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STELLINGEN 

1. Voor de voortgang van het oecofysiologisch onderzoek naar de effekten 

van de faktor licht zijn klimaatruimten met ver-rood licht van hoge 

intensiteit onmisbaar. 

2. Het is van groot belang experimenten met sterk in groeisnelheid uiteen­

lopende objecten periodiek te oogsten, zodat niet alleen even oude, maar 

ook even grote planten vergeleken kunnen worden. 

3. Distributiediagrammen vormen een sterk onderschat hulpmiddel bij de 

groeianalyse. 

4. De maximum relatieve groeisnelheid 'R-max' in het model van Grime & Hunt 

is geen reëel optredende groeisnelheid en is daarom niet bruikbaar als 

soortskenmerk. 

Grime, J.P. & R. Hunt (1975): Relative growth rate: its range and adative 

significance in a local flora. Journal of Ecology 63_: 393-422. 

5. Het toeschrijven van verschillen in morfologie tussen planten in een 

kas en planten .in een klimaatkamer aan het verschil in lichtintensiteit 

alleen is absurd en leidt tot onzinnige conclusies 

Tan, G-Y., Tan, W-K. & P.D. Walton (1978): Effects of temperature and irradiance 

on seedling growth of smooth bromegrass. Crop Science HÎ: 133-136. 

6. Het handhaven van de bladgroei in een verlaagde lichtintensiteit 

gaat niet ten koste van de stengelgroei. 

Smith, H. (1982): Light quality, photoperception and plant strategy. 

Annual Review of Plant Physiology 33.= 481-518. 

7. De methode van Ingestad voor het aanbrengen van een groeibeperkende 

nutrientenvoorziening is niet geschikt om te onderzoeken hoe snel 

een plant kan groeien bij een bepaalde beperking en is daarom van 

weinig waarde voor het oecologisch onderzoek. 

Ingestad, T. (1982): Relative addition rate and external concentration: driving variables 

used in plant nutrition research. Plant, Cell and Environment 5_: 443-453. 
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8. De conclusie dat geen interactie optreedt tussen de effekten van 

lichtintensiteit en ammoniumaanbod op de groei van mais is misleidend 

wanneer daar niet expliciet bij vermeld wordt dat de proefplanten 

niet reageerden op een verandering van het ammoniumaanbod. 

Chan, W-T. & A.F. McKenzie (1971): Effects of light intensity and nitrogen level and source 

on growth of corn in a controlled environment. Plant and Soil 35_: 173-178. 

9. Een ten opzichte van optimaal gegroeide planten verminderde hoeveel­

heid organisch gebonden stikstof per plant in bij een sub-optimale 

nitraatvoorziening gegroeide planten is onvoldoende argument voor 

de veronderstelling dat het nog in deze planten aanwezige nitraat 

niet voor reductie beschikbaar is. 

Clement, CR., L.H.P. Jones & M. Hopper (1979): Uptake of nitrogen from flowing nutrient solution: 

effect of terminated and intermittent nitrate supplies. In: E.J. Hewitt & C.V. Cutting (editors): 

Nitrate assimilation of plants, pp: 123-134. 

10. De in mijn onderzoek gevonden nitraatgehalten van bij sub-optimale 

nitraatvoorziening en lage lichtintensiteit gegroeide planten geven 

aan dat een verantwoorde kasteelt van potentieel nitraatrijke groenten 

in de winter praktisch onmogelijk geacht moet worden. 

11. De voorwaardelijke financiering van wetenschappelijk onderzoek zal 

leiden tot een onverantwoorde trendgevoeligheid in de wetenschap. 

12. Dat de overheid niet bereid is haar 'pro deo werkers' te verzekeren voor 

ongevallen en wettelijke aansprakelijkheid in de werksfeer is een goed 

voorbeeld van het huidige denken over arbeidsverhoudingen en rechtspositie. 

13. Wanneer de vraag 'functional equilibrium: sense or nonsense' niet 

eenduidig positief beantwoord kan worden loopt het functioneel evenwicht 

gevaar door ons 'no nonsense' kabinet wegbezuinigd te worden. 

Brouwer, R. (1983): Functional equilibrium: sense or nonsense. Symposium 

Fysiologische en oecologische aspecten van het functioneel evenwicht tussen 

de bovengrondse delen en het wortelsysteem. Utrecht, 7 april 1983. 

W.J. Corré Wageningen, 6 januari 1984 
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ABSTRACT 

A number of species of sun and shade plants in the vegetative phase were grown 

in different light intensities, different light qualities (r/fr ratio) and 

different combinations of light intensity and nutrient supply. Sun and shade 

species were also grown at various plant densities and in interspecific 

competition in different light intensities and qualities. All the species 

examined responded to light intensity strongly, and in very much the same way. 

Sun species generally responded differently than shade species to a low red/far-re 

ratio: their stem extension increased markedly and their dark respiration rate 

was higher. The shade species generally responded similarly, but to a lesser 

degree. Interactions were recorded between the effects of light intensity and the 

effects of nutrient supply when nitrate supply was limiting and also when 

phosphate supply was limiting. To ensure that its limiting effect did not depend 

on plant size, the nitrate, or phosphate, was supplied in a high concentration 

intermittently and therefore exponential growth occurred in all combinations of 

light intensity and nutrient supply. When competing with shade species in higher 

light intensities, the sun species definitely had greater competitive abilities 

than their competitors. In lower light intensities the competitive ability of 

a species seemed to depend more on its weight at the beginning of the experiment. 

