Moraceae Antiaris, Chiorophora, 
Ficus, Musanga 

Sapotaceae Afrosersalisia, Chrysophy liwn 
Ulmaceae Celtis 
Combretaceae Terminalia 

Indo-Malaysian Dipterocarpaceae Dipterocarpus, Dryobalanops, 
Tropical-forest Region Hopea., Shorea, Parashorea 

Moraceae Artocarpus, Ficus 
Anacardiaceae Ma.ngifera 
Actinidiaceae Actinidia 
Daphniphyllaceae Daphniphyllwn 
Dilleniaceae Dillenia 
Gonystylaceae Gonystylus 

Australasian Myrtaceae Eucalyptus, Agonis, Baeckea, 
Tropical-forest Region Backhousia, Osbornia 

Dipterocarpaceae Dip terocarpus 
Casuarinaceae Casuarina, Gymnostoma 
Himantandraceae Galbulimima 
Corynocarpaceae Corynocarpus 
Dilleniaceae Hibbertia 
Menisperrnaceae Carronia 
Cunoniaceae Ceratopetalum 

Examples of families and genera containing dominant, abundant or 
endemic species of woody plants in the chief Tropical-forest Regions. 
Genera listed include those used in the present work and others 
referred to at various places in this thesis. Adapted from Longman 
and Jenk (1974) 
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suggest that all the other true mahoganies, those in the genera 

Swieteriia from Central and South America and Khaya from West Africa 

should also be protected now as should unrelated tropical species with 

Mahogany-like wood such as Philippine mahogany (species of Shorea and 

Parashorea). This is because in the past decade, timber merchants have 

increasingly turned to Philippine mahogany, as supplies of true mahogany 

and other tropical hardwoods (see Table 1 ) have declined due to 

world-wide over-exploitation of TMFs. 

In response to the great concern about TMFs destruction, there 

have been several other initiatives both by international agencies and 

more local institutions, towards instigating research on forest 

ecosystems and on important characteristics of constituent species. 

Three of these deserve mention. 

1. The Man and Biosphere (MAB) program 

The Man and Biosphere (MAB) program of the United Nations has 

projects world-wide. One of its main objectives is testing approaches 

to scientific research and co-operation in environmental sciences. MAB 

also fosters interdisciplinary research and training on concrete problems 

of resource management. It seeks to provide scientific knowledge that 

can be used to solve the practical problems facing decision makers (Di 

Castri et al., 1981). Field projects at present in the tropics include: 

The effect of 	human 	activities 	on 	nutrient cycling of 	TMFs 	of 

Amazonia: work began 	in 	Venezuela 	in 	1974. 	The project revealed 	that 

human 	disturbances destroy 	the 	fragile 	nutrient cycling and 	lead 	to 

nutrient loss which 	compromise 	the 	rate 	of forest regeneration 

(Herrera et 	al., 1981). 

In Indonesia, the MAB project has dealt with environmental effects 

on different kinds of land uses, entailing study of floristic, faunistic 

and soil changes in logged-over forests, secondary forests, dry-land 

farms as well as socio-economic conditions in the neighbouring 

settlements of transrnigrants. The results showed that due to logging, 

residual trees were damaged, the soil was compacted which could lead 
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to low infiltration rates and soil erosion. Clear-felled primary forests 

were completely covered by pioneer tree species within 6 months and 

these are low in economic value compared to primary forest species 

(Kartawinata et al., 1981). 

c) In Africa, the main objective of the Tai forest project in Ivory 

Coast is to improve scientific basis for management of TMF ecosystems. 

The results have shown that the needs of development are best served 

by planned, rational use of TMF resources (Dosso et al., 1981). 

Agro-forestry 

Agro-forestry is a new term for an old concept (e.g. Taungya) 

of integrating agriculture with forestry. In recent years, research has 

intensified into this interaction, with the founding of the International 

Council for Research in Agro-forestry (ICRAF) in Nairobi, Kenya. This 

research is aimed at helping the rural economy and if successful it will 

make a major positive impact on everyday lives of millions of rural 

people (King, 1980). Also if shifting cultivation could be integrated into 

agro-forestry schemes in TMFs, by reducing the rate of destruction 

through stabilization of land use and intensification of production per 

unit of land without deterioration; this will relieve the pressure of 

TMFs (E3odowski, 1980). 

The West African Hardwoods Improvement Project (WAHIP) 

In the West African tropical moist forest, which was one of the 

world's major sources Of tropical hardwoods, over a century of trade, 

mainly with Europe, has left its forests selectively felled. The rate at 

which these forests have been exploited is perhaps much greater than 

similar land which is converted to forest plantations. FAO in 1973 

reported an increase from 1950-1973 in timber export from 4.2 to 
* 

53.3 million rn 3 from West Africa alone. It is not surprising that 4/ ol-

the total closed forest area (67 of the total productive forest) in 

Africa is disappearing in West Africa alone (teinliri, 1982); and that in 

Nigeria, with the highest population in Africa, there are prospects of 

having to import timber by the end of this decade (Myres, 1980). 
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Alternatively planting rates would have to increase by 3007 (Spears, 

1979) although Oseni (1980) reported only 17 of Nigeria's forest land to 

be under man-made forest cover. 

Other countries have slowly responded to diminishing TMFs by 

establishing plantations of fast growing exotic species such as Pines and 

Eucalyptus, with indigenous species being rarely used (Grainger, 1980). 

The realization in 1970 that the quality and quantity of indigenous 

species had been seriously eroded, prompted a proposal by the Nigeria 

government to the United Kingdom Overseas Development Administration 

(ODA) for a collaborative scheme in research and development of 

indigenous hardwood species of West Africa. As a result WAHIP started 

at Forestry Research Institute of Nigeria in 1971, and later in 1974 a 

sister project was established in Scotland at the Institute of 

Terrestrial Ecology CITE) at Bush near Edinburgh. 

The joint aims of these two projects are to conserve and 

improve the remaining resources of these West African hardwoods in a 

Tong term programme of genetic-improvement, and a study of variation 

within species, using clonal stock. Extensive experimental plantings have 

been made at a number of sites, using material collections from other 

West African countries. At first, particular emphasis was on 

Trip/ac-h/ton sc/eroxy/on later, Terminal/a ivorensis and Terminal/a superba. 

A current screening trial of 20 species should soon indicate a suitable 

priority of other promising hardwoods (Howland and Bowen, 1977). 

So sparse is our knowledge of tropical ecosystems and species 

that much useful work is possible on a more limited scale by individual 

investigators. 

1.4 The need to understand the response of seedlings to shade 

1) 	At present, 	little 	is 	known 	about 	the 	ecology and 	functioning 	of 

TMFs 	(Persson 	1974, Myres 	1980) 	and 	even 	much less 	is 	known 	about 

tropical species 	of economic 	potential 	(National 	Academy of 	Sciences, 

1975). Because 	of this 	lack 	of 	knowledge, 	it is 	still 	difficult 	to 

develop management techniques 	that 	can 	be 	applied successfully 	over 
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wider areas (Lugo et al., 1981). Okali (1982) called for biological 

research into these tropical ecosystems for advancement of knowledge 

about the species concerned. He suggested field, or at least whole 

tree, physiological studies to be intensified in order to understand the 

factors controlling growth in TMF environment. For example, he pointed 

out that, "inability to interpret growth rings, and therefore to date 

many tropical trees remains a serious constraint to forest management 

as it: limits the use of age in 	essment of growth rates and hence 

productivity on which rational utilization depends". 

2) Another major , problem encountered in the management of these 

forests is the inadequacy of natural regeneration and the difficulty in 

controlling it. The most widely practiced method of obtaining natural 

regeneration is to open the forest canopy to allow sufficient light and 

warmth to stimulate regeneration by removing the overhead cover. 

However, control of natural regeneration demands a greater degree of 

scientific skill than mere felling. 

The example of Budongo forest in Uganda is so clear that it may 

be mentioned in some detail. Eggeling (1947) stressed that, although 

the forests of Budongo had Cynometra alexandri [iron wood] suitable 

for railway sleepers; 'it was for mahogany not iron wood that these 

forests were chiefly exploited". In an attempt to make Budongo a 

mahogany forest, his successors (Trenaman 1956, Dawkins 1958 and 

Phillips 1962) intensified the extermination of non-mahogany dominant 

species using contact -arboricide and the axe in order to encourage 

natural regeneration of mahoganies as well as increasing their proportion 

in the forest. Analysis of this condemnation rather than commendation 

showed that the treatment resulted in a few mahoganies with still 

more "weed" species. Further analysis of this failure by Synnott (1975) 

revealed that the right canopy and conditions for planted seedlings 

were not being achieved; it then became necessary to reconsider the 

whole approach to regeneration and silviculture which was later confined 

to establishment of research plots. 

3) This example and many others shows that we do not know enough 

about species requirements as far as -the light climate is concerned. 
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Grouping of tree species as 'light demanders and shade tolerators' is 

much too simplistic to be useful. It is like grouping timber into 

"desirables (naturaly durable) and non-desirables or weeds (perishable)", 

terms that were never precisely defined (Tisseverasinghe, 1981). 

Application of these terms in species utilization led to selective 

harvesting and erosion of the gene pool especially of mahoganies. Aluma 

(1979) attributed the concept of desirables and non-desirables to 

ignorance of other species and their timbers as well as lack of 

information about their properties. To this note, Tisseverasinghe (1981) 

stressed that full timber utilization based on knowledge of the species 

found in the forest, is the key to successful management as it gives 

more flexibility to silvicultural systems that will ensure natural 

regeneration and make other options attractive, "if as in temperate 

forests, nearly all the species were known and usable, the management 

systems would have been very different - they would have taken the 

whole forest into account instead of a few species". 

4) Such knowledge is important not only in natural systems but in 

plantations too. Fast growing plantation species have been proposed in 

preference to natural regeneration based on economic grounds. 

However, Kio (1976) appraised the future of natural regeneration of 

TMFs with examples from Nigeria and Uganda. He examined comparative 

costs of artificial and natural regeneration. He then stressed that, 

"past econometric models have been manipulated to favour plantation 

systems due to adoption of false premises". In a detailed analysis, he 

showed that natural forests appear to be economically (and ecologically) 

superior to plantations. On the other hand, Catinot (1970) on reviewing 

the literature on enrichment planting, concluded that, "enrichment 

planting now has fewer and fewer supporters in the tropics : on the 

whole it has not given satisfactory results". On the contrary, as long 

as selective logging remains one of the causes of TMF conversion, 

Tisseverasinghe (1981) stressed that under certain favourable conditions, 

enrichment planting may be practiced in those over exploited forests. 

Plantation forestry, is attractive economically and can show results in a 

short period; however, there are biological risks associated with fast 

growing plantation monocultures as discussed by Johnson, (1976). 
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Central to success of any of these methods is knowledge of 

species and their responses to certain variables such as light following 

forest disturbance. Looking ahead, knowledge of species responses is 

also important in any attempts to construct mathematical models to aid 

forest management. 

5) According to Whitmore (1975) the "important part of the strategy 

of a species, enabling it to compete successfully with others in a TMF 

ecosystem, lies in its growth rate and response to light. This calls for 

studies of tree physiology to understand the adaptive strategies in the 

forest environment'. First however, we must remove the tree or its 

propagules from its natural habitat and study it in isolation, more or 

less free from natural accident to which it is otherwise subjected in 

a competitive environment. Only in such a simplified environment can 

complexities be unravelled. 

1.5 	Aims and Scope of this project 

Central to an understanding of natural regeneration and 

succession is the response of seedlings to light, especially the 

development of leaf area and the nature of the carbon economy. It 

was realized long ago that species can be grouped into "Light 

demanders and shade tolerators", but only relatively recently has it 

been possible to make good measurements of relevant physiological 

parameter's which give rise to such differences in behaviour (e.g. work 

on sun and shade ecotypes by Bjrkman and Holmgren, 1953). 

According to Whitmore (1975): 

"We remain in almost complete ignorance oF the basic 

differences between shade tolerating and light demanding 

tropical tree species. This remains largely an unexplored field 

of inquiry, ripe for investigation by methods which are well 

established" 

As will be shown later in Chapter Two, the seedlings on the 

forest floor are faced with shade-light of which much of the 



wavelengths useful for photosynthesis have been -Filtered out by 

successive layers of foliage. Two questions do arise 

1) Do species under these conditions differ in their efficiency in 

utilizing this light ? 

2) Growth implies that net photosynthesis exceeds respiration, so that 

there is net gain of carbon fixed by the plant: do species differ 

substantially in their carbon economy ? 

To answer these questions, studies of plant response to shade 

must take into account the spectral changes that characterise the 

forest shade, especially the red:far-red ratio (R/FR). There are 

numerous reports that shade produced by neutral filters influences the 

growth and development of plants. However, these filters may not have 

been neutral in their spectral properties especially in the far-red part 

of the spectrum, and their spectral properties may not have been 

adequately recorded. One of the requirements of this project is thus 

to clarify this issue by differentiating between the responses to a 

reduction in photon flux density per se compared with a reduction in 

R/FR ratio. 

In relation to regeneration of TMFs, it is important to 

investigate species differences. Many of the species prized -For their 

timber (e.g. Khaya senegalensis, African mahogany) are climax species 

which grow slowly from large seeds and produce dense wood: They are 

also shade tolerators. Other, fast growing, species like Trip!ochiton 

scleroxylon, Terminal/a ivorensis and Term/na/ia super-ba are also useful for 

timber production and they are known to be light demanders. 

Management of natural TMFs or plantations for production of these 

species recluiras an appreciation of their basic differences in response 

to shade, especially at establishment. 

Specifically, the work presented in this tlsis has the -Following 

aims 

1) Characterisation of seedling growth in relation to shade, using 
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contrasting species and employing techniques of growth analysis. 

Characterisation of the carbon economy of these seedlings by 

investigating the rates of photosynthesis and respiration. This will 

require investigations of leaf area, chlorophyll levels, and the analysis of 

diffusion pathways including the stomatal component. 

Identification of the separate roles of (I) reduced photon flux per,  

se, and (ii) reduced R/FR in influencing the development of 

photosynthetic capacity. 

As far as the range of species to he investigated is concerned, 

it was realized at the outset that much would depend on the 

availability of viable seeds. However, the intention was to choose 

examples of light demanders and shade toleraters which also happen to 

be important timber sources. In addition, in order to cover the full 

range of possible biomass-producing systems, it was decided to carry 

out some comparison between the trees and the giant sedge, Cyperus 

papyrus: it is a good experimental material and a very important 

species in Uganda, it also contrasts well with the tree species. 
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CHAPTER TWO 

THE LIGHT CLIMATE IN THE REGENERATION ZONE 

Past 	and 	present 	field investigations suggest 	that light 	is 	the 

primary 	limiting 	environmental factor 	for carbon 	gain 	and growth 	of 

seedlings 	and 	saplings 	in 	the understory of 	TMFs 	(the regeneration 

zone). 	It 	is 	known 	also 	that the amount and 	quality 	of this 	light 	is 

influenced 	by the structure of the canopy. 

2.1 Structure of the closed TMF canopy 

To understand the processes that go on inside a TMF canopy, it 

is important to mention briefly its structure. The structure common 

to all climax TMFs is manifested in the stratification of trees, shrubs, 

vines and herbs. Terms like layer, storey and canopy have all been used 

to describe the form of the crowns of tropical forest trees. Whereas 

the temperate forests are usually two tree strata or even one, TMFs 

may have several, usually more than three, although this may not be so 

obvious (Brown, 1919). 

The complex structure of TMFs has been described in detail (e.g. 

Richards 1952, Baur 1964). Richards (1952) recognised that tree strata 

in a mature TMF, though always present, are ill defined and are seldom 

easy to recognise by casual observations. However, he pointed out that 

trees of intermediate heights are present and that the mixture of 

species is so great that these hypothetical height intervals never really 

exist as stories. Thus, Richards (1952) defined a stratum or a storey 

as a layer of trees whose crowns vary in height about a mean; and in 

a several-layered forest community, each stratum will have a distinctive 

-Floristic composition. But, since the forest is dynamic continually 

growing and regenerating, a proportion, perhaps the majority of 

individual trees in the lower stories, will eventually belong to species 

which will reach a higher stratum of dominants and co-dominants when 

mature. 

Profile diagrams of a section of a forest have been drawn by 

many research authors to illustrate structure and composition (e.g. 
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Eggeling 1947, for Budongo forest in Uganda; Jones 1948, Keay 1949, 

Richards 1952, Jones 1955, in Nigeria; Fox (1968) for Gola forest 

reserve in Sierra-Leone; and Kato et al., (1978) for Pasoh forest in 

Malaysia). From these and many other profile diagrams, there seem to 

be three or more layers. Richards (1952) pointed out that the basis of 

these layers depends on autotrophic plants which depend directly on 

light for their existence and can be divided into two groups according 

to the method of reaching this light: the mechanically independent or 

self-supporting that reach the light without assistance from other 

plants (trees, shrubs and herbs), and the mechanically dependent plants 

(climbers, stranglers, epiphytes and semi-parasitic epiphytes). In this 

section, we are concerned basically with the layering of mechanically 

independent plants. These layers have often been designated A to E 

downwards. Thus: 

May be continuous, but more often composed of scattered and 

isolated emergent trees that outgrow their associates. These species 

are relatively shade intolerant (e.g. Smith, 1962); spending much of 

their life in full sunlight. The most valuable timber species such as the 

famous Honduran Mahogany and Spanish Cedar of Central America are 

usually emergents (see Table 1). 

If stratum A is discontinuous, stratum B forms the main upper 

canopy of the forest and often contains the most heterogenous 

mixture of species, receiving full sunlight from above, but very little 

from the sides. 

This is the subordinate stratum composed of the most shade 

tolerant species. These receive little or no direct sunlight from above 

and none from the sides, and are composed of overtopped or supressed 

trees (Smith, 1962). 

A shrub and herb layer, close to the forest floor, with tree 

seedlings and saplings. 

The forest floor, popularly known as the dim layer (Longman and 

JenIk, 1974). It contains the seed bank and is the germination and 
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establishment zone. 

The primary interest of this work focuses on processes that 

control the growth of tree seedlings in the dim layer (Stratum E) or 

in openings. At this point it is necessary to consider possible sources 

of light reaching such plants. 

2.2 	Gaps in the Canopy 

Natural forests throughout the world are fundamentally similar in 

their patterns in space and time because the same processes of 

succession and maintenance operate (Whitmore, 1952). These patterns 

and processes of change in a forest are expressed by a growth cycle 

in which three arbitrary phases can be distinguished: gap, building and 

mature. These structural phases are always altering as one phase 

changes to the next. Their coarseness depends on what creates the 

gaps. 

In 	virgin forests, 	gaps 	or 	forest 	openings are 	created 	by 	the 

falling 	down 	of dead 	trees 	and 	the 	lOSS 	of 	parts 	of 	larger individuals 

in 	the A and 	B stratum. 	Natural 	decay 	by 	fungi, destruction by 	insects 

or 	mammals and windthrows 	by 	hurricanes are 	the usual 	factors 	causing 

such 	openings (e.g. 	Longman 	and 	Jenrk 	1974, Lugo 	et al., 	1981, 

Whitmore 	1982). These 	gaps 	are 	heterogenous 	in nature 	and they 	vary 

from 	a few metres to several 	kilometres 	across. 

When in a closed forest a tree dies or falls a gap forms. Such 

gaps play a very important role in the processes of natural 

regeneration on the forest floor. However, when large and aparently 

still vigorous trees are overthrown by a tornado or other extreme wind 

(e.g. Hurricane David of 1979 in Dominica, Lugo et al., 1981), the gap 

may then be larger. In undisturbed forests, naturally formed gaps are 

numerous, and the remains of trees are seen everywhere, though owing 

to rapid rate of decay they disintegrate more quickly than in 

temperate forests (Richards, 1952). A natural gap is thus a scene of a 

secondary succession on a very small scale. 
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When a tree or 	groups of 	trees 	grow up to 	fill 	the 	gap, 	this 

process 	is 	called gap-phase replacement 	(Watt, 1947). 	The 	floristic 

composition depends on 	gap 	size, with 	light 	demanding species 	occurring 

where 	gaps 	are large 	and the 	structural 	mosaic 	is 	coarse, 	and 

shade- to] eraters 	where 	gaps are 	small 	and 	the mosaic 	fine. 	Floristic 

fluctuation 	occurs where 	small gaps 	alternate 	in time 	with 	large 	ones. 

Thus, 	gap-forming processes drive 	the 	forest growth 	cyc!e 	and 

determine 	forest floristics. To 	the 	extent that 	gaps 	develop 

unpredictably 	there is 	an 	element 	of 	randomness in 	forest 	composition 

(Whitmore, 	1982). 

The microclimate of these forest openings thus plays an 

important role in stand management and regeneration (Richards 1952, 

Smith 1962, Lee 1978). The changes from a forest climate to that of 

an open area are most abrupt in the transition zone or forest edge 

but, except in very large gaps, the forest influence is detectable 

throughout the opening. According to Lee (1978) differences in 

microclimate with distance from the forest edge are of particular 

interest; the gradation of conditions is intimately associated with the 

relative size of the cleared area and its geometrical configuration. In 

a large clearing on level land, the potential period of direct-beam 

radiation at the forest edge depends on the angle of exposure 

(orientation of that angle and, to a less extent, latitude). 

So far, it has been noted that the environment above and below 

the canopy differs between large and small gaps. Conditions in a large 

gap are more like those outside the forest whilst in a small gap more 

like the forest interior. 

2.3 Microclimate under the canopy 

A dense forest canopy drastically modifies climate near the 

ground. The following are some of the effects as given by Lee (1978); 

1) Not all-wave radiation measured near the ground is usually less than 

that above the canopy by at least an order of magnitude during clear 

days. This difference is less at night. 
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Wind speed is modified less severely; under a closed canopy it may 

be only 207 of that observed above the forest, but in more open 

forest types it is greater than 507. 

The relative amount of precipitation that reaches the forest floor 

varies with both the interception (storage) capacity of the canopy and 

the intensity and duration of precipitation. On average, rainfall deficits 

under mature hardwood canopies may vary from less than 107 during 

the leafless period to more than 207 during the growing season; the 

average deficits are usually greater under coniferous types especially 

during the dormant season. 

During the periods when net all-wave radiation is positive, air 

temperatures near,  the forest floor are less than those at the top of 

the canopy; at night when net radiation is zero or negative, air near 

the forest floor is slightly warmer than it is above the canopy. 

Relative humidity (R.H.) near the ground exceeds that above the 

canopy during the day primarily because of the temperature 

differences; at night with virtualy isothermal conditions, higher relative 

humidities occur near the forest floor because the ambient vapour 

pressure is slightly greater at that level. 

All these factors are likely to influence regeneration and the 

growth of seedlings at the forest floor. However, it is generally held 

that the light climate exerts an over-riding effect. 

2.4 Light levels at the forest floor 

The amount of light 	reaching 	the 	forest 	floor 	depends on 	the 

density 	of vegetation foliage 	through 	which 	it 	passes. 	To 	facilitate 

description of 	the 	amount of 	light 	that 	reaches 	the 	floor 	of a 	plant 

community, Weisner (1907) 	introduced 	the 	notation 	of 'relative 

irradiance' expressed 	as the average 	percentage of the external light. 

Although the methods and equipments used by early workers to 

measure relative irradiance varied a lot and were not very accurate 
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there was a general similarity in the values that were measured and 

reported for the forest floor. 

Weisner 	(1895) 	in 	Java, using 	an 	actinometer, 	reported 	values 	of 

less 	than 	U. 	This 	value 	was also 	reported by 	McLean 	(1919) in 	the 

forests 	of 	South 	Brazil. 	AlIce (1926) 	at 	Barro Colorado 	Island 	in Panama 

reported 	values 	of 	37 	for 	dense 	shade. 	Carter (1934) 	in 	Mora forest 

of 	Guyana, 	BrUnig 	(1947) 	in 	Indonesia 	tropical moist 	forests 	and Cachan 

(1963) 	in 	South 	Ivory 	Coast tropical 	moist forests 	reported similar 

values 	to those of Weisner. 

In different tropical moist forests, Evans (1956) in Nigeria, 

Whitmore and Wong (1959) in Singapore and Schulz (1960) in Surinam 

reported values between 2 - SZ as did Bj&rkman and Ludlow (1972) in 

the sub- tropical forests of Southern Queensland, Australia. 

Synnott (1975) using a specialy constructed spectroradiometer 

reported for Budongo forest floor in Uganda, total irradiance of 

More reviews on this subject are given by Richards (1952) and Whitmore 

(1975). 	 - 

Furthermore, Longman and Jen(k (1974) reported that relative 

irradiance decreases according to the density of foliage down to 

approximately 257 in the middle and lower layer trees. It then drops 

to about 37 or lower in the dim layer, where values of under 17 have 

been repeatedly measured. 

In other stands of vegetation, Larcher (1980) reviewed work on 

boreal birch-spruce mixed forest, and Pine forests. Only 27 of the 

incident short-wave radiation reaches the floor of both forests. 

From these reviews, it is clear that the forest floor receives 

little quantity of light or photosynthetically active radiation (PAR). 

Probably the lower limit for existence of vascular plants lies not far 

below the range encountered in the dim-layer. 

To understand how plants under the influence of very low PAR 



grow, it is also important to characterise this light by its spectral 

distribution as it reaches the forest floor after successive screening 

effects by various foliage layers. 

2.5 Vegetational shadelight 

This is the light encountered within or beneath a vegetation 

canopy. It has two main components: 

Unfiltered daylight (direct sunlight, diffuse skylight or diffuse light 

from the clouds) which has passed through holes in the canopy. 

Filtered or attenuated daylight, the spectrum of which has been 

altered by the canopy through the process of absorption, reflection 

and transmission. 

This subject has recently been reviewed by Morgan and Smith 

(1981) and the most important aspect of shadelight is that it affects 

growth and development of plants found beneath the canopy where 

both quantity and quality of light have been altered. Climatic 

conditions have only a small effect on the spectrum of vegetational 

shadelight whilst vegetation structure and density have large effects 

(Morgan and Smith, 1981). 

Leaf canopies do not simply transmit light, but as is common 

with all other biological surfaces, leaves reflect short-wave radiation. 

The proportion of incident light reflected depends upon several 

parameters such as leaf angle (de Wit 1965, Duncan et al., 1967), leaf 

and cuticle thickness. Light passing through a leaf is not simply 

reduced in flux density, but also radically altered in terms of spectral 

quality, due to the action of various leaf pigmentS. The short-wave 

spectra for reflection and transmission of green leaves are largely a 

consequence Of absorption by chlorophylls (Woolley, 1971). 

Typical leaves transmit a small proportion of incident light in the 

green band around 550 nrn (1-207) but are otherwise effectively opaque 

in the visible range (400-700 nm). A dramatic change from opacity to 
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near transparency occurs about 700 	nm, so 	that 	transmited 	light 	has 	a 

very 	high 	far-red proportion. Detailed analyses 	of 	spectral 	energy 

distribution 	under leaf 	canopies are 	given by 	Holmes 	and 	Smith 	(1977). 

At this stage, it is necessary to consider the light which has 

passed through holes of the canopy and its contribution to the 

processes of growth and development of tree seedlings at the forest 

floor. 

2.5.1 	Sunflecks 

Sunflecks are a special case of vegetational shadelight in which 

direct sunlight breaks through a hole in the canopy. They are 

composed of direct sunlight, sunlight reflected from vegetation, diffuse 

skylight and vegetation-filtered diffuse skylight (Morgan and Smith, 

1981). Published spectra show that in the centre of all sun-Flecks, 

direct sunlight predominates (Yocum et al., 1964; Vezina and Boulter 

1966; Holmes and Smith 1977b). These patches of light caused by 

direct solar beam passing through the canopy gaps move in arcs as the 

sun changes position, the -Flux density being equal to or less than that 

of the direct solar beam in the open, depending on the proportion of 

the solar disk visible at that location. 

Tasker (1977) reported that the spectrum can vary considerably 

across a sun-Fleck, and at the periphery, the red to far-red (R/FR) 

ratio may be lower than in the ambient shade. With increasing gap 

size the spectral distribution tends towards that of daylight from a 

clear sky. Hence, a rapidly fluctuating light regime may occur. 

Photosynthetically active radiation (PAR) might vary over two orders of 

magnitude within a few minutes, and there-Fore photosystems require to 

be capable of harvesting very low -Flux densities of photons, but at 

the same time tolerate the high -Fluxes of sun-Flecks without 

photodestruction occuring. Woodward (1981) stressed that such high 

photon flux densities cause sudden variations in leaf temperature, 

leading to water stress. 

Several workers in TMFs have estimated the contribution of 
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sunflecks. This also means that the measurement of PAR must take 

account of such variability; Bjrkman and Ludlow (1972) showed that 

comparisons of total irradiance inside and outside the forest 

over-estimate the amount of PAR on the forest floor, 3 to 15 fold. 

However, the importance of this depletion is reduced by the large 

proportion of light reaching the ground in sunflecks. Light in sunflecks 

was calculated as 407 and 607 of the days total at the forest floor 

in two plots in Singapore, and 707 in Nigeria by Whitmore and Wong 

(1959) and Evans et al., (1960) respectively. In Queensland, Bj&kman and 

Ludlow (1972) showed that sunflecks contributed 10.57 of the energy 

between 300 and 2400 nm and 61Z of the quanta between 400 and 700 

nm reaching a plant on the forest floor whilst Synnott (1975) in 

Budongo forest estimated them to be at least 35-407 of total 

radiation. 

Recently, the light environment in the understory of a Hawaiian 

evergreen subtropical forest, was characterized using photosynthetic 

photon flux density sensors, and hemispherical "fish eye' photographs of 

the canopy (Pearcy 1983). He estimated that 407 of the total daily 

PAR reached the forest floor and was contributed by sunflecks. The 

understorey received 2.47 of the light reaching the top of the canopy. 

Nearly all the sun-Flecks had peak photon flux densities greater than 

250 pmol m2 s, but two-thirds were less than 0.5 minutes in 

duration. The number of minutes of sun-Flecks received per day at any 

site was highly variable depending on cloudiness and the overstory 

canopy structure. Growth of understory saplings studied was highly 

correlated with estimates of minutes of sun-Flecks. 

Other work 	reported earlier (e.g. Evans 1956; Evans et al., 

1960) provided only relative estimates of canopy transmission and were 

based on techniques that do not allow for determination of 

photosynthetically active radiation. The only study in which the photon 

flux density (PFD) available to plants in the understory of a tropical 

forest was measured (Bjô'rkman and Ludlow, 1972) showed that sun-Flecks 

were a major fraction of the available PFD and were responsible for a 

sizeable portion of daily CO2uptake by the forest floor plants. 
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Pearcy (1983) reported measured values of PFD in the shade 

under the canopy of Pahore Gulch forest (Hawaii) as ranging from 10-30 

pmol m 2 	but short duration sunflecks were relatively frequent. 

However, because of the complex kinetics, it is still dificult to 

determine the quantity of photons received during sunflecks of 

different length; but longer sunflecks certainly contribute a substantial 

fraction of the total PAR. 

2.5.2 Spectral distribution 

A 	striking aspect 	of spectral 	irradiance within 	the 	depth 	in 	a 

plant 	canopy 	is that 	occuring 	in 	the 	red 	and near 	infra-red 	parts 	of 

the 	spectrum 	(Ross, 	1975). In 	all 	vegetational shadelight spectra, 	there 

are 	large 	differences 	in 	attenuation 	between 	the 	far-red 	and 	the 

visible 	radiation (Morgan 	and Smith, 	1981). 	At the 	bottom 	of a dense 

canopy, 	spectral changes are greatest 	(McCree, 1981). 

Evans (1939) by means of a Weston cell and filters estimated the 

composition of the undergrowth light in a forest in Nigeria. He showed 

that there was a considerable increase in transmission of the forest 

canopy just beyond the red end of the visible spectrum. Richards 

(1952) pointed out that the light near the infra-red cannot possibly be 

used in photosynthesis since it is outside the range of absorption of 

chlorophylls. Whitmore (1965) in a study of light conditions in Equador, 

reported on the filtering effects on the light penetrating the ground 

vegetation, and remarked that this was likely to include a bigger 

fraction which has been reflected from or transmitted through the 

green plant leaves. This component is known to be rich in green, 

far-red and near infra-red wavelengths. Longman and ien(k (1974) 

noted that the screening and filtering effects of the tropical moist 

forest canopy must alter the spectral composition of the non-sunfleck 

light reaching the lower layers, which meant that relatively higher 

proportions of far-red and infra-red were transmitted through the 

canopy. Larcher (1980) stressed that beneath a canopy of leaves, a 

green shade prevails, and in the depth of a forest, only far-red and 

infra-red light remains. 
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The degree of shading by leaves may be described numerically by 

calculating the ratio of photon fluence rates in 10 nm band widths 

centered at 660 rim and 730 nm as has been measured by Sinclair and 

Lemon (1973); Holmes and Smith (1977b). These wavelength are 

important because they are the action maxima for the photoreceptor 

phytochrome 	(Morgan 	and 	Smith, 	1981) 	and 	this 	affects 

photomorphogenesis. Their ratio is usually denoted by symbol 4 (zeta), 

the ratio of photon flux density between 655 nm and 665 nm (red 

light) to that between 725 nm and 735 nm (far-red light): 

Photon flux density (655-665 nm) 

(zeta) = 

Photon flux density (725-735nm) 

The property which allows phytochrome to act as a light quality 

perceptor is its photochromicity, that is the capacity of phytochrome 

to exist in two photoconvertible, isomeric forms (Smith, 1981) according 

to the wavelength (A) of the photons (hv). Thus 

hv; Amax 660 nm 

P 

	

r 	 fr 
by; Amax 730 rim 

P 
r 	fr 

and P 	are phytochrome proportions ?n the red and far-red, 

they are relatively stable and the photoconversions pass through 

different, highly unstable, intermediate states in the two directions. 

According to Smith (1981) the absorption spectra of P 
11 

and Pf  overlap 

below 	730 nm, simultaneous photoconversion in both directions 

sometimes known as "cycling' 	occurs with broadband visible irradiation. 

At natural photon flux densities, photoequilibrium is rapidly achieved, 

and 	the proportions of 	P 
r 	 fr 

and P 	present at equilibrium are 

determined by the spectral photon distribution of the radiation. 

According to Smith (1973), "Since the extinction coefficients of P and 
r 

P 
fr 	

= are highest in the red ( max A 	660 nm) and far-red (Amax 730 

nm) wavebands, respectively, the proportions of P and Pf  present at 

equilibrium may be seen to reflect principally the relative amounts of 

red and far-red wavelength (hv) in the incident radiation'. Smith 
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(1973) presented the hypothesis that phytochrome acts as a perceptor 

of light quality in the red and far-red spectral regions. For the 

purpose of this study, a more descriptive abbreviation of zeta (P/FR) 

will be used. 

A recent and detailed account of the spectral properties of 

shade is one contained in 	papers by Smith (1981). He showed that on 

the shaded side of a hedgerow or a stand of vegetation there is a 

substantial drop in the R/FR ratio (Figure 2). Using specially 

constructed light quality cabinets he was able to demonstrate that 

R/FR ratios can be reduced experimentally to those found in natural 

plant communities. He obtained values ranging from 3.0 to 

approximately 0.2, covering most of the range found in nature. 

The characterization of shade by its R/FR ratio has stimulated 

much interest in recent years. Spence et al., (1971) calculated the 

values of R/FR for sunlight as 1.3 whilst Smith (1981) gave this value as 

approximately 1.2. 

Stoutjesdijk (1972) found no difference in R/FR ratio of the 

forest floor between the TMF he studied and various woodland types in 

the Netherlands. He concluded that under all canopy types, the values 

of R/FR ratio were low in a range o-f 0.2 to 0.4, compared to the 

much higher values for full sunlight. 

Most work has been done under temperate tree canopies and 

herbaceous plants as well as agricultural crops. Limited work has been 

reported for tropical moist canopies. In this study it has been 

assumed that the lower values of R/FR ratio reported for other tree 

canopies may be used to approximate those under TMF canopies. 

Morgan and Smith (1981) have summarized R/FR ratios for closed 

vegetational canopies and spectral variations as reported in the 

literature (Table 2). 

In this literature review, it has been shown that the possible 

sources of light for plants on the forest floor are sunflecks that pass 
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through the 	gaps 	in the 	canopy. 	Also 	the 	light climate 	at the 	forest 

floor 	is influenced by 	the 	canopy 	foliage 	resulting 	in changes 	in 

spectral properties especially 	the 	R/FR 	ratio. In 	the 	next chapter, 

evidence will 	be 	presented as 	to how 	the 	plants respond to shade, 	i.e. 

reduced photon 	flux density per se and 	reduced red/far-red ratio. 



35 

CHAPTER THREE 

RESPONSE TO SHADE 

There are several distinct types of plant reaction to shade. In 

brief, these reactions are 

The relationship between the rate of photosynthesis and photon flux 

density (PFD) is generally different for leaves that have developed in 

shade versus sun. Shade leaves display higher rates of photosynthesis at 

low photon flux densities. 

Leaves developed in shade are frequently thinner, so that the ratio 

of leaf area to loaf weight (specific loaf area) is higher. Hence, more 

light energy can be captured per unit leaf weight. 

The distribution of plant weight between aerial and subterranean 

plant parts is generally different for plants grown in shade - they 

often display relatively more shoot to root than plants grown at high 

PEDs. 

Internode extension is more in plants grown in shade than in plants 

of the same species grown at high PFDs. 

In addition to these -features, there are differences between the 

photosynthetic systems themselves; the most notable is that the light 

harvesting pigments differ in proportions of chlorophyll a to b. 

A distinction should be made between acclimation to shade and 

adaptation to shade. Acclimation is essentially a short term phenomenon 

in which development of new growth is affected by growing conditions. 

Adaptation on the other hand is generally used to convey an 

evolutionary process whereby some plants show specific, genetically 

determined features which confer fitness in a particular circumstance. 

Bjôrkman and Holmgren's study (1963) of sun and shade ecotypes clearly 

illustrates the difference between these phenomena. 



More recent work has suggested that the effect of shade on 

plant development is not simply the effect of a reduced photon flux 

density or a shortage of assimilate. Instead it seems to be coupled to 

the perception by the plant of the R/FR in the incident radiation. 

Perhaps the most important and recent work on this subject is by 

Smith (1981 1983) in which he showed that some of the features of 

adaptation to shade are produced even in bright light so long as the 

R/FR is similar to that found in the shade of leaf canopies. It is not 

at present clear whether all morphogenetic adaptations to shade are 

triggered by R/FR or merely by an overall reduced photon flux density. 

For forest trees of TMF, several different evolutionary responses 

to the varying light regime may be recognised, but are here 

conveniently reduced to three major categories: 

Light demanders, or obligate sun plant; 

Shade tolerators, or facultative sun/shade plants; 

Shade requirers, or obligate shade plants. 

Shade requiring, flowering plants are rare, although many lower plants 

may be in this category. This thesis is restricted to light demanders 

and shade tolerators especially tropical trees in their early stage of 

growth. Most analyses of plant response to shade have been carried 

out on temperate herbaceous species and very little is yet known 

about tropical timber species. 

3.1 Light demanders and shade tolerators 

Natural forests produce their own microclimates and below the 

main canopy there are many shade tolerant and light demanding shrubs, 

herbs, tree seedlings and saplings. The young stages of most of the 

forest trees, even large emergents, are capable of mere existence in 

the dim layer : there they may "sit" for years making little or no 

growth, waiting for the chance of an opening in the canopy through 

age or wind (Langdale-Brown et al., 1964). Within these forests, grasses 
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are of minor importance, and those that do occur are well adapted to 

shady existence. 

The trees of TMFs have been crudely divided into two groups 

depending on the type of seeds they produce, the way these seeds 

germinate, and the means whereby these seedlings become established 

(Gdmez-Pompa and Vzques-Ynes 1974). The first and largest group 

includes those tree species that germinate and produce successful 

seedlings only in the discontinuous and unstable habitat created in gaps 

of fallen trees (Vzques-Y'nes and Orozco-Segovia 1982) and they are 

called light demanders (Whitmore 1975). The second group includes 

those that regenerate in the shade of the TMF canopy and are called 

shade tolerators. 

Collectively, light demanders have been referred to in a variety 

of ways, including "biological nomads' (Van Steenis 1958), "Weed trees" 

(Corner 1954), or "pioneer species", appearing in open spaces before 

other species (Whitmore 1975, 1978, 1982), It is alleged that those 

species which require gaps for regeneration cannot grow up under their 

own shade, and both groups differ in several characteristics of seeds 

and seedlings (Whitmore 1975). 

Although species belonging to both groups have long been known 

to tropical foresters and ecologists (Troup 1921), the physiological basis 

of the differences between light demanding and shade tolerating 

species of TMF remains largely uninvestigated (Whitmore 1975). What is 

known, is that the light demanders produce very large amounts of small 

seeds which remain dormant under intact canopies, and germinate to 

become seedlings only when a sizeable light gap is formed (Whitmore 

1975, Vzques-Ya'nes and Smith 1982). Their seedlings show a rapid 

height growth soon after germination in the gap; this rapid height 

growth is thought to be an advantage in competition for light 

individuals falling behind become shaded and die, as these seedlings are 

incapable of living and growing under canopy shade-light (VIzques-Ynes 

and Smith 1982). Their wood is of low density and pale in colour. 

Example of these is balsa wood (Ochroma lagopus) which has the lightest 

known wood (Whitmore 1975). Wherever gaps occur in the TMF canopy, 
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communities of Fast growing, fight demanding species may become 

established (Lawton 1976). Onyeagocha (1962) described Sapoba forest in 

Nigeria and classified light demanders to include Triplochiton scieroxylon, 

Chiorophola excelsa and Terminalia ivorensis of the emergents. Other well 

known light demanders in West Africa include Hacaranga hurifolia, Trema 

guinesis and Musanga cecropioides. They tend to be short lived, and 

appear in the forest following a more or less extensive disturbance 

(Dosso et al., 1981). Human perturbation of forests has produced a 

huge increase in pioneer tree abundance (Va'zques-Ynes and Smith 1982). 

On the other hand, shade tolerant species are characterized as a 

class by large seeds with substantial food reserves. Synnott (1975) 

estimated the fat content of Entandrophragma utile and found 301. fat 

in seeds. These seeds have no or only a brief period of dormancy and 

viability (Richards, 1952) and are able to germinate in deep shade of 

the forest floor. The seedlings often persist, growing slowly or not at 

all, in the dense undergrowth shade, marking time till a gap occurs 

above them. Jones (1956) did a 17 enumeration of Akure forest in 

Nigeria and described seedlings of shade tolerant species as those which 

can survive for several seasons in fairly dense shade. The list includes 

Khaya ivorensis, Lovoa trichilioides, Gaurea, Cedrela and many others. He 

stressed that some of the middle and lower storey species are truly 

shade tolerant, limber of shade tolerant species is typically dense and 

dark e.g. Khaya senegalensis which is the heaviest of the African 

mahoganies (Irivine 1961). It is for their timber qualities that the 

shade tolerant species especially mahoganies have been prized in the 

timber trade, and this has led to their almost virtual extinction in 

some areas. 

Autecological characteristics of species belonging to both of 

these groups have been studied for many temperate zone species 

(Bourdeau and Laverick 1958; Loach 1967, 1970; Wallace and Dunn 1980) 

and were recently summarized by Bazzaz (1979). Comparatively little is 

known about the autecology of tropical tree species (Bazzaz and 

Pickett 1980; Mooney et al., 1980; Whitmore 1982). 
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3.2 Growth response to shade 

In general, two types of growth responses to shade have been 

widely recognised: 

Light demanders: extreme extension growth of stems and petioles, 

reduced branching (enhanced apical dominance), reduced leaf area, 

reduced leaf thickness, increased specific leaf area (SLA) due 

principally to the decrease in leaf thickness (Grime, 1966); 

Shade tolerators: little or no stimulation of extension growth 

(sometimes inhibition), increased leaf area, increased leaf 

thickness, increased SLA due to increased leaf area, increased 

chlorophyll content, and increased complexity of photosynthetic 

machinery (Grime 1966, Boardman 1971). 

These mod1cations are physiological responses to shade which are 

initiated whenever an individual plant, or part of a plant becomes 

shaded, and may continue for days or weeks (Smith, 1983). 

Limited work has been carried out on tropical plant species of 

agricultural importance such as coffee, cocoa, tea and bananas (e.g. 

Murray 1961; Murray and Nichols 1966). Murray and Nichols (1966) 

investigated cocoa yield in relation to shade, they stressed that "if 

mineral nutrition is poor, shade is necessary; as nutrition improves so 

does light requirement for yield increase 

Growth in response to shade has been investigated to a limited 

extent. For instance Nicholson (1960) investigated five dipterocarp 

species in Malaya: he showed that these species required shade for 

establishment, and later, they showed decreasing tolerance and 

responded to full light after about 18 months by rapid growth. 

Edmiston (1970) showed that Ormosia krugii was capable of carbon 

fixation at low PFD but developed faster at higher PFDs. Ampofo and 

Lawson (1972) showed that Afrormosia elata responded by overall growth 

in partial shade. 
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Wadsworth and Lawton (1968) remarked on the scarcity of 

information on growth rates of forest tree seedlings in shade. Okali 

(1971, 1972) responded by analysing rates of dry matter production of 

four West African forest tree seedlings : Chiorophola excelsa, Musanga 

cecropioides, Terminalia ivorensis and Ceiba pen tandra compared to 

Helianthus annuus. He found that only Ceiba pantandra had unusually 

high net assimilation rates in the experiment, which did not differ 

significantly from the value found for Helianthus. In relation to shade, 

he concluded that it was the woody habitat, not the differential 

adaptation to light that was mainly responsible for the lower growth 

rates of the woody plants when compared with Helianthus. Also, the 

high light requirement of the tree seedlings was consistent with their 

role as pioneers in regeneration of the natural West African TMFs. 

Fasehun and Audu (1980) compared growth in nursery grown seedlings of 

Grnelina arborea, Terminalia superba, Terminalia ivorensis and Chiorophola 

regia. They showed that net assimilation rate (NAR) for Terminalia 

ivorensis was similar in magnitude to those reported by Okali (1971) for 

this species )  also that NARs for four tropical hardwood species lie 

below or within the range of maximum values for woody species as was 

shown by Jarvis and Jarvis (1964). 

Synnott (1975) investigated the factors affecting the 

regeneration and growth of seedlings of Entandrophragma utile in 

Budongo forest. He showed that the seedlings were healthier when 

grown under at least some shade, and also that these seedlings grew 

more slowly under the forest canopy conditions compared to the 

nursery conditions. 

Fetcher et al., (1983) conducted an experiment with Heliocarpus 

appendicu!atus, a pioneer or large gap species of TMF in Costa Rica, and 

Dipteryx panamasis, a small gap species. Seedlings were grown in full 

sun, partial (807.) shade, and full (987.) shade. After one month of 

growth, they were switched between environments for two months. The 

result was that height growth of the light demander was affected by 

irradiance: being increased in response to full shade and decreased in 

full sun. The light demander also exhibited greater changes in leaf 

thickness, specific leaf weight, and stomatal density than did the shade 



41 

tolerator. Survival of Heliocarpus seedlings was only 497 in full shade, 

whereas Dipteryx had 1001 survival. 

3.2.1 Morphogenesis 

It has been known for some time (Blackman and Wilson 1951; 

Evans and Hughes 1961; Huxley 1967) that many plant species display 

surprisingly consistent relative growth rate (RGR) over a wide range of 

PFDs when they are grown from seed, and that this is achieved through 

adaptations in morphology (Corre 1983b). Van Dobben et a! (1981) 

confirmed this reaction in Phaseolus vu!gais. 

The major adaptation to shade is the formation of thinner leaves 

with a high water content, resulting in a higher SLA. Another,  

important adaptation is the decrease of the root weight ratio in 

shade. Mostly, the dry matter not used in the root growth will be 

distributed as stems and petioles, and not leaf blades, so this does not 

contribute indirectly by saving carbohydrates since root respiration in 

general exceeds stern respiration (Corre' 1983a). On a unit weight basis 

the leaf weight ratio can remain constant over a wide range of PFDs. 

Increasing SLA combined with a generally equal leaf weight ratio 

(IWR) leads to an increase in leaf area ratio (LAR) and this relative 

increase in leaf area can compensate, at least partially, for a lower 

photosynthetic rate per unit of area. It seems possible that shade 

species do better in this respect than sun species. Blackman and 

Wilson (1951) suggested that the shade plants should be defined as "a 

species which a reduction in light intensity causes a rapid rise in leaf 

area ratio from an initial low value in full sunlight", but this definition 

has never been confirmed (Corre' 1983a) and is even contradicted by 

Grime (1965) who supposes that many sun plants even show a more 

pronounced adaptation to low PFD than shade plants do. This is 

supported by the experiment of Loach (1970) who found a great 

adaptation of the LAR in LLriociendron tulipiFera than in three shade 

tolerant tree species. Loach also cited examples of several shade 

tolerant tree species which showed such less adaptation in terms of 

leaf thickness than non-tolerant species did. On the other hand there 
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are examples of sun species that do not show a good adaptation to a 

low PFD such as Helianthus annuus (Hiroi and Monsi 1953). Loach (1973) 

found a small increase in LWR in shade tolerant Fugus grandifo!ia. 

3.2.2 Photosynthesis and respiration responses in relation to shade 

Various authors have compared photosynthesis in sun and shade 

species or ecotypes. For instance, photosynthesis per unit leaf area at 

high PFDs was appreciably lower in shade adapted ecotypes of Solidago 

virgaurea (Bj(5rkman and Holmgren 1953), Rumex acetosa (Bj&kman and 

Holmgren 1956) and Solanurn dulcamara (Gauhl 1976) which had been 

grown at high PFD, than it was in the sun adapted ecotypes grown at 

the same PFD. On the other hand, the initial slope of the light 

response curve of plants grown at low PFD was somewhat steeper in 

the shade adapted ecotypes, at least in Solidago virgaurea (Bjrkman 

and Holmgren 1963), but there was no significant difference in light 

compensation points, not,  in dark respiration. Besides, a comparison of 

other herbaceous species, like Plantago lanceolata and Lamiurn galeobdolon 

(Bj6rkman and Holmgren 1966); Calendula officinalis and Impatiens 

parviflora (Greon 1973); and Cirsiurn palustre and Geum urbarlum (Pons 

1977), did not show these differences. Greon and Pons concluded that 

it is not possible to explain the absence of sun plants in shaded 

habitats in terms of efficiency of utilization of light energy. 

In Phaseolus vulgaris, Crookston et al., (1975) undertook to 

determine more clearly the nature of photosynthetic reduction in 

leaves grown at low PFD. The cultivars were grown at PFDs near 

-2 	-1 photosynthetic saturation for beans (390 imol m s ) and also at 

fluxes commonly found in the lower regions of field canopies (55 Jmol 

m2 41 
in the 400-700 nm waveband of PAR). They found that the 

magnitude of photosynthetic reduction due to shading averaged 387. 

Another possible difference between sun and shade plants lies in 

the rate of respiration at very low PFDs. Mohmoud and Grime (1974) 

found that Oeschampsia flexuosa, Festuca ovina and Agrostis tenuis (in 

order,  of decreasing shade tolerance) have only negligible differences in 

light compensation points and in net photosynthesis, based on whole 



43 

plant 	dry 	weights, 	at 	low 	PFD. 	However, 	at PFDs 	less than the 

compensation 	point, 	the 	respiration 	losses, calculated 	from weight losses 

of 	whole 	plant 	during 	a 	period 	of 	four weeks, differed widely: the 

most 	shade 	tolerant 	species 	showing 	the smallest 	losses. The same 

phenomenon 	was 	reported 	by 	Willmot 	and Moore (1973) 	in Si/erie a/ba 

and 	S. 	dioica 	grown 	at high 	and 	low 	PFD, where the 	shade tolerant 	S. 

clioica 	showed 	the smallest 	dark 	respiration rate. 

In tree seedlings, Loach (1967) found much higher respiration 

losses in Populus tremu!a grown at low PFD than in some shade tolerant 

trees and Hutchinson (1967) showed that seedlings Of shade tolerant 

plant species could survive in absolute darkness much longer than sun 

species could, which also points to differences in respiration. Moreover, 

a low respiration rate may lead to the maintenance of a higher soluble 

carbohydrate content, which gives the plant a higher resistance to 

fungal attack, a very important cause of death in shaded habitats 

(Hutchinson 1967, Vaartaja 1962). 

There is limited work on tropical tree seedlings in this respect 

such as Fasehun and Audu (1980), Osonubi and Davies (1980), Robichaux 

and Pearcy (1980), Bazzaz and Carlson (1982), Pearcy and Calkin (1983) 

and Ladipo et al., (1984); this will be discussed in detail in later 

chapters. It should be pointed out that the variability in the energy 

environment in TMF is related mainly to the amount of energy received 

at the top of the canopy, its attenuation by the vegetation and the 

way in which it is dispersed. The degree of flexibility of different 

species to acclimate to the light conditions at the forest floor must 

itself be related to the level of environmental variation of the habitat 

in which the species are normally found. 

3.3 Response to R/FR ratio 

As discussed in the previous chapter (Chapter 2), the shade under 

canopy leaves is characterized by a reduction in the red/far-red ratio 

(R/FR). Plants appear to detect shade by reference to the state of 

phytochrome, a molecule which changes its state according to R/FR. 

Many responses to shade are known to be initiated by R/FR. The 
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discovery of the red-far red reaction was first made by Borthwick et 

a! t1952) working on germination of lettuce seeds. Since then numerous 

other processes have been found to be controlled by light quality in a 

similar way. 

Morgan and Smith (1981) discussed several methods of simulation 

of naturally occurring changes in R/FR ratio for studies in controlled 

environments of the effects of twilight and vegetational shade. They 

pointed out that the simplest and most unsatisfactory method is to 

compare the effects of white fluorescent light alone (R/FR 3-6) with 

those of either incadescent light, or incadescent light alone (R/FR 0.7-

0.8). They stressed that fluorescent light does not simulate daylight 

well, whilst light from tungsten filament lamps is only equivalent to 

very sparse shade. This is because in terrestrial environments the 

highest R/FR ratio is found in daylight (R/FR 	1.2); R/FR ratios in 

shade and twilight are lower (Section 2.5.2). Vzques-Ynes and Smith 

(1982) referred to R/FR values measured in the rainforest of Los 

Tuxtias, Mexico using a field spectroradiometer, of 0.3 to less than 

0.02 in dense forest parts. Consequently Morgan and Smith (1981) 

advised that the problems associated with simulation of R/FR ratio in 

controlled environment can be partially overcome if fluorescent light is 

used as a background white light source for a constant spectrum and 

fluence rates of PAR, and far-red light (>700 nm) is added from either 

incadescent light as was achieved by Heathcote et a!; (1979) or using 

far-red emitting fluorescent tubes (Dietzer et al., 1979). However, full 

simulation of spectral photon distribution of natural radiation poses 

major technical problems, and has yet to be achieved (Morgan and 

Smith, 1981). 

3.3.1 Seed germination 

The influence of shade on the germination Of seeds in tropical 

ecosystems requires study, but is outside the scope of this present 

work. However, a brief review on this subject would serve a useful 

purpose in the understanding of the seedling response to R/FR in later 

chapters. 
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It is now well established that seed germination in some species 

is affected by the presence or absence of light as discussed by Mayer 

and PoIjakof-Mayber (1963). For instance, Black (1969) reported on work 

over a century ago where 	 over 600 species of seed were 

stated to be light sensitive, and it was the subsequent use of light 

sensitive lettuce seeds that led to the discovery of the phytochrome 

system (Borthwick et a! 1952). Following these basic discoveries, 

research was intensified and it has become apparent that the operation 

of phytochrome in seeds is very complex. In some species there exists 

light sensitized germination known as positive photoblastic (germination 

promoted by white light), and other species have dormancy mechanisms 

based on light quality especially the R/FR ratio acting through the 

phytochrome system. 

The increased far-red/red ratio under forest and other 

vegetation canopies relative to that in the open inhibits germination in 

some species (Taylorson and Borthwick, 1969). This possibly suggests 

that in nature, phytochrome may act to detect exposure to light 

thereby inhibiting germination in seeds shaded by vegetation, allowing 

germination when the vegetation is cleared or burned. However, seeds 

of many species show large variability in their germination behaviour. 

Of special interest to this study is work on TMF species. 

V'zques- 	Yth,es 	(1980) 	observed 	that 	germination 	of 	two 

shade-intolerant species was inhibited by the shade-light of rainforest 

canopy whilst germination was fully promoted when the shade-light was 

filtered through a red narrow band-pass filter. In another experiment, 

Vzques-Ynes and Smith (1982) studied germination under simulated 

natural light spectra in four growth chambers in which PAR was kept 

constant at. 40 prnol m2 1 
whilst R/FR ratio was varied from 0.2, 

0.23, 0.58 and 2.3 using a gamma spectroradiometer. They found that 

germination of Cecropia obtusifolia and Piper-  auritum was also under 

photocontrol. C. obtusifo!ia germinated more slowly under low R/FR, but 

with sufficient time most seeds germinated in all chambers. For P. 

au,-ifurn the effect of low R/FR was more drastic and some of the seed 

samples remained dormant under simulated dense canopies. 



The conclusion from this experiment was that germination was 

triggered when R/FR ratio of the incident light increased due to a 

reduction of the green canopy density and exposure to simulated light 

canopies retarded and reduced germination in both species. Also, 

experiments with alternate red and far-red light treatments indicated 

need for longer periods of exposure to red light for germination. 

Subsequently, these reactions were related to the ecology of seeds in 

natural habitat. The seeds of both C. obtusifolia and P. auriturn can 

remain dormant in darkness or soil for more than a year possibly 

waiting for a light gap to form in the canopy. However, the 

probability of a light gap forming in any one place was about 17 per 

100 years in the places Whitmore (1978) studied. 

Va'zques-YInes and Smith (1982) also stressed that changes in 

light quality seem to be the only controlling mechanism acting in 

natural conditions in relation to light gap formation, and indeed the 

most efficient one because it permits germination to be timed 

precisely with gap formation when plants of many species may compete 

for establishment in a new open space. The fact that long periods of 

continuous intermittent red light treatment were needed for both 

species to initiate germination may possibly be related to the ability of 

the seeds to determine the size of the gap, and to differentiate it 

from a normal sunfleck reaching the soil on the forest floor. Thus a 

small light gap, or a sun fleck will give a short period of unfiltered 

light exposure to the soil (and therefore a high R/FR) but soon the 

filtered light (low R/FR) will re-impose dormancy. On the other hand, a 

large gap will permit a long period of unfiltered light exposure (high 

R/FR) on consecutive days with a much shorter period Of filtered (low 

R/FR) light. However, Morgan and Smith (1981) pointed out that such 

light sensitive germination does not necessarily explain their natural 

distribution although it is highly suggestive. In another experiment 

Va'zquez-Ynes and Orozco-Segovia (1982) showed that the tropical 

forest pioneer tree He!iocarpus donnell-smithii establishes only in the 

light gaps of the forest canopy. They showed that germination 

increased if temperature rises were above 31 °C, although the 

mechanism triggering germination is related to light quality. 
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3.3.2 Photomorphogenesis 

3.3.2.1 Stem extension 

There is virtually no published work on the effects of R/FR ratio 

on growth of tropical tree seedlings. This review is based on 

observations on crop and herbaceous temperate plant species. 

Downs et al., (1957) were the first to demonstrate R/FR 

reversible control of stem development in light grown plants. A five 

minutes exposure to far-red light, at the end of an eight hour white 

(fluorescent) light photoperiod, increased internode extension up to 

4007 in a range of bean (PhaseoLus vulgaris) varieties, sunflower 

(Helianthus annuus) and morning glory (Ipomea hederacea). When far- red 

light was immediately followed by five minutes red light, the effect 

was fully reversed. Similar observations have been reported many times 

in more species. In wild plants the extension response has clear 

ecological correlations: aggressive ruderal herbs appear to have a strong 

response whilst woodland herbs have almost no response at all (Smith 

1981). 

This 	subject has 	recently been 	reviewed 	by Morgan 	and 	Smith 

(1981) 	who 	pointed out 	that 	it was 	unfortunate that 	most 	of 	the 

species 	studied were crop 	plants, and 	lamp 	combinations used 	produced 

a 	range 	of 	R/FR 	most 	of 	which is 	not 	found 	in terrestrial 	nature. 

They 	also 	stressed that 	there was 	evidence 	to suggest 	that 	the 

response to R/FR of simulated 	shade might change with 	plant age. 

3.3.2.2 Apical dominance 

Closely related to stem extension growth is apical dominance. 

Many field observations have shown that plants growing in open habitats 

branch profusely; whilst shaded plants may show complete apical 

dominance (Bogorad and Mcllrath 1960; Kasperbauer 1971; Tucker and 

Mansfield 1972, and resume' by Longman and Jenrk 1974). In controlled 

environments, R/FR ratio has been found to exert a remarkable degree 

of control over this response, but there have been no reports in 



realistic shade simulation. Fitter and Hay (1981) remarked that 

sustained extension growth might be important for canopy tree 

seedlings. 

3.3.2.3 Leaf morphology 

The effects of R/FR ratio on leaf thickness or specific leaf area 

(SLA) is not yet clear (Corre' 1983b). Thinner leaves under a low R/FR 

ratio were reported by Holmes and Smith (1977c), McLaren and Smith 

(1978) and Kasperbauer (1971), but no effects were found by Morgan 

and Smith (1981b). Fitter and Ashmore (1974) found a lower SLA in 

artificial shade in Veronica persica than in Veronica montana, but a 

much higher specific leaf area in an experiment with natural shade. 

3.3.3 Photosynthesis and respiration 

Much less is known about possible involvement of phytochrome in 

the development of the structural and biophysical characteristics of 

photosynthesis or respiration. Most experiments have used artificial 

shade, and very little is known about any influence R/FR ratio might 

have (Corre' 1983b). However, Bj6rkman (1973) suggested that quanta 

above 700 nm may be important in he photosynthesis of extreme 

shade plants, and McCree (1981) estimated that the region above above 

700 nrn might account for as much as 77 of the total quantum flux 

density available for photosynthesis by shade leaves inside of a tree 

canopy. Since virtually nothing is known about the photosynthetic 

action spectra of TMF plants, it is still impossible to determine how 

important the quanta of radiation beyond 700 nm might be for 

photosynthesis. Besides this is outside the range of absorption by 

chlorophyll. 

Kasperbauer and Peaslee (1973) found that in tobacco, a short 

red or far-red illumination at the end of the light period did not 

have any influence on the subsequent photosynthetic rate on the basis 

of leaf area, although there was a marked difference in morphology, 

for example leaf thickness. To date, no evidence is available on the 

possible effects of long-term illuminations with light of a low R/FR 

ratio. 
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In a range of herbaceous sun and shade plants Plantago major, 

Galinsoga parviflora, Ur tic,a urensis, Polygonum /apathofolium, Urtica die/ca, 

Circaea Iutetiana, Geum urbanum, Impatiens parvif/ora, Scrophu/aria nodosa 

and Stachys sy/vatica) grown under two R/FR ratios; Corre' (1983) found 

that full photosynthetic capacity was reached at about 11+ 0 pmol m 2  

in all the species and tended to be higher in sun species. It was 

also lower in plants grown under a tow R/FR ratio, except for Urtica 

urensis, in which it was slightly higher. The photosynthetic efficiency 

varied appreciably with species; he reported that the efficiency was 

not influenced by the ratio except Plantago major, where it was tower 

in plants grown under a low R/FR ratio. He then suggested that this 

was probably because the leaves grew more upright under low P/FR 

ratio. 

On the other hand, there is evidence that respiration can be 

influenced by the R/FR ratio. Leopold nd Guernsey (1954) found that 

under red light, dark respiration decreased in the oat mesocotyl and 

the pea stem, and that there was a concomitant decrease in cell 

extension, whereas under,  far-red light, dark respiration and cell 

extension increased. Moreover, in red light dark respiration in leaves of 

barley (a long-day plant) increased, but in leaves of Xanthium commune 

and Soybean (both short-day plants) it decreased; far-red tight had the 

opposite effect. Hock and Mohr (1964) found that dark respiration in 

leaves of S/nap is a/ba was stimulated under both red and far-red light. 

The increase was larger under far-red light after a short illumination, 

and even larger when illumination exceeded approximately ten hours. 

Although not indisputable, it seems reasonable to suppose that 

the R/FR ratio has no direct effects on respiration rates, but only 

indirect effects through its influence on energy-demanding processes, 

such as stem elongation (Corre 1983). 
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3.4 Others 

Apart from phytochrome, there is one other known 

photoreceptor which is concerned with photomorphogenesjs. It is a 

blue light receptor sometimes called cryptochrorne. This receptor shows 

no photoreversibility as it exists in only one form. Smith (1981) argues 

that it could not therefore have a role in detecting vegetational 

shade. Besides, the blue light receptor absorbs in ultraviolet and blue 

wavelengths that do not have a photoreversible effect, and 

furthermore the ultraviolet Q-ffec-e is small, because of attentuation 

by atmospheric ozone (Morgan and Smith 1981a). The blue light 

receptor could only be useful in detecting the light quantity not the 

quality of light because in nature, changes in light quality never occur 

without simultaneous changes in light quantity (Smith 1983). The 

naturally occuring spectra can only be resolved with a combination of 

two photoreceptors - one for light quality and the other for light 

quantity (Morgan and Smith 1981). 

It does however appear that the blue light receptor has a role 

in seedling development, especially in the hypocotyl elongation (Morgan 

and Smith, 1981). Chlorophyll is presumed to have only indirect effects 

on morphogenesis via energy transduction (Morgan and Smith, 1981a ). 

Morgan and Smith (1981) have summarized some of the other 

photomorphogenic changes shown by plants in response to an increase in 

the proportion of far-red light in incident radiation as shown in Table 

3 below: 

It is clear that an influence of R/FR can he demonstrated on a 

wide range of plant responses. 
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CHAPTER FOUR 

CHOICE OF THE SPECIES 

As mentioned in the previous chapter, the widest possible range 

of shade tolerating and light demanding species were considered. The 

light demanders included Maesopsis eminii that is currently being used 

for enrichment planting in Mabira forest of Uganda, Chiorophora excelsa, 

Nuc!ea diderrichil, Triplochiton scieroxylon, Terminalia superba and 

Terminalia ivorensis. The shade tolerant species included Entandrophragma 

angolense, Khaya ivorensis and Khaya senega/ensis. The light demanding 

sedge Cyperus papyrus was selected to contrast with the tree species. 

However, the choice depended on the availability of viable seed as 

reported in Chapter 7. 

Eventually the list of tree species was reduced to only two: 

Terminalia ivorensis and Khaya senegalensis, both important timber tree 

species and currently being considered for further plantation forestry 

in West Africa. 

In this chapter, a brief description of the ecological 

characteristics of the species is presented. 

4.1 Terminalia ivorensis A. Chev (Combretaceae) 

Terminalia ivorensis is a well known West African tree as 

described by Lamb and Ntima (1971). Much work has also been advanced 

on the species characteristics (Longman and Jenik 1974) and its 

performance in plantation monoculture in Nigeria under the auspices of 

the West African Hardwood Improvement Project (Howland and Bowen, 

1977). 

This species is known to occur at various localities throughout 

the tropical moist forest and seasonal forest zones in West Africa 

from Guinea through Sierra-Leone, Liberia, Ivory Coast, Ghana, Nigeria to 

the Cameroons in Central Africa (Kennedy, 1936). 
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Habitat conditions as detailed by Lamb and Ntima (1971) can be 

summarized as follows: 

Rainfall: For optimum development, T. ivorensis requires high, well 

distributed rainfall above 1270 mm per annum. It is not drought 

resistant when young and is easily killed by drought within a few weeks 

of planting. However, its deciduouS nature protects it in seasonal 

climates. 

Temperature: Mean annual temperature in the tropical lowland 

fluctuates between 20 °C and 33 °C; within this range. T. ivorensis can 

be successfully grown. 

Humidity: Relative humidity seldom falls below SOZ during the dry 

season in its natural habitat. At air temperature of 30 °C this implies 

a saturation vapour pressure deficit (SVPD) of 2.1 kPa (21 mbar). 

Altitude 	: 	T. ivorensis 	is a 	species 	mainly 	of 	low 	altitude, 	although 

it may be found growing at higher 	altitudes. 	In 	Ghana 	it 	grows up 	to 

610 m 	while in 	Cameroon it can 	be found 	as high as 	1219 	m above 	sea 

level. 	In 	Uganda it 	has 	been included 	in 	a 	species 	trial 	in 	Kibale 	at 	an 

altitude 	of 	1524 m, but it has not 	grown well. 	Elsewhere in Uganda 	at 

altitudes 	between 700 	- 1200 m, 	it shows considerable 	promise on 	moist 

fertile 	soils. 	In general, it 	is a species 	likely to do best 	below 	1200 	m 

above sea 	level. 