The formation of weaker stems in sun species, however, could be an important 

disadvantage for these species when competing in lower light intensities, 

especially when the red/far-red ratio is also low, as occurs in natural shade. 

It can be concluded that the responses to the red/far-red ratio are crucial in 

the explanation of the habitat preferences of sun and shade species. Responses 

to the light intensity may play a supplementary role, but systematic differences 

between sun and shade species in this respect were not observed. 
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GENERAL INTRODUCTION 

THE ECOLOGY OF SUN AND SHADE PLANTS 

Exposed and shaded habitats 

The reduced light intensity is, although the most striking, only one aspect 

of the complex of environmental changes caused by shading under a tree canopy. 

Temperature, air humidity, wind speed, water supply and nutrient supply are 

also greatly influenced by a tree canopy (Daubenmire 1974). Besides, in many 

shaded habitats, particularly the deciduous forests, the reduction in the light 

intensity has a seasonal rhythm, being less in winter and in early spring and 

greater in late spring, summer and autumn (Anderson 1964). 

Recently, much attention has been paid to the changes in the spectral 

distribution of the light under a tree canopy (Morgan & Smith 1981). The changes 

in the light quality, of which the decrease in the red/far-red ratio seems to be 

the most important, correlate closely with the reduction in the light intensity 

(Holmes & Smith 1977). 

In exposed habitats the herbaceous plants are exposed to the maximum natural 

light intensity. This, however, does not mean that shading cannot occur in such 

habitats. At soil level, the degree of shading can surely be as high as in 

woodlands. The difference from shaded habitats is that in exposed habitats small 

differences in height are associated with large differences in light interception, 

while in woodlands small differences in height do not show noticeable differences 

in light intensity (Grime 1966). 

Sun and shade species 

The herbaceous vegetation of exposed and shaded habitats is largely different and 

this enables sun and shade species to be distinguished. The usual classification 

into sun and shade species is based on the relative light intensities of the 

habitats in which the species are usually found. Ellenberg (1979) classified circa 

2000 vascular plants, more or less common in Central Europe, on this basis by 

giving the species 'indicator values' from 1 to 9 (see also table 1). Much researc 

has been done over the years to elucidate the physiological backgrounds of habitat 

preferences by looking for differences in the properties of the plants, e.g. 'in 

carbon metabolism (e.g. Boardman 1977, Björkman 1981) and their responses to 

light intensity (e.g. Blackman & Wilson 1951, Evans s Hughes 1961, Loach 1970) 



and to light quality (e.g. Morgan & Smith 1981, Smith 1982). 

Almost 20 years ago, Grime (1965, 1966) tried to fit the available evidence 

into a conceptual framework. This resulted in the concept of the strategies of 

'shade avoidance' and 'shade tolerance'. This concept formed part of the general 

theory of plant strategies (Grime 1979) and was worked out more definitely after 

the importance of the red/far-red ratio for the physiology of the sun and shade 

plants was recognized (Grime 1981, Smith 1981, 1982). 

Shade avoidance and shade tolerance 

The strategy of shade avoidance coincides with the strategies of competitive 

and ruderal plants; it is intended to achieve escape from the shade. The strategy 

of shade tolerance is a variant of the general strategy of stress tolerance, and 

is aimed at enabling survival in the shade. Stress, in this connection, is 

understood to be present when growth is strongly limited by an environmental 

factor ('external stress'). A more adequate physiological definition of stress, 

however, is that it is a sub-optimal state of the plant ('internal stress'). The 

paradox in this is that stress tolerance is the ability of a species to avoid 

internal•stress in situations with an obvious external stress, such as growing 

without symptoms of nutrient deficiency in an environment with a low nutrient 

supply. 

Shade avoidance is based on the habit of a species or genotype to show rapid 

stem extension under shaded conditions at the expense of the development of leaf 

area (Grime 1965). This strategy is useful in a dense herbaceous vegetation, 

where small differences in height are associated with large changes in light 

intensity. Under a tree canopy, however, this strategy will fail: in this case, 

stem extension does not result in high light interception, and a long period of 

enhanced stem extension at the expense of all available energy will weaken the 

plants, resulting in a high mortality rate (Grime 1966). In herbaceous vegetations 

too, especially in productive habitats, many individual plants will not be able 

to reach the upper vegetation layers either, and mortality rates may also be high. 

At the population level, however, this can be compensated for by large seed 

production in the individuals that have indeed escaped from the low light intensity 

of the lower layers of the vegetation (ter Borg 1972). 

Shade tolerance is based on the absence of an enhanced stem extension and on 

the conservative use of assimilates under shaded conditions. In this way a 

weakening of the stems is prevented and a higher level of energy substrate 

(soluble carbohydrates) can be maintained. This is the best way to survive under 



a tree canopy, but it also seems to be a possible strategy for survival under 

herbaceous vegetations. The reason that shade species are not found under such 

vegetations may be the competition for water and nutrients (which is very severe 

in such habitats) or that shade plants are not adapted to the factor (for example 

grazing) that also prevents trees from becoming established in the vegetation. 

Another reason could be that competition in herbaceous vegetations starts early 

in spring, whereas, at least in deciduous woodlands, at that time the herbaceous 

undergrowth temporarily receives a higher light intensity. 