Edahic factors: Upland lateric barns in Sierra-leone, well drained 

barns in Ghana, sandy boams in Western Nigeria, clay boams in Tanzania 

(Willan 1966) and volcanic soils of British Solomon Islands (Leggate 1966) 

are most suitable soils for T. ivorensis. It is very sensitive to water 

logging, and does not do well in valley bottoms subject to long periods 

of innudation. 

Shade: T. ivorensis is a light demander and does not tolerate shade 

after germination (Lamb and Ntima, 1971). It is often found in the 

tropical moist forest conditions, but it is predominantly a tree of the 

seasonal forest zones; and is found mixed with T. superba where it 
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shows some of the latter's characteristics, being a strong (aggressive) 

light demander and a good colonizer of abandoned farms. It is an 

emergent of the upper storey of the seasonal forest. Because of its 

nature as a light demander, its distribution may reflect on the density 

of 	shade in the high forest. 	Bernard- Reverset (1978), classified T. 

ivorensis as a dense forest species. However in Nigerian seasonal forests 

of Ala and Akure-Afuso, densities of 0.14 stems/ha and in less deciduous 

forest of Idanie and Oluwa, densities of 0.0032 stems/ha were recorded 

(Mac Gregor 1934): an indication Of the contribution of T. ivorensis to 

the canopy, besides the influence by man. In Ivory Coast, it is said to 

be abundant in the secondary and primary forests in deciduous forest 

zone especialy in the transition to the moist forests. It also occurs in 

those parts deforested by shifting cultivation. In Ghana, it occurs with 

T. superba, Celtis spp. and Triplochiton scleroxylon whilst in Sierra-Leone 

it is characteristic of secondary forest. Natural regeneration is fairly 

good and most frequently met with where there is ample light such as 

a gap in the forest canopy or in areas cleared for farms. 

4.2 Khaya senegalensis (Desr) A. Juts 

This species belongs to the family He!iaceae and is often referred 

to as the African Mahogany by timber merchants. Irvine (1961) 

reported that it is the heaviest of African mahoganies and was first 

known and exported from Gambia over a century ago. The name 

mahogany (Maogani) was applied to this tree in 1763 by Adamson in 

reference to a tree in Senegal. Later, a French botanist Desrousseaux 

1789 gave it the name Swietenia senegalensis because of its close 

resemblance to Swietenia mahogani. When Adrien de Jussieur in 1830 

described the genus Khaya, he transferred Swietenia mahogani (Desr), 

giving the name Khaya senegalensis. African mahogany (Khaya spp) 

reached Liverpool as early as 1835 (Lamb 1966). 

Khaya senegalensis has a wide geographical distribution 	from 

Senegal in the West through Gambia, Upper Volta, Guinea Bissau, Guinea, 

Sierra-Leone, Ivory Coast, Dahomey, Niger, Northern and Southern 

Nigeria, through North-Central Africa to Sudan and Uganda in East 

A fr-i ca. 
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It is a common and well known dry-zone mahogany. It occurs in 

tropical moist forests as well as savanna. Its best habitat is the banks 

of streams (riverline species). Its soils and water requirements are 

comparatively modest and any little valley or moist hollow is sufficient. 

Kennedy (1936) referred to this species as probably the largest tree 

of the savanna regions. It is known to be gregarious and to form 

wide spreading crowns in the open (Kennedy 1936, Irvine 1961). Like 

most other savanna species, it is deciduous (Eggeling 1940). 

Natural regeneration is poor and root suckers were the main 

methods of reproduction (Kennedy 1936). 

Richards (1952) describing the genus Khaya pointed out that 

Khaya species are found both in closed forest and savanna: Khaya 

ivorensis and Khaya ant hot heca in evergreen forest, Khaya grandifoliola in 

the dry forest and Khaya senegalensis in the savannas. He stressed that 

"these 'vicarious species should be regarded as ecotypes". 

In relation to shade, the closely related Khaya ivorensis is a well 

known shade tolerator. Information on Khaya senegalensis is less 

definite on this point, but since the species is a constituent of the 

woodland savanna climax, it can be presumed that its seedlings are also 

shade tolerant. Its possession of dense wood and large seeds is a 

further indication that this species is a shade tolerator, and in this 

respect it contrasts with Terminalia ivorensis. 

4.3 Cyperus papyrus L.. Family Cyperaceae 

Cyperus papyrus is a large aquatic sedge with stems (cuims) up 

to 5 metres high (Gaudet 1977). Recent research indicates that papyrus 

is among the most productive plants in the world. In general, the 

swamps at higher altitudes, near the upper limit Of papyrus of about 

2000 m have the highest biomass; these higher altitude swamps such as 

those of Lakes Naivasha and Bunyonyi may be able to maintain large 

amounts of standing vegetation because the lower temperatures at high 

altitudes reduce the loss of carbon through respiration. As 

temperature falls, the rate of respiration declines more rapidly than 
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the 	rate 	of 	photosynthesis 	so 	that 	the 	plant ends 	up with a 	carbon 

balance 	which 	is 	more 	positive. 	C. 	papyrus 	will regrow rapidly after 	it 

has been harvested and 	can 	probably regain 	its original biomass within 	9 

months 	to 	a 	year 	in 	most 	cases 	(Jones 	1983a). 	This would 	mean 	that 

the annual 	production of the 	most productive swamps is 	about 30 	t/ha, 

a 	value 	that 	compares 	very 	favourably 	with forests as 	a 	source of 

biomass. 

Other special features of papyrus are: 

Like many tropical grasses, it displays C4 photosynthesis (see 

Downton 1975, Jones and Milburn, 1978). 

The roots of papyrus harbour nitrogen fixing organisms which 

provide nitrogen in a form that the plant can take up as nutrient. 

Its roots are found in anoxic environments; but, the plant has 

overcome this by developing a system of large inter-connecting spaces 

between the cells, through which oxygen can diffuse. 

The cuims are green and photosynthetic. 

Cyperus papyrus has a very restricted distribution and ;s native 

only to the African continent, Madagascar and Israel (Weber 1942, 

Thompson 1976a). Most papyrus swamps are now concentrated in Eastern 

and Central Africa. 

The most extensive papyrus swamps are associated with large 

shallow lake systems, and the Upemba swamps in Southern Zaire are one 

of the examples of this type (Thompson 1976b). The rest are in the 

Upper Nile swamps and are better known as the Sudd or floating mats 

where papyrus forms a virtual monoculture of over one million hectares 

(Rz~ska 1974, Thompson et al., 1979); Lake Naivasha in Kenya (Gaudet 

1975, 1977); the Victoria basin (Lind and Visser 1962, Gaudet 1977); Lake 

Kyoga and the lakes of South West Uganda including Lake Bunyonyi 

(Denny 1973), Lake George, and all the major river banks in Uganda such 

as Katonga, Kafu and Kagera and of course the Nile. 
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In other parts of Africa, it is found in Rwanda and Burundi 

(Jones 1983a), Lake Chad, in the North and as far South as the 

Okovango swamps in Botswana. Little information is available for West 

and Southern Africa. 

The papyrus plant is of historical interest 	it was an important 

multi-use material (food, boats, mats, etc.) in ancient Egypt. It is 

best known as one of the earliest (3000 B.C.) writing surfaces of 

ancient Egyptians, Greeks and Romans (Weber 1942, Hepper 1978, 

McGovern 1981 and Jones 1983a). Papyrus is the origin of the modern 

word paper, which is derived from the Greek name for the plant 

ayros, and the Greeks called the pith from which paper is made, 

biblos a term later applied to all books and, subsequently the Bible 

(Hepper 1978). Ancient paper from papyrus was made by overlapping 

and cross-laminating strips of the pith and pressing to dryness to form 

a mat with a lattice structure (McGovern, 1981). However, its use was 

abandoned in favour of parchment and vellum both made from animal 

skins because of its liability to decay (Hepper 1978, Jones 1983a). At 

the time papyrus grew abundantly along the Nile and was cultivated 

along its banks by the Egyptians until the pressure to use the fertile 

swamp soils for other crops was so intense that it was cleared and 

eventually almost completely disappeared from Egypt (Jones 1983a). 

However, as wood pulp becomes increasingly expensive and hard to 

obtain, manufacturers are now turning to other materials. It is a 

historical oddity, therefore, that pulped papyrus is now being 

considered a suitable alternative, nearly 2000 years after its use was 

abandoned (Hepper 1978). Also, technology originally designed to convert 

peat into an efficient solid fuel in Ireland may soon be turning vast 

African swamps of papyrus into vital fuel for hard pressed Third World 

countries that are fortunate enough to have this resource. According 

to Jones (1983a) "our increased knowledge of papyrus has come at a 

time when we have become acutely aware of the 'other energy crisis' 

particularly in Central Asia and Africa". This crisis is due to the rapid 

disappearance of Tropical forests (Chapter 1, section 1.2) as a major 

source of fuel, either burned as wood or converted to charcoal, the 

main source of energy in much of urban Africa (Jones 1983a). So 
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papyrus, which in many cases grows on peat, is an obvious alternative, 

in form of briquettes with a density slightly greater than that of 

wood. 

The presence of vast amounts of papyrus in some parts of 

Uganda and Madagascar where the present rate of forest conversion to 

other uses has been estimated at twice the world average total 

(Jackson 1983) is a blessing in disguise. These countries should consider 

seriously, reducing pressure on the remaining TMFs by embarking on 

alternative resources such as the proposed papyrus briquettes (Jones 

1983a) through scientific managemnt of papyrus swamps. 
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CHAPTER 5 

THE EFFECT OF SHADE ON GROWTH: 

A PRELIMINARY GLASSHOUSE EXPERIMENT. 

In Chapter three, it was reported that the response to shade is 

generally different for plants found in open habitats compared to 

those found in shaded habitats. So far, it has been pointed out that 

the differences between light demanding and shade tolerating tropical 

tree species remains largely uninvestigated. It was also pointed out in 

Chapter Four that Termirialia ivorensis and Khaya senegalensis belong to 

the two contrasting groups above. 

In this chapter, a preliminary investigation is reported, it was 

carried out on the above species to assess their response to simulated 

shade in the glasshouse. It was necessary to investigate these species 

to assess whether they behaved differently under similar conditions, and 

also to assess whether there actually exist differences in response to 

shade. Different water r9(ms were also included in the experiment to 

examine the possibility that these species might differ also in relation 

to flooding tolerance (flooding is frequently a problem in establishing 

tree seedlings in wetter places e.g. lake shore regions of Lake Victoria 

in Uganda). However, flooding proved to be of only minor importance in 

these short term experiments. 

Thereafter, the observed responses to shade were further 

investigated in a more closely controlled envirionment as will be 

presented in later chapters. 

5.1 Materials and Methods 

5.1.1 Design of shade screens and the light regime under them 

It is now well recognised that forest shade is characterized by 

reduced photon flux density of photosynthetically active radiation (PAR) 

and low R/FR ratio. In this experiment, no attempt was made to 

separate these two factors, but care was taken to ensure that an 



appropriate reduction in R/FR ratio did accompany the reduction in PAR. 

To 	simulate 	forest shade, 	a 	range 	of 	green 	celluloid filters 

(Northern 	Light, 	Edinburgh) Cinemoid 	21, 	22, 	23, 24, 	38, 	77, and 	BBC 

green 	was 	chosen 	and 	tested across 	the 	broad waveband 	400-750 	nm 

using 	a 	standard 	laboratory spectrophotometer (Pye 	Llnicam SP800, 

Cambridge) 	and 	at 	specific wavelengths 	660 	nm and 	730 	nm using 	a 

Quantum 	Spectroradiometer (QSM-2500, 	Techtum Instruments, Sweden). 

In 	the 	latter 	case, 	the filter 	was 	simply 	interposed 	between 	an 

incadescent bulb 	(60 W) and the sensing head. 

From these trials was selected Cinemoid No. 22 'Moss green' as a 

filter with which to construct shade screens. Its overall transmittance 

in the photosynthetically active part of the spectrum was about 20 Z 

whilst its R/FR transmittance was suitably low. 

To obtain a range of shade, screens were constructed using 1, 2 

or 3 layers of filter material, the latter being augumented by 4 layer 

of muslin. Both muslin and white-washed glasshouse glass were found to 

be near-neutral filters. 

Six wooden frames (0.63 x 0.63 x 0.63 m) were constructed and 

the filter material mounted on them. A ventilation gap (0.19 m) was 

left at the bottom. 

5.1.2 Plant material 

Khaya senegalensis was raised from seed obtained from Nigeria, 

collected at Tabeta-Mokwa (index No. 5966). These seeds were 

germinated on the mist bench in the glasshouse. Terminalia ivorensis was 

supplied as seedlings from the Institute of Terrestrial Ecology (ITE), 

the seed being of Nigerian provenance (index No. 6688, Okum). 

5.1.3 Cultivation regime 

1) Soil: On 25/ 6/82 the plants were transplanted into plastic containers 

(Long Tom No. 4) in a UC 50:50 sphagnum peat compost and sand. with 
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a pH of about 5.5. After 10 weeks of growth, all the seedlings were 

divided into five groups (based on height) of 15 plants of each species. 

Water: To explore possible interactions between shade and water 

supply, three water regimes were employed. On 5/8/82, the 	seedlings 

were subjected to three different water regimes under each of the 

filter layers: 1, 2 and 3, where 15 plants of each species were raised. 

Of the 15 plants, five were subjected to flooding conditions, five were 

watered once a week (dry condition) and the other five were watered 

once a day. The flooded condition was maintained by enclosing the soil 

in polythene bags contained within the plastic containers. 

Light. Temperature and Relative humidity: Temperature and relative 

humidity were partially controlled in the glasshouse. Day temperatures 

were usually about 25 a C whilst night temperatures were about 20 a
C. 

Relative humidity was usually over 50 Z. On the other hand, light was 

difficult to control, bearing in mind that this is one of the most 

fluctuating environmental variables (Anderson 1966), depending on the 

naturally- fructuating weather conditions outside the glasshouse. At this 

time of the year, photoperiod was about 14 hours. 

A quantum sensor was tracked along inside the shade screens to 

examine the distribution of photon-flux under them. These trials 

established that there was a considerable fall off at the edges 

amounting to about 20 Z of the photon flux in the centre. They also 

enabled the light levels to be defined in relation to that on the 

glasshouse bench, which in the later section will be referred as the 

'open'. Levels of about 32 Z, 18 Z and 5 Z of the open condition 

were recorded under 1 layer, 2 layers and 3 layers respectively on 

most sunny days (see Fig. 5.1). 

Measurements 	of 	absolute 	light 	levels were made near noon 	once 

a 	week. 	The lowest 	recorded 	values 	were, under 	3 	layers of 	filter 

material 	with four 	layers 	of 	muslin, 	26 	pmol m 2  s 1 	on 	27/8/82; 	whilst 

the 	highest value 	recorded 	in 	the glasshouse was 1120 	pmol m 2 	s 1 	on 

17 / 8 /82. 	The overall 	mean 	for 	S 	weeks 	on the glasshouse bench 	was 

highly 	variable, -2 	-1 
about 400 	100 pmol m 	s 
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5.1.4 Analysis of data 

Growth analysis (Evans 1972, Hunt 1978, 1982) is a powerful 

method for estimating long term net photosynthetic production. It is 

based on readily obtainable primary measurements of plant dry weight 

and leaf area made at intervals on growing plants or plant stands. It 

is also useful for analysing physiological adaptations of different species 

in terms of their partitioning of carbohydrate into leaves and other 

organs such as roots, stem or seeds. This partitioning is at least as 

important as photosynthetic activity per unit area in determining 

productivity of different plant stands (Jones, 1983). The growth rate 

or rate of change of total plant dry weight (dW/dt) is obtained from 

a series of destructive harvests. It can be calculated for single plants 

or for plant stands and either expressed per unit total dry weight as 

a relative growth rate (RGR) or else expressed per unit ground area as 

a crop growth rate (CGR). It is possible to derive the net 

photosynthetic rate per unit leaf area called unit leaf rate or net 

assimilation rate (NAR). NAP embraces respiratory losses at night and 

from non photosynthesizing tissues, but it is not quite equivalent to 

net photosynthesis as measured on single leaves. 

At time 	1 	(t1) on 5 /8 /82, 15 	plants 	of 	each 	species were 

randomly selected 	from the 5 	height, classes. 	Leaf area 	(projected) 	was 

assessed using 	the 	leaf area -meter (LI 	3100 	Li-Cor, 	Nebraska). Plant 

height, number 	of 	leaves, and 	number 	of 	abscinded 	leaves were 

carefully recorded. 	The roots were washed 	of soil 	on 	a 	2 	mm sieve. 

The other plant organs were separated 	and 	dried 	in 	the oven at 90 

for 	48 hours. 	Using the Oertling V20 	balance, 	dry 	weights were 

recorded. 

The fifteen plants harvested on 5 / 8/82 provided reference values 

of mean dry weights and leaf area for time t1. After 5 weeks of 

growth, the remaining 60 plants of each species were harvested. There 

were 5 plants in each of the water treatments corresponding to dry, 

flooded and field capacity, giving 15 plants in each of the shade 
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screens and 15 plants in the open as controls. 

Statistical analysis was accomplished by making paired 

comparisons between individual plants of the same initial size class. 

Hence, within 15 individuals in a size class, 15 independent estimates of 

RGR and NAR were determined. 

5.1.5 Calculations 

The following calculations are based on Kvt et a! (1971), Evans 

(1972), and Hunt (1978; 1982). 

Relative growth rate (RGR), is defined as the rate of increase in 

dry weight, W, per unit dry weight per unit time, t: 

RGR = 1/W.dW/dt 	 (5.1) 

Fisher (1921) pointed out that RGR is most simply expressed as 

an instantaneous value. But more usefully, mean RGR, from harvest 1 at 

time t1  to harvest 2 at time t2  is obtained by integration between t1  

and 

1dW 	 n W2-in W 1 ) 

RGR = 

	 I 	

1 	 (i 

dt - 	

. dt = 

t -t 
2 1 t1 	

t2-tl 

(5.2) 

Where W1  and W 
2 
 are mean total dry weights at times t1  and 

-1 	-1 	- t2  and the units of RGR are time 	(e.g. g g week 	= week ). 

Net assimilation rate (NAR), is the rate of increase in dry weight 

per unit of leaf area (A), per unit time; which is an estimate of the 

carbon-assimilatory capacity of the leaves: 

1 	dW 

NAR 

	

	
(5.3) 

A dt 



NAR is also an instantaneous value. A is the total leaf area present on 

the plant. Williams (1946) provided a convenient formula for estimating 

mean NAR over a period of time. Assuming A is linearly related to W, 

(e.g. Blackman 1968; Ondok 1971a); NAR is 

W 2 
	1 	2 
-W 	mA - mA 

NAP 
	

(5.4) 

t 2 
	1 	 2 
-t 	A -A 

Where W1  and W2  are mean total dry weights and A1  and A2  are mean 

total leaf area at times t1  and t2. Units of NAP are weight per area 

per 	time (e.g. g m 2  week- 1). 

Leaf area ratio (LAR) is the ratio of leaf area to total plant 

weight. In a broad sense, LAP represents the ratio of 

photosynthesizing to respiring material within the plant (Hunt 1982). 

A 

	

LAP = - 	 (5.5) 

W 

over a harvest interval, its mean value is simply given by 

(A1/W) + ( A2 /W) 

LAR 
	

(5.6) 

Radford (1967) showed that a mean value for LAR cannot be 

satisfactory determined, so the final harvest values of A and W were 

used in this and other experiments to estimate LAP. Units of LAP are 

area per weight (e.g. m2  g 1). 

From equations 5.1, 5.3 and 5.5; it can be seen that 

instantaneously; 

RGR = NAR.LAR 	 (5.7) 



A change in RGR must be reflected in either NAR or LAR. 

LAR may be divided into leaf weight ratio (LWR) and specific leaf 

area (SLA). LWR is the ratio of leaf weight (W1) to total dry weight: 

Wi  

LWR - 	 (5.8) 

W 

LWR is a dimensionless index of the leafiness of the plant on a weight 

basis. SLA is the mean area of leaf displayed per unit of leaf dry 

weight(W): 

A 

SLA = - 	 (5.9) 

W 

The units of SLA are area per weight (e.g. m2  g 1). In a sense it is a 

measure of leaf density or relative thickness (Hunt, 1982). 

Thus, LAR = SLA.LWR 
	

(5.10) 

of these two subdivisions of LAR, SLA is in general the more sensitive 

to environmental changes and more prone to ontogenetic drift. Thus a 

change in LAR must be reflected in SLA or LWR. 

5.1.6 Statistical package : GENSTAT 

Genstat is a computer program designed to help analysis of data 

and is used extensively in agronomy, animal husbandry genetics, ecology, 

medical research and other areas of biology (Alvey et al., 1982). It is 

used in this thesis especially in the analysis of variance (ANOVA) within 

treatments and between species for purposes of tests of significance 

and confidence limits (Parker 1979). 
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Using a two sided t-statistic: 

mean - mean 

t 
	

(5.11) 

(standard error of difference) 

it is posible to estimate the least significant difference (LSD) between 

specific means, 	by multiplying 	the standard error 	of 	difference 

between two 	means (SED) 	by 	t 	for 	n degrees of 	freedom. 	Thus, 	a 

specific treatment mean 	was 	declared significant at 	95 	Z 	probability 

level 	if tLSD 	was exceeded. 	For 	details 	of the 	method 	refer 	to 

Snedecor and Cochran (1967), 	and 	Sokal and 	Rohlf (1969, 	p. 	226-235). 

5.2 Results 

The transmittance 	of 	No. 	22 	'Mossgreen' 	cinemoid filter was 

particularly tow in 	the 	red 	relative 	to the 	far-red 	(Table 5.1). The 

calculated R/FR for 	1, 	2 	and 	3 	layers of 	filter 	material was 	0.356, 

0.106 	and 0.031 respectively 	(Table 	5.2). The 	addition 	of muslin and 

glasshouse walls did 	not 	affect the 	R/FR much, 	as 	those 	materials were 

optically 	neutral (Table 	5.3). 

There was a slight fall off in PAR near the edges of the shade 

screens (Fig. 5.1). However, a range of shade was achieved. In a series 

of measurements conducted when there was a hazy sky the range from 

full glasshouse light on the open bench to only 5 Z in the shade of 3 

layers of filter plus 4 layers of muslin was common (Fig. 5.1). On sunny 

days near noon, the values were slightly higher than this on a weekly 

average. Differences observed between days can be attributed to 

variation in radiation geometry and prevailing weather conditions at the 

time of the year. 



TABLE 5.1: Transmittance of cinemoid filters at 660 and 730 nm. 

TRANSMITTANCE 
	

TRANSMITTANCE 
	

RED/FAR-RED 

FILTER 	 IN RED (660 nm) 
	

IN FAR-RED 
	

TRANSMITTANCE 

(730 nm) 
	

RATIO 

No. 21 0.304 0.648 0.469 

No. 22 	(Mossgreen) 0.088 0.296 0.297 

No. 23 0.141 0.380 0.371 

No. 24 0.046 0.111 0.396 

No. 38 0.733 0.944 0.776 

No. 39 0.043 0.111 0.387 

No. 77 0.755 0.944 0.799 

BBC GREEN 0.088 0.222 0.396 

TABLE 5.2 : Calculated R/FR ratio under different layers of filter 

material based on the open value of full sunlight. (R/FR1.2) as given by 

Smith (1982). 

FILTER 
	

1 LAYER 	2 LAYERS 	3 LAYERS 

NO. 21 0.563 0.260 0.120 

No. 22(Mossgreen) 0.356 0.106 0.031 

No. 23 0.445 0.165 0.006 

No. 24 0.475 0.187 0.077 

No. 38 0.931 0.717 0.556 

No. 39 0.464 0.216 0.046 

No. 77 0.959 0.760 0.614 

BBC GREEN 0.473 0.187 0.074 
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TABLE 5.3 	Transmittance of Muslin and Whitewashed glasshouse glass. 

1 LAYER 	2 LAYERS 	GLASS(Whitewashed) 

OF MUSLIN 	OF MUSLIN 

Red (660 nm) 	 0.76 	 0.62 	 0.775 

Far-red (730 nm) 	 0.792 	 0.65 	 0.775 

R/FR ratio 	 0.96 	 0.95 	 1.0 

5.2.1 Growth analysis 

The main results of analysis of variance have been summarized in 

Table 5.4. It is also shown that water status treatments had 

significant effects only on root growth in both species and slight 

effects on leaf and stem growth in Khaya senegalensis. Consequently, 

all the treatments have been pooled in order to discuss the effects 

of shade. 
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TABLE 5.4 : Main results of Analysis of Variance 

(Not significant = ns; *p<0.1;**P<0.05; ***P<0.01; 

Species 1 = Terminalia ivorensis 

Species 2 = Khaya senegalensis 

SPECIES VARIATE FACTORS: Water-shade 

Water Shade interaction 

1 Leaf abscission ns ** ns 

2 ns ns ns 

1 Ln Leaf area ns ns 

2 ns ns ns 

1 Root dry weight * 

2 *** ***** 

1 Root/shoot 	ratio ns ns ns 

2 ***** *** ns 

1 Leaf area 	ratio ns ***** ns 

2 ns ns 

1 Specific leaf area ns ***** ns 

2 ns ns ns 

1 Leaf weight 	ratio ns ns 

2 ** **** ns 

Stem height ratio ns ***** ns 

2 ns ns 

1 Relative growth rate ns ***** ns 

2 ns ***** ns 

1 Net 	assimilation 	rate ns ***** ns 

2 ns ns 
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5.2.2 Effects of shade 

The following were shown by analysis of variance (Table 5.4) to be 

significant shade effects: 

Shade induced leaf abscission in Terminalia ivorensis, but not in Khaya 

senegalensis ( Table 5.4). It was mainly by this means that shade 

significantly affected final leaf area: it was reduced under various 

levels of shading in Terminalia. On the other hand Khaya neither 

produced nor lost any leaves. Instead it simply set a dormant bud. 

After a period of growth in shade both species displayed more stem 

height per unit plant weight than in the open (Fig.5.2). 

The effects of shade, water levels and their interactions had 

significant effects on root growth (Fig. 5.3a and 5.3b), with a 

significant decrease in root/shoot ratio with increasing shade in Khaya 

senegalensis alone (Table 5.4). 

In T. ivorensis, final LAR was lower in the open compared to all 

levels of shading; and the final SLA was significantly higher in shaded 

plants than those grown in the open glasshouse conditions (Fig. 5.4a). 

In Khaya senegalensis, LAR was also higher in shaded plants but SLA was 

hardly affected (Fig. 5.4b, Table 5.4). As a result of shade induced 

increases in LAR and SLA in Terminalia ivorensis, LWR was affected by 

shade and it was maximal with one shade screen, but declined in 

deeper shade (Fig. 5.5a); shade also affected LWR in Khaya senegalensis 

(Fig. 5.5b). 

Under shade, the NAR of Terminalia ivorensis became negative (Fig. 

5.6a) and the RGR was also negative (Fig. 5.7a). In contrast, Khaya 

senegalensis achieved a positive NAR (Fig. 5.6b) and a positive RGR (Fig. 

5.7b) at all the levels of PAR. 

In conclusion, decreaas in relative growth rate are caused by a 

reduction in net assimilation rate despite some compensation via an 

increase in leaf area ratio. This increase in leaf area ratio was 
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accomplised in Terminalia by an increase in specific leaf area. Khaya 

remained in a positive carbon balance even in the deepest shade but 

Terminalia did not. 

5.3 Discussion 

5.3.1 Evaluation of Experimental conditions 

Levels of PAR were achieved which were as low as those 

expected at the forest floor. However, the open levels were not 

very high, and certainly not as high as the open tropical conditions. 

Also the photoperiod, of about 14 hours, was longer than tropical 

conditions. 

Temperature in the glasshouse was adequately high as 

experimentation was restricted to summer months. 

Water levels had only weak effects, probably because the 

experiment was not continued for sufficiently long. 

5.3.2 Response to shade 

In deep shade the light demander Terminalia ivorensis was below 

its light compensation point NAR and RGR being negative. It lost its 

leaves and did not make a dormant bud. On the other hand, the shade 

tolerator Khaya senegalensis did not fall below light compensation point, 

did not lose any leaves and its bud became dormant. 

Since Khaya increased in weight but did not produce new leaves 

or any extension of the stem, it presumably stored the products of 

photosynthesis in the stem and leaves. Also, there were differences in 

leaf morphology. T. ivorensis developed thinner leaves with a 

significantly higher SLA, but this was not the case in Khaya senegalensis 

although both species showed a similar trend in LAR response to shade. 

The results of this experiment suggest that there are 

differences in response to shade between these two species. This is 
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viewed as indicative of differences in adaptation to survival in an 

intermittent light regime that is characteristic of the Forest floor. 

Khaya senegalensis shows an advantage under shade:it can survive in 

dense shade and even increase in weight.Then when a canopy gap 

occurs, growth may presumably be achieved at the expense of storage 

products, like temperate trees after winter. The negative RGR and NAR 

in Termjna/ja ivorensis indicate the respiration rates may be higher in 

shade for light demanders; this topic will be returned to in a later 

chapter. 

In conclusion, it seems from these preliminary experiments that 

the two species do indeed respond differently to simulated shade, and 

that their responses may be interpreted as adaptive and to a large 

extent similar to those reported for tropical and temperate trees 

elsewhere (Coombe 1960; Coombe and Hadfield 1962; Jarvis and Jarvis 

1964; Okali 1971, 1972; Synnott 1975; Fasehun and Audu 1980). The 

influence of water re9Ames was subsidLary and secondary to the response 

to shade, at least7 in these short term experiments, and consistent 

with the grosser responses to drought and flooding reported elsewhere 

(Levitt 1980, Crawford 1982). 

It was decided henceforth to concentrate on further analysis of 

response to shade: in particular, to use a controlled environment to 

facilitate the use of very high levels of PAR; and to attempt to 

separate the roles of reduced PAR per se and reduced R/FR ratio. 

It was also decided that these two species would be suitable 

subject for study. They behave in a contasting manner, their seed was 

available and cultivation of them presents no great difficulties. 
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CHAPTER SIX 

THE ROLE OF THE RED/FAR-RED RATIO IN THE 

RESPONSE OF SEEDLINGS TO SHADE 

6.1 Introduction 

In the preliminary experiment (Chapter 5), no attempt was made 

to separate the effects of a reduced photon -Flux density from those 

of a reduction in the R/FR ratio. In common with most investigations 

on the effects of shading on plant growth, it was assumed that 

shading was synonymous with a decreased photon flux density: the 

changes in the spectral distribution that occur in natural shade and 

their effects were not investigated. However, advances in techniques 

of simulating natural light spectra within controlled environments have 

meant that extensive research on the physiological and ecological 

significance of spectral quality has recently become possible. A review 

on this subject is presented in Section 3.3 (see also Morgan and Smith 

1981, Smith 1982). 

In 	this 	chapter, 	an attempt 	has been 	made 	to 	separate the 

effects 	of 	reduced 	photon flux 	density and 	R/FR 	ratio, 	varying them 

over 	a 	range 	which, 	as 	far 	as 	possible, is 	typical 	of 	natural light 

climates. 	In 	this 	way, 	as will 	be 	reported 	later, 	it 	was 	possible to 

characterize 	the 	observed effects 	on growth 	response 	of two 

contrasting 	species. 

Proton flux densities of 18, 125, 250 and 610 ljmol m 2  s 	were 

obtained using cinemoid filters and neutral muslin whilst the R/FR ratios 

were in the range 0.14 to 1.7. Thus, it was possible to separate the 

effects of a reduced photon flux density from those of R/FR as the 

muslin material has almost no effect on R/FR ratio, acting as a neutral 

filter. The green cinemoid filter, however, markedly affects the R/FR 

ratios. 
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The experiment was carried out in a Fisons growth cabinet where 

temperature and humidity were controlled to obtain tropical conditions 

as far as possible. 

6.2 Materials and Methods 

The materials and methods employed in this experiment were as 

far as possible similar to those reported in Chapter 5, except that 

very young seedlings were used and the experiment was carried out in 

the growth cabinet. 

Cinemoid filter mossgreen No. 22 (Northern Lights, Edinburgh), 

muslin and perforated hardboard were used to vary photon flux density 

and red/far-red ratios. They were tested in the Fisons growth cabinet 

(Type 2340, Loughborough, U.K.) using a Quantum spectroradiometer 

(QSM-2500, Techtum Instruments, Sweden). 

Quantum flux densities associated with each wavelength were 

measured by scanning across the 400-750 nm waveband. A quantum 

sensor on the Li-Cor porometer (LlI600 Li-CorNebraska) was also used to 

measure overall photon flux density in the photosynthetically active 

waveband (400-700 nm). 

After several trials photon flux densities and R/FR ratios under 

cinemoid filters and several layers of muslin were established. Initially, 

photon flux density and red/far-red ratio under green cinemoid filters 

was established. Then, the corresponding photon flux density under 

neutral muslin material was obtained using several layers of muslin to 

match that under the cinemoid filters. Afterwards the red/far-red 

ratio was measured. 

Photon flux densities and P/FR ratios under the cinemoid filters 

and muslin were matched as shown in Table 6.1. 
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TABLE 6.1: Shade screens and the light climate they produce 

TREATMENT DESCRIPTION 	 PAR(imol m 2  s 1 ) 	RED/FAR-RED 

RATIO (R/FR) 

Open* 	(32 	cm from light 	chamber) 610 1.701:0.14 

1 	layer of mossgreen cinemoid 	filter 250 0.59610.06 

4 	layers of muslin 250 1.66±0.04 

2 	layers of mossgreen 	cinemoid 	filter 125 0.28210.03 

8 	layers of muslin 125 1.10±0.03 

3 	layers of cinemoid 	and 	4 	layers 	of 18 0.141±0.019 

muslin 

2 	layers of muslin and one perforated 18 1.641:0.02 

hardboard 

*Details of growth cabinet are presented in chapter seven. 

62.1 Wooden frames 

Two wooden frames which could fit into the growth cabinet were 

constructed. Each frame consisted of four compartments on which 

either cinemoid filters or muslin were mounted using staples. Details of 

one of two identical frames are shown in Fig. 6.1 

Each compartment was separated by a sliding hardboard shutter 

covered with a thin layer of reflective Melinex (Id) on both sides. The 

reason for Melinex on both sides was to eliminate stray light and hence 

to eliminate edge effect. In Fig. 6.1 , the hardboard with reflective 

Melinex is hatched. Each frame had such boundaries of compartments 

with hardboard held in suspension by adjustable nails. 