Another strategy that is successful in deciduous woodlands is a genetically 

fixed growth rhythm, involving the formation of seeds or storage organs and the 

death of the above-ground parts in late spring. This strategy is typical for 

woodlands herbs of early spring, such as Soylla non-soripta and Ranunculus 

fioavia. In this way a species can survive in woodlands without being shade 

tolerant. Although these species show the characteristics of shade-avoiding 

species, their shade avoidance in nature is based on other characteristics and to 

prevent confusion is probably best described as 'shade avoidance in time'. Here 

it also becomes clear why most shade-tolerant species are perennials (Ellenberg 

1979). Perennials can use their reserves for a rapid leaf expansion in early 

spring, and in this way they can make better use of the short period with a 

high light intensity. 

AIM OF THE RESEARCH 

The research described in this thesis was undertaken to improve our understanding 

of the ecophysiological background of the specific habitat preferences of sun 

and shade species. To survive in a habitat, a species must be able to complete 

its full life cycle, from germination, via vegetative growth and flowering, to 

the formation of viable seeds. For reasons of time and sheer volume of data it 

was unpractical to study all aspects of the life cycle of the plants chosen for 

this research project. Therefore I concentrated on the study of plants in the 

vegetative stage, because there are detailed methods available for evaluating the 

results (e.g. classic growth analysis: Evans 1972, Hunt 1978), and because the 

plant strategies of shade avoidance and shade tolerance may be expected to build 

up to a clear distinction between sun and shade species during this stage of 

development (Grime 1981, Smith 1982). The use of the methods of growth analysis 

as the principal approach implies an integrated study of growth and morphogenesis 

and their physiological background. Physiological processes, such as photosynthesi: 
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and respiration were studied indirectly in relation to the morphology of the 

entire plant. 

The actual incentive to start the research was the discovery that many plant 

species are able to maintain a fairly similar relative growth rate over a wide 

range of light intensities. This applied to the relative growth rate of the total 

plant dry weight (e.g. van Dobben et al. 1981) and of individual leaves and 

internodes (e.g. Pieters 1974, 1983). It seems that plants can compensate for a 

lower energy supply by means of morphogenetic adaptations. Then, since the 

magnitude of these adaptations did not seem to differ between sun and shade 

species, or was even somewhat more pronounced in sun species (Grime 1965), and 

since Groen (1973) and Pons (1977) had stated that it is impossible to explain 

the absence of sun species in shaded habitats in terms of efficiency of utilization 

of light energy, the question arose what different responses could then explain 

the habitat preferences. Here it was postulated that the responses of sun and 

shade species might be different if the low light intensity was coupled with a 

low supply of nutrients or water. Under these conditions an adequate morphogenetic 

adaptation is more complex, since a low light intensity leads to a low root weight 

ratio and a low nutrient or water supply requires a high root weight ratio, 

according to the functional equilibrium (Brouwer 1963). Moreover, large 

interactions have been found between the effects of light intensity vis-à-vis 

nutrient supply (e.g. Luxmoore & Millington 1971). It was also postulated that 

growth in higher plant densities and in competition with other species could 

elucidate the responses, since small and seemingly insignificant, differences in 

performance may be decisive for survival in a plant community. Finally, soon after 

the start of the research in March 1979, the importance of the light quality as 

an ecological factor became clear (Morgan & Smith 1979), and therefore this factor 

was also studied in the experiments. 

The research was principally designed to compare the growth responses of sun 

and shade species in the vegetative phase to varying degrees of shading as a 

single factor and to shading coupled with different supplies of nutrients and 

water. The degree of shading was separated into quantum flux density (light 

intensity) and red/far-red ratio (light quality), the two important, but 

principally different, components of shading. Initially the responses of free 

spaced plants were studied, but experiments with higher plant densities and 

interspecific competition were also carried out. 

The present thesis deals with the results of 17 experiments, and is divided 

into 4 chapters, each of which was originally published separately. 

11 



CHAPTER I describes the effects of the light intensity as a single factor, and 

also includes a more detailed introduction to this subject. 

CHAPTER II deals with the effects of the light quality, especially of the red/ 

far-red ratio, and with the effects of very low light intensities. 

CHAPTER III deals with the results of the experiments on the combined effects 

of light intensity and nutrient supply. Special attention was paid 

to the existing models describing the relations between the 

partitioning of dry matter over shoots and roots and the activities 

of shoots and roots, as functions of the light intensity and the 

nitrogen supply. 

CHAPTER IV describes the effects of light intensity and light quality on plants 

growing in higher densities or in competition. 

A fifth group of experiments, dealing with the combined effects of light intensity 

and water supply, did not produce usable results, because of problems in the 

experimental procedure. This subject will be discussed briefly in the general 

discussion. 

SPECIES 

It was decided to test a number of herbaceous sun and shade species, in order 

to be able to draw conclusions that could be generally applicable. Only 

phanerogams were chosen to represent shade plants, although the most typical 

shade species are cryptogams. This was for practical reasons, the most important 

of which was that large numbers of equally sized seedlings had to be available 

for reliable experiments with a species. This requires large seed production and 

good germination, preferably at any desired time of the year, or ample 

simultaneous germination in the natural habitat. For sun species a large assortmer 

of usable species is available, but for shade species the assortment is limited. 

Thus, the experiments included seven more or less shade-tolerant species that 

were reasonably easy to obtain and grow, and six sun species were chosen for 

comparison. The species that were used are listed in table 1, which also shows 

that the division into sun and shade species is not absolute but only gradual. 

With respect to the 'light figures' of Ellenberg (1979) it should be noted that 

these are based on the relative light intensity of the habitat in summer, and 

give no information about a possibly higher light intensity that a species might 

receive in spring. Furthermore, it is striking that the species I used are not 

classified as full shade species or even as shade species (light figure 1, 2 or 

12 



TABLE 1. Sun and shade species used in the different experiments 

species 1 light figure' used in expts. of chapter 
I II III IV 

Plantago major 

Galeopsis tetrahit 

Galinsoga parviflora 

Urtica urens 

Poa pratensis 

Polygonum lapathifolium 

Poa nemoralis 

Circaea lutetiana 

Geum urbanum 

Impatiens parviflora 

Scrophularia nodosa 

Stachys sylvatica 

Urtica dioica 

8 

7 

7 

7 

6 

6 

5 

4 

4 

4 

4 

4 

X 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

'light figures': (after Ellenberg 1979) 

9 full light plant , rarely receiving less than 50% relative light intensity 

8 light plant , rarely receiving less than 40% relative light intensity 

7 half light plant 

6 (between 5 and 7) 

5 half shadow plant, mostly receiving more than 10% relative light intensity 

4 (between 3 and 5) 

3 shadow plant , mostly receiving less than 5% relative light intensity 

2 (between 1 and 3) 

1 full shadow plant, often receiving less than 1% relative light intensity 

X indifferent , occurring both in fully exposed and densely shaded 
habitats (this implies, however, a great shade tolerance) 

3). The latter groups of species, however, include only a small number of species, 

most of which are not seed plants or do not commonly produce seed in considerable, 

collectable amounts. 
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CHAPTER I 



Acta Bot. Need. 32(1/2), February 1983, p. 49-62. 

G R O W T H A N D M O R P H O G E N E S I S 
O F S U N A N D S H A D E P L A N T S 
I. T H E I N F L U E N C E O F L I G H T 
I N T E N S I T Y 

W.J .CORRÉ 

Vakgroep Vegetatiekunde, Plantenoecologie en Onkruidkunde, Landbouwhogeschool. De Dreijen 
11,6703 BC Wageningen 

SUMMARY 

A number of herbacious sun and shade plants were grown at different light levels to investigate 
their adaptations in morphology and growth to light intensity. All species examined respond to 
low light intensity strongly, but very much the same. It is concluded that shade tolerance is not 
based on different adaptations in morphology or growth rate. 

1. INTRODUCTION 

For an understanding of the differences in growth between sun and shade plants 
carbon metabolism and morphogenesis are considered the two major fields of 
research. Although only one minor experiment in this study deals with photosyn­
thesis and the principal part concerns morphogenesis, both aspects will be re­
viewed briefly. 

1.1. P h o t o s y n t h e s i s a n d r e s p i r a t i o n 
It seems plausible that the ability of a plant species to tolerate shading has its 
origin in photosynthesis, viz. in the efficiency of the utilization of light energy. 
Various authors have compared photosynthesis in sun and shade species or eco-
types. It was shown that the photosynthesis per unit leaf area at high light in­
tensities was appreciably lower in shade adapted ecotypes of Solidago virgaurea 
(BJÖRKMAN & HOLMGREN 1963), Rumex acetosa (BJÖRKMAN & HOLMGREN 1966) 

and Solanum dulcamara ( G A U H L 1976) grown at high intensity than in sun 
adapted ecotypes grown in the same light intensity. On the other hand the initial 
slope of the rate/intensity curve of plants grown at a low light intensity was 
seemingly somewhat steeper in shade adapted ecotypes, at least in Solidago virg­
aurea (BJÖRKMAN & HOLMGREN 1963), but there were no significant differences 
in light compensation points, nor in dark respiration. Besides, a comparison 
of species, like Plantago lanceolata and Lamium galeobdolon (BJÖRKMAN & 
HOLMGREN 1966), Calendula officinalis and Impatiens parviflora (GROEN 1973) 
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50 W. J. CORRE 

and Cirsium palustre and Geum urbanum ( PONS 1977), did not show any differ­
ence in photosynthesis of plants grown in lower light intensities in favour of 
the shade species. Groen 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. 

Another possible difference between sun and shade plants lies in the rate of 
respiration in very low light intensities. MAHMOUD & GRIME (1974) showed that 
Deschampsia 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 plant dry weights, at low light intensi­
ties. However, at very low light intensities, beneath the compensation point, 
the respiration losses, calculated from weight losses of the whole plant during 
a period of four weeks, differed widely, the most shade tolerant species showing 
the smallest losses. The same phenomenon is shown in the experiments of W I L L -
MOT & MOORE (1973) with Silene alba and S. dioica grown in high and low light 
intensity, where the shade tolerant S. dioica showed the smallest dark respiration 
rate. In addition to this, LOACH ( 1967) found much higher dark respiration losses 
in Populus tremula grown in a low light intensity than in some 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 maintainance 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). 