The 	seedlings 	were 	raised 	in 	plastic pots 9 cm 	high 	by 	9.5 	cm 

diameter. 	Each 	of the 	compartments 	(46 cm x 48 cm x 	36 	cm) 	could 

accommodate 	20 such 	pots, 	effectively 	10 plants of each 	species. 
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To 	eliminate 	further 	interference 	at 	the 	boundary 	zone, 	all 	the 

plants 	were raised 	higher 	up by 	empty 	pots 	of 	9 cm 	x 	9.5 	cm 

diameter 	in an 	inverted 	position so 	that 	most 	of 	the plants 	growing 

points were under the 	desired 	treatment conditions. 	On average, Khaya 

senegalensis seedlings were 	about 9 	cm 	tall 	and 	Terminalia ivorensis 4 	cm 

tall 	at 	the time of transfer to the growth cabinet. 

The frames were arranged side by side and were separated from 

the cabinet wall at the back side by a 2 cm gap to allow adequate air 

circulation. 

Air flow in the cabinet is laminar and from right to left (for 

full details refer to Section 7.2.2). The plants in open treatment were 

adjacent to the zone of highest air flow on the left hand side of the 

cabinet in anticipation of increased leaf temperature due to a higher 

photon flux density in the open condition. In order to increase 

further the circulation in the compartments, the lower half of the 

right hand side of the cabinet was blocked with 	hardboard 91 cm x 

50 cm. 

6.2.2 Red/far-red ratios (R/FR) 

The red/far-red ratios were measured by scanning across the 

400-750 nm waveband using a spectroradiometer and a chart recorder. 

Quantum flux densities at all wavelengths were recorded and from 

readings at 660 nm and 730 nm the R/FR ratio was calculated (Table 

6.1,Fig. 6.2). 

In order to assess if there were any differences at different 

locations of the compartments, 9 values of R/F were calculated from 

readings taken on a 3 x 3 regular sampling matrix. The average was 

taken as representative of each compartments quantum flux. 

On each of the sample points, the spectroradiometer sensor head 

was raised 60 mm and 105 mm respectively, to assess the effect of 

variation of plant height which might occur during the experiment. 
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FIGURE 6.2 	Spectroradiometer scans in the Fisons cabinet under the 
shade screens (Fig. 6.1) . The red/far red ratio was measured 
as described in the text. Details of PAR and R/FR are 
presented in Table 6.1. 

- open conditions in the Fisons cabinet 

- one layer of cinemoid filter material 30 times the sensitivity 

two layers of filter material 

3 layers of muslin and hardboard 



6.2.3 Photon flux density 

Photon flux density was measured by a quantum sensor (Li-Cor, 

Nebraska). Initially the cinemoid filters were mounted on the wooden 

frames (Section 6.2.1). Photon flux densities under one layer, two 

layers, and three layers plus four layers of muslin were measured. Then 

the corresponding values under neutral filters were matched (Table 6.1). 

6.2.4 Plant material 

Seeds of 	Nigerian 	provenance, 	of the 	same batch 	as 	in 	the 

preliminary experiment 	(Chapter 	5) 	were 	used. 	Two hundred 	seeds 	of 

each species were sown in 	sand under the mist 	bench conditions 	in 	the 

glasshouse. They 	were 	sown 	on 	14/7 / 83. After 	two days, 	they 	were 

covered 	with 	a 	white 	polythene 	sheet. By 	the 	end 	of 	two 	weeks, 

germination was 	complete and 	suitably high. 

On 28/7/83, 80 	seedlings 	of 	each 	species were 	transplanted 	in 	a 

UC 	50:50 Sphagnum peat 	and 	sand 	mixture 	of pH 	5.5. On 	5/8/83, 	10 

seedlings of 	each species 	were 	selected 	at 	random 	and harvested. 	At 

the 	time, 	Khaya sonegalensis 	had 	one 	pair of 	simple leaves 	whilst 

Terminalia ivorensis had 	a 	pair 	of 	cotyledonary leaves 	and a very young 

pair 	of true 	leaves. The 	other 	70 	seedlings of 	each species 	were 

transferred to the Fisons 	growth 	cabinet. 

Linder each of the treatment conditions described in Section 6.2 

(Table 6.1), there were 10 seedlings of each species distributed 

randomly in each compartment. These seedlings were grown for 5 weeks 

under conditions reported in Section 7.2.2 

6.2.5 Watering 

A twenty litre 	plastic 	container 	with 	a 	tap at the bottom 	was 

used 	as 	water reservoir. This 	was 	put 	about 1 	metre 	above 	the 

growth 	cabinet level 	on 	a steel 	structure 	outside the 	growth 	cabinet. 

With a 	system of 	piastic tubing, 	it 	was 	easy 	to connect a 	five metres 

long tube to 	the tap and consequently water the plants without 	having 



to remove the shade screens. Watering was at least once a day. 

6.2.6 Analysis of data and calculations 

The methods presented in Chapter 5, Sections 5.1.5 and 5.1.6 

were followed. Least significant difference (LSD) was used where F was 

significant. F was computed as shown in Table 6.2. 

TABLE 6.2: Computation of F. 

SOURCE OF SUM OF DEGREES OF 	MEAN SQUARES 

VARIATION SQUARES FREEDOM 

Treatments SST k-i 	 MST 	= 	SST/k-1 

Error SSE k(n-1) 	MSE 	= 	SSE/k(n-1) 

(TOTAL) (SS) (kn-1) 	 - 

F 

MST/MSE 

If the computed value is equal to or exceeds the tabulated 

value for P=0.05 we normally reject the null hypothesis and conclude 

that the samples represent populations with different means, in other 

words, there are significant differences between treatment means. In 

a priori comparisons (such as in these experiments) the method of LSD 

was employed as reported in Sections 5.1.5 and 6. 

LS0t0 051(2S2 /n), where t has k(n-1) degrees of freedom (See 

Parker 1979 pp.  68-90). 



6.3 Results 

Tables 6.3 and 6.4 show raw data obtained by harvesting the 

plants after 5 weeks of growth on 9/9/83. The leaf area and dry 

weight data were used to obtain the mean relative growth rate (RGR), 

net assimilation rate (NAP) and the final leaf area ratio (LAR). 

6.3.1 Relative growth rate 

Fig. 6.3a shows the mean RGR ( week- 1) for Terminalia ivorensis 

and Fig. 6.3b for Khaya senegalensis, grown at high and low R/FR 

under a corresponding PAR. The main effects of these treatments were: 

Terminalia ivorensis showed a higher RGR than Khaya senegalensis 

When Terminalia ivorensis was subjected to a low R/FR (Fig. 6.3a) it 

again responded by a higher RGR than Khaya senegalensis (Fig. 6.3b), RGR 

rose to an asymptote of around 0.6-0.7 week 1. Thus Terminalia 

ivorensis displayed higher rates of growth when R/FR was low. When 

the R/FR was high, the species did not differ in RGR. 

6.3.2 Net assimilation rate (NAP), Leaf area ratio (LAP) and 

Specific leaf area (SLA) 

To understand the causes of differences in RGR, it is important 

to relate RGR to NAP and LAR. Fig. 6.4a shows NAP (g m 2  week- 1) for 

Terminalia ivorensis and Fig. 6.4b shows the mean NAR for Khaya 

senegafensis attained under the experimental conditions for 5 weeks. 

Inspection of Figs. 6.3 and 6.4 shows that the range of photon 

flux densities under experimental conditions included light saturation 

around 600 pmol m2 
5_lU 

Terminalia ivorensis showed a higher NAP under high R/FR (Fig. 

6.4a) than under low R/FR with a corresponding PAP. Khaya senegalensis 

(Fig. 6.4b) did not show significant differences in NAP as a result of 

growth at low or high R/FR under corresponding PAR. 
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The most striking effect OF light quality (low R/FR) on Terminal/a 

ivorensis was to increase LAP (Fig. 6.5a) by about ten fold (Table 6.4) 

whereas Khaya senegalensis (Fig. 6.5b) did not show such drastic 

increases. 

From Table 6.3, the Following observations were made between 

treatments for Yen nLa-ü-t'-er$,c; 

Leaf growth: Under low R/FR there were fewer leaves with a higher 

leaf area than under high R/FR where there were slightly more leaves 

with a low leaf area. Also under low R/FR, mean leaf dry weight was 

higher than under high R/FR with a corresponding PAR. 

Growth in general: Plants grown under low R/FR showed a higher 

increase in dry weight than those under high R/FR, resulting in higher 

total plant weight at corresponding PAR. 

Root/Shoot ratio was also higher under low /FR than under high 

R/FR with a corresponding PAR. 

Extension growth: Under low R/FR, number of internodes, internode 

length and stem height were slightly higher than under high R/FR with 

a corresponding PAR. 

Mean height/Stem dry weight (specific stem length) and mean height/ 

total plant weight decreased with increasing PAR irrespective of R/FR, 

but were higher under high R/FR than low R/FR with a corresponding 

PAR. 
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From Table 6.4, the following observations were made between 

treatments of corresponding PAR. 

1) The differences between low and high R/FR in leaf production, 

number of internodes and internode length were less clear-cut than 

those observed in Terminalia ivorensis ( Table 6.3). However, under very 

low PAR (18 Jmol 	m 2 	s 1) 	the 	observed values 	were higher 	under 	low 

than at high R/FR. 	Maximum 	number 	of internodes were 	observed 	at 

250 .Jmol m 2  s 1 	whereas 	mean internode length 	was maximal 	at 	250 

pmol m 2  s 1  under low R/FR compared to those under high 	R/FR. 

Leaf growth: Unlike in Terminalia ivorensis (Table 6.3) under low R/FR, 

leaf area was lower than under high R/FR. 

Growth in general: Except under very low PAR, total plant dry 

weight and root/shoot ratio were higher under high R/FR than under 

low R/FR. 

Extension growth: Under low R/FR, stem height was higher than 

under high R/FR. 

Mean height/stem weight (specific stem length) and mean height/ 

total plant weight declined with increasing PAR as observed in Terminalia 

ivorensis (Table 6.3).However, at low PAR (18 pmol m2 
_1), 

 the mean 

values were higher under low R/FR than those under high P/FR. 

Leaf area ratio (LAP) is the product Of leaf weight ratio (LWR) 

and specific leaf area (SLA). Of the two, SLA and LWR, the former is 

in general more sensitive to environmental changes and more prone to 

ontogenetic drift. It is also known that shade (reduced photon flux 

density) causes striking increase in SLA, partly offsetting decreases in 

NAR (e.g. Hughes and Evans 1962). In both species, leaf weight ratio 

was almost constant around 0.6 (Fig. 6.6a and 6.6b). Consequently, the 

most significant changes were in SLA (Figs. 6.7a and 6.7b) especially in 

Terminalia ivorensis where the differences in SLA between leaves 

developed under low R/FR and high R/FR were also about ten fold 
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corresponding to changes in LAR (Figs. 6.5a and 6.7a). This means that 

in Terminalia ivorensis, the leaves developed under low R/FR were thinner 

whilst those developed under high R/FR were thicker. Again this was 

not observed in Khaya senegalensis (Figs. 6.5b and 6.7b). 

6.3.3 Stem height/weight ratio (specific stem length) 

In addition to calculating the usual parameters of growth 

analysis, it is instructive to examine other relationships particularly 

height/weight ratio. Height/weight ratio is usually referred to as 

specific stem length (SSL) i.e. the length per unit weight. Specific 

stern length was higher in Terminalia ivorensis (Fig. 6.8a) than Khaya 

senegalensis (Fig. 6.8b) and in both species SSL decreased with increasing 

PAR irrespective of R/FR. It was higher under high R/FR than under 

low R/FR in Terminalia ivorensis (Fig. 6.8a) whilst in Khaya senegalensis 

(Fig. 6.8b) the differences were less clear-cut. 

6.4 Discussion 

The main effect of a reduction in R/FR ratio is to increase 

specific leaf area in Terminalia ivorensis. Other workers, for instance 

Frankland and Lutenclre (1978) found that the leaves of tobacco plants 

receiving five minutes of R/FR at the end of each eight hour day 

photoperiod were narrower and thinner,  than those receiving red light 

throughout, though specific leaf area remained unchanged. Smith (1983) 

in specially constructed growth cabinets found that specific leaf area 

was higher at R/FR ratio (>2.0) in Chenopodium album, a shade avoider. 

In the earlier literature, it is suggested that with respect to leaf 

development, reduced photon flux density of shade conditions might be 

more important than changes in R/FR ratio. However, under natural 

conditions, changes in light quantity never occur without simultaneous 

changes in light quality (Smith 1983). Plants growing in natural shade 

adapt to make maximum use of available light through increased leaf 

area and specific leaf area (e.g. Corr 1983). 
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Corre'  (1983) found that under a low R/FR ratio, leaves were 

thinner and this did not seem to depend on shade tolerance in the 

species he investigated. At the same time, the influence of photon 

flux density on specific leaf area was clear: leaves of most species 

were much thinner in low photon flux density. He also found that leaf 

area ratio decreased greatly in sun species but only weakly in shade 

species. He concluded that leaf thickness showed no clear difference 

between sun and shade species, since the leaf thickness primarily 

depends on the amount of energy that is -Fixed in leaves, and 

therefore could depend much more on the intensity than on the 

quality of light. 

In other experiments the effects of R/FR on leaf thickness seem 

to 	be 	less clear (see 	Section 	3.3.2.3). 	In 	aquatic 	species 	of 

Potarnogeton 	the differences 	in 	specific leaf 	area 	were 	attributed 	to 

differences 	in daily light 	levels 	than 	to any 	changes 	in 	light 	quality; 

although 	R/FR ratio might 	be 	extremely important 	in 	determining 	leaf 

shape 	in some other aquatic 	plants 	( 	e.g. Spence 	1981). 

It is clear from the above that SLA has not been associated 

with low R/FR specifically, but to an overall reduced photon flux 

density. The increase in SLA at low R/FR in Terminalia ivorensis can be 

considered as one of the responses to competition with other species 

in the gap, by developing thin leaves with more area. This perception 

mechanism has ecological consequences: Khaya senegalensis did not show 

such drastic increase in SLA, possibly it was insensitive to R/FR at the 

stage of development, whilst Termina!ia ivorensis behaved as the 

aggressive ruderals described by Smith (1981). High SLA increased LAR 

more than it decreased NAP and so the result was a higher RGR in 

Terminalia ivorensis than Khaya senegalensis. Under the un natural high 

R/FR in the experiment, Terminalia ivorensis responded to the PAP levels 

by producing more leaves with a very low leaf area with a consequent 

low SLA and LAR, resulting in increased NAP with a decreased RGR whilst 

Khaya senegalensis responded by slight increase in RGR. 
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6.4.1 Other aspects of growth analysis: NAR and RGR 

It is not possible to make a detailed comparison of the 

performance of different species using information available in the 

literature as the environmental conditions have not usually been fully 

specified (e.g. Synnott 1975), besides there are no cases where RGR 

and NAR of tropical tree seedlings have been investigated both as a 

function of R/FR and PAR. However, in herbaceous sun and shade 

plants, Corr (1983) showed that reduced photon flux density markedly 

reduced NAR and RGR. Under a low R/FR ratio, the RGR decreased in all 

species, because of a lower NAR; in the sun species the decrease 

occurred because of a lower leaf area ratio. The decrease in RGR was 

much greater in sun species, some of which even stopped growing, 

whereas all shade-tolerant species continued to grow healthily, albeit 

slowly. These results can only be compared to those reported for the 

previous experiment (Chapter 5). 

The values for NAP in this experiment were much higher under 

high R/FR in Terminalia ivorensis (Fig. 6.4a), and for both low and high 

R/FR ratios in Khaya senegalensis ( Fig. 6.4ab) than those reported in the 

literature for reduced photon flux density (e.g. Jarvis and .Jarvis 1964) 

and for tropical trees (e.g. Okali 1971, 1972; Fasehun and Audu 1980). 

Therefore comparisons based on ¶ables 6.5 and 6.6 of RGR and NAR 

must be treated with caution. Light regimes were usually characterized 

in terms of Z full sunlight, not in absolute units of energy, and 

temperature and humidities differed greatly. Besides, the age of the 

seedlings was also variable. It is not surprising therefore, that the 

results of NAP in this experiment are sometimes different from other 

estimates by a factor of ten. However, the data in the literature 

serves a useful purpose for comparisons.In addition, there is need for 

more elaborate work especially on tropical tree species. 

6.4.2 Specific stem length (SSL) 

Terminalia ivorensis showed a higher specific stem length (Fig. 

6.8a) about twice that of Khaya senegalensis (Fig. 6.8b) at very low 
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photon flux densities with or without a variation in R/FR. Specific 

stem length responded to overall reduced photon flux density in (the 

light demander) Terminalia ivorensis, as it was higher at high R/FR than 

low R/FR. This is in agreement with Morgan and Smith (1977) who 

pointed out that stem extension response to simulated shade has a 

systematic relationship to species habitat; that species from the open 

habitats react by large increases in stem extension rate whilst species 

from woodland or shade habitats react less strongly or not at all. 

Morgan and Smith (1981) stressed that these two classes of response 

may have ecological significance; for instance, species from open 

habitats may over-top herbaceous vegetation canopy. According to 

Smith (1981; 1982), sun species avoid shade by mobilizing all available 

carbohydrates and by greatly increasing stem extension at the expense 

of development of leaf area whilst shade species show a conservative 

use of assimilates, resulting in slow-growth, and only a slight reaction 

to the light quality component of shade. 

The results of this experiment on SSL are also in agreement with 

Corre' (1983) and Smith (1983) who reported that Chenopodium album, 

Urtica dioica and Teucreum scorodina seedlings that respresent the open, 

hedgerow and woodland habitats; showed marked increases in SSL under 

low PAR values. This meant that those species produced the same 

length of stern with less material. Smith (1983) also showed that these 

species achieved their high SSL by responding to R/FR. 

This 	and other 	results 	point 	to 	the fact 	that R/FR 	rather 	than 

PAR 	is 	sensed by 	the 	plants 	to 	assess 	and respond to the degree 	of 

shading 	by 	other 	vegetation. 	The 	R/FR ratio 	is 	indeed 	much 	more 

critical; 	it 	varies much 	less 	with 	weather conditions and 	also 	time 	of 

the 	day, 	so 	a rapid 	functional 	response is 	possible (Smith, 	1982) 	as 

experienced 	in the 	gap 	sun-Flecks 	(Pearcy, 	1983). 

These two species reacted systematically differently to the R/FR 

ratios. At low R/FR, Terminalia ivorensis showed more elongation, a 

higher specific stem length and a correspondingly higher leaf area ratio 

as a result of a higher specific leaf area than Khaya senegalensis. 

Because of these morphogenetic adaptations, the light demander showed 
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an 	appreciable increase in 	RGR. 	At high R/FR ratio, 	Terminalia 	ivorensis 

produced 	thick leaves with 	a 	very low leaf area 	that 	resulted 	in 	an 

increased 	overall carbon assimilation rate with a 	low 	RGR. 

The general differences between species in their response to 

shade are those related to ecological distribution. One way of 

interpreting these results is to imagine a situation at the forest floor 

of a closed forest canopy (Section 2.4): survivors are those that do 

not grow tall, but remain short and maintain a positive carbon balance 

(e.g. Section 5.2.2.1, Figs. 5.6b and 5.7b). It is most likely that under 

these conditions, light demanders may be present as seeds in the seed 

bank of the forest floor. When a big tree falls to make a relatively 

small gap, shade tolerant species such as Khaya senegalensis may be at 

an advantage through a high initial relative growth rate. However, in 

this experiment Khaya senegalenses did just as well as Terminalia 

ivorensis when the R/FR was high. The ability to detect changes in 

R/FR would place T. ivorensis at an advantage: when the R/FR was low, 

RGR was enhanced. Nevertheless, Khaya senegalensis displayed twice as 

much overall carbon assimilation as Terminalia ivorensis at all levels of 

corresponding PAR. Such responses as observed in Khaya senegalensis 

would enable the shade tolerant species to maximize their 

photosynthetic efficiency in say the sunflecks associated with such gaps 

(e.g. Bjrkman and Ludlow 1972; Pearcy 1983). Morphogenetic responses 

as a result of changes in R/FR as observed in Terminalia ivorensis would 

enable the light demander to grow out of shade. 

On the other hand, if we imagine a situation in a large gap 

(Section 2.2) say after a natural disturbance, strong interspecific 

competition involving tree seedlings and herbaceous plants is more likely. 

Survivors are the ones that can detect vegetational shade (Section 2.5) 

and respond by growing tall and fast. Terminalia ivorensis does this by: 

increasing specific stem length in response to reduce PAR and 

increasing relative growth rate in response to reduced R/FR. 

The latter is achieved mainly via the R/FR-induced increase in specific 
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leaf area. Khaya senegalensis does not possess these characteristics: 

although the specific stem length is increased to some extent, its RGR 

is somewhat reduced by the reduction in R/FR. The inability to detect 

the changes in R/FR ratio means that Khaya senegalensis would be 

shaded by species like Terminalia ivorensis. 
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CHAPTER SEVEN 

THE EFFECT OF HIGH AND LOW PHOTON FLUX DENSITY ON SPECIFIC 

LEAF AREA AND CHLOROPHYLL CONTENT IN SOME TROPICAL TREE 

SEEDLINGS AND THE GIANT SEDGE 

7.1 Introduction 

Chlorophyll content in plant tissues is often determined as a 

routine analysis in ecological and physiological investigations (Linder, 

1974). In the IPS handbooks No. 2 (Newbould, 1967) and No. 6 (Milner 

and Hughes, 1968) it is recommended that the amount of chlorophylls 

should be used as one measure of the size of the photosynthetic 

system. The leading role of the chlorophylls in absorption of radiant 

energy and their participation in photosystems, transforming the 

absorbed radiant energy into chemical energy has been known for many 

years. This is the main reason why photosynthetic activity is sometimes 

expressed per amount of total chlorophyll content (a + b) or 

chlorophyll a only (estk et al., 1971). 

However, chlorophyll content of photosynthetic organs varies 

according to plant species (genetic potential), leaf position, age and 

growth phase, grade of ecotypic adaptation and environmental conditions 

particularly irradiance, temperature, water stress and nutrition (e.g. 

Morales et al., 1982); and chlorophyll formation is very sensitive to 

almost any factor which disturbs metabolic processes. The capacity of 

leaves to photosynthesize varies with the season and the environment in 

which the leaves have developed (Bourdeau and Laverick 1958; Bourdeau 

1959; Senser et al., 1975; Lewandowska and Jarvis 1977) in particular, 

the light environment during leaf growth and development has been 

shown to have large effects (Bj5rkman and Holmgren 1963; Björkman et 

al., 1972). Relatively low photon flux densities are effective in 

initiating or promoting chlorophyll formation whilst very high photon 

flux density causes a net decomposition of chlorophyll,with the 

decomposition rate exeeding the rate of synthesis. 

One of the most studied environmental factors affecting 
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chlorophyll content per area of leaf is that of irradiance during leaf 

development. It is in this respect that leaves can be differentiated 

into 'sun' and 'shade' leaves. For instance, it is known that shade 

leaves usually have a higher concentration of chlorophyll than sun leaves. 

There also is a higher proportion of chlorophyll a to b in sun than in 

shade leaves. Chlorophyll content is also known to depend on the 

ecological status of the species: Bjrkman and Holmgren (1963) showed 

much variation between species found consistently in 'shaded habitats 

as opposed to those occuring in the 'open'. Such studies have been 

mainly done on temperate tree species and herbaceous plants. 

Unfortunately, there is almost no published data on tropical tree 

species linking light regime to photosynthetic rates and chlorophyll 

content. 

Within a tropical moist forest, it is generally assumed that 

variation in the physical environment, especially air and soil temperature, 

soil moisture and photon flux density in the gaps (Chapter 2, section 

2.3) is higher than in the closed canopy habitats (e.g. Bazzaz, 1979). 

The variability in the energy environment is related mainly to the 

amount of energy received at the top of the canopy, its attenuation 

by vegetation and the way in which it is dispersed (Bazzaz and Carlson, 

1982). The frequency of occurrence of environmental extremes is 

thought to be higher in large gaps compared with that of the closed 

canopy habitats due to the reduced environmental buffering associated 

with such large gaps. These and other differences uncovered between 

habitats are thought to have selected species with specific adaptations 

to each environmental regime. For example, higher rates of 

photosynthesis, transpiration and respiration, stomatal and mesophyll 

conductances; have been repeatedly measured for light demanders as 

compared to shade tolerators (e.g. Loach 1967; Larcher 1969; Boardman 

1977; Bazzaz 1979). The level of photon flux density required for 

photosynthetic saturation is lower for shade tolerant species (e.g. 

Grime 1977, Bazzaz and Picket 1980; see Chapter 9 of this thesis). 

Plants of open habitats may also respond plastically and acclimate 

rather quickly to changes in environmental conditions such as 

temperature. The degree of flexibility of different species to 

acclimate to environmental extremes must itself be related to the level 
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of environmental variation that is characteristic of the habitat in which 

the species is normally found. For example, Pearcy (1983) observed a 

ten-fold difference in the number and duration of sunflecks between 

sample sites in a Hawaiian forest understorey and found that growth of 

saplings was highly correlated with the estimates of the duration of 

sunflecks; as did Bjrkman and Ludlow (1972) in Australian sub-tropical 

forests. Bj6rkman and Powles (1981) found that in large gaps, sunflecks 

reaching the forest floor produced a drastic change in photon flux 

density of up to 200-fold. Such increase in photon flux density is 

believed to have deleterious effects on the photosynthetic systems of 

the plant by photo-oxidation (Briggs, 1981). 

Laboratory studies have shown that transfer of shade plants to 

high photon flux densities induces conspicuous changes in chloroplast 

morphology, and chlorophyll is destroyed by photo-oxidation (e.g. Gauhl 

1989, 1970) and heat (Satoh 1970; Ageeva 1977). The loss of 

photosynthetic efficiency is due to the destruction of reaction 

centres. Photosystem II (PS2) is more sensitive to such damage 

(Bj6rkman 1968b). Nevertheless, accessory pigments such as carotenoids 

are believed to offer protection in such circumstances. 

The aim 	of 	this 	chapter 	is 	to 	investigate variations 	in leaf 

properties such 	as 	chlorophyll 	content, 	chlorophyll 	a/b ratio 	and 	specific 

leaf 	area in 	several 	tropical 	tree 	species 	and 	a 	giant 	sedge 	Cyperus 

papyrus. In 	the 	previous 	chapter 	(Chapter 	6) 	it was 	shown that 

whereas morphogenesis 	responded 	to 	R/FR, 	net assimilation rate 

responded to photon 	flux density of the 	PAR. 	In this experiment, R/FR 

was 	was not 	measured. 	Shade 	under 	low 	photon flux 	density was 

achieved 	by two 	layers of 	muslin material 	beneath 	the 	seedling 	and soil 

trays. 	It is 	possible 	that 	initially 	the 	R/FR 	ratio 	did not 	differ 	in the 

two 	light regimes. 

The species were grown under standard conditions in a Fisons 

growth cabinet at high photon flux density (HPD) 	1000 pmol m
-2  s -1 

- and 	at low photon flux density (LPD) 	40 pmol m-2 s-1 ; in order to 

investigate the influence of photon flux density on photosynthetic 

systems. 
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After three weeks of growth at the above light conditions, a 

transfer of replicates was made in both directions to assess the 

damage on the photosynthetic apparatus due to photo-oxidation. Thus 

a leaf which had developed under LPD was transferred to HPD and 

other leaves from HPO to LPD. Comparisons of chlorophyll content, 

chlorophyll a/b ratio and specific leaf area of leaves which had 

undergone a recent step- wise change in light regime were made with 

replicates which remained in the inital growing conditions. The extent 

of chlorophyll degradation and chlorophyll synthesis were noted. 

Chlorophyll content (a, b and a + b) was determined on both 

unit leaf area and leaf dry weight basis. Leaf area is probably the 

most relevant basis on which to express chlorophyll content (Linder, 

1974) as it is closely related to the light intercepting function of the 

leaf. Leaf dry weight, as a basis, clearly is sensitive to metabolic 

changes that take place in the leaf under certain environmental 

conditions such as variations in photon flux density. Chlorophyll content 

was not expressed on fresh weight basis because this changes with 

water content of the tissue (estk et al., 1971). 

At the end of the experiment, the photosynthetic characteristics 

of the leaves developed under LPD and HPD were investigated. In this 

chapter the results of chlorophyll determinations are reported and 

discussed. In chapter nine, the photosynthetic measurements (CO2  

assimilation rates) will be described and an attempt made to discuss 

the relationship between the chlorophyll content recorded and 

photosynthetic characteristics observed. 

7.2 Materials and methods 

7.2.1 Plant material 

Initially the widest possible range of light demanders and shade 

tolerators were to be raised from seed in two light regimes 	high 

photon flux density (HPD) 1000 pmol rn 2  s and low photon flux 

density (LPD) 40 timo! m 2 	Ecological characteristics of the 

species, number of seeds, source of seeds, batch numbers and dates of 
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collection are presented in Table 7.1 below: 

Ecological 
	

Species 	Number of 	Seed source, FRIN batch 

Characteristics 
	

Seeds 	number and dates of 

collection 

Light demanding 

trees and C 
3 

photosynthesis 

Terminalia 
	

100 

ivorensis 

Terminalia 
	

100 

s uperba 

Triplochi ton 
	

100 

scieroxylon 

Chiorophora 	 100 

excel sa 

Haesopsis eminii 60 

Nauclea 	 many 

diderri.chjj 	 tiny 

seeds 

Okuri-Ikomo (Nigeria) 

6688, 9/12/81 

Bakatari (Nigeria) 

4078, 1 1 / 1 /77 

9 km to Okura-Lafia 

Rest house Ayangba/ 

Ankpo Road (Nigeria) 

16/3180 

Idi Ishin, Ibadan 

(Nigeria) 5552: 1982 

Makerere University 

campus (Uganda) July 

1982 

HORS (New Quarters) 

Nigeria, 5422 

5/12/77 

Shade tolerating Khaya senegalensisloo 

trees and C 
3 

Photosynthesis 	Khaya ivorensis 	100 

Entandrophragma 100 

angolensis 

Tabeta Mokwa (Nigeria) 

5966 : 29/1 /80 

Agunrege Saki Road 

(Nigeria)6719 : 2/2/82 

Kho-137 Ohuku Road 

(Nigeria)6470 	5/12/80 

Sedge, light 	Cyperus 	 many 	Botanic Gardens 

demanding,and 	papyrus 	 tiny 	(Dundee) from 

C4  photosynthesis 	 Seeds 	 Lake Chad. 

*FRIN = Forestry Research Institute of Nigeria. 
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The seeds of each species were divided into four equal portions 

and sown in seed trays in UC 50:50 soil mixture. They were transferred 

to the Fisons growth cabinet (Fisons Environmental cabinet type 2340, 

Fisons Scientific Apparatus, Loughborough, U.K.) on 23/2/83. 

As a precaution, a set of seeds was also sown under the 

glasshouse mist bench conditions (only two species came from a 

different stock of recent seeds): Terminalia superba from tree 1 at 

Omnigambari, Nigeria; collected on 30/8/82 and Khaya senegalensis ( 6719) 

from Agunrege Shaki Road, Nigeria; collected on 2/2/82. They were sown 

on 9/3/83. After two days on the mist bench, the trays were covered 

with a white polythene sheet to maintain warmth and moisture. 

7.2.2 Growth cabinet and conditons of the experiment 

The experiment was conducted in the Fisons growth cabinet. 

Important features of this growth cabinet (Fig. 7.1) are 

Light: Over the growing chamber a double-glazed roof separates the 

chamber from the light compartment above. The light compartment 

houses 21 high intensity metal halide lamps (Wotan, Type H01-2, 250 

W/NDL) plus 12 pearl bayonet tungsten 100 W lamps. At 300 mm from 

the light compartment, a combination of these lamps produced a flux 
-2 -1 	 -2 -1 

density of about 1000 imol m 	s 	or 3000 pmol m s at zero 

distance. These lamps were chosen to simulate daylight as far as 

possible. The two levels of photon flux density were achieved as 

illustrated in Fig.7.1. Spaces between seed trays allowed light to pass 

to the lower plants, being transmitted also through two layers of 

muslin supported beneath the top trays. 

Temperature: Air temperature could be controlled to an accuracy of 
0 

0.5 
0 
 i C n the range of 0-50 C. Mercury in-glass thermometers inserted 

in dry soil and seed trays at about 1000 pmol m2 
s 	

showed that the 

seed trays had a soil temperature of between 30-32 
0
C depending on 

their state of wetness. In the seed and soil trays at 40 iimol 

the soil temperature was 28-29 °C. Air temperature in the cabinet 

was 30 ± 0.5 0C and differed much less than did soil temperature. 
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Air flow: Flow was horizontal and laminar with velocities of I m s 

in the upper chamber, and reduced to 0.6 m 
s 	

in the lower chamber. 

Air velocities were high enough to ensure that no appreciable local 

microclimate developed in the growing chamber but not so high as to 

unduly disturb the plants. Temperature and humidity were sensed with 

a movable psychrometer which fed back signals to the controllers and 

indicators. 

Humidity: To increase humidity, finely atomized water is automatically 

sprayed onto the heating elements causing the water to vapourise. 

Humidity is reduced by condensation on surfaces at or below the dew 

point. To sense humidity, air flowed over wet and dry resistance 

thermometers (RT) located within the psychrometer. The wet RT's were 

kept permanently wet by wicks fed from distilled water reservoirs. 

The RI's were connected to an electronic controller which fed back 

signals denoting the temperature differential. The signal was compared 

with the desired value (set point) and errors corrected by actuating an 

atomizer on a time proportioning basis, and adjusting the surface 

temperature of an evaporator coil (refer to the Fisons Instrument, 

Handbook No. K94, section 2.2.2). 