1.2. M o r p h o g e n e s i s 
The major adaptation to a lower light intensity is the formation of thinner leaves 
with a higher water content, resulting in a higher specific leaf area1 . Another 
important adaptation is the decrease of the root weight ratio in low light. This 
will have no detrimental effect on the plant because of the lower transpiration 
rate under low light intensities. Also important with regard to this is the increase 
in diffusion resistance of the leaves, due to a decrease in either number or size 
of stomata ( G A Y & H U R D 1975, resp. WILSON & COOPER 1969). Mostly, the 

dry matter not used in root growth will benefit the stems and petioles and not 
the leaf blades, so this does not contribute to the relative size of the photosynthe-
tic apparatus, although it may contribute indirectly by saving carbohydrates 
since root respiration in general exceeds stem respiration. On a unit weight basis 
the leaf weight ratio can remain constant over a wide range of light intensities. 

An increasing specific leaf area combined with a generally equal leaf weight 
ratio leads to an increasing leaf area ratio and this relative increase in leaf area 
can compensate, at least partially, for a lower photosynthesis per unit leaf area. 
It seems possible that shade species do better in this respect than sun species. 
In accordance with this BLACKMAN & WILSON (1951) suggested that the shade 

The expressions and the formulas of growth analysis are used in accordance with HUNT (1978). 
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plant should be redefined as "a species for which a reduction in light intensity 
causes a rapid rise in the leaf area ratio from an initial low value in full daylight". 
This definition, however, has never been confirmed and is even contradicted 
by GRIME (1965) who supposes that many sun plants even show a more pro­
nounced adaptation to low light intensities than shade plants do. This is sup­
ported by the experiments of LOACH (1970) who found a greater adaptation 
of the leaf area ratio to the light intensity in the non-tolerant Liriodendron tulipi-
fera than in three shade tolerant tree species, while the leaf area ratio in high 
light intensity was about the same in all species. In addition Jackson (cited by 
LOACH 1970) found that several shade tolerant tree species show much less adap­
tation in terms of leaf thickness than non-tolerant species do. On the other hand, 
there are examples of sun species that do not show a good adaptation to a low 
light intensity, such as Helianthus annum, which shows a strongly decreasing 
leaf weight ratio in low light intensities (HIROI & MONSI 1963). KUROIWA et 
al. (1964) found a greater decrease of the leaf weight ratio in some sun plants 
than in the shade tolerant Cryptotemia canadensis var. japonica, but LOACH 

(1970), on the contrary, found a small increase in leaf weight ratio in Lirioden­
dron tulipifera, and a small decrease in leaf weight ratio in the shade tolerant 
Fagus grandifolia and Quercus rubra. 

1.3. G rowth 
It has been known for some time (BLACKMAN & WILSON 1951; EVANS & HUGHES 

1961; HUXLEY 1967) that many plant species do show a rather constant relative 
growth rate over a wide range of irradiation when they are grown from the 
beginning in different light intensities and that this is achieved through adapta­
tions in the morphology. VAN DOBBEN et al. (1981) confirmed this reaction in 
the bush bean (Phaseolus vulgaris). This latter study was undertaken to explain 
the fact that notwithstanding a similar RGR, plants grown in a lower light inten­
sity show a retardation in growth in comparison to high light intensity plants. 
As expected, this retardation occurs in the phase of seedling development, before 
the morphological adaptations to weak light are accomplished. At light intensit­
ies under about 60 W . m 2

 (VAN DOBBEN et al. 1981; HUNT & HALLIGAN 1981) 
the relative increase in leaf area cannot compensate for the lower productivity 
any longer, and the relative growth rate will decline. Clearly differing reactions 
to light intensity between sun and shade plants, with respect to the relative 
growth rate, were not reported. 

In the present study a series of experiments was conducted to investigate the 
morphogenetic adaptations of a number of sun and shade species in the vegeta­
tive stage to light intensity and light quality (i.e. r/fr ratio) and the consequences 
of these adaptations on the relative growth rate. Special interest was directed 
to the effects of light intensity interacting with nutrient supply, or competition. 
This first paper deals with the effects of light intensity only and will be more 
or less an introduction to the problem. 
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2. MATERIALS AND METHODS 

2.1. P lant ma te r ia l s 
The following species, having a supposed increasing shade tolerance (after Ellen-
berg 1979), were used: Galinsoga parviflora Cav. (in experiment 1, 3, 4), Urtica 
urens L. (3), Galeopsis tetrahit L. (1), Poa pratensis L. (2, 3), Poa nemoralis L. 
(2, 3), Urtica dioica L. (3, 4), Geum urbanum L. (1, 3), Impatiens parviflora (L.) 
DC. (1), Scrophularia nodosa L. (4), and Stachys sylvatica L. (3). Seeds, collected 
from plants in their natural habitats, were germinated in a climatic room at 
20 °C under fluorescent light (40 W/m2). Only Galeopsis tetrahit and Impatiens 
parviflora were collected as seedlings in the field. 

2.2. G rowth cond i t ions and harves t p rocedures 
In all experiments the plants were grown on an aerated nutrient solution (pH 
6.5)containing6.0me.r1NO~3,0.5me.l"1H2PO4,3.5me.r lSO4",3.5me.r1 

K+, 4.5 me.l"1 C a + + , 2.0 m e . l 1 M g + + and the trace elements: 2.0 ppm Fe, 
0.5 ppm B, 0.7 ppm Mn, 0.05 ppm Mo, 0.1 ppm Zn and 0.02 ppm Cu. The 
solution was changed once a week. 