Conditions set for this exDeriment: 

Photoperiod = 	12 hours 

Day temperature = 	30 ± 	0.5 	0C 

Night temperature = 	25 ± 	0.5 	0 C 

Relative humidity = 	85 ± 	1 	Z 

SVPD 	at 	30 
0 

 C = 	6.2 mbar 

SVPD 	at 	25 0 C = 	4.9 mbar 

7.2.3 Experimental design 

About 	320 	seedlings would 	fit 	in 	the growth 	cabinet 	using 	a 

minimum 	size 	of 	pot 	(11 cm 	high and 	9 	cm top-diameter). Half 	the 

number were maintained under HPD 	and the other half under LPD. 	With 

10 	species 	this 	meant 	32 plants 	per 	species, 16 	plants 	per treatment; 

and 	two 	replicates 	of 	8 plants 	in 	each 	of the 	treatments (LPD 	and 
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HPD ). Thus, under HPD and LPD 4 replicates of 7 plants were analysed 

throughout the experimental period as shown in Figs. 7.2a - 7.2d. 

As there were minor differences between species in leaf size, 

production and longevity, there were of necessity, minor differences 

between the treatments given to different species. Minor experimental 

comparisons were also incorporated in these schemes to assess the 

effects of leaf aging and leaf removal, both factors which otherwise 

would end up inextricably confounded with the light treatments. 

All the plant species under both HPD and LPD were randomly 

distributed and 	 moved around within their light regime once 

a week. Those under LPD were watered once every two days whilst 

those under HPD were watered once every day. 

7.3 Treatment description 

The following 	schemes 	(Figs. 7.2a 	- 	7.2d) summarize the sequence 

of events for 	analysis 	of 	leaves for 	chlorophyll content, chlorophyll 	a 

to 	b 	ratio and 	specific 	leaf area. 	Each species 	was 	considered 

separately; and 	in 	Triplochiton scieroxylon, the 	seedlings 	which 

germinated in 	the 	growth 	cabinet were 	called Triplochiton scleroxylon 	I 

whereas 	those 	which 	germinated under 	the glasshouse mist 	bench 

conditions and 	transferred 	to the 	growth cabinet were 	called 

Triplochiton scieroxylon 	II. 

These schemes are necessarily complex as it was felt essential to 

measure chlorophyll levels at various stages in the development of the 

plant, and moreover to carry out the transfers from one regime to 

another both on leaves which had already expanded and those which 

were in an early stage of expansion. 
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7.3.1 Terminalia superba. Fig.7.2a 

Analysis dates 

Growth conditions 	Seedling replicates 18/4/83 	24/4/83 	1/5/83 

1 	 1 	 Io 3 	—*9 

High photon flux 	 7 	 1 	P 4 	 0, 14 

density (HPD) 	 7 	 1 	 P11 

%1000 iimol m 2s 1 	 7 	 1 	 8 	 13 

7 	 2 	6/7 

Low photon flux 	 7 	 2 	P 5 

density (LPD) 	 7 	 2 	 p12 

%-2 -1 	 _______________________ 
40 pmol m S 	 7 	 2 	10 

Fig. 7.2a summarises the sequence of events on the plants which were 

grown under HPD and LPD. 56 plants in replicates of 7 seedlings were 

transplanted to the growth cabinet on 28/3/83; 28 seedlings under both 

HPD and LPD . The numbers (1 - 14) represent treatment codes at the 

time of chlorophyll determination and the arrows represent transfers 

and and time involved (one or two weeks) as described 

1 = 	3 weeks growth at HPD 

2 = 	3 weeks growth at LPD 

3 = 	4 weeks growth at HPD, 	third leaf analysed in treatment 	1 

4 = 	4 weeks growth at HPD 

5 = 	4 weeks growth at LPD 

6 = 	3 weeks growth at HPD, 	transferred to LPD for a week; 	fully 

expanded 

7 = 	same as in 6 except that leaves fully developed after a week 

in LPD 

8 = 	3 weeks LPD, 	transfer to HPD for a week, 	fully developed leaf 

9 = 	same plants as in 1 	and 3, 	but different leaf 

10 = 	5 weeks growth LPD (same plants 	as 	in 	2) 

11 = 	5 weeks HPD 
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12 = 	5 weeks LPD 

13 = 	3 weeks LPD, 	2 weeks 	HPD 	(see origin of treatment 	8) 

14 = 	5 weeks HPO 	(same 	plants 	as 	in 	4) 

7.3.2 Triplochiton scieroxylon 1, Fig.7.2b 

Growth conditions 	Seedling replicates 	23/3/83 	30/3/83 	7/4/83 

	

8 	 2 	P 3 	p.11/12 

HPD z1000 pmol m 2s 1 	 7 	 2 N, 	 _6/7 	io 13 

	

10 	 l 	 415 	 0 10 

LPD 40 imol m 2s 1 	 6 	 1 	10 a 	 10 g 

Fig. 7.2b shows the sequence of events and treatments; The unequal 

ntimber of seedling replicates was due to unequal germination under LPD 

and HPD in the four trays in the growth cabinet. Treatments codes 1 

- 13 are 

1 	= 3 weeks after germination under LPD 

2 	= 3 weeks after germination under HPD 

3 	= 4 weeks under HPD (same plants as in 2) 

4 	= 3 weeks HPD, fully expanded leaves transferred to LPD for 

one week 

5 	same plants as in 4, leaf which matured after transfer from 

LPD to HPD 

6 	3 weeks growth under LDP, transferred to HPD, fully expanded 

leaf after 1 week at HPD 

7 	same plants as 6, leaf which matured after one week of transfer 

from LPD to HPD 

8 	4 weeks after germination under LPD (same plants as in 1) 

9 	5 weeks under LPD (same plants as in I and 8) 

10 	= 3 weeks HPD, 2 weeks after transfer to LPD (same plants as 

2, 4 and 5) 

11 	= 5 weeks HPD, fully expanded leaf (same plants as in 2 and 3) 
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12 	= 5 weeks HPD, young leaf (as in 11) 

13 	= 3 weeks LPD, 2 weeks after transfer to HPD (same plants as 

1, 6 and 7). 

The above treatments represent the seedling which germinated 

under the growth cabinet conditions. 

7.3.3 Triplochiton scieroxylon II. Fig.7.2c 

Growth conditions 	Seedling replicates 	18/4/83 	25/4/83 	1/5/83 

7 	 1 	 Io3 	0 10 

HPD 	 7 	 1 	 4 	p16 

1000 pmol m 2s 	 7 	 1 	 12 

/9 	Io 

 ><:::_:: 

LPD 	 7 	 2 	 5

. 

40 pmol m
-2 1 

s 	 7 	 2 	 0 13 

7 	 2 	 p.11 

Fig. 7.2c shows the sequence of events on the plants which were grown 

under both HPD and LPD at the time of chlorophyll content and SLA 

analysis. The treatments are represented by codes (Numbers 1 - 16) 

and the arrows show the sequence of transfers after each treatment 

analysis. 

The codes 1 - 16 are 

1 	3 weeks after transfer to HPD 

2 	3 weeks after transfer to LPD 

3 	4 weeks under HPD 	(same 	plants 	as 	in 	1) 

4 	= 	4 weeks under HPD 

5 	5 weeks under LPD 

6 	= 	3 weeks HPD, 	fully expanded leaf analysed after 	transfer to 

LPD 	for one week 



114 

7 = 	3 weeks HPD, leaf which matured after growth under LPD for 

one week 

8 = 	3 weeks LPD, fully expanded leaf analysed after transfer to 

HPO 	for a week 

9 = 	3 weeks LPD, leaf which matured after growth under LPD for 

one week 

10 = 	5 weeks HPD; same plants 	as 	in 	1 and 3 

S weeks LPD, same plants 	as 	2 

12 = 	5 weeks HPD, same plants 	as 	1 

13 = 	5 weeks LPD, same plants 	as 	in 	2 

14 = 	3 weeks LPD, two weeks after transfer to 	HPD; same plants 

as 	in 	8 and 9 

15 = 	3 weeks HPD, two weeks after transfer to 	LPD; same plants 

as 	in 	6 and 7 

16 = 	5 weeks HPD, same plants 	as 	in 	1 and 4 

7.3.4 Khaya senegalensis, Fig. 7.2d 

Growth conditions 	Seedling replicates 	18/4/83 	25/4/83 	1/5/83 

7 	 1 

HPD 	 7 	 1 	 3 	 13 

1000 prnol m 2s 1 	 7 	 1 	 ) 10 

7 	 17/8 

7 	 2 	 516 	01 12 

LPD 	 7 	 2 	 10 4 

'40 IJmol m 2s 1 	 7 	 2 	 11 

7 	 2 

Fig. 7.2d shows treatment codes (numbers 1-13) and the arrows 

represent the sequence of transfers after each treatment analysis. 

The codes 1-13 are: 

1 	3 weeks HPD 
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2 	= 3 weeks LPD 

3 	= 4 weeks HPD, same plants 	as 	in 	1 

4 	= 4 weeks LPD, same plants as in 2 

5 	= 3 weeks HPO, fully expanded leaf which was 	analysed 	after 

one week in LPD 

6 	= 3 weeks HPD, leaf which matured after one week transfer to LPD 

7 	= 3 weeks LPD, one wek after transfer to HPD; 	analysis 	of fully 

expanded leaf 

8 	= 3 weeks LPD, leaf which matured after a week of transfer to HPD 

9 = 	5 weeks HPD, same plants 	as 	in 	I 

10 = 	5 weeks HPD 

11 = 	5 weeks LPD 

12 = 	3 weeks HPD, 2 weeks 	LPD same plants as in 5 	and 	6 

13 = 	5 weeks HPD, same plants 	as 	in 3 

7.3.5 	Extraction and determination of chlorophyll content 

Even though virtually all methods for estimation of the 

chlorophylls depend upon their extraction from plant tissues, there is 

no single solvent or solvent mixtures that will remove the unaltered 

green pigments rapidly and quantitatively from all kinds of plants. 

The solvents most suitable for extraction of chlorophylls from 

plant material are those miscible with water such as methanol, ethanol, 

acetone, and acetone + ethylacetate. These solvents permit the direct 
, 

estimation of chlorophylls. (For details refer to Sestak 1971). 

Absorption spectra show that in 80 Z acetone, there are two 

principal peaks in the blue and red regions. The absorption maximum in 

80 Z acetone is 663 nm, and is shifted to the red in virtual absence 

of traces of water to around 680 nm (a wavelength which is 

particularly effective in photosynthesis). Moreover, aggregates of 

chlorophyll in concentrated solutions show a small shift to the red 

whereas crystalline specimens in concentrated solutions show a maximum 

peak at 740 nm. 
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However, in plant tissues, particularly in the thylakoid membrane, 

the absorption peak of chlorophyll a is. much broader than in extracts 

of the same tissue in a solvent. This has been explained by supposing 

that chlorophyll exists in possibly five or more types of aggregated 

states such as might occur in a lipoprotein membrane structure. These 

different "forms" are distributed between 664 nm and 703 nm, the 

principal component absorbing at 678-680 nm. These absorption maxima 

are not caused by other pigments other than chlorophyll a and the 

differences are physical, not chemical (Gregory, 1977). 

For chlorophyll b, the band is in the red and occurs at 645 nm 

in 80 7. acetone and is half the intensity, whilst the blue absorbing 

peak is slightly higher and shifted to the red. Chlorophyll b 

accompanies chlorophyll a in green algae and higher plants, except for 

mutant forms. 

In this chapter, 6-10 leaves from each of the plant species and 

growth conditions (HPD and LPD) were excised and half the leaf area 

was used for chlorophyll extraction and determination. The other half 

was put in the oven for 24 hours at 90 0C for dry weight and 

specific leaf area determinations. Division of the leaf into two halves 

was along its axis of symmetry, so that two identical halves on an area 

basis were obtained. 

The leaf material for chlorophyll pigment extraction was 

macerated with a small volume of 80 Z acetone in a pestle and mortar. 

Using a Li*k sand, the leaf material was crushed and ground in the 

normal way. The extract for chlorophyll determination was spun using a 

bench centrifuge for 3 minutes. Avoiding direct light, the extract was 

then diluted with a further 80 1 to a known volume and this was put 

into the spectrophotometer (SP 800, Unicam, Sweden). 
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Chlorophyll concentration was calculated from the absorbance 

values using the equation of Ziegler and Egle (1965) quoted by estk 

(1971). These are in [mg 11]: 

Chlorophyll a = 11.78 A664  - 2.29 A647  

Chlorophyll b = 20.05 A 647 - 4.77 A664  

Chlorophyll (a + b) = 7.01 A664  + 17.76 A647  

where A is the absorbance at the wavelength. 

The following parameters were recorded: Volume of 80 Z acetone 

used, absorbance at 647 and 664 rim, dry weight and leaf area. Leaf 

area in cm  was estimated using the leaf area meter (LI-1300 Li-Cor, 

Nebraska). 

7.4 Results 

7.4.1 Germination in the Fisons growth cabinet 

Of the ten species under HPD and LPD in the Fisons growth 

cabinet conditions, only Triplochiton scleroxylon germinated in both 

conditions (Fig. 7.2b) Terminalia ivorensis and Cyperus papyrus germinated 

under HPD only. 

Germination period and percentages in the growth cabinet varied 

Triplochiton scieroxylon germinated 5 days after sowing under both 

HPD and LPD conditions; by the end of two weeks, germination 

percentages were 16 L and 23 Z respectively. 

Termiriaiia ivorensis started germinating two weeks after sowing 

under HPD, and only 10 Z germination was recorded by 23/3/83. 

Cyperus papyrus germinated under HPD and 5 days after sowing only 
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15 seedlings were available out of a few hundred seeds. These 

seedlings were not enough for experimental purposes. 

7.4.2 Germination under glasshouse mist bench conditions 

Under these conditions, Triplochiton scleroxylon reached 60 Z 

germination, one week after sowing (Fig. 7.2c). 

Germination in Terminalia ivorensis started S weeks after sowing and 

by the 9th week, 19 Z germination was recorded. 

By the 4th week after sowing, 100 Z germination was recorded in 

Terminalia superba (Fig. 7.2a). 

Within 10 days of sowing, 70 1 germination was recorded in Khaya 

senegalensis ( Fig. 7.2d). 

Cv) One week after sowing, germination in Cyperus papyrus was still 

low. 

NO The other seed species: Khaya ivorensis, Chiorophora excelsa, 

Haesopsis eminii, Entandrophragma angolense and Nauclea diderricnii had 

lost their viability. 

7.4.3 Specific leaf area and chlorophyll content 

7.4.3.1 The effect of light regime on specific leaf area 

and chlorophyll levels 

The leaves grown at low photon flux density displayed much 

higher specific leaf areas than those grown in bright light (Fig. 7.3). 

This effect was evident in all species but especially pronounced in 

Terminalia superba (Fig. 7.3). 

When chlorophyll levels are compared on a weight basis (Fig. 7.3), 

it is evident that leaves grown in dim light develop more chlorophyll, 
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and that this effect also is more pronounced in Terminalia superba (Fig. 

7.3). 

On an area basis it is only Terminalia superba that develops a 

higher chlorophyll content when grown in dim light (Fig. 7.3). 

Chlorophylls a and b are influenced disproportionately by the 

light regime: usually the a/b ratio was increased by growth at high 

photon flux density (Fig. 7.3). This effect also was particularly 

pronounced in Terminalia superba. 

7.4.3.2 The effect of transfer from low to high photon flux density 

On transfer from low to high photon flux density the specific 

leaf area declined (Fig. 7.4). This effect was more complete when the 

transfer took place during the period of leaf expansion. (It is perhaps 

surprising that any effect at all was observed when the transfer took 

place after the leaves were already fully expanded). 

When chlorophylls are compared on a weight basis there is a 

sharp decline after one week. The new levels were similar to those 

which were observed when the leaf had developed entirely at high 

photon flux density (compare Fig. 7.4 with Fig. 7.3). 

On an area basis the transfer to high photon flux density usually 

caused a decline in chlorophyll levels (Fig. 7.4). 

7.4.3.3 The effects of transfer from high to low photon flux density 

When 	the 	leaves 	which 	were 	partially 	or completely 	expanded 	at 

high photon 	flux 	density 	were transferred 	to dim 	light 	the 	specific 

leaf area 	increased 	(Fig. 	7.5). When this 	was assessed 	on 	leaves 	that 

were partially 	expanded, 	the specific 	leaf areas 	were 	similar 	in 

magnitude to those 	observed when 	the leaves 	developed entirely 	in 	dim 

light (compare 	Fig. 	7.5 	with 	Fig. 7.3). 

On a weight basis the chlorophyll levels increased, in just one 
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week, to values approaching those observed when leaves were developed 

entirely in dim light (compare Figs. 7.5 and 7.3). 

On an area basis, it was only in Terminalia superba that consistent 

increases in chlorophyll levels were caused by the transfer. 

7.4.3.4 Terminalia ivorensis and Cyperus papyrus 

Terminalia ivorensis was not considered due to iregular and poor 

germination. 

Cyperus papyrus behaved rather differently from the tree 

species. On an area basis it developed maximum chlorophyll content 

under HPD not LPD (Fig. 7.6). Its reactions to step-wise changes cannot 

be reported as the HPD to LPD transfer caused plants to die. The LPD 

to HPD transfer was not attempted as the material raised under LPD 

was considered too depauperate for experimental purposes. Clearly 

Cyperus papyrus is not at all adapted for survival in dim light whereas 

all the tree species, to some extent, are able to tolerate these 

conditions. 

7.4.3.5 Other information regarding plant age 

(1) In all species, SLA was higher at LPD than at HPD and it declined 

with leaf age (compare 3rd week with 4th week at either LPD or HPD). 

Chlorophyll a/b ratio was generally higher at HPD than LPD. It 

declined with plant age in Triplochiton scleroxy!on I and Khaya 

senegalensis, but this tendency was not clear-cut in Terminalia superba 

and Triplochiton scieroxylon II. 

There were no significant changes in chlorophyll (a + b) content on 

an area basis in T. superba and K. senegalensis as a result of an extra 

week in LPD or HPD. However, it declined in Triplochiton scieroxylon I 
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at 4 weeks LPD whilst in Triplochiton scleroxylon II it increased by the 

4th week in both LPD and HPD. 

(4) 	On 	a 	leaf dry weight 	basis, 	chlorophyll 	(a 	+ b) 	content was 	higher 

at 	LPD 	than HPD. It 	either 	declined 	or 	showed no 	significant 	changes 

between the 3rd and 4th week in both LPD and HPD. 

7.5 Discussion 

7.5.1 Evaluation of experimental conditions 

The 	light 	climate, 	in terms of 	photon flux, 	was quite 	close 	to 

natural 	conditions 	of 	open sunlight 	or 	forest shade 	(e.g. 	Pearcy 	1983; 

Chazdon 	and 	Fetcher 	1984). No attempt was made to simulate 	diurnal 

cycles, 	and 	so 	the 	total 	daily flux of photons in 	these experiments was 

possibly 	rather 	more 	than that 	in 	natural 	conditions. On 	the 	other 

hand, 	maximum 	open 	values (2000 	pmol 	m2 
_1) 	were not 	obtained 	in 

the growth cabinet (see Fig. 7.1). 

The step-wise change that was imposed does have parallels in the 

real forest environment. LPD->HPD->LPO occurs in sunflecks, but over a 

very short duration (minutes or hours), and involves a change in 

magnitude of up to 200 times. This requires that photosystems should 

be capable of harvesting photons from a wide range of flux densities 

without photoinhibition as a consequence of over-energization of the 

photosynthetic reaction centres. 

LPD->HPD occurs during the processes of natural gap formation 

when trees fall or are felled (e.g. selective logging) as part of a 

management exercise, and when young plants raised in the nursery shade 

are planted in the open during afforestation and reforestation. 

No attempt was made here to simulate the red/far-red ratios of 

the forest. This subject is addressed in Chapters 6 and 10. It should 

be recognised that low photon flux coupled with low R/FR may have 

additional effects to those outlined here. 
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7.5.2 Chlorophyll levels and chlorophyll a to b ratio 

The chlorophyll (a + b) content of these tropical tree species 

was within the range of other C3  species reported in the literature. 

Also, the differences between these tree species in chlorophyll content 

were not large and depended mainly on whether the leaves were grown 

under LPD or l-PD. Chlorophyll (a + b) content varied from 132 to 421+ 

mg m 2  on an area basis whilst on dry weight basis it varied from 5.3 
-1 

to 20.9 mg g . Other species investigated (e.g. Masarovicova
', I 

 and Elias 

1980; Morales et al., 1982) showed similar values to those reported in 

this experiment. According to 9estAk (1971), normal leaves contain 100-

1000 mg m 2  of chlorophyll (a + b) content. In a recent review by 

Bj6rkman (1981) the average chlorophyll content for 49 sun and shade 

plants grown under a wide range of light regimes, was 485 mg m 2. He 

also pointed out that high chlorophyll content appears to be especially 

frequent among evergreen shade plants native to tropical forests (e.g. 

Cordyline rubra); but in this experiment, the tropical tree seedlings and 

the sedge did not differ in chlorophyll content from other species 

reported in the literature. 

7.5.3 Development in low or high photon flux density 

In natural forests, seedlings and saplings beneath a canopy of 

vegetation experience low photon flux density all the time except 

where gaps allow in sunflecks. It is generally known that the leaves of 

such shaded plants are thinner and their chloroplasts larger and richer 

in chlorophyll content than leaves of sun plants. Higher specific leaf 

area in leaves developed under LPD versus HPD is a major way in which 

the plant can adapt its growth to cope with the prevailing light 

regime. 

However, 	once 	a leaf 	is fully 	expanded, 	it does 	not 	change 	its 

leaf 	area or 	number 	of cells. So 	this method 	of adaptation 	is 	limited 

to 	the 	conditions 	that prevail during 	leaf 	development. Subsequently, 

adaptation 	can 	only be 	achieved substantially by 	chlorophyll 	or 

structural 	and 	other 	anatomical changes 	leading 	to 	alterations 	in 	leaf 
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thickness. Besides, chlorophyll accumulation per unit leaf matter usually 

stops prior to reaching maximum leaf area, or soon thereafter 

(Masaroivi6ova and Eli.L 1981). Afterwards, the chlorophyll content per 

area and weight declines (estk, 1977). In this experiment, Fig. 7.5 

shows that transfer of fully expanded leaves to LPD for a week 

resulted in increased chlorophyll synthesis although specific leaf area 

remained only a little higher than in the leaves that had been under 

HPD. 

In addition to the specific leaf area being dependent on the 

light regime, the chlorophyll content per weight of leaf material is also 

dependent on the light regime during growth. In all cases the 

chlorophyll (a + b) content in mg g 1  was higher at LPD than at HPD. 

There is a tendency for the chlorophyll a/b ratio to be higher in HPD 

than in LPD leaves. Boardman (1977) noted that if chlorophyll content 

was expressed as per unit leaf area, it was frequently lower in shade 

species and shade leaves. Lewandowska and Jarvis (1977) showed on a 

leaf area basis that there were no significant differences between 

chlorophyll content in Sitka spruce because of the compensating 

variations in specific leaf area. Moreover, Eli' (1979) showed that 

variations in specific leaf area within a forest canopy were large; and 

this also concerned the leaves in various parts of the crown. 

Chlorophyll a/b ratio varied between 1.84 - 5.0 in this 
I 

experiment. Under HPD it was higher than that at LPD. Sestak (1971) 

reported that the chlorophyll a/b ratio for normal leaves is generally 

between 1.5 to 3.0. Masarovi5ov and Eliá (1981) found that this ratio 

was usually above 3.0 for sun leaves and often below 3.0 in shade 

leaves; they suggested that this ratio might be a good leaf 

characteristic for expressing interspecific differences and adaptability 

of plants to irradiance. In this experiment, chlorophyll a to b ratio 

varied with the light regime during the leaf development and declined 

slightly with leaf age in some species (see Table 7.2). 

Higher chlorophyll a/b ratio under HPD than in leaves grown at 

LPD is thought to be related to leaf anatomy. It is generally stated 

that chloroplasts in shade leaves are larger and richer in chlorophyll b 
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relative to chlorophyll a than in sun leaves (e.g. Bj6rkman and Holmgren 

1963; 8jrkman 1968); and that shade-adapted leaves have a greater 

number of chioroplasts in the mesophyll cells, adjacent to the upper 

leaf surface than sun-adapted leaves (Goodchild et a! 1972). These 

distinctions are well known and have been observed in sun and shade 

leaves of many species, as well as in single species when grown at low 

or high photon flux densities (e.g. in the review by Boardman, 1977). 

In addition shade leaves usually have lower contents of soluble protein 

and a corresponding lower soluble protein to chlorophyll ratio than sun 

leaves (e.g. Björkman 1968; Goodchild et a! 1972). Moreover, shade 

plants show a greater degree of grana formation than sun plants. It 

is believed that grana thylakoids contain a lower chlorophyll a/b ratio 

than do stroma lamellae (e.g. Park and Sane, 1971). Anderson et al., 

(1973) related the extent of grana formation in shade plant 

chloroplasts to their total chlorophyll (a + b) content and suggested 

that grana formation may be the means of achieving a higher density 

of light harvesting pigment assemblies and hence a more efficient 

collection of light quanta. However, the lower chlorophyll a/b ratio of 

shade leaves does not appear to be due to a significant increase in 

the ratio of photosystem II to photosystem I (e.g. Boardman, 1977). 

Higher chlorophyll content per unit leaf area in shade plants is thought 

to be strongly related to the higher quantum efficiency rather than 

greater absorption of light energy. Moreover, the reduction in the 

quantum efficiency of shade plants when grown under strong light (HPD) 

is not attributable to chlorophyll destruction per se , but to the loss 

of photosystem II which is more sensitive to HPD than photosystem I 

(Björkman, 1968). 

In this experiment, the result of transfer from LPD to HPD was 

chlorophyll decomposition (Fig. 7.4). Damage to the light harvesting 

system can be either photo-oxidation or photoinhibition. 

Available evidence in the literature suggests that photoinhibition 

is caused by an inactivation of the reaction centres of photosystems 

from the light harvesting pigments, and that shade plants have an 

intrinsically low potential for photosynthetic light acclimation. It seems 

likely that their high susceptibility to high light injury is largely a 
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consequence of their inherent low ability to increase their capacity for 

effective utilization of high quantum flux densities for photosynthesis 

(e.g. Bj5rkman 1981; see also Chapter 9 of this thesis). The results 

of this experiment suggest that all the tree species investigated did 

just as well, and there was no difference between those thought as 

light demanders or shade tolerators. 

More evidence, e.g. Bj3rkman (1968) shows that failure of shade 

clones of Solidago virgaurea to adapt to high light levels is associated 

with a low capacity of such plants to increase the level of 

ribulose-1-5-bisphosphate carboxylase and perhaps also other components 

which potentially determine the capacity for light saturated 

photosynthesis. This was confirmed by Gauhl (1969, 1970) and many 

other research workers in this field. For detailed information, refer 

to the recent review by Bj6rkman (1981). This aspect is outside the 

scope of this thesis. 

Nevertheless, all the species investigated in this experiment 

showed a high degree of adaptation to step-wise changes in photon 

flux density. This adaptation to step-wise changes in photon flux 

density ties in very well with the fact that chlorophyll synthesis and 

decomposition are continuous in the leaves, and that synthesis and 

breakdown of carboxylatiori enzymes depend on the light climate. The 

rates of these processes may be important in adaptation to different 

light climates. Besides, an increase in chlorophyll content may confer a 

significant advantage under conditions where photon flux density is very 

low and severely limits the photosynthetic rate. 

7.5.4 Response of specific leaf area to a step-wise change 

On transfer from low to high photon flux density, the 

photosystem that is adapted to harvest 40 pmol m2 s 
	

is subjected 

to what is presumably an enormous overload (25 times greater). 

Chlorophyll content changes that occur consequently may be interpreted 

as destruction or orderly re-adaptation. The data suggest an orderly 

re-adaptation, as the new chlorophyll values on a dry weight basis (Fig. 

7.4) are very close to the values that were found in the leaves which 
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had developed all the time at HPD (e.g. Fig. 7.3). There is even some 

evidence that the specific leaf area of a fully expanded leaf adapts 

too * though this is more likely to reflect a large loading of the leaf 

with starch and other products of an increased rate of photosynthesis 

or, as reported earlier, structural changes such as thickening of the 

mesophyll cells, besides changes in the chloroplast morphology. 

Altogether these could account for specific leaf area decreases. 

However, if we assume that changes were brought about by chemical 

changes in the leaf, for instance starch synthesis: on a dry weight 

basis starch content of leaves can be, in the extreme, as high as 20 1 

and soluble sugars can be a further 10-15 1. So altogether, ig of 

'starved' leaf at LPD could become 1.35 g of leaf at HPD without need 

to postulate any other kinds of change. This would lead to a change 

in apparent chlorophyll of X/1 to X/1.35, which is a 26 1 decline. The 

observed declines are asualty greater than this calculated value 

Terminalia superba 	 44 Z 

Triplochiton scieroxylon I 	22 1 

Triplochiton scieroxylon II 	47 7. 

Khaya senegalensis 	 40 1 

Thus, the data suggest some degree of adaptive change in 

specific leaf area, though the nature of this change is at present 

unknown. 

Transfer of fully expanded leaves in the opposite direction, HPD 

to LPD resulted in hardly any significant changes in specific leaf area 

at all; leaves are thus operating at LPD with specific leaf area which is 

characteristic of HPD. 

7.5.5 Ecological evaluation 

All tree species displayed adaptability, but the C4  sedge behaved 

quite differently (Fig. 7.6). The ecological characteristics of the 
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species suggest that Terminalia superba (Lamb and Ntima, 1971) and 

Triplochiton scieroxylon (Onyeagocha, 1962) are light demanders. The 

ranking in order of light demanders->shade tolerator is in the 

sequence: Terminalia superba>Triplochiton scleroxy!on>Khaya senegalensis. 

However, there is no clear- cut indication of this sequence in the data 

on the basis of chlorophyll content or specific leaf area. Indeed Khaya 

senegalerisis displays the lowest specific leaf area, a feature which 

might be considered disadvantageous for light harvesting in the dim 

layer.On the other hand, a low specific leaf area is consistent with the 

view that the leaves may be organs of storage in this situation, being 

thicker. 

The two sowings of Triplochiton scieroxylon behaved somewhat 

differently. Plants from the second sowing developed higher chlorophyll 

levels and lower specific leaf areas. This variation within a batch of 

seeds could have resulted from rather different selection pressures 

operating at germination and establishment phases. 

Finally, 	as regards 	specific 	leaf area, 	in 	the 	real 	forest 	situation, 

dominant 	species in 	the upper 	storey may have some leaves exposed 	to 

direct 	sunlight whilst 	others 	are 	shaded. From 	an early 	age, 	these 

species show an adaptation 	especially in 	specific 	leaf area, 	as variations 

occurred 	within a 	species 	as 	a 	result of development at 	either HPD 	or 

LPD. 	Perhaps 	all trees 	to 	some 	extent 	are adaptable to 	shade 	in 	this 

respect. 
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CHAPTER EIGHT 

MEASUREMENT AND INTERPRETATION OF GAS EXCHANGE 

The main techiniques of measuring the carbon balance and gas 

exchange of plants have been reviewed by sestAk, atsk* & Jarvis 

(1971) and include growth analysis, radioactive tracers and net carbon 

dioxide and oxygen exchange. 

The technique of growth analysis was used in the investigation of 

the effects of glasshouse shade (Chapter 5) and reduced photon flux 

density, with a low or high red/far-red ratio (Chapter 6), on the 

carbon balance of Khaya senegalensis and Terminalia ivorensis. Also, in 

the previous chapters, it was shown that shade had significant effects 

on net assimilation rate (Chapter 5), that P/FR influenced leaf 

development (Chapter 6), and that chlorophyll content was affected by 

the photon flux density during leaf development (Chapter 7). In this 

chapter is described the methods that have been used for measuring 

CO2  and water vapour exchange rates, and the approach adopted in the 

analysis of data from plants under various shade conditions as described 

in Chapters 9 and 10. 

Analysis 	of 	plant 	responses 	to 	shade 	requires, 	as 	a 	minimum, 	a 

method 	of 	measuring 	the 	rate 	of 	photosynthesis 	under controlled 

conditions. 	If 	at 	the 	same 	time, 	water 	vapour 	exchange 	is measured, 

then 	it 	is 	possible 	to 	investigate 	the 	CO2 	transfer 	resistances 	as 	first 

shown 	by 	Gaastra 	(1959). 	He 	showed 	how 	the 	transpiration rate 	could 

be 	used 	to 	evaluate 	the 	stomatal 	resistance, 	r ; 	and how 	this 
S 

resistance 	could 	then 	be 	applied 	to 	the 	measured rate 	of 

photosynthesis 	to 	derive 	a quasi-resistance, 	r; 	the mesophyll resistance. 

His 	studies paved 	the way 	for much 	following work, 	including resistance 

analogues 	for 	transfers 	within 	canopies 	of 	crops 	(for 	an up-to-date 

resume', 	see 	Jones 	1983). 

In recent years, more sophisticated models of photosynthesis have 

been fitted to data sets, describing the entire response curve and 
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revealing still more information about the photosynthetic process 

(Goudriaan 1978). 

8.1 Measurement of CO2  and water vapour exchanges 

Reviews of the literature on gas exchange techniques have been 

presented by Sest&k et al., (1971) and Coombs and Hall (1982). Nearly all 

CO2  analysers produce accurate results given adequate precautions, but 

they differ greatly in expense, portability, range of parameters 

measured, sample handling capacity, and experience required for 

accurate measurements: no single instrument represents the best 

solution for all gas-exchange problems (Field and Mooney, 1984). 

The commonest technique involves measurements of net gas 

exchange in cuvettes that range in size from small (!k-  1 cm3) single 

leaf chambers for portable porometer to large (> 10 m 3 ) chambers that 

enclose whole plants or areas of plant canopy. The degree of 

environmental control in these cuvettes can vary in sophistication up to 

completely independent control of temperature, light, humidity and CO2  

partial pressures in the best laboratory systems (Jones. 1983). 

The most usual method for CO2  detection is the use of the 

infra-red gas analyser (IRGA) that makes use of strong CO2  absorption 

in the infra- red region of the spectrum especially at 4.26 pm (see 

Jones 1983 p.21). The radiation from an infra-red source passes 

through a fixed-volume analysis cell, containing the sample gas, to a 

detector, and the absorptance depends on the number of molecules of 

CO2  in the optical path. Cross sensitivity to other atmospheric gases 

(especially water vapour which has a common absorption band with CO2  

at 2.7 pm) can be eliminated by use of interference filters to restrict 

sensitivity to approximately 4.3 pm absorption band. 