Experiment 1, with Galinsoga praviflora, Galeopsis tetrahit, Impatiens parvi­
flora and Geum urbanum, was carried out in a glasshouse in May 1979. The 
light intensity in the glasshouse was about 65% of the natural light intensity. 
At noon in full sunshine about 175 W.m~2 (400-700 nm) was measured in the 
glasshouse. This light level (level A) was reduced with white cheesecloth to 80% 
(level B), 60% (level C) and 40% (level D) respectively. The red/far red ratio 
was about 1.1 at all light levels. The night temperature was 20 °C, the day temper­
ature rose to about 25 °C on cloudy days and sometimes to over 30 °C on sunny 
days. In the shaded compartments the night temperature, and on sunny days 
also the day temperature, usually was about 2°C above the glasshouse tempera­
ture. The maximum relative humidity was about 60%, the minimum about 30%, 
in the shaded compartments this was about 90% and 40% respectively. These 
climatic differences, however, were assumed to cause no significant effect on 
growth (VAN DOBBEN et al. 1981). Twice a week ten plants of each species at 
each light level were harvested, fresh and dry weights of leaf blades, stems with 
petioles and roots, were recorded and leaf area and leaf thickness were measured. 

Experiment 2, with Poa pratensis and Poa nemoralis, was carried out in the 
same glasshouse in August 1979. In this period the light intensity at level A 
was approximately the same as in experiment 1. The same holds for tempera­
tures, whereas the air humidity tended to be slightly higher. The light intensity 
in the shaded compartments was further reduced to 65% (level B1), 30% (level 
C1) and 20% (level D1); the red/far red ratio remained about 1.1. Every five 
days ten plants of both species at each light level were harvested. Since the young 
Poa plants had not yet developed a stem and had very narrow leaves, only fresh 
and dry weights of shoots and roots were measured. 
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In experiment 3 Galinsoga parviflora, Urtica mens, Poa pratensis, Poa nemora-
lis, Urtica dioica, Stachys sylvatica and Geum urbanum were grown in a climatic 
room. Here it was possible to maintain exactly equal temperatures and air humi­
dities at all light levels, on the other hand it is impossible to reach a high light 
intensity. Three light levels were established: 50 W.m - 2 , 25 W.m"2 and 12.5 
W.m "2, the light source was Philips TL 33 fluorescent tubes, of which the red/far 
red ratio is 7.0. Daylength was 16 hours, temperature was 20 °C and relative 
humidity was 60%. Plants were harvested every five days, measurements were 
made according to the procedure described for experiment 1, except for leaf 
area and leaf thickness, which were only measured in Galinsoga parviflora and 
Stachys sylvatica. In these two species internode length was also recorded. 

Experiment 4, with Galinsoga parviflora, Urtica dioica and Scrophularia nodo­
sa, was also carried out in a climatic room. Five light levels were established: 
72 W.m - 2 , 28 W.m"2, 11 W.m"2, 7 W.m"2 and 2.5 W.m"2. Fluorescent light 
(Philips TL 33) was complemented with incandescent light to lower the red/far 
red ratio to about 2.2. Daylength was 16 hours, day temperature was 20 °C, 
night temperature was 15°C and relative humidity was 65% all day. The harvest 
procedure was as described for experiment 3, internode length was measured 
in all species, but leaf thickness was not measured. 

3. RESULTS 

3.1. Morphogenes i s 
The development of the leaf thickness with time is shown in fig. 1. All species 
show a good adaptation to the light intensity, the differences between species 
are rather small in experiment 1, in experiment 3 the adaptation in Galinsoga 
parviflora is clearly greater than it is in the shade tolerant Stachys sylvatica. 
It is remarkable that in both experiments the most shade tolerant species has 
the thickest leaves in lower light intensities. Since leaf thickness is hard to mea­
sure, especially in the very soft leaves of plants grown in a low light intensity, 
and since, within species, it appeared to be closely negatively correlated with 
the specific leaf area, the leaf thickness was only measured in the experiments 
1 and 3. The values of the SLA of the plants of the final harvest are presented 
infig. 2. As is expected from the leaf thickness, the increase in SLA with decreas­
ing light intensity is in the same direction. Quantitative differences do not seem 
to be strongly correlated with the supposed shade character of the species. There 
is a tendency for shade plants even having a somewhat lower SLA. 

The dry matter distribution (fig. 3) shows generally the same pattern for all 
species (except for the grasses): in a lower light intensity the root weight ratio 
decreases in favour of the stem weight ratio, while the leaf weight ratio remains 
relatively unaffected. In a very low light intensity (expt. A, fig. 3) the leaf weight 
ratio cannot be maintained at a constant level, it is now decreasing in all species, 
remarkably most of all in the most shade tolerant species (Scrophularia nodosa). 
In all species in all experiments no rhizomes or other storage organs were devel­
oped during the experimental period. In fig. 4 the dry matter distribution of 
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Fig. 1. Development of leaf thickness with time in different light intensities in expts. 1 and 3. Light 
level A = 100%; B = 80%; C = 60%; D = 40%. 

Galinsoga parviflora and Stachys sylvatica grown at two light intensities is illus­
trated in distribution diagrams, in which the weights of the separate organs are 
plotted against total plant weight. In these diagrams a straight line indicates 
that the increase in weight of the organ is proportional to the increase in total 
plant weight. When this line is parallel to the 45° diagonal the weight ratio also 
remains constant. As is expected in a phase of exponential growth, the dry matter 
distribution is proportional over the whole growth period. The only exception 
is the portion that is invested in the roots of'Galinsogaparviflora, the root weight 
ratio slowly decreases down to a constant value. 

The product of SLA and LWR is the leaf area ratio, the relative size of the 
photosynthetic apparatus of the plant. Since the LWR is mostly not influenced 
very much by the light intensity, the increase in LAR in lower light intensities 

1.6-, SLA incnf. i 

a. Expl .1 b. Expt . 3 

60 60 100 */• Light level 50 W.m"! 72 W. m"' 

Fig. 2. Specific leaf area of plants of final harvest in expts. 1, 3 and 4. Species ci. fig. 3. 
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Fig. 3. Dry matter distribution of plants of final harvest in expts. 1, 2, 3 and 4. Species: Gp: Galinsoga 
parviflora, Gt: Galeopsis telrahit, Gu: Geum urbanum, Ip: Impatiens parviflora, Pn: Poa nemoralis, 
Pp: Poa pratensis, Sn: Scrophularia nodosa, Ss: Stachys sylvatica, Ud: Urtica dioica, Uu: Urtica 
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Fig. 4. Dry weight of plant organs plotted against total dry weight for two species and two light 
intensities in expt. 3 on logarithmic scale. + © : leaf blades, • O : stems and petioles, A (£) : 
roots; © 0(Q 12.5 W.m"2, + • A : 50 W.m"2. 

23 



56 
0.«i LAF) in cm1 mg"' 0.8 

o. E x p l . 1 
0.6-

W. 1. CORRE 

60 80 100 Light level 50 W. m"* 

Fig. 5. Leaf area ratio of plants of final harvest in expts. 1, 3 and 4. Species cf. fig. 3. 

will roughly follow the increase in SLA. It is quite clear that all species show 
very much the same trend in reaction of the LAR to the light intensity, the 
adaptation not depending on shade tolerance (fig. 5). 

The previous calculations were all made on dry weights, but the water content 
is also influenced by the light intensity. In a lower light intensity the dry matter 
content will decrease in leaves and stems. This decrease is shown for leaves in 
fig. 6. The dry matter contents of the leaves vary appreciably with species and 
with light intensity. There seems to be no correlation between shade tolerance 
and the extent of decrease in dry matter content at low light intensity. The dry 
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Fig. 7. Length of successive internodes of plants of final harvest in three light intensities in expt. 
4. h = hypocotyl, e = epicotyl, 1, 2, ... = successive internodes. 

matter content in stems and petioles, for which no data are shown, is always 
lower than it is in leaves, but it shows very much the same differences between 
species and pattern of light intensity dependence. This means that the fresh mat­
ter distribution will be different from the dry matter distribution; the fresh stem 
weight ratio is higher at all light intensities and the fresh root weight ratio de­
creases even more with decreasing light intensity than the dry root weight ratio 
does. However, since the species do not show any differences with respect to 
the water content, the fresh matter distribution cannot alter any conclusion 
drawn from the dry matter distribution. 

The internode length is influenced by light intensity, as in shown in fig. 7, 
but probably not in a direct way. In high light intensity the lower, fully grown 
internodes are somewhat shorter. The upper internodes are longer because of 
the further state of development of the plants. 

3.2. G rowth 
The growth is the product of a morphological character (LAR) and the net pro­
ductivity (NAR) of the photosynthetic apparatus of the plant. The productivity 
will decrease in a lower light intensity, as is shown in fig. 8. The slopes of the 
curves do not seem to be correlated with the shade tolerance of the species. 
As both characters contributing to growth do not show any different adaptation 
to light intensity for sun and shade plants it is not at all surprising that the 
relative growth rate shows also the same dependence on light intensity in both 
sun and shade plants. This is shown once more in fig. 9. The only detail in favour 
of a better adaptation of shade plants to low light intensities is that in a very 
low light intensity the RGR of Urtica dioica is higher than that of Galinsoga 
parviflora, while it is lower in all other light intensities. The RGR of Scrophularia 
nodosa, however, is very low in this light intensity. In all species in all experiments 
growth was exponential during the whole growth period. A growth retardation 
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could occur in the first few days because it can take some time before the mor­
phology of the plants is properly adapted to the light intensity (fig. 10) or be­
cause of damage done to the plants at the moment of planting. 

4. DISCUSSION 

4.1. Morphogenes i s 
In a low light intensity two major adaptations are observed in both sun and 
shade species: a decrease in leaf thickness and a decrease in root weight ratio. 
The decrease of the root weight ratio can be understood as the result of a change 
in the competitive ability of roots and tops for energy, water and nutrients, lead­
ing to a functional equilibrium (BROUWER 1963). The decrease of the leaf thick­
ness asks for a supplementary explanation. This may be found in the special 
dependence of the development of leaf thickness on energy supply. The contents 
of non-structural carbohydrates are much lower in a low light intensity (ALBER-

DA 1965; DEINUM 1966; THORNLEY & HURD 1974). Leaf area and stem length 
are apparently relatively independent with respect to this value, while root 
weight, stem thickness and leaf thickness are strongly affected. That the develop­
ment of leaf thickness depends on energy supply and not directly on the light 
intensity has been shown in the experiments of HUGHES & EVANS (1963) on the 
influence of different combinations of light intensity and daylength with equal 
light quantities. In their experiments the SLA of Impatiens parviflora was much 
more closely related to the NAR than to the light intensity. Recently KEMP 

(1981) found a very close relationship between the relative growth rates of emerg­
ing leaves and the hexose concentration in the extension zone of wheat shoots 
which had been shaded for different periods, while length growth was not af­
fected. The assumption that the energy supply is a controlling factor is not in 
accordance with the results of LAMBERS & POSTHUMUS (1979)), who found equal 
contents of soluble carbohydrates and starch in both shoots and roots of Planta-
go lanceolata grown in high (60 W . m 2 ) or low (10 W.m"2) light intensity. 

The somewhat shorter stem internodes and individual leaves occurring at high 
light intensities could be reactions to the less favourable water relations (DAU-
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Fig. 8, Net assimilation rate of plants in expts. 1, 3 and 4. Species cf. fig. 3. 
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BENMIRE 1974), since at least stem extension is not affected by the light intensity 
as such (MORGAN & SMITH 1981). 

The dry matter distribution is not only altered by the light intensity, it can 
also show an ontogenetic drift. The differing leaf weight ratios oiStachys sylvati-
ca in the final harvest of experiment 3 (fig. 3) are not caused by light intensity 
but by the ontogenetic drift. In f ig. 4 it is shown that the leaf weight ratio slowly 
decreases with increasing plant weight, independent of the light intensity. 

4.2. G rowth 
In experiments 1 and 2 the overall relative growth rate was rather independent 
of the light intensity at light intensities over about 60 W/m2, conform to the 
results of VAN DOBBEN et al. (1981) and HUNT & HALLIGAN (1981). So it is 
evident that at higher light intensities carbohydrate supply is not likely to limit 
the growth rate. When water and nutrient supply are also optimal, as expected 
in water cultures, it seems correct to suppose that the plant itself is limiting 
its own growth. Probably the rate of cell growth in the extension zones is limiting 
(PIETERS 1974). This theory is supported by the experiments of HUNT & HALLI­

GAN (1981) with Lolium perenne, where during growth the leaf area ratio de­
creased and the net assimilation rate increased, resulting in a constant relative 
growth rate at high' light intensity. The same principle is seen in the experiments 
of VAN DOBBEN et al. (1981) where the relative growth rates at the highest light 
levels become constant from the second day of the experiment, when the leaf 
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Fig. 10. Logarithmic total weight plotted against time for two species in expt. 3. • : 12.5 W.m~2, 
0 : 2 5 W . m " 2 , + : 5 0W. m - 2 . 

area ratio is not yet higher than 60% of its later value. In the experiments in 
climatic rooms the light intensities were never high enough to maintain a con­
stant RGR over some radiation range. That energy supply is involved here has 
been shown by THORNLEY & HURD (1974), who found a linear relationship be­
tween the relative growth rate and the starch availability in tomato plants, grown 
in a range of light intensities. 

This leads to retardation of the growth of plants grown in lower light intensit­
ies, which appears during the time the morphogenetic adaptations are not yet 
accomplished (VAN DOBBEN et al. 1981). This is shown in fig. 10 for two species 
from experiment 3. That the plants grown in high light intensity grow exponen­
tially from the first day on, although the pre-treatment was at a lower light 
intensity, can be explained by the energy supply not being limiting; these plants 
do reach their maximum relative growth rate well before the ultimate morpho­
genetic "adaptations" are performed, conforming to the results of HUNT & HAL-
LIGAN (1981) cited above. 

5. CONCLUSIONS 

All species examined respond to a lower light intensity with a 
- decreasing leaf thickness 
- increasing leaf area ratio 
- decreasing root weight ratio 
- decreasing dry matter content in leaves and stems 
- decreasing net assimilation rate 
- decreasing relative growth rate in lower, light intensities 
- comparable relative growth rates in a rather broad range of higher light in­

tensities. 
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All species respond to about the same extent, no systematic differences can 
be seen between sun and shade plants. It seems plausible that the morphogenetic 
adaptations to a low light intensity are caused by limiting energy supply and 
there are no direct light effects. Different responses of sun and shade plants 
to natural shade seem to be based not on light intensity, but on light quality 
only. This will be discussed in a following paper. 
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SUMMARY 

Some herbaceous sun and shade plants were grown under two red/far-red ratios to investigate their 
adaptation in morphology, growth and net photosynthesis to the light quality component of shade 
light. All species reacted in the same way to a low red/far-red ratio, but the sun species reacted 
more, showing more stem elongation, a lower leaf weight ratio and a lower relative growth rate. 
It can be inferred that photosynthetic functions are not influenced by the red/far-red ratio, but 
dark respiration increases, and probably to a greater extent in sun species. 

1. INTRODUCTION 

In a previous paper (CORRÉ 1983), in common with most publications on the 
effect of shading on plant growth it was assumed that shading was synonymous 
with a decreased intensity of light: the changes in the spectral distribution that 
occur in natural shade and the effects of light of different spectral quality on 
plant growth were ignored. Advances in the techniques of simulating natural 
light spectra have meant that extensive research on the physiological and ecolog­
ical significance of the spectral quality of shade light have recently become possi­
ble. The first reviews on this subject were published very recently (MORGAN & 
SMITH 1981a; SMITH 1982). 

The spectral composition of light is changed in a leaf canopy, mainly as a 
consequence of the light being absorbed by chlorophyll (WOOLLEY 1971). Thus, 
by comparison with sunlight, shade light is relatively poor