In this study, carbon dioxide and water vapour exchanges were 

determined using a LI-1600 steady-state porometer (LiCor- Nebraska) 

and a Binos infra-red gas analyser (IRGA,Binos 2-Leybold Heraeus, London) 

together. This combination consisted of the porometer linked to the 
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Binos in a semi-closed system, so that CO2  and water vapour exchange 

of the leaf could be determined concurrently (see Fig. 8.1). 

8.1.1 Description of the equipment: the LI-1600 Steady-State Porometer 

Accurate measurements are essential for any study of gas 

exchange in either the laboratory or the field. For most leaves, the 

largest part of gaseous flux is through the stomatal pore, and 

consequently leaf conductance after allowance of the boundary layer, 

can generally be regarded as almost synonymous with stomatal 

conductance (Jarvis, 1981). Nowadays, leaf or stomatal conductance is 

measured with diffusion porometers. The majority of these porometers 

are similar in principle and have been described by several authors (e.g. 

Kanemasu et al. 1969, Parkinson and Legg 1972, Oeardsell, Jarvis and 

Davidson 1972, Krner and Cernusca 1976, Bingham and Coyne 1977; and 

Jarvis 1981). 

According to Jarvis (1981) there are essentially three basic 

designs of porometers in use and they all embody a small chamber 

which is attached to part of a leaf or which encloses one or more 

leaves. These are 

the unventilated 'transit-time' type 

the ventilated 'transit-time' type 

the ventilated 'steady-state' type. 

In this study, the ventilated steady-state porometer was used. 

This porometer is a commercial design developed using the null balance 

principle of Beardsell et al., (1972). In addition to the features of the 

original instrument, this one incorporates its own microprocessor with 

sensors for leaf temperature, chamber temperature, relative humidity 

and quantum flux; so that both transpiration and stomatal conductance 

are computed by the microprocessor and displayed directly. 

Water loss from the leaf is determined by maintaining a constant 
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vapour density in the chamber that is in contact with the transpiring 

leaf. This is achieved by pumping dry air into the chamber (porometer 

cuvette) at an appropriate, measured rate to obtain a balance at which 

the humidity inside the chamber neither rises or falls. 

The operation of this porometer requires setting the leaf area 

which depends on the type of leaf and in turn the head used on the 

cuvette. In all cases where the sample covers the entire aperture, 

read out of r is direct. The LI-1600 porometer assumes a fixed 

boundary layer resistance (r) of 0.15 s cm- 
1. 

 Stomatal conductance 

is then determined from tables of saturation vapour density vs 

temperature which are stored in LI-1600 memory. This relationship is 

used in the calculation of water vapour density of the dry air stream 

entering the cuvette. 

The porometer also has a quantum sensor attached to the 

chamber which measures photosynthetically active radiation (PAR) incident 

on the leaf within the chamber (400-700 nm). 

However, the LI-1600 porometer, like other porometers is subject 

to errors arising from 

Changes in calibration of the humidity sensor and flow meter 

Thermal gradients within the chamber - particularly the 

leaf-to-sensor difference. 

Hence, no single calibration procedure is infallable as errors arise 

from variations in operation (A.P.Sandford pers. comm.). For flat 

broadleaves, the errors are negligible in the LI-1600 porometer as long 

as care is taken in measuring the leaf temperature. Calibration was 

checked with the kit provided by the manufacturers, and the tubing 

system was checked to avoid any leakages in the gas flow systems. 

8.1.2 The Binos differential IRGA 
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The Binos IRGA in this experiment has been used and described 

comprehensively by Griffiths and Jarvis (1981) and Griffiths (1983). It 

is a two-channel instrument with absolute and differential gas paths 

and optics measuring CO2  concentrations. The absolute channel has a 

sealed reference and a measuring range of 0 to 500 pmol mol 1, whilst 

the differential has a -Flowing gas path and measuring range of ±50 

pmol mol 1. Both channels have optical and gas filters to selectively 

measure absorption at 4.3 pm and thus reduce cross-sensitivity between 

CO2  and water vapour (see Sest4k et al., 1971). However, slight 

cross-sensitivity remained, so that a correction factor had to be used 

(see below). 

The instrument is calibrated periodically using gas mixing pumps. 

For details of its operation, tests and calibration, refer to Griffiths 

and Jarvis (1981). 

In conjunction with the Binos IRGA, a chart recorder (Servoscribe 

220, Smith Industries Ltd., U.K.) was connected to follow the trends in 

CO2  exchange of the leaf. 

8.1.3. The flow system 

The semi-closed gasometric principles followed are those described 

40  by Jarvis and Catsk (1971), and the flow system is that shown in Fig. 

8.1 and described below. 

Outside ambient air (340 imol mol 	of CO2) was sucked by a 

pump in the LI-1600 porometer into four, 10-litre buffer tanks. These 

buffer tanks served as reservoirs to damp down any fluctuations in the 

ambient CO2  concentration . The air then passed through fresh 

silica-gel to remove water vapour and also to further damp out CO2  

concentration fluctuations. 

Using 	Viton 	tubing 	(Mitsui TPX,Surrey U.K); one 	flow 	line 	went 

through the 	porometer into the chamber, and the other 	into the 	Binos 

IRGA differential 	port 	to 	act 	as a reference line. A 	flow 	line 	into 	the 

porometer 	chamber 	was 	connected 	to 	the Binos differential 	sample 
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channel in a closed-loop by two polypropylene tubes (3 mm internal 

diameter, 3 m long). 

The changes in gas concentration of the air caused by the plant 

material was determined with the Binos IRGA through the analysis of 

the gas entering the reference air stream and that leaving the sample 

line. Thus, in the chamber, water vapour and CO2  exchanges occur 

between the leaf and the chamber air mainly due to transpiration and 

photosynthesis. This results in changes in vapour pressure and CO2  

concentration in the sample air compared to that of the reference 

line. Ultimately, in the chamber there is an increase in water vapour 

which causes a small but appreciable dilution of the CO2  concentration 

irrespective of the rate of photosynthesis. Therefore, need for a 

correction arises as suggested by Parkinson (1971). 

The flow rate was automatically regulated by the mass flow 

controller integral to the LI-1600 porometer control unit. This system 

found the flow rate of dry air required to balance the input of 

water vapour by transpiration, and the microprocessor calculated 

stomatal conductance. 

When photosynthesis occurred, the CO2  concentration within the 

chamber decreased and this was displayed as a negative reading on the 

Binos differential channel until a steady state was reached. When 

respiration occurred in the "dark' the CO2  concentration increased and 

this was displayed as positive reading on the Binos differential channel. 

Final readings were taken when both the porometer flow rate and the 

Binos recordings reached a steady state. 

8.1.4 Neutral density glass filters 

A set of 5 mm thick, 	18 cm 	long and 	9 cm wide neutral density 

glass 	filters (Frew-Smith 	Ltd., 	Irvine, 	Scotland) were used 	to vary the 

photon flux density 	incident 	on 	the 	leaf 	in the 	chamber. It 	was 

possible to obtain 	a 	range 	of 	photon 	flux density 	values up 	to 

100-1500 pmol 	m 2s 1 	at 	about 	300-400 	mm from 	the 	double glazed 

roof 	of the Fisons 	growth 	cabinet 	(section 	7.2.2, Figure 	7.1.). These 



neutral density glass filters reduced the incident photon flux density 

by 501, 257, 121, Si and ii respectively. 

Darkness was obtained by covering the plant and the light sensor 

with a black polythene sheet. 

8.1.5 Test check of the flow system and correction factors 

Whenever the carbon dioxide infra-red gas analyser (IRGA) is used 

to determine the photosynthesis and respiration rate of a leaf, there 

is some residual cross sensitivity to water vapour for which corrections 

must be made (Parkinson, 1971). Parkinson performed experiments on 

carbon dioxide gas analysers when the air was dried or not dried 

before analysis with or without interference filters. 

(1) 	With 	IRGAs 	fitted 	with 	interference 	filters, 	the reference air 	is 

unmodified so the CO2  and water-vapour content is the same as the 	air 

entering 	the leaf chamber. 	However, 	the 	analysed air 	that passes 

through 	the leaf chamber 	is 	modified 	in 	its carbon dioxide 

concentration and water 	vapour 	content 	(E) 	due to 	the 	leaf 

photosynthesis and transpiration. 	Because 	of 	the 	added 	volume of 

water 	vapour (E) the 	volume 	of 	the 	air 	leaving 	the chamber (V0) 	is 

greater than that entering 	it 	(V.). 	Thus: 

V 	= 	V 	+ 	E 8.1 
a 

The analyser deflection is proportional to the difference between 

carbon dioxide and water vapour concentrations of the analysis and 

reference air streams. 

(2) 	When 	air 	is dried 	before 	analysis, 	then 	the water 	vapour 	content 

of the reference and 	analysis 	air 	streams are 	both 	equal 	to 	zero, 	and 

hence there 	can 	be 	no 	instrument response 	to 	water 	vapour. 

Nevertheless 	leaf transpiration 	can 	still cause 	an 	error 	because 	the 

sample (analysis) 	air has had 	some water vapour 	added 	in 	the 	chamber 

by the leaf. 
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In this experiment, as described in the previous sections, the 

IRGA had an interference filter and the air was dried in silica-gel as 

shown in Figure 8.1. Nevertheless, to check the theoretical correction 

(derived by Parkinson, 1971) for the effect of transpiration on CO 

concentration and also test for the empirically derived cross-

sensitivity (Griffiths, Unpub.) a simple test was performed. 

A layer of wet filter paper was inserted in the chamber instead 

of the leaf. This was assumed to have zero CO2  exchange. The 

porometer was set to balance at 21.4 0C and 50.47 relative humidity. 

This resulted in a balancing flow of dry air into the chamber of 4.23 

cm3  s, with a measured evaporation rate of 199.8 mg m 2  s. 

Using the equation 	given 	in 	section 	8.1.7 	this 	gave 	a 	calculated 

CO2 	differential of -2.94 	pmol 	mol 1. 	The measured 	CO2 	differential was 

-2.9 	pmol moi 1. Similar 	results 	were recorded 	for 	repeated 	tests. 

Bearing 	in mind the 	noise 	level 	of the 	Binos (0.5 	pmol 	mol) 	and 	the 

error 	of determining 	cross-sensitivity, the 	correction 	thus 	seemed 

adequate. Errors 	in 	CO2 	analysis 	of about 1 	pmol 	mol 1 	are unimportant 

except 	at very low 	light 	levels 	and 	in the 	dark, 	when 	the 	recorded 

differential was only a few pmol mci1. 

8.1.6 Experimental procedure 

Every day the Binos IRGA was switched on around 0800 h. After 

about 15 minutes warm-up time, the porometer was switched on. The 

Binos was then tested for the zero reading of the differential channel. 

This was done by increasing the flow Of dry air into the chamber to a 

maximum flow rate of 10-12 cm3 s 	
whilst the chamber was sealed, to 

remove any condensation in the tubing and the chamber. The chamber 

was sealed with a thick plastic film impermeable to CO2  and water 

vapour. The flow was then reduced to 2 cm  s, a typical flow in 

the experiments, and the Binos differential zero recorded. 

After 9.30 a.m. when the lights of the Fisons cabinet came on, the 

chamber was closed around the leaf to be investigated with a fixed 

leaf area of 2 cm  (for tree species) and 1 cm  (for papyrus). When 
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transpiration occurred, the relative humidity in the chamber increased. 

This was off-set by an automatic increase in flow, produced by the 

porometer, at such a rate as to return and maintain the relative 

humidity at the set point. 

(c) 	A 	neutral density 	glass 	filter 	or black 	polythene 	sheet 	was then 

selected 	for the 	desired 	photon 	-Flux density and 	placed on top of the 

leaf 	chamber and 	the quantum 	sensor. A 	total 	of 	7 	readings 	for each 

leaf were recorded. Each reading was taken when steady-state CO and 

water vapour exchange was observed and recorded by the chart 

recorder. Then, stomatal conductance, flow rate, transpiration rate, 

leaf temperature, quantum flux, differential reading of CO2  as well as 

background CO2  concentration of the ambient air were recorded for 

calculation of photosynthesis rate. 

Although CO2  flux may have stabilized, in order to achieve a 

steady - state at each photon flux density, essential for good 

determination of stomatal conductance, a period of 30-60 minutes was 

required and so only two plants could be studied each day. 

8.1.7 Calculation of the photosynthetic rate including corrections 

The amount of CO2  taken up by the plant material was estimated 

from the difference in CO2  concentration of the air before and after 

it had passed through the assimilation chamber as described by estk, 

atsk and Jarvis (1971). 

The procedure adopted in these experiments is different from 

that of Griffiths and Jarvis (1981). They employed the null-balance 

principle not only for water vapour, but for CO2  as well. They bled 

into the assimilation chamber a measured flow of CO2-enriched air until 

there was no difference in CO2  between incoming and outgoing air 

streams. After that they balanced for water vapour. 

In the present work, the null-balance principle was used for 

water vapour, and the assimilation rate was measured as the dif9rence 

in concentration of CO2  between the sample and reference lines at 
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whatever flow rate through the chamber happened to prevail. 

It is becoming increasingly common and convenient to express 

flows and concentrations in molar form (e.g. Jones 1983, p.45). 

The Ideal Gas Law states that: 

PV = nRT, 	 8.2 

however, in terms of fluxes, it can be modified to 

PV,  = n'RT 
	

8.3 

where 

P is the atmospheric pressure (Pa or 3 m 3) 

V is the volumetric flow (m3 
_1) 

n' is the molar flow (mol s 1 ) 
-1 

R is the gas constant 	8.314 3 K 	mol
-1  

1 is the absolute temperature degrees Kelvin 

Thus, the molar flow of dry air into the porometer chamber is 

P V 

8.4 

8.3141 

The extra volume caused by transpiration (E) provides an additional -Flow 

for water vapour n where: 
e 

E.A 	 8.5 
e 

and A is the leaf area in m2  

E is in mol m 2  S1 
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Thus, total flow out of the chamber in mol s-'15- 5: 

n ' n' = n' + n 	 8.6 
t 	i 	e 

is total flow out of the chamber 

n 	is the flow of dry air in the chamber 

fl 	is additional flow of water vapour caused by transpiration 
e 

of the leaf within the chamber. 

This is the basis for a correction to allow for the effect of the 

transpirational component on the volume of the measured CO2  

difference (x) The Corredec4 CO2  d-ference (ax') IS tn: 

= Ax + x (1 - n' In' 
a 	 i 	t 

8.7 

where 

Ax is the volume of CO2  in the sample line (./)rviot mot -1 ) 

x 	is the ambient (reference) CO 
2 
 concentration as a molar 

a  
fraction. 

Then, a fixed correction must be applied, based on the test 

with the Binos IRGA under the conditions of the experiment, to allow 

for a residual cross-sensitivity of water of 1 Pmol mol 1  per kPa of 

water vapour. The saturated vapour pressure at 30 0C, is 4.24 kPa and 

at 50 Z R.H. this corresponds 2.12 kPa. Therefore, as the reference 

air is dry, then at 50 ± 27 relative humidity and 30 

= (Ax - 2.12) + x (1 - n' In' ) 	 8.8 
a 	 t 

The photosynthetic rate (F) can thus be calculated using 

F = n' .tx' 
n 	t 

A 
8.9 
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8.2 Data handling and analysis 

After calculating net photosynthesis rate, experimental values of 

photon flux density and stomatal conductance were used in a 

mathematical model based on physiological principles underlying the 

interplay of the gas exchange parameters. 

It was a primary aim to evaluate whether there were any 

differences in species response to the treatments viz-a-viz high or low 

(HPD and LPD) photon flux densities (Chapter 9) and different 

red/far-red (R/FR) ratios (Chapter 10). 

8.2.1 Rectangular hyperbola 

The response of photosynthesis to quantum flux density is 

commonly described as a rectangular hyperbola (e.g. de Wit 1965; 

Procter et al. 1976; Thorpe et a! 1978). 

Many mechanistic models have been proposed for biochemical 

reactions of photosynthesis following Maskell's (1928) and Rabinowitch's 

(1951) pioneering applications of Michaelis -Menten kinetics (e.g. 	Lommen 

et al., 1971; Hall 1979; Farquhar et al., 1980b). In many, the 

carboxylation reaction has been assumed to he the main intercellular 

limitation to photosynthesis and to have 	rectangular hyperbola 

kinetics. In some cases the saturation is so sudden that observed 

curves can approach the so called 'Blackman response of two straight 

lines (a constant initial slope where photosynthesis is entirely 

CO2-limited switching suddenly to a horizontal light-limited portion) e.g. 

as shown by Thornley (1976). The wide range of these observed 

responses can, however, be described by a non-rectangular hyperbola 

(see Jones, 1983 p.158). 

8.2.2 Non-rectangular hyperbola 

The photosynthetic rate increases approximately linearly over low 

photon flux densities; this increase is followed by a gradual, but still 

substantial, increase over high photon flux densities until saturation is 
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reached and photosynthesis becomes independent of light. 

Several people have used a non-rectangular hyperbola because it 

represents the relationship better than a rectangular hyperbola at low 

photon flux density up to the point where the curve starts to bend 

(e.g. Prioul and Chartier, 1977; Goudriaan, 1978). 

Leverenz (1979), Miranda (1982) and Griffiths (1983) have used the 

non-rectangular-hyperbola as it resulted in a better fit to the data in 

the light response curves of Sitka spruce needles. 

In this study, the non-rectangular hyperbola was used as 

described by Thornley (1976) and used by Miranda (1982) and Griffiths 

(1983). The relationship between gross photosynthesis (F) and photon 

flux density (0) as represented by the non-rectangular hyperbola is of 

the form: 

8.F2 - (Q + Fm)F + a.0.F = 0 	 8.10 

and 

F 	= 	F 
n 	d 

+ R 	 8.11 

F 
M 	

= F 
rim 	d 

+ R 	 8.12 

where 

F is the gross photosynthesis (pmol m2 _1) 

U is the quantum flux density (pmol m 2s) 

Fm is the maximal (asymptotic) rate of photosynthesis at saturating 

quantum flux density (pmol m 2s) 

O is the convexity Coefficient 

a is the initial slope of the light response curve (pmol/pmol) 

F 	is the rate of net photosynthesis (pmol m
-2 

 s- 1 

F nm is maximal net photosynthesis rate (pmol m 2s 1 ) 

Rd is the rate of dark respiration (pmol m2s) 
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The parameter B is the convexity coefficient which determines 

the non-rectangularity of the function, and enables a family of curves 

to be produced. For instance, Thorny (1976 p.94) showed curves with 8 

ranging from zero to 1, where zero resulted in a rectangular hyperbola 

and 1 resulted in an extreme non-rectangular-hyperbola of two straight 

lines, the so-called Blackman response function. 

The relationship between net photosynthesis and CO2  flux through 

the stomata to the intercellular spaces and then to the carboxylation 

sites in the mesophyll cells has been investigated (e.g. in conifers by 

Jarvis, 1980) and has been reviewed recently by Farquhar and Sharkey 

(1982). For a recent resume, refer to Jones (1983 p.104-169) and 

papers by Jarvis (1981); Jarvis and Morrison (1981). The dependence of 

net CO2  uptake on stomthalconductance for water vapour indicates that 

as stomatal conductance approaches infinity, net photosynthesis is 

limited by the mesophyll component (refer to Jarvis 1981). 

Thus, if over the operating range of the plant we assume a 

linear relationship between F 	and C. (Ludlow and Jarvis, 1971) with a nm 	i 
slope g 

M 

F 	= g  nm 	m 	I 
8.13 

where 

g 	is the mesophyll conductance (mol m-2 s- 
 1 

C is the intercellular space CO2  concentration (pmol mol) 

r is the CO2  compensation point (pmol mol 1 ) 

Note that this equation presumes physical diffusion of CO2  from 

intercellular space to the carboxylation sites at which the CO2  

concentration is equal to the CO2  compensation point r. 

The intercellular 	space 	CO2 	concentration 	(C.) 	is influenced by 

stomatal opening. 	Stomata 	are 	known 	to 	be 	sensitive 	to CO2, 

responding to 	CO2 	concentration 	in 	the 	intercel!uler spaces. The 

stomata tend 	to 	open as intercellular space 	CO2  decreases (especially ;in 

C4 	plants), though 	Jarvis 	(1980) 	showed 	that 	in 	conifers the 	stomata 
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are relatively insensitive to CO2 This stomatal sensitivity to CO2  may be 

an important factor in the stomatal light response. Thus: 

C .  = C - (Fig ) 	 8.14 
i 	a 	n a 

where 

Ca is the ambient CO2  concentration (pmol Mal- 1 ) 

g 	is the stomatal conductance for CO 
2 
 (Mal m 2s 1) 

In a stirred porometer chamber, the boundary layer resistance r 
a 

can be regarded as negligible; so that g can be equated with 

stomatal conductance for water vapour. Thus: 

g 
S 	

O(H..0) 

- 	 8.15 

g 	 D(CO2 ) 
S 

Where: 

O is the molecular diffusivity of water vapour or CO2  

g is stomatal conductance for water vapour. 
S 

This was measured by the LI-1600 in cm 
s. 

 To transform to mol 

m 2s 	the values were multiplied by 0.379 as given by Jones (1983) at 

30 0C. The value of the D(H20)/D(CO2) ratio has been discused by Jarvis 

(1971) and is given as 1.605 being more or less independent of 

temperature and pressure. (The approximate conversion factor of 1.6 is 

often used where stomatal conductance to H 
2 
 0 vapour and CO2  are not 

measured separately, assuming gas-phase paths for CO2  and water vapour 

are similar). 

Substituting for C. from equation 8.14 into equation 8.13 

eliminates C. and gives 



149 

F
nm 	[C - (F /g •) - rig 	 8.16 a 	n a 

Combining equations 8.10, 8.11 and 8.16 gives 

[9+ (g 
in 
	
S. ')]F n 2+( (20+(g

m 	s/g 	)]Rd-(l -(g/g)J 

x.Q-(C 
a 	in 
-r)g )F +ci.Q((C 

a- 
 ng 	a M 

]+[R 
 d' 

-((C a- ng  )]R d = 0 	 8.17 
in  

Equation 8.17 has a quadratic form ax  + bx + c = 0 and can 

therefore be solved for F using *-kL,  nea-f-v rool of: 

F = (-b*(b2 - 4ac)05]/2a 
	

8.18 

where 

	

a:8+ (g /g S ') 	 8.19 
m  

b = [284(9 /g HR -[1+(g /9 H 
d 	in $ 

ct.Q-(C a -f)g 	 8.20 
in 

a.Q.g (Ca-r)+[R 
d 
 .8-ct.Q-(g (Ca-r))]R d 
	

8.21 
in 	 in  

Equation 8.17 expresses net photosynthesis (F ) in terms of quantum 
n 

flux (Q), ambient CO concentration (C ), stomatal conductance for CO 

	

2 	 a 	 2 

(g '), mesophyll conductance for CO 	(g ), dark respiration (R ), CO 
s 	 2 	m 	 d 	2 

compensation point (1'), convexity 	Coefficient (B) and initial slope of 

the light response curve (). 

Of these variables Q. C and g can be derived from 

	

a 	 a 

experimental values, other values may be estimated as parameters by 

solving the equation with observed values of F and g '. This procedure 
11 	 S 

will be used in the following two chapters. 

8.2.3 Stomatal module 

At various times it was found necessary to fit a rectangular 

hyperbola to the observed relationship between stomata[ conductance 
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and photon flux density. The stomata were not completely closed 

during the period when darkness was imposed on the leaves. 

To correct for the values above zero in the dark, an additional 

'dark opening' term was inserted: 

g 	9 
S 	Sin 9 

sd 

(g 	.fa .Q) 
Sm 9 

where: 

8.22 

9 	is the maximum stomatal conductance 
Sm 

a is the initial slope of the stomatal response curve 
9 
(and it defines the shape of such curve) 

Q is the photon flux density. 

9 sd 
is the dark opening of the stomata. 
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CHAPTER NINE 

THE INFLUENCE OF PHOTON FLUX DENSITY DURING GROWTH ON THE 

SUBSEQUENT PHOTOSYNTHETIC RESPONSE TO LIGHT 

In Chapter 3 (section 3.2.2) a brief review on photosynthesis and 

respiration in response to shade was presented. The dependence of 

photosynthesis and respiration rates on photon flux density during 

growth was emphasized. It was noted also that plants occupying sunny 

habitats are generally capable of higher photosynthetic rates at high 

photon Flux densities than plants restricted to shaded locations. This 

fact has been known for some time and is treated in detail by several 

authors in reviews on various aspects of photosynthetic response and 

adaptation to light (e.g. Björkman 1973, Boardman 1977, Osmond et a! 

1980, 8j6rkman 1981). However, much more is known about temperate 

herbaceous plants and tree species than of tropical timber species in 

this respect; and consequently there is need for more research on 

various aspects of tropical tree physiology including photosynthetic 

response to light, both in the laboratory and field conditions. 

In Chapter 7, it was demonstrated that there were significant 

changes in leaf properties, in particular chlorophyll content and specific 

leaf area as a result of growth at either low or high photon flux 

density (40 and 1000 ijmol m2 
5-i  respectively). Transfer from HPD to 

LPO resulted in increased chlorophyll synthesis of the leaf whilst 

transfer from LPD to HPD resulted in chlorophyll decomposition of up 

to 50Z in some species. There was a general similarity in species 

response as a result of growth at either LPD or HPD irrespective of 

whether they were thought of as light demanders or shade tolerators. 

However, the sedge, Cyperus papyrus responded differently from the 

tree species and did not tolerate shade at all. 

Since leaves are the principal organs involved in photosynthesis, 

any changes in leaf properties are likely to have an influence on the 

photosynthetic performance of these species. The aim of the work 

described in this chapter is to analyse the influence of photon flux 

density during growth on the subsequent photosynthetic response of 
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Terminalia superba, Terminalia ivorensis, Triplochiton scieroxylon, Khaya 

senegalensis and the sedge Cyperus papyrus. 

Assimilation rate has been expressed on both an area and weight 

basis to explore the influence of specific leaf area. The relationship 

between chlorophyll content and photosynthetic rate will be discussed. 

9.1 Materials and methods 

The same plants and light regimes as reported in Chapter 7 were 

used. However, only those plants that had remained at HPD or LPD 

throughout the 5 weeks growth period were analysed, ignoring those 

that had experienced a transfer between the light regimes. Five plants 

of each of the tree species from each of the light regimes (LPD and 

HPD) and C. papyrus seedlings grown at HPD were used to assess the 

photosynthetic gas exchange characteristics; the tree plants being 

chosen at random after a further two weeks of growth in the Fisons 

growth cabinet (see Section 7.2.2). From each of these plants, a fully 

expanded leaf was put in the porometer chamber (2 cm  for tree 

species, 1 cm  for C. papyrus), CO2  and water vapour exchanges were 

assessed at 0, ii, 57, 127., 257, 507 and 1007 of the incident photon 

flux. This gave a range of conditons from dark to nearly 1000 pmol 

M-2 
s-I  (the classes were chosen to allow adequate sampling over the 

photon flux range limiting to photosynthesis, yet also allowing photon 

flux densities that were saturating). 

All experiments were carried out on attached leaves in the Fisons 

cabinets. For C. papyrus, only plants at HPD were analysed as those at 

LPD had not survived to this point. 

The methods for measurement of CO2  and water vapour exchanges 

have been described and presented in Chapter 8. 

9.2 Data analysis 

To assess the statistical significance of the treatment effects, 

analysis of variance was applied using the GENSTAT package. Following 
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this, both rectangular and non-rectangular hyperbolae were fitted to 

the data using the parameter optimisation program PAR within the BMDP 

package. It was found that the non-rectangular hyperbola was in most 

cases a marginally better fit, and so only this one will be reported 

henceforth. 

9.3 Results 

9.3.1 Stomatal conductance to water vapour 

Stomatal conductance was strongly influenced by both the 

prevailing photon flux density and that to which the plants had been 

exposed during growth (see Appendix Table Al for analysis of variance). 

However, the mean conductances of the four tree species were not 

significantly different from each other, but there were significant 

interactions between species and light. 

Stomatal conductance was influenced by growth conditions (HPD or 

LPD), being higher when plants had been grown at HPD (Fig. 9.1a). C. 

papyrus displayed very high conductance values (Fig. 9.1b) at HPD and 

the stomata were more wide open even when dark conditions were 

imposed than in the tree species in bright light during the period of 

measuremn±5. 

The parameter values obtained when the non-rectangular hyperbola 

was fitted to the conductance data are given in Table 9.2 (for tree 

species). The algorithm to calculate the conductance for each species, 

based on this set of parameter values, will be referred to as the 

stomata module (see also Section 8.2.3). 

9.3.2 Effect of photon flux density on photosynthetic rate 

expressed on an area basis 

Analysis of variance (Appendix Table A2) showed that the 

prevailing photon flux density during measurements, growth conditions 

(HPD and LPD), species and the interaction of these three factors had 

significant effects (P<O.00l) on CO2  assimilation rates. 
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The stomata module referred to above were then used in the 

photosynthesis model (Table 9.1) to cater for the influence of stomata 

on photosynthesis. Finally the model was run to generate calculated 

rates of photosynthesis in the form of response curves, and the 

original observations placed on the graphs to enable visual judgement of 

goodness of fit. 

When 	data 	for 	the 	four 	tree 	species 	are 	pooled 	in order to 

investigate 	the 	effects of 	growth 	conditions 	on 	photosynthesis, the 

estimated 	photosynthetic response 	reached 	a 	maximum value under HPD 

(Fig. 	9.2). 	The 	result 	of incorporating 	the 	stomata 	module (Table 9.2) 

into 	the 	photosynthesis model 	(Table 	9.3), 	and 	the 	mean values of 

observed photosynthesis rate showed that 

Plants grown at HPD displayed maximum photosynthesis rates 

which were about twice those grown at LPD. 

Plants raised at HPO also displayed higher (more negative) rates of 

dark respiration. 

After analysis of species response by combining the data of 

growth at HPO and LPD, and then fitting the photosynthesis model 

(Table 9.4) and stomata module (Table 9.5) to the data, one clear 

difference emerges: of the tree species, Khaya senegalensis displayed 

lower rates of photosynthesis than the other species (Fig. 9.3). 

Further analysis was carried out on individual species to 

investigate the effects of growth at LPD and HPD on photosynthetic 

response. The stomata module (Table 9.6) and the photosynthesis model 

(Table 9.1) were fitted to the data. The resulting light response 

curves of CO2  uptake showed that: 

(U 	Khaya senegalensis ( Fig. 9.4b) did not display a very much higher 

rate of photosynthesis when grown at HPD than at LPD, whilst all other 

species did. 

(ii) Cyperus papyrus (Fig. 9.4e) displayed higher rates of 



TABLE 9.2; 

157 

Growth 
g 	(light) 
s 

a g 	(dark) 
Conditions g s 

LPD 0.185 0.00106 0.0238 
(0.0099) (0.000018) (0.0059) 

HPD 0.284 0.000825 0.0536 
(0.0209) (0.000136) (0.0069) 

Rss 	Mse 	n 

0.116 0.000806 137 

0.189 0.000134 137 

Table 9.2; Parameter values obtained by fitting the stomata module to the 
conductance data. In this case, the data for different tree species have 
been pooled to investigate the general effect of light regime during growth. 
The curves drawn from these parameters and those in Table 9.3 can be seen 
in Fig. 9.1a. 

Parameter symbols and abbreviations given in the table 

120 and HPD are 40 and 1000 imol m 2  s respectively, 
g (light) is the asymptotic stomatal conductance to water 

vapour in the light (mol nf 2  s 1), 
a is the initial slope of the stomatal-light response curve g 	

mol H20/imol quanta), 
(dark) is the dark opening of the stomata. It may be regarded 
as the residual conductance to water vapour inthe dark. This 
opening is probably due to stomata remaining open, possibly a 
component of the cuticular water loss. 

Rss is the mean square error 
n are degrees of freedom 
() encloses the asymptotic standard deviations at n degrees 

of freedom. 
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TABLE 9.3: 

Growth 
Conditions 

0 a Rd 	Rss 	Mse 	n 

LPD 0.927 0.0394 0.0171 0.473 	80.78 	0.59 	136 
(0.069) (0.0068) (0.001) (0.164) 

HPD 0.0099 0.0698 0.0417 1.109 	302.48 	2.21 	137 
(0.0011) (0.0022) (0.306) 

Table 9.3 	Photosynthesis model: final parameters values found as 
described in the text, applied to the data from LPD and HPD shows 
predicted response for growth at LPD and HPD. In this case the data 
for the four different tree species were pooled to investigate the 
general effect of light regime during growth. Curves drawn from these 
parameters can be seen in Fig. 9.2. 

Parameter symbols and abbreviations given in the table 

LPD and HPD are 40 and 1000 imo1 m 2  s 1  respectively; 
0 is the convexity Coefficient 
a is the initial slope of the light response curve (the apparent 
quantum efficiency '1imol CO2/i.imol Quanta) 	

-2 -1 g is the mesophyll conductance to CO2  (mol m s 
Rss is the residual sum of squares 
Mse is the mean square error 
n are degrees of freedom 
() enclose the asymptotic standard deviation 
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photosynthesis than the tree species. It also displayed higher (more 

negative) rates of dark respiration and was not light saturated at 

photon flux densities that were saturating for tree species. 

9.3.3 Effect of photon flux density on the photosynthesis rate 

(re-expressed on a dry weight basis) 

When re-expressed on a dry weight basis, a quite different 

picture emerged among the tree species. It was the plants which had 

been grown at LPD which displayed the highest assimilation rates, 

irrespective of current illumination (Appendix Table A3, Fig. 9.5). There 

is a clear difference between species as a result of growth at LPD 

(Fig. 9.6a) and HPD (Fig. 9.6b) Khaya senegaIersis and Terminalia ivorensis 

displaying lower rates of photosynthesis throughout. For Cyperus 

papyrus, growth at KPD (Fig. 9.6c) still resulted in higher photosynthetic 

and respiration rates than the tree species. 

9.4 Discussion 

9.4.1 Problems of data analysis 

Some of the problems associated with data analysis by non-linear 

regression methods are well presented by Ross (1981): considerations 

include - 

M 	Some models are more appropriate than others. Choice between 

rival models should be done cautiously, bearing in mind the error 

distribution and magnitudes. According to Ross (1981), fitting models is 

not simply a matter of smoothing scattered data to make them look 

more respectable; on the contrary, it is a method of estimating 

particular quantities from the data. It is also a method of testing 

whether the model fits the data either statistically in terms of 

variance ratio (F) test or graphically in terms of general pattern of 

data points relative to the fitted curves; to compare different models 

which may be related or unrelated and to obtain more precisely 

estimates of common parameters. It is generally advantageous if the 

measured quantities have physical or biological meaning. 
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(ii) 	It is extremely difficult to judge from inspection of the fitted 

parameters, standard errors and correlations, whether parameters are 

significantly different especially if the data are observed over 

different ranges on the x axis. 

In 	the 	present experiments, 	these 	problems 	were 	encountered 

and 	dealt 	with 	as 	described. 	Analysis 	of 	variance 	(Appendix 	Tables 	Al, 

A2 	and 	A3) 	shows 	that the 	rates 	of 	photosynthesis 	indeed 	depend 	on 

the 	light 	regime 	during growth. 	Objection 	may 	be 	raised 	against 	the 

use 	of 	analysis 	of 	variance in 	such 	cases 	as 	the 	variance 	may 	well 

increase with 	the increase in the 	mean, over the 	range of 	photon flux 

densities 	(see 	Snedecor and 	Cochran, 	1967). 	However, 	when 	the 	data 

were 	reanalysed, 	after logarithmic 	transformation 	to 	overcome 	this 

problem, 	the 	essential conclusions 	were 	not 	affected. 	It 	was 	noted 

that 	after 	logarithmic transformation 	the 	level 	of 	significance 	was 

sometimes changed, 	but that the 	list of treatments declared 	significant 

at 	P<0.05 	did 	not 	change 	(e.g. 	Appendix Table A4). 

Following 	this, 	the 	choice 	of 	fitting 	the non-rectangular 

hyperbola 	(Table 	9.1) 	as 	opposed 	to 	the 	rectangular hyperbola 	was 

dictated 	by 	the 	fact 	that 	the 	former 	resulted 	in slightly 	lower 

residual sum of 	squares and 	mean square errors. 	It also yields 	a 	useful 

extra parameter, 	theta, 	that enables 	the curve to be fitted accurately 

to the data 	near 	the 	point 	of 	light 	saturation. 	This 	is best 	illustrated 

by inspection 	of Figure 	9.4a 	: 	here the 	transition 	from light-limited 	to 

light-saturated 	photosynthesis 	is 	markedly 	dependent on 	the 	light 

regime 	during 	growth. 	The 	difference 	between 	the 	two 	treatments 

cannot 	be 	represented 	unless 	the 	non-rectangular 	hyperbola, with 	its 

additional 	parameter, 	theta, 	is 	used. 

Finally, the fitted parameters do have recognisable biological or 

biophysical meaning. Conductances and respiration rates derived as 

model parameters may be directly compared with those in the 

literature. Alpha, the initial slope of the light response curve is nearly 

synonymous with the quantum efficiency of photosynthesis (not exactly 

synonymous because the input data describing the photon flux 

represents incident rather than absorbed photons). Theta is a more 
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difficult quantity to interpret, but may represent an index of the 

degree of mutual shading between chloroplasts within a unit area of 

leaf, itself dependent on leaf thickness as well as structural 

organisation at tissues and cellular levels. 

9.4.2 Relationship between chlorophyll content and photosynthetic 

rates 

In Chapter 7, leaf properties as a result of growth at LPD and 

HPD were investigated in terms of chlorophyll content and specific leaf 

area. In this chapter the results of photosynthetic characteristics of 

leaves developed at LPD and at HPD are presented. One of the main 

objectives of this study is to explore if there is an obvious 

relationship between chlorophyll content and capacity for photosynthesis 

or between chlorophyll content and quantum efficiency at this level of 

investigation. 

It is unlikely that photosynthetic rate at saturation will ever 

depend on chlorophyll content in normal leaves. 	estk (1966) discussed 

the limitation for finding a linear relationship between chlorophyll 

content and photosynthetic activity. It is well known that when 

chlorophyll depletion becomes clearly visible (e.g. with nutritional 

deficiencies and pathological situations, or before leaf abscission); the 

leaves are incapable of utilizing high photon flux densities sufficiently. 

Besides,the photosynthetic rate is controlled by so many variables, both 

environmental and biochemical. Whereas photosynthesis involves gas 

exchange in physical and biochemical states, chlorophyll participation 

concerns the trapping and utilization of the absorbed quanta which is 

a photochemical as well as a biochemical process. It is also well 

established that chlorophyll synthesis and degradation go on 

simultaneously in the leaf chtoroplasts. The leaf environment (both 

external and internal) and genetic factors influence the overall 

photosynthetic performance of leaves. Thus it is difficult to establish 

a strong direct relationship between chlorophyll content and light 

saturated photosynthesis; perhaps at a finer level of investigations, 

such correlations do exist, but this is outside the scope of this thesis. 
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200 	400 	600 	800 
Chlorophyll (a ± b) mg m 2  

FIGURE 9.7: Relationship between chlorophyll content and aooarent 
quantum efficiency. Data for chlorophyll content of some 
of the tree species in the experiments described in Chapter 7 
has been compared to Gabrielsen's (1948) data (o) as discussed 

in the text. Chlorophyll content for the tree soecies after 
four weeks growth at either LPD or HPD in the Fison's cabinet 
is presented (Table 7.2), and the aoparent quantum efficiency 
at LPD and HPD is shown (Table 9.1). 

The species involved are 

Terminalia suerba at LPD (v) and HPD (v) 

Trip lochiton scZeroxylon LPD () and HPD (A) 

Khaya senegalenS1-S 	LPD (0) and HPD (U) 

is the theoretical maximum quantum efficiency assuming 

8 moles of quanta fix one mole of CO2. Usually 8-10 moles of 

quanta are needed for fixing 1 mole of CO2  (e.g. Walker, 1979, 

p.l5) 
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In the review by Bj6rkman (1981), recent studies suggest poor 

correlation between chlorophyll content and net photosynthesis. He 

cites examples of 49 different sun and shade species grown under 

different light regimes. The general trend in the differences between 

light saturated photosynthetic rates in sun and shade leaves of the 

same species were not related to the estimated chlorophyll content. 

The evidence also suggests that the capacity of component steps of 

photosynthesis which determine the absorption and trapping of light 

quanta probably has little or no impact on light saturated 

photosynthetic rate. 

It is however likely that quantum efficiency will be related to 

chlorophyll content. The data in Chapter 7 of chlorophyll content and 

the apparent quantum efficiency estimated from the data in Chapter 9 

were compared to that of Gabrielsen (1948) as shown in Figure 9.7. 

There appears to be only a weak relationship, which is perhaps to be 

expected as the capture of photons by chlorophyll must depend not 

only on the amount of chlorophyll but also its organisation. Also, the 

relationship is not linear. For values above 400 mg m 2  the leaves 

appear not to increase their quantum efficiency. It seems that these 

leaves have 'reserves of chlorophyll, perhaps a safeguard against 

photodestruction (see Gabrielsen's data of 1948). 

In their review of photosynthetic characteristics of wet tropical 

plants, Mooney et al., (1984) implicated nitrogen content as the strong 

determinant of leaf photosynthetic capacity rather than chlorophyll 

content. They reported that leaves of rainforest dominants have a 

relatively high nitrogen content, which also varies greatly with leaf age. 

They were surprised to find low light saturated photosynthetic rates 

(3.4 - 8.5 pmol CO2  m2 
_1) in the Mexican pipers in spite of their 

high nitrogen content. They attributed this to be probably due to 

investment in nitrogen-based defensive compounds such as alkoloids in 

this species rather than the photosynthetic machinery. 

Thus, species variation in net photosynthesis and apparent 

quantum efficiency cannot be accounted for by variations in chlorophyll 

content. 
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Nevertheless, within each species there appears, in the present study, 

to be a weak relationship between the chlorophyll content and the 

apparent quantum efficiency: the light regime which causes the highest 

chlorophyll content also causes the highest apparent quantum efficiency. 

However, the data are not sufficiently extensive to enable conclusions 

to be drawn as to whether light demanders and shade tolerators are 

different in this respect. 

9.4.3 Photosynthetic rates at light saturation 

In general, shade leaves and shade plants show lower rates of 

photosynthesis than sun species at light saturation. As was shown (Figs. 

9.3, 9.4 and 9.6b) the shade tolerant Khaya senegalensis displayed 

lower rates of photosynthesis at saturation than the light demanding 

tree species when grown at either LPD or HPD, and its light saturated 

photosynthetic rates at HPD were similar in magnitude to those of the 

other species mentioned above when grown at LPD. 

Compared to the shade tolerant Khaya senegalensis, the light 

demanding tree species in this experiment showed more capability in 

dealing with extreme variations in the light environment, adjusting their 

photosynthetic capacities to cope with the prevailing light regime. They 

behaved rather like shade plants when grown in dim light, and switched 

from low to high rates of photosynthesis when grown at HPD. 

Similar observations were made by Bazzaz and Carlson (1982) in 14 

early, middle and late successional plants grown outdoors in full sunlight 

and under the shade of a dense Niulbery canopy. In the present study, 

Khaya senegalensis displayed low rates of photosynthesis and showed 

practically no ability to adjust to higher rates when grown at HPD. 

Perhaps Khaya senegalensis only responds to RIFR ratio under reduced 

PAR during growth (see Chapter 10). 

Evidence from other workers on sun and shade species e.g. 

Ojrkman (1981) suggests that obligate shade plants have an intrinsically 

low potential for photosynthetic light acclimation (environmentally 

induced adaptation) and an inherent low ability to increase their 

capacity for effective utilization of high quantum flux densities for 
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photosynthesis. In this respect, Khaya senegalensis behaved like a true 

obligate shade plant when grown at HPD. Moreover, the photosynthetic 

behaviour of the tree species in this experiment can be compared with 

the results of 8j6rkman and Holmgren (1963) on Solidago virgaurea. 

When cloned individuals of sun and shade ecotypes were grown at low 

and high photon flux densities, growth of the shade clone was retarded 

under HPD and there was no increased capacity for light saturated 

photosynthesis. In addition, high quantum flux densities during growth 

caused a reduction in the quantum yield at rate-limiting quantum flux 

densities of the shade clones; which Björkman (1968) attributed to a 

low capacity of such plants to increase their level of ribulose - 1, 5-

bisphosphate carboxylase. 

Other evidence as presented in the recent review on this topic 

by 8jrkman (1981) suggests that the low potential of obligate shade 

plants to increase their light saturated photosynthetic capacity in 

response to increased photon flux density during growth may be a 

result of photoinhibition of the reaction centres due to excessive 

excitation energy (see also Chapter 7). Tolerance of high photon flux 

densities may be related to the ability to dissipate this excessive 

energy via photosynthesis as observed in the response of the light 

demanders. For shade plants, Bj6rkman (1981) suggests that other 

alternative mechanisms for safe dissipation of, or protection against, 

the potentially harmful effects of excessive excitation energy may also 

play an important role e.g. mechanisms for long term repair of 

components that are inactivated or destroyed in photoinhibition may be 

important as well. However, the high susceptability to photoinhibition 

of shade plants may constitute an even greater selective disadvantage, 

and this is likely to increase when other stresses are present. 

For example, in ecological considerations of adaptation to sun and 

shade habitats, apart from the light regime, sun and shade habitats 

differ; sunny habitats tend to be drier than densely shaded locations, 

and water stress may also lead to photoinhibition. 

The species difference in this experiment has ecological 

implications. Fast growing light demanding tree species may make -full 
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use 	of 	large 	gaps 	in the canopy 	through high photosynthetic capacities 

in 	response 	to 	increased photon 	flux 	density 	whilst 	slow 	growing 	shade 

tolerant 	species 	may 	be shaded 	by 	such 	plants in 	the 	gap 	because of 

their 	inherent 	low 	potential 	to 	increase 	their photosynthetic capacity. 

However, 	species 	like 	Khaya 	senega/ensis 	may benefit 	from sun-flecks 

through 	other 	adaptive mechanisms 	such 	as high 	apparent quantum 
Low 

efficiency 	andrespiraton rates 	as 	discussed 	in the proceeding section. 

9.4.4 Dark respiration rates 

Table 9.7 shows dark respiration rates on both an area and 

weight basis as a result of growth at LPD and HPD. The final column is 

the ratio of respiration at LPD to that at HPD, when expressed on a 

weight basis. 

Species 	Growth 

Conditions 

Compensation 

point 

Jmol m2s1 

Dark 

respiration 

pmol co 

Dark 

respiration 

pmoi CO2 

R 	LPD 

R HPD 

Terminalia HPD 16 - 	0.34 -0.0268 0.929 

superba LPD 8 - 	0.29 -0.0249 

Triplochiton HPD 15 - 	1.00 -0.0534 0.595 

scieroxylon LPD 10 - 	0.44 -0.0318 

Terminalia HPD 25 - 	1.30 -0.0207 0.864 

ivorensis LPD 25 - 	0.44 -0.0179 

Khaya HPD 20 - 	1.60 -0.0378 0.386 

senegalensis LPD 10 - 	0.36 -0.0146 

Cyperus HPD 70 - 	2.23 -0.0724 - 

Papyrus 
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As shown (Fig. 9.4, Table 9.7) all the tree species displayed lower 

dark respiration rates when grown at LPD than at HPD; because of this, 

extremely low photon flux densities were sufficient to maintain the 

carbon balance. 

Light compensation point is a useful parameter in an ecological 

sense and depends on the apparent quantum efficiency and respiration 

rate. The light compensation points for the tree species ranged from 

8- 25 pmol m 2  S in both LPD and HPD conditions. However, in 

Terminalia ivorensis the light compensation point was 25 pmol m_
2  s- for 

both LPD and HPD grown plants. In other species, growth at LPD 

resulted in lower light compensation points. Similar magnitudes have 

been reported by Langenheim et at (1984) for three emergent tree 

seedlings of Amazonian rainforest canopies and two Araucarian conifer 

seedlings of the tropical Australian rainforest, grown at 6 7. (shade) and 

100 Z full sunlight (sun) in glasshouses. Cyperus papyrus (Table 9.7, Fig. 

9.4e) had a much higher light compensation (70 pmol m2 
_1) 

 at HPD 

than the tree species, as expected for a C4  plant. 

A high rate of dark respiration at HPD may be a consequence of 

a rapid growth rate, with the need for high rates of mobilization of 

assimilates from the leaves to the regions of rapid utilization. Quite 

apart from the role of respiration in transport, the maintenance of 

organisation at a chloroplast level is presumably associated with the 

expenditure of energy. For this reason, plants with high rates of 

photosynthesis and high quantum efficiency may necessarily have a high 

rate of dark respiration. Plants in dim light require low respiratory 

rates if they are to make efficient use of the avialable light through 

a conservative use of assimilates. Such low respiratory losses are 

necessarily coupled with slow rates of metabolism under such low 

photon flux densities. 

In Table 9.7, we have calculated the ratio of dark respiration 

under LPD to HPD (R LPO/R HPD), using the data expressed on a weight 

basis. This ratio is lowest in the shade-tolerant Khaya senegalensis and 

highest in the light demanding Terminalia spp; it is intermediate in 

Triplochiton scleroxylon which is not an aggressive light-demander. This 
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ratio 	seems 	to 	indicate the 	ranking 	of shade-tolerant 	and 

light-demanding 	species. 	Thus, 	the 	lower 	the value 	the 	more 

shade-tolerant 	the 	species; and 	the 	higher 	the 	value, 	the 	more 

light-demanding 	the 	species. It 	is 	highly 	suggestive, but it may not 	be 

conclusive. 	It 	is 	noteworthy that 	this 	relationship does 	not 	hold when 

the 	ratio 	is 	calculated 	on 	an 	area 	basis. 	The 	weight basis 	is 	perhaps 	a 

more fundamental 	measure in respiration 	studies 	since 	respiration 	is 	not 

functionally 	related 	to 	leaf area 	(as 	photosynthesis is), 	but 	dependent 

on 	enzymes 	which 	may notionally 	at 	least be 	considered 	in 

concentrations 	in 	terms 	of weight 	per volume 	of leaf 	or 	weight 	per 

weight of 	leaf. 

Other studies on tropical tree species such as Langenheim et a! 

(1984) on seedlings of Caesalpinoids: Hymenaea courbaril, H. parvifolia and 

Copaifera venezuelana, emergent trees of Amazonian rainforest canopies 

and two Araucaria conifers: Agathis microstachya and A. robusta in 

tropical Australian rainforests grown in glasshouses at 6 Z and 100 Z 

full sunlight conditions; respiration rates for mature leaves measured at 

22 and 27 0C. were in the range of 0.03 - 0.41 limol CO2  m 	s 1. The 

values were higher for the Araucarias and full sunlight seedlings than 

for shade (6 Z of full sunlight) and Caesalpinoids of the Amazon 

rainforest canopies. Moreover, Pearcy and Calkin (1983) on Claoxylon 

saridwicense an understorey sapling of Hawaii, and Ladipo et al., (1984) 

on six clones of Triplochiton scleroxylon reported higher values of 

respiration rates than those of Langenheim et al., (1984) but similar 

values (0.32 - 0.77 pmol m 2  s) to those reported in this experiment 

for LPD conditions, yet lower,  than those at HPD for Trip!ochiton 

scieroxylon, Terminalia ivorensis and Khaya senegalensis. 

The efficient use of available light by shade leaves and shaded plants 

has been associated with low dark respiration. Bjarkman (1981) pointed 

out that such plants should also have lower contents of certain 

chloroplast components needed to maximize efficiency in dim light. For 

example, Goodchild et al., (1972) found that leaves of shade plants have 

considerably less soluble protein content (15 - 257) ihan the sun leaves 

with a similar chlorophyll content, and this diminished with decreasing 

photon flux density for a given sun pant. This was attributable to a 
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much lower content of RuAP carboxylase in shade plants and presumably 

also the content of other enzymes involved in photosynthetic carbon 

metabolism is reduced in shade plants. 

The results of this experiment showed that shaded plants 

displayed lower rates of dark respiration irrespective of whether the 

plants were light demanders or shade tolerators. This characteristic is 

important in the maintenance of a positive carbon balance of shaded 

leaves as is possible in a crown of a single tree species. Also, forest 

trees show a high degree of adaptation to the prevailing light regime. 

Nevertheless, the shade tolerant Khaya senegalensis displayed 

characteristics of shade leaves by operating at low photosynthetic rates 

at HPD and LPD. 

9.4.5 Leaf structure and photosynthesis of sun and shade leaves 

Throughout this study, it has been re-affirmed that specific leaf 

area is indeed strongly influenced by the light regime during growth. 

Growth at HPD resulted in thicker leaves with a low specific leaf area 

whilst growth at LPD resulted in thinner leaves with a high specific 

leaf area. These thicker leaves always displayed a higher mesophyll 

conductance. 

The influence of SLA on chlorophyll content (Chapter 7) showed 

that more chlorophyll was synthesized by leaves grown at LPD when this 

was expressed on a leaf dry weight basis. In this chapter, the 

influence of SLA was clearly evident. The photosynthetic performance 

at LPD or HPD on a dry weight basis was in a reverse ranking compared 

to that expressed on an area basis (compare Fig. 9.2 with 9.5); on a 

dry weight basis it was the plants that were grown at LPD which 

displayed higher rates of photosynthesis than those at HPD. Moreover, 

the re-ranking was pronounced in species performance (Fig. 9.6a) and it 

was Termjnalia ivorensis which displayed the lowest photosynthetic rates. 

Nevertheless, at HPD, both on an area and leaf dry weight basis 

(compare Figs. 9.3 and 9.6b) Khaya senegalensis displayed the lowest 

photosynthetic rates. 
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Anatomical examinations by other workers on typical C3  plants 

(see review by Bjärkman, 1981) shows that sun leaves are characterized 

by the presence of well developed palisade parenchyma with a high 

proportion of long columnar cells, whilst in shade leaves the mesophyll 

cells tend to be round or highly irregular in shape; and the total 

number of cells across a leaf section is often smaller in shade leaves 

than sun leaves. This suggests a close packing of cells with fewer and 

smaller air spaces in sun leaves that results in a low specific leaf area 

and a coresponding high specific leaf weight. 

There are two major considerations pertaining to the relationship 

between leaf anatomy and photosynthetic capacity. One concerns the 

amount of photosynthetic apparatus per unit leaf area whilst the other 

concerns the internal area of exposed mesophyll cells (A 
me 3 ) 

per unit 

leaf area (A). 

The changes in leaf thickness during growth at high photon flux 

densities have been associated with increased mesophyll volume to unit 

leaf area (ratio V 
mes 

 /A) and mesophyll area to unit leaf area ratio 

(A IA) and these contribute to the increase in leaf thickness and 
mes 

specific leaf weight. These changes occur in both sun and shade 

species at HPD. In sun species, the photosynthetic capacity on an area 

basis tends to increase with increasing V IA and A IA ratio over a 
mes 	 mes 

wide range of light levels, whereas in obligate shade species, increases 

in these ratios often are not accompanied by increases in 

photosynthetic rates. Then, if increases in these rates reflect 

increases in potentially rate-limiting catalysts (such as RUBP carboxyase 

and electron carriers) per unit leaf area, light-saturated photosynthetic 

capacity would be expected to increase as well; and both the 

CO2-limited and the CO2-saturated photosynthetic rate may be affected 

by such changes at the chioroplast level. 

Bjrkman (1981) argues that it seems likely that in plants which 

have a high potential for acclimation to different light regimes, the 

amount of these components per mesophyll area or volume remains more 

or less constant over a wide range of such light regimes. The 

alternative mode of response would be an increase in the concentration 
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of these compounds in the chloroplasts or cell as the photon flux 

density during growth is increased. However, it is probable that there 

is an intrinsic upper limit to which such increases in concentration may 

occur; there is evidence for example, that RUBP carboxylase 

concentration in the chToroplast approaches the solubility limit of this 

protein. It is also possible that the spatial distribution of the CO 

acceptor sites on the enzyme may be important for efficient capture 

of CO2  especially at limiting CO2  pressures, and that certain 

relationships between the number of carboxylation sites, chloroplast 

area and cell wall area are necessary for efficient utilization of low 

intercellular CO2  concentrations. This is outside the scope of this 

thesis, but such increases in the amounts of the above mentioned 

components of the photosynthetic system and the area of exposed 

mesophyll cell walls may enable such plants to capture more efficiently 

the available PAR. 

There is little evidence, however, that differences in Tight 

saturated photosynthesis rates between different species are 

attributable to diferences in A 
mes ratio, 

, or that diffusive transfer of 

CO2  between the intercellular air spaces and the chioroplasts imposes a 

major limitation to photosynthesis in C3  plants grown in native habitats 

or simulated conditions as prevailing in their native habitats. Although 

cell packing was not investigated in this study, the mesophyll values 

estimated from the model (Table 9.1) are very useful and this will be 

discussed in Chapter 11. 
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CHAPTER TEN 

THE INFLUENCE OF RED/FAR-RED RATIO (R/FR) DURING GROWTH AT 

LOW PAR ON THE SUBSEQUENT GAS EXCHANGE CHARACTERISTICS OF LEAVES 

In Chapter 6, growth analysis of Khaya senegalensis and Term/na/ia 

ivorensis seedlings grown under similar photon flux densities with 

different R/FR ratios was presented. It was shown that the main 

effect of a reduction in R/FR ratio was to increase specific leaf area 

(SLA) in Terminalia ivorensis with a corresponding increase in relative 

growth rate (RGR). Such increases were not observed in Khaya 

senegalensis: RGR and SLA were slightly lower under low R/FR than under 

high R/FR. It was also shown that at high R/FR, Termina/ia ivorensis 

responded by an increase in net assimilation rate (NAP) whilst Khaya 

senegalensis did not differ in NAR with or without a variation in R/FR 

ratio. 

These results showed that the two species responded differently 

under similar conditions, and identified a specific response to R/FR 

which is independent of any response to photosynthetically active 

radiation. 

In this chapter, an attempt to characterize the influence of the 

R/FR ratio during growth on the subsequent gas exchange 

characteristics is presented. 

10.1 Materials and methods 

Seedlings of the same source as in Chapter 6 (Section 6.2.4) were 

used. These seedlings remained in the glasshouse for 12 weeks before 

they were transferred to the Fisons growth cabinet on 16/10/83. 

Twenty 	seedlings 	of Khaya 	senegalensis and 	Terminalia 	ivorensis 

were grown 	in 	the 	Fisons 	cabinet 	at 125 	pmol in-2 	S 1 	PAR 	(see 	Section 

6.2). 	10 	seedlings 	of 	each species 	were grown at 	high 	R/FR 	(1.7) 	and 

the 	other 	ten 	seedlings 	at low 	R/FR (0.28). 	The 	R/FR 	ratio 	was 	varied 

by 	use 	of 	cinemoid 	filters as 	already described (Section 	6.2.2). 
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At the time of transfer to the Fisons growth cabinet, there 

were very young leaves on the terminal shoot of Terminalia ivorensis. 

After five weeks of growth in the Fisons cabinet, gas exchange 

characteristics and SLA were examined. Five plants of each species 

from low and high P/FR ratio regimes were randomly selected for CO2  

and water-vapour exchanges. Of each of these plants, a fully expanded 

attached leaf was investigated as described in Chapter 8. 

After CO2  and water-vapour exchanges were measured, the same 

leaves were cut off and their leaf areas recorded in the normal way, 

after which they were oven dried for 48 hours at 90 0C in order to 

calculate the SLA. 

10.1.2 Data analysis 

The same methods as reported in Chapter 9 (Section 9.2) were 

adopted and used in the curve fitting procedure. Assimilation rates 

were expressed on both an area and weight basis in order to explore 

the influence of specific leaf area. 



10.2 Results 

Under low R/FR ratio the SLA was higher than under high R/FR 

(Table 10.1). 

Khaya senegalensis TerminalLa ivorens.Ls 

	

PAR = 125pmol m 2s 1  Low R/FR 	High R/FR Low R/FR High R/FR 

	

(0.28) 	 (1.7) 	(0.28) 	(1.7) 

Number of replicate 

leaves 

Mean SLA (cm 
2 
 mg-  1  

Standard error 

5 5 5 5 

0.39 0.29 0.67 0.49 

0.03 0.02 0.16 0.17 

Table 10.1. The mean specific leaf area of the two species after 5 

weeks in the Fisons cabinet. Included are some of the leaves that had 

already developed on the terminal shoots from the glasshouse before 

the treatment began. About three out of the five leaves analysed had 

been influenced by glasshouse conditions in both species. 

10.2.1 The influence of R/FR ratio during growth at low PAR 

on stomatal conductance 

Analysis of variance (Appendix Table AS) showed no significant 

differences in stomatal conductance to water vapour between species 

or R/FR ratio during growth. There was a small interaction effect 

between species and R/FR ratio during growth, but it was barely 

significant (P<0.05). Stomata were open in the dark and the opening 

increased with increasing photon flux density imposed during gas 

exchange measurements. 
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The effect of growth at low (0) and high (0) R/FR 
ratio on the photosynthetic response of Khaycz senegalnsis. 
Parameters used in curve fitting are presented in Tables 
10.3 and 10.4. 
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FIGURE 10.2b : The effect of growth at low (0) and high (0) P./FR ratio 
on the photosynthetic response of Thrrninalia ivorensis. 
Parameters used in curve fitting are presented in Tables 
10.3 and 10.4. 
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10.2.2 The influence of R/FR ratio during growth on photosynthetic 

performance of the two species (on leaf area basis) 

Analysis of variance(Appendix Table AG) showed that Khaya 

senegalensis and Terminal/a ivorensis did not differ in tneir 

photosynthetic rates on an area basis. However, the R/FR during 

growth and the range of photon -Flux densities imposed during gas 

exchange measurements showed significant effects on the rates of 

photosynthesis (Appendix Table AG). 

Fitting the photosynthesis model (Table 10.2a) to the pooled data 

of both species grown at either low or high R/FR ratio and the 

corresponding stomatal module (Table 10.2b), showed that growth at low 

R/FR ratio resulted in higher rates of photosynthesis than growth at 

high R/FR ratio (Fig. 10.1). Moreover, fitting the photosynthesis model 

(Table 10.3) and the stomatal module (Table 10.4) to the data of each 

species when grown at low and high R/FR ratio showed that both 

species responded by an increased photosynthetic performance at low 

R/FR ratio. Both apparent quantum efficiency and the mesophyll 

conductance were affected. The increase in maximum rate of 

photosynthesis was more pronounced in Khaya senegalensis (Fig. 10.2a) 

than in Term/na/ia ivorensis (Fig. 10.2b). Terminalia ivorensis displayed 

higher dark respiration rates when grown at high R/FR ratio than at 

low R/FR at the same low photon flux density. The magnitudes of 

respiration rates displayed by Term/na/ia ivorensis were higher than those 

of Khaya senegalensis for both low and high R/FR ratio. 

10.2.3 The infulence of R/FR ratio during growth on the 

photosynthetic performance, re-expressed on a leaf dry weight 

When the photosynthesis rate was re-expressed on a leaf dry 

weight basis, analysis of variance (Appendix Table A?) showed that 

species, R/FR ratio during growth, the range of photon flux densities 

imposed during gas exchange measurements and the interaction of R/FR 

ratio and species, all had significant effects on the rates of 
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FIGURE 10.5a 	The effect of growth at low (+) and high cx) R/FR 
ratio on photosynthetic response of Khaucz sencjalensis 
expressed on a dry weight basis. 

FIGURE 10.5b : The effect of growth at low (+) and high (x) R/FR 
ratio on photosynthetic response of Terminalia ivorensis 
expressed on a dry weight basis. 
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photosynthesis. 

When the 	pooled 	photosynthesis 	data 	for 	both 	species 	at 	either 

low 	or 	high R/FR 	ratio 	are 	expressed 	on 	a 	weight 	basis, 	again 	growth 

at 	low R/FR resulted 	in 	higher photosynthetic 	performance than 	growth 

at 	high 	R/FR ratio 	(Fig. 	10.3). 	This 	is 	similar 	to 	the 	conclusion 	already 

shown on an area 	basis 	(Fig. 	10.1). 	However, 	the 	influence 	of 	specific 

leaf 	area 	(Table 	10.1) 	on 	species 	performance 	was 	clearly 	evident 	when 

data 	for 	growth 	at 	high 	and 	low 	R/FR 	ratio 	of 	each 	species 	were 

pooled 	(Fig. 10.4). 	It was 	Terminalia 	ivorensis 	which 	showed 	a 	higher 	SLA 

(Table 	10.1) and 	it 	also 	showed 	a 	higher 	photosynthetic 	rate 	and 	dark 

respiration 	rate on 	a 	leaf 	dry 	weight 	basis 	than 	Khaya 	senegalensis 	(Fig. 

10.4). 	Moreover, the 	influence 	of 	specific 	leaf 	area 	was 	more 

pronounced in 	Terminalia 	ivorensis 	(Fig. 	10.5b) 	than 	in 	Khaya 	senegalensis 

(Fig. 	10.5a). It 	was 	Terminalia 	ivorensis 	(Fig. 	10.5b) 	which 	displayed 

higher 	rates of 	photosynthesis 	and 	dark 	respiration 	when 	grown at 	low 

R/FR 	ratio than 	the 	corresponding 	rates 	in 	Khaya 	senegalensis 	(Fig. 

10.5a). 

10.3 Discussion 

So far, investigations into the effect of R/FR ratio on growth 

have concentrated on morphogenesis. There appears to be only one 

publication in which the photosynthetic attributes of leaves have been 

studied in relation to R/FR (Corr 1983b); and that work does not 

concern tree species but herbs. Moreover, the author considered the 

photosynthetic response only in a restricted range of photon flux 

density, viz. 0 to 220 ijmol m 2 	He found that red/far-red ratio 

during growth exerted no measurable influence on the rate of 

photosynthesis, although dark respiration was affected in some species. 

In the present work, there appears to be a clear indication that 

red/far-red ratio during growth does affect photosynthetic attributes 

through its effects on the apparent quantum efficiency and mesophyll 

conductance. Dark respiration rates may be affected (e.g. Corre 

1983b) but in the present work, because of some uncertainty in the 

correction factor (Section 8.1.5) it would be unwise to attach much 
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importance to small apparent differences. There may however be an 

effect on Terminalia ivorensis. 

As shown in Table 10.3, the apparent quantum efficiency and 

mesophyti conductance were higher at low R/FR ratio than at high R/FR 

ratio and this was more pronounced in the shade tolerating Khaya 

senegalensis than in the light demanding Terminalia ivorensis; so was the 

photosynthetic rate on an area basis (compare Figs. 10.2a with 10.2b). 

It is worth noting that the direction of this response is in contrast 

to that reported in the previous chapter. In those experiments the 

light regimes during growth were achieved with neutral filters, so that 

the 'shade treatment did not differ in its spectral distribution from 

the 'sun treatment. We may conclude that the two components of 

vegetational shade, i.e. reduced PAR and reduced R/FR produce distinct 

and quite different responses as far as the photosynthetic 

characteristics of the leaf are concerned. 

High apparent quantum efficiency and mesophyll conductance 

under a low R/FR ratio might be important adaptation characteristics 

of shade tolerant species like Khaya senegalensis during growth under 

the dense shade of the understorey; as these enable the plant to 

utilize the available PAR more efficiently. 

Let us suppose that when Khaya senegalensis experiences a photon 

flux density of 125 pmol m 2  S 1  it is a small sapling in the C or D 

layers (see Section 2.1 and also refer to Smith 1962, Longman and 

.Jeni'k 1974). The only sources of such light are : unfiltered daylight 

which has passed through holes in the canopy such as sunflecks; and 

attenuated daylight, the spectrum of which has been altered by the 

canopy foliage through the processes of absorption, reflection and 

transmission (see Section 2.5, 2.5.1 and 2.5.2). However, seedlings and 

saplings in the understorey experience filtered or attenuated light 

regimes of low PAR and R/FR during most of the day although sunflecks 

may contribute a significant portion of daily photon flux density 

available for photosynthesis (e.g. Pearcy 1983). Sunflecks depend on 

the proportion of the visible solar disk at any given hole in the canopy 

as well as its duration, and these sunflecks are highly variable because 
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they are influenced by the prevailing weather conditions (e.g. cloud 

cover and rainy season). Hence the most important source of 

photosynthetically active radiation appears to be that attenuated by 

the canopy foliage, which has a low R/FR component. If the species is 

to survive in these conditions, it must develop the capacity to 

photosynthesise rapidly in the dim tight and also to exploit brief 

periods of bright light from sunflecks. The data suggests it does both 

these. 

If on the other hand tight demanding species such as Terminal/a 

ivorensis were to be put under such conditions, we may (from work 

described in previous chapters) expect it to channel all its assimilates 

towards energy demanding processes, in particular increased extension 

growth and leaf area expansion. In its preferred habitat, more open 

places, it would thus outgrow competitors by raising its leaves above 

theirs. 

In 	the process of natural selection, 	a 	high rate of photosynthesis 

in 	Term/na/ia 	or 	any 	other 	light demander might not 	have such a 	strong 

selective 	advantage 	as 	growth 	per,  se. 	For 	the shade tolerator 	in 	the 

dim 	layer, 	a 	high rate 	of photosynthesis 	would be 	very 	strongly 

selected 	for, 	whereas a growth response 	in 	dim light might 	be selected 

against. 

There are just two reservations in the conclusions outlined above. 

They relate to the action spectrum of photosynthesis in relation to 

that of the quantum sensor. 

The experimental aim of this part of the work was to maintain 

plants at a constant and low PAR whilst varying the red/far-red ratio. 

Although this was apparently achieved it should be recognised that PAR 

in these experiments as measured by a quantum sensor may not be an 

appropriate measure of photosynthetically active radiation. It is known 

that plants vary in their sensitivity of the photosynthetic apparatus to 

radiation of different wavelength (Rabinowitch, 1951). It is also well 

known that different leaves have different absorptances of PAR (e.g. 

Gaastra, 1959). 
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Thus, although Gaastra (1959) assumed that the quantum yield of 

photosynthesis was independent of wavelength over a range of 400 - 

700 nm, McCree (1981) pointed out that the relevant quantity is the 

yield per absorbed quantum; and to calculate this quantity, it is 

necessary to measure both yield per incident quantum and the spectral 

absorptance of the leaf. McCree (1981) cites Bjrkman's work (1968) 

reporting measurements of the spectral quantum yield of photosynthesis 

in leaves of three species grown under controlled environment 

conditions. The quantum yield was found to he 0.074 mol CO2  per mol 

quanta absorbed between 670 and 540 nm, decreasing to 0.062 between 

520 and 450 nm; and rapidly decreasing at wavelengths greater than 

670 nm. The data did not cover the whole of the photosynthetically 

active waveband. Later, McCree (1972a) and McCree and Keener (1974) 

measured the quantum yield for all wavelengths that are 

photosynthetically active (350 - 750 nm). In all cases, the spectral 

quantum yield curve showed two broad maxima, centered at 620 and 

440 nm, with a "shoulder" at 670 nm. 

In the present experiment, the reduction of R/FR ratio was 

achieved by use of green cinemoid -Filters. Leaves are known to absorb 

relatively little in the green part of the spectrum, yet a quantum 

sensor still senses the photons that the eye perceives as green. Thus, 

because of its response characteristics, under the green cinemoid 

material the sensor will tend to over-estimate the photons which are 

actually available for photosyntheses. Overall, this means that the low 

red/far-red treatment must have had a somewhat lower flux density of 

photosynthetically active photons than that of the high R/FR treatment. 

Finally, although the relative contribution to photosynthesis of 

quanta above 700 nm is thought to be insignificant as it lies outside 

the range of absorption of chlorphylls (e.g. Wooley 1971); Bjrkman 

(1973) suggested that these quanta may be important in the 

photosynthesis of extreme shade plants. McCree (1981) estimated that 

the region above 700 nm might account for as much as 7 Z of the 

total quantum flux density available for photosynthesis. However, since 

virtually nothing is known about the photosynthetic action spectra of 

tropical tree species in their natural habitats, it is still impossible to 
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determine the importance of the quanta above 700 nm in 

photosynthesis of such plants as found in the dim layer. Nevertheless, 

the detection of vegetational shade-light and its perception by the 

plant has been shown to result into morphogenetic responses that 

differ between species. 
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CHAPTER 11 

SUMMARY, GENERAL DISCUSION AND IMPLICATIONS 

11.1 Influence of light regime during growth 

The present experiments have confirmed that many of the 

conclusions made in the literature regarding the response of plants to 

shade, based on observations on herbaceous crops and temperate trees, 

generally hold for tropical timber trees. It has, moreover, been 

possible to separate the effects of a reduced photon flux density per 

se from those of a reduced photon flux density coupled with a low 

red/far-red ratio. 

1. 	Plants 	adjusted 	to 	shade 	in 	several 	ways. One of the 	most 

important 	of 	these 	seemed 	to 	be 	the 	increase 	in specific leaf 	area 

that 	occurred 	when 	leaves 	had 	been 	formed 	at low photon 	flux 

densities. 	It 	was 	through 	this 	increase 	in 	specific leaf area that 	the 

leaf 	area 	ratio 	was 	increased, 	hence 	counteracting the low 	net 

assimilation 	rates 	that 	inevitably 	occurred 	in deep 	shade. A new 	finding 

in 	the 	present 	work 	was 	that 	the 	specific 	leaf area is sometimes 

affected 	strongly 	by 	the 	red/far-red 	ratio. 	This response deserves 

further attention in the future. 

Other adjustments to shade involving extension growth and 

development were species-dependant varying with the ecological 

characteristics of the tree. These will be considered in the next 

section. 

The photosynthetic characteristics of the leaves also depended 

on the tight regime in which the leaves had developed. The parameters 

of the light response model were calculated as a means of comparing 

these characteristics. In general, leaves developed at low photon flux 

densities displayed low stomatal and mesophyll conductances. As a 

consequence their maximum rates of photosynthesis were lower than 

when the leaves had been grown in bright conditions. The 

photosynthetic performance at very low photon flux densities, such as 
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those prevailing 	on 	the 	forest 	floor, 	depends 	critically 	on 	the initial 

slope of 	the 	light 	response curve 	(determined largely 	by the 

fundamental quantum 	efficiency) and 	on 	the 	dark respiration rate. 

These two 	parameters, 	like 	the specific 	leaf 	area mentioned 	above, 

were found to be not only affected by a reduction in the photon flux 

density: 	they 	were 	considerably influenced 	by 	the red/far-red ratio 

that accompanied 	this 	reduction. At 	the 	low 	red/far-red 	ratio the 

initial slope of the 	light 	response curve was steeper. 

4. 	Although it has been possible  to simulate two main features of 

forest shade, namely the reduction in photon flux density with or 

without an appropriate reduction in the red/far-red ratio, the large 

variations in energy that occur as a result of sunflecks are more 

dificult to simulate. Experiments involving a stepwise change in photon 

flux density do however suggest an underlying complexity involving 

synthesis and degradation of the light harvesting system. The speed of 

this response in relation to the occurrance of sunflecks and its 

implications for photosynthesis have not been addressed in the present 

work, but may be of great importance in understanding the carbon 

economy of seedlings in forest conditions. 

11.2 Influence of the ecological characteristics of the species 

As 	far 	as 	it is 	possible 	to 	rank 	the 	species 	in 	terms 	of 	their 

distribution 	in 	the forest and 	in clearings, 	based 	on 	the 	literature 	on 

forest 	succession, it 	is clear that 	Khaya 	senegalensis 	is 	a 	shade- 

tolerator 	occurring in 	the late stage 	in 	succession. 	Both 	species 	of 

Terminalia 	occur 	at 	an early stage 	in 	succession 	and 	they 	have 

characteristics 	of pioneer species. 	Triplochiton 	sc!eroxylon 	appears 	to 

be intermediate. 

The 	relationship 	between 	ecological 	characteristics 	and 

physiological responses based on these comparisons appear as follows 

1. 	The light demanding Terminalia ivorensis failed in the shade 

because the photosynthetic rate at low photon flux densities 

(preliminary glasshouse experiment) was inadequate to maintain a positive 
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carbon balance. Moreover, growth of the stem continued despite a 

negative carbon balance, leading eventually to leaf abscission and 

mortality of some of the plants. The shade tolerant Khaya senegalensis 

on the other hand maintained a positive carbon balance, did not lose 

its leaves and set bud; indicating slow growth and a conservative use 

of assimilates. 

2. 	Whereas 	both 	species 	responded 	to 	a reduced 	photon 	flux 

density 	and 	low 	red/far-red 	ratio 	by 	increasing specific 	stem 	length, 

the 	light 	demanding 	Terminalia 	ivorensis 	showed other 	developmental 

characteristics 	that 	were 	not 	observed 	in 	Khaya 	senegalensis. 	In 

particular, 	Terminalia 	ivorensis 	responded 	to 	low photon 	flux 	density 

with 	low 	red/far-red 	ratio 	by 	producing 	large but 	very 	thin 	leaves. 

Leaf area ratio 	and specific 	leaf area were 	about 10 times higher 	than 

the 	leaves 	produced 	under 	low 	photon 	flux density 	with 	a 	high 

red/far-red 	ratio. 	As 	regards 	specific 	leaf 	area, 	Terminalia 	ivorensis 

showed 	sensitivity to 	red/far-red 	ratio 	that was not observed 	in Khaya 

senegalensis. 

There were only minor differences between species in 

chlorophyll content 	when grown in dim light, all species increased 

their chlorophyll synthesis, and transfer from dim light to bright light 

resulted in chlorophyll decomposition of up to 50 Z. 

When grown at a range of photon flux densities, Khaya 

senegalensis never displayed maximum rates of photosynthesis greater 

than 4 pmol CO 2  m 2  s 1  whereas the light demanding species if grown 

at high photon flux densities adjusted to them and attained rates of 

about twice this value. However, maximum photosynthesis in Khaya 

senegalensis was observed to exceed 4 pmol m 2  s 1  when the low 

photon flux regime was accompanied by a reduction in the red/far-red 

ratio. In these conditions presumably like those found in the dim layer 

of the forest, the maximum rates could be as high as 6.4 pmol m 2  

s. This may be interpreted as adaptation to utilize effectively the 

radiation in sunflecks. These ecological aspects will be considered in 

the next section. 
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The species also differred in their light compensation points. The 

reason for Failure of Terminalia ivorensis in the initial glasshouse 

experiment is clear when the tight compensation points are compared. 

In Terminalia ivorensis the value is 25 limol quanta m 2  s 1  whereas in 

Khaya senegalensis the corresponding value was 10. 

On an area basis, respiration rates were always low when plants 

were grown at low photon flux density. When Khaya senegalensis was 

grown at high photon flux density its respiration rate was higher than 

all the other tree species. 

In 	terms of 	carbon 	economy, 	it is 	perhaps 	useful 	to 	consider 

respiration rates 	on 	a 	weight 	basis. Khaya 	senegalensis 	has the 	lowest 

respiration rate, 	achieved 	at 	low 	photon 	flux 	density, 	and the 	ranking 

of 	dark 	respiration rates 	seems 	to reflect 	the 	ecological status 	of 

species 	i.e. from 	shade 	tolerant 	to light 	demanding 	we have 	Khaya 

senega!ensis< Trip!ochiton 	scleroxy!on <Terminalia 	ivorensis 	= Terminalia 

superba. 

Cyperus papyrus displayed totally different characteristics from 

all the trees, with higher stomatal and mesophyll conductances and 

consequent higher photosynthetic rates. It fails in the shade because 

of its very high respiration rates and compensation point of 70 lJmol 
-2 -1 

M S 

11.3 Absolute rates of photosynthesis of tropical trees 

Woody plants differ from herbaceous species in displaying low 

relative growth rates (Jarvis and Jarvis, 1964; Okali, 1971): low unit leaf 

rates (Whitmore and Gong-Wooi-Khoom, 1983) and low rates of 

photosynthesis (Larcher, 1975). 

Very little is known about the photosynthetic rates of tropical 

trees. What information there is (Larcher, 1969; Synnott, 1975; Osonubi 

and Davies, 1980; Koyama, 1981; Longenheim et a! 1984) suggests that 

maximum photosynthetic rates are lower than those known to occur in 

many tropical herbs; and are similar to those of temperate trees. Data 
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from various studies On C3  trees (see Larcher, 1975, Table 3.4, page 95) 

shows that the maximum rates of photosynthesis lie within a broad 

range of 2 - 16 pmol CO2  rn 	
51 whereas those of C4  tropical grasses 

are higher 18-50 pmol CO2 m 	s. 

Koyama (1981) working with excised leaves, reported differences 

in photosynthetic capacities in leaves of diverse form in the tropical 
fke 

moist forests ofAMalayan peninsula as summarized below (Table 11.1). 

Koyama's rates are substantially higher than any of those from 

tropical trees reported subsequently. 

Growth form Maximum Light Light 

photosynthetic saturation compensation 

rate point point 

pmol 
-2 	-1 

CO2m 	s 
-2 	-1 

limol m 	s 
-2 

pmol m 	s 
-1 

Upper canopy: 	sun type 12.6 - 	18.9 250 	- 370 12 

shade type 6.3 - 	9.5 125 	- 185 6 	- 12 

Lower canopy: 	shade type 4.4 - 	5.0 125 6 	- 12 

Secondary forest 12.6 - 	15.8 125 	- 245 6 	- 12 

Climbers 12.6 - 	18.9 125 	- 245 6 	- 12 

Ground herbs 1.3 - 	.1.9 25 	- 37 2.6 -6 

TABLE 11 . 1 Adapted from Koyama (1981) determinations made at a chamber 

temperature between 26 - 30 0C. 

Under a variety of field conditions, Mooney et a! (1984) reported 

data for a range of Mexican species of Piper including shrubs and 

trees. The mean maximum photosynthetic rates were between 3.4 - 8.5 

pmol CO2  m 	s 	at light saturation (=-300 - 400 pmol m2 _1) 

The results of the present experiments have been compared to 

those of Langenheim et al., (1984) fr glasshouse-grown Caesalpinoids and 

Agathis species at 6 Z shade and 100 1 full sunlight (Table 11.2). 
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TABLE 11.2 Maximum photosynthesis rates and compensation points. The 

figures in parentheses indicate values obtained when the red/far-red 

was low (see Chapters 9 and 10). 

Photosynthetic 	Light 

rates at 	 compensation 

Ecosystem 	 Species 	 saturation 	point 

-2 -1 	 -2 -1 
(pmol m s ) 	(pmol m s 

Sun 	Shade 	Sun 	Shade 

Seedlings of emergent Caesolpinoids 

trees 	in 	the 

Amazonian lowland 

rainforest 	canopies 

(Langenheim et 	al 

1984) 

Copaifera 

venezuelana 

Hymeneae 

courbaril 

Hymeneae 

parviflora 

7.5 

5.0 

3.0 

7.0 

4.0 

3.6 

15 

15 

13 

3 

9 

9 

Tropical Australian Araucaria 

semi-evergreen conifers 

rainforest Agathis 

(Langenheim et al m.icrostacyta 4.5-5.0 3.5 24 5 

1984) Agathis 

robusta 7.5-10 3.5 23 15 

West African 	tropical Terminalia 

forest 	timber 	trees superba 8.5 4.5 16 8 

as 	reported 	in 	the Terminalia 

present 	study. ivorensis 8.0 3.8(5.6) 25 25(9) 

Triplochi ton 

scleroxylon 9.4 4.0 15 10 

Khaya 

senegalensis 4.2 3.5(6.6) 20 10(5) 
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Lagenheim et a! (1984) reported that Hymeneae parviflora is more 

slow growing than Hymeneae courbaril which grows vigorously when small 

or medium sized gaps occur in the canopy; and that Agathis robusta 

regenerates rapidly in large gaps or clearings when small or medium 

gaps occur in the canopy. Table 11.2 shows that the values of shade 

leaves and species compare well to those of Khaya senegalensis and 

other slow- growing trees whilst those of the sunleaves and fast 

growing, light demanding, species are also in close agreement with data 

on light demanding trees in the present study. 

Ladipo et a! (1984) reported rates for six clones of Triplochiton 

scieroxylon: the rates of photosynthesis at light saturation ranged from 

4.5 - 7.7 imol CO2  m 	
51 which are comparable to those reported in 

the present study (Table 11.2). 

It is likely that the maximum rates of photosynthesis reported in 

the literature for tropical trees may have an adaptive significance and 

this may be related to the light environment as experienced under 

canopies of tropical moist forests (see Chapter 2). The photosynthetic 

response of plants to the remarkably low light levels, which 

characterize the rainforest floor, has been studied in some detail 

(Bjôrkman et a! 1972; Pearcy, 1983; Pearcy and Calkin, 1983). Bj6rkman 

and Ludlow (1972) found that the amount of photosynthetically active 

radiation (400 - 700 nm) at the botom of a Queensland rainforest was 

exceedingly low (see section 2.4). Diffuse photon flux density amounted 

to only about 5 pmol m 2  s 1; whereas at the top of the canopy, over 

2000 pmol m2 	
1  was measured during midday. Over half of the clear 

day radiation reaching the forest floor occurred during brief periods 

of sunflecks. To survive in these conditions, leave require low light 

compensation points but also need high maximum rates of photosynthesis 

if they are to make best use of the sunflecks. 

Nearly 	half 	of the 	total 	carbon 	gain 	of an 	understory 	herb 

A!ocasia 	macrorrtiiza 	ocurred 	during 	these 	brief periods of 	sunflecks 

(8,jrkman 	et 	a!, 	1972). In 	Hawaii, 	Pearcy 	and 	Calkin 	(1983) in 	a 	detailed 

study 	of the 	carbon balance 	of 	the 	understory sapling of 	a 	C3 	tree 

Claoxylon 	sandwicense demonstrated 	that 	this species attains 	light 
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saturated photosynthesis rates during natural sunfleck periods. They 

also found that the growth rate of individuals of C!aoxy!on sandwicense 

in the understory is directly related to the potential duration of 

sunflecks it receives. 

When shade is coupled with a low red/far-red ration, the 

present study suggests that shade plants may demonstrate a relatively 

high photosynthesis rate. This is evident in the response of Kha/a 

senegalensis at low red/far-red ratio relative to the rate at the same 

photon flux density with a high red/far-red ratio (Table 11.2). Low 

red/far-red ratio is typical of vegetational shadelight (see section 2.5) 

that has most of its wavelengths useful for photosynthesis attenuated 

by the canopy foliage. The ability to increase photosynthetic capability 

under such conditions of low photon flux density with a low 

red/far-red ratio may be very important in utilization of sunflecks and 

consequent adaptation of shade species to the prevailing light regime 

by maintaining a positive carbon balance. 

11.4 Resistance to CO transfer 

The process of CO2  transfer between the ambient air and the 

sites of carboxylation is frequently modelled as a chain of resistances 

(Er), following the original scheme of Gaastra (1959) but developed as 

outlined by Farquhar and Shakey (1982). Thus according to Gaastra 

(1959): 

C -c 
a 	C 

r +r +r 
a 	a 	m 

where: 

F is the CO2  flux 

C 	is the ambient CO 
2 
 concentration 

a  
C is the CO2  Concen 	on in ffie cIitorOPL0S& 

r , r and r are aerodynamic, stomatal and 
a 	s 	m 

mesophyll resistances, respectively. 
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The mesophyll resistance is a residual term which embraces several 

processes. Subsequent workers have sometimes prefered to separate a 

carboxylation resistance. Thus, according to Farquhar and Sharkey (1982) 

Ca - 

Cr 	r + r + r ]P 
a 	s 	rn I 	 x 

where 

r is the carboxylation resistance 
X 

P is the atmospheric pressure 

Although undoubtedly a gross simplification, the benefit of this 

analysis is that it enables statements to be made regarding the control 

of photosynthesis by environmental, anatomical and biochemical factors. 

Recently, several studies suggest that tropical trees may differ from 

temperate trees in the magnitudes for transfer Of CO2  and water 

vapour (Grace. Okali and Fasehun 1982; Osonubi and Davies 1980). 

The aerodynamic resistance (r) depends on the size and shape of 

the leaf and the wind speed. Its value in tropical trees is frequently 

much higher than in temperate trees, simply because the leaves are 

generally larger in tropical species. In most large—leaved species, at 

low windspeeds (0.1 - 1 m 	1) the resistance is likely to be much 

higher than in temperate trees and around 4 s cm 1  (Grace, Fasehun 

and Dixon, 1980). In experimental studies on photosynthesis such as 

those presented in this thesis, the aerodynamic term is, for 

convenience, deliberately made small by stirring the air around the leaf 

in the assimilation chamber, but its magnitude in natural conditions of 

low flow cannot be ignored when considering possible photosynthetic 

rates in the field. 

The stomatal resistance depends on the number and dimensions of 

the stomatal pores. Pore aperture is influenced by environmental 

conditions, most notably the prevailing photon flux density and water 

status of the leaf. On the magnitudes of this resistance in tropical 
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trees, there is presently no real consensus. Very low resistances have 

been reported by Grace et a! (1982) in Tectona grandis and Gmelina 

arborea growing in the field. Other workers have found resistances 

which, although rather,  low compared with temperate species, are not 

as low as those in Grace et a! (1982) (see Table 11.3). In water 

stressed plants this resistance can be quite high (Osonubi and Davies, 

1980). 

The mesophyll (or intercellular) resistance is a complex term that 

includes a liquid-phase transport component and an enzyme component 

that depends on the activities of biochemical and photochemical 

processes. It is influenced by the internal anatomy of the leaf, 

including the leaf thickness and the carboxylation activity. Ludlow and 

Jarvis (1971) considered the mesophyll resistance (r) to be made up of 

at least three components 	an excitation resistance (r ) important only 

at low photon flux densities when photosynthesis is limited by the 

photochemical partial process; a largely physical resistance to transfer 

of CO in the liquid phase (r) from the Liquid-air interface to the 

site of primary carboxylation of photosynthesis; and the carboxylation 

resistance 	(r 
x 

) 	inversely 	proportional 	to 	the 	activity 	of 	the 

carboxylating enzymes. 

When available data are assembled (Table 11.3), it becomes clear 

that despite the high aerodynamic resistance implied by the large size 

of leaf, the limiting resistance for CO2  transfer is most likely to be 

the mesophyll resistance, this value being high in relation to r + r 
a 	s 

except in water stressed plants where r becomes high. 
S 

In 	this study we have shown that the light 	regime during 	growth 

induces 	considerable 	variation in 	mesophyll 	resistance. 	Other 	studies 	e.g. 

on 	maize 	by Chartier et 	a! 	(1977) 	showed that 	decreased 	mesophyll 

resistance 	of the 	high light 	grown 	leaves 	was 	accounted 	for 	by 	the 

large 	increases in 	the 	mesophyll 	cell 	surface area 	per 	unit 	leaf 	surface. 

Nobel 	et 	a! (1975) showed 	that 	the differing 	light 	saturated 

photosynthetic rates 	of leaves 	grown 	at 	different 	photon 	flux 	densities 

reflected 	the variation in A mes/A. 	Holmgren et 	a! 	(1965) 	also 	reported 

lower 	mesophyll resistances 	in 	sun 	than 	shade plants and 	showed 	that 
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photosynthesis in shade plants seem to have been limited by interaction 

of limiting factors whereas in the sun species the transfer Of CO to 

the carboxylation sites appeared to be the dominant factor. Ludlow 

and Jarvis (1971) suggested that in conifer needles the liquid-phase CO2  

transfer resistance may be more important than in broad leaves 

because of the densely packed arrangements of large mesophyll cells 

within a comparatively small cross-sectional area of intercellular spaces 

available for gaseous diffusion. 

Ladipo et a! (1984) found that genetic variation in photosynthesis 

within the tropical tree Triplochiton scieroxylon was explicable in terms 

of variation in mesophyll resistance which was very large in relation to 

stomatal resistance at high photon flux densities. A similar conclusion 

was reached by Langenheim et a! (1984) who reported that the lack of 

response of light saturated photosynthesis to photon flux density 

during growth was not due to stomatal limitation. As shown in Table 

11.3, it is possible that the differences in photosynthetic rates between 

species are more related to the prevailing light regime during growth 

and subsequent magnitudes of mesophyll resistances. 

11.5 Dark respiration rates in tropical trees 

Recent studies on tropical hardwoods suggest that the carbon 

balance of trees in warm climates may be dominated by high 

respiratory fluxes. According to Larcher (1975), the high biomass 

supported by the wetter forests evidently results in a high respiration 

load. About 80 7. of the gross productivity is said to be respired in 

wet forests, whilst this figure falls to about 40 1 in the subtropical 

dry forests, a value more typical of temperate deciduous forests. 

Without going further into productivity studies, short term 

laboratory experiments on tropical tree seedlings have shown that 

indeed respiration rates are higher for sun leaves than shade leaves. 

This is reflected in their light compensation points too. In this study, 

it was demonstrated how the respiration rate on a weight basis, in 

particular the ratio of RLPO/RHPD  appears to be related to the ability 
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to tolerate shade. On this basis, Khaya senegalensis showed a lower 

value of RLPO/RHPO than the light demanders. 

In Chapter 7, it was shown that seedlings of Cyperus papyrus 

died within one week when grown at 40 pmol m 2  s-  and in Chapter 9 

it was shown that the light compensation point of such plants was 70 

pmol m 2  s. In Chapter 5, it was also shown that Terminalia ivorensis 

was below its light compensation point under the deepest shade. It 

lost its leaves, its relative growth rate and net assimilation rate 

became negative and these resulted in eventual death of the seedlings. 

Khaya seriegalensis was able to maintain a positive carbon balance as a 

result in part of its lower rates of respiration. In all these studies it 

should be borne in mind that the respiration rate would be higher 

(more negative), and the light compensation point higher, if the whole 

plant - including stems and roots - were being considered. 

Fasehun and Audu (1980) reported the leaf respiration rates of 

light demanding tropical hardwoods: Gme!ina arborea, Terminalia superba, 

Terminalia ivorensis and ch!orophora regia. They showed that leaf 

respiration rates were inversely related to the total dry mass after 12 

weeks of growth. The species with least respiratory losses showed most 

growth whilst those with highest respiration rates showed the poorest 

growth. A similar conclusion may be drawn from data of Ladipo et at 

(1984). 

It seems respiration pays an important role in the growth of 

tropical trees and is higher for light demanders than shade tolerators 

in their natural habitat or in the laboratory. Adaptation to shade 

usually involves capacity to develop a low respiration rate. 

11.6 Ecological implications 

A 	physiological explanation relating 	to the growth, 	survival 	and 

distribution 	of 	light demanding and 	shade tolerating tropical 	trees 

species 	cannot 	be advanced 	on the 	basis of simple, 	short 	term 

duration, 	controlled environment experiments, such as 	described 	here. 

The 	influence 	of 	shade 	on 	seeds, 	for 	example, was 	not 	thoroughly 
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investigated and the number of species investigated were very few, 

only one shade tolerant species being available. Besides, extrapolating 

the results from investigations in controlled environments to field 

conditions is fraught with difficulty. Whereas in controlled 

environments some variables can be controlled and one of particular 

interest investigated; under field conditions, the variables fluctuate and 

interact together and influence the plant in a complicated way. 

Moreover, artificialy simulated environments may fail to represent 

important features of field conditions. Nevertheless, the data from 

these experiments contribute to an understanding of gross ecological 

phenomena such as secondary succession. 

11.6.1 Secondary succession in tropical moist forests 

The process of secondary succession in tropical moist forests is 

not yet fully understood because of limited research as yet carried 

out in these more complicated ecosystems than those of temperate 

forests. The information available is not enough to construct models of 

secondary succession or explain the aparently random distribution of 

tree species in these forests. Denslow (1978) pointed out that 

"understanding processes of secondary succession must come primarily 

from an appreciation of the variation in adaptive strategies of these 

species, as this will lead eventually to enlightened management of the 

rapidly dwindling tropical moist forests'. At the moment, the pattern 

and process of secondary sucession still appears intricate in tropical 

moist forests. 

Secondary succession is a process of species replacement in 

canopy gaps or stimulation of growth of suppressed species under the 

canopy whenever such gaps occur above them and it is believed that 

light is one of the main environmental variables directly influencing this 

process besides those which create such gaps (see Section 2.2). 

According to Whitmore (1983) the forest canopy is continually 

changing as trees grow up, die and are replaced in canopy gaps. 

Seedlings which grow up in small gaps are those which were already 

present before such gaps occurred and had become established in the 
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undergrowth shade. They are by definition shade tolerant. In large 

gaps, such as those created by fire or clearings, shade-tolerant 

seedlings often die and the replacement forest is of trees which 

germinate after the gap is created. These are called light demanding, 

pioneer (early successional) or secondary species. Unlike the shade 

tolerators (late successional), pioneers cannot regenerate under a canopy, 

not even their own, and depend for perpetuation on continually 

colonizing new large gaps. In large gaps, pre-existing shade tolerant 

seedlings are overtopped by vigorous-growing pioneers. The shade 

tolerant species which do not die as a result of competition, and 

persist suppressed in the shade of pioneers, eventually replace the 

short lived pioneers (see Whitmore 1975, 1982, 1983; Bazzaz and Pickett 

1980, Bazzaz 1984). 

It is now thought that different species have specific gap 

requirements but there is need for experimental evidence from various 

tropical ecosystems before a general trend can be made. Besides, the 

dichotomy of rainforest trees into two groups of species: light 

demanders (pioneer) and shade tolerators (climax) is too crude 

(Whitmore, 1983). Whitmore (1975) recognised four responses to gaps 

amongst just twelve common large tree species on Kolombangora Island: 

species that establish and grow beneath closed canopies 

species that establish and grow beneath closed canopies but benefit 

from gaps 

species that establish under closed canopies but require gaps to 

mature and reproduce 

species that establish and reproduce only in gaps. 

Thus, 	the 	process 	and pattern of 	secondary 	succession 	poses 

some 	major 	questions which 	need 	to 	be answered. 	E.g. 	does 	the 	tree 

flora 	of 	a 	given 	area contain secondary species, 	intermediate 	between 

pioneer 	and 	climax species ? 	Do species 	of 	all 	stages 	start 

simultaneously 	at 	the onset of 	gap 	formation 	or 	do 	they 	establish 
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sequentially with species later in Succession developing below the pioneer 

canopy ? Whitmore (1983) and others do recognise that each species 

may be unique in its gap preference on a continuUm 

It is not the intention of this discussion to go into details 

of secondary succession which involves population dynamics. Nevertheless, 

physiological responses as reported in the present work can be related 

to the ecological adaptation of species as observed in the natural 

environment. It is clear that ultimately, quantitative explanations of 

succession will require much detail of the species characteristics, such 

as those shown here for just a few species. 

11.7 Management/silvicultural implications 

Our present understanding of plant physiology and ecology has 

been gained from studies of temperate plants. When an equivalent 

amount of research has been done in the tropics, it will be necessary 

to re- approach the whole concept of present trial and error tropical 

moist forest management. For instance the concept of 'desirables and 

undesirable' has led to selective creaming of these forests, and future 

demands of such wood will have to be met through forest plantations 

now in their infancy, or through some form of enrichment planting. 

The causes of poor natural regeneration and its control need further 

research to establish the factors involved such as vegetational shade-

light and its influence on seed germination and seedling development. 

Thus, knowledge of species (physiological responses) in a given 

environment Will enable us to construct models of succession and a 

basis of management that takes into account the whole forest instead 

of a few 'desirable species. Moreover, it should ultimately be posibte 

to predict the outcome of any attempt to divert succession in a 

desirable path, as in enrichment planting. 

Appreciation 	of differences in 	species physiological responses 	in 	a 

particular 	forest 	location 	is 	an important silvicuttural tool 	in 	forest 

management. 	Rational 	utilization to 	meet 	a 	given objective 	of 

management 	requires 	knowledge of factors limiting 	productivity 	such 	as 

moisture 	stress, 	temperature 	and nutrient availability. Shade 	has 	been 
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implicated 	as 	one 	of 	the 	main 	causes of 	poor 	natural 	regeneration. 

Natural 	regeneration is 	accounted 	for by the 	number 	of 	surviving 

seedlings 	and 	the number 	of 	seeds involved 	may 	be 	enormous. 

Physiological 	responses like 	those 	reported here, 	coupled 	with 	a 

knowledge 	of 	photon flux 	density 	and its spectral 	distribution, 	may 

enable 	controlled thinning 	to 	achieve regeneration. 	Possibly, 

mismanagement 	like that 	reported 	in section 1.4 	may 	be 	averted. 

However, 	at 	present only 	a 	few 	studies have been 	carried 	out 	in 	this 

respect 	and 	control of 	natural 	regeneration remains 	one 	of the 	most 

serious 	constraints in 	understanding the reproduction 	of 	tropical 

forests. 

In selectively logged forests, increasing the proportion of the so 

called desirable species such as during enrichment planting requires 

knowledge of species response to vegetational shade-light. In an 

attempt to make Budongo a mahogany forest, by opening up the canopy 

to increase the light levels reaching naturally regenerated and planted 

mahogany seedlings on the forest floor, resulted into further increase 

of pioneer (or weed) species. This would not have happened if growth 

responses to small and large canopy gaps were known at the time. 

For some purposes, it is necessary to manage the forest to 

produce low density, fast growing, short lived pioneer species. A case 

like this would be averted if enrichment planting is carried out in 

large gaps and clearings. Fast growing pioneer species cannot withstand 

shade but can grow fast in the open; therefore can be utilized in 

large gaps where they encounter intraspecific competition, enhanced 

apical dominance and increased leaf area index to shade other species. 

These responses have been utilized in plantation monocultures: the lower 

most branches die continuously as a result of shading (self pruning) and 

trees develop relatively short narrow crowns. However, in un-even-aged 

mixed stands and natural forests, small seedlings and younger trees may 

grow slowly (depending on spacing density) and may be supressed or 

overtopped by large, older and other fast growing trees. This fact is 

important in choice of species based on growth rates and other 

physiological attributes. 
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It is perhaps relatively unusual that physiological studies can be 

used directly in management. (This is even the case in agricultural 

sciences). More often they merely explain the underlying reason why a 

particular practice works. However, with the advent of tree breeding 

programmes including micropropagation and even genetic engineering; 

physiological studies may have an important role to play in the selection 

of genotypes to particular environments. Already Ladipo (1981) has 

shown that within one species there is an enormous variation in the 

photosynthetic response to light and in other parameters. Thus, within 

a species there appears to be scope for improvement. 

Finally, it is important to attempt more research into the 

physiology and ecology of tropical moist forest species since there is a 

certain urgency for developing a framework for managing this vital 

but disappearing biosphere component. According to Myres (1980) 

"Tropical moist forests and their species stocks are being depleted 

more rapidly than some of the earth's most precious minerals". Evans 

(1976) warned that "mankind is like a lapidary with a sack of uncut 

diamonds. His resources are limited, he can only cut one at a time; to 

finish the sack would take a very long while. But meantime there are 

other ways of keeping warm than shooting the sackful into an 

anthracite stove and burning them up overnight". He called upon all 

individUal ecologists to lose no opportunity of trying to convince the 

man with the sack that this is so; because conservation is preserving 

opportunities for the future, 
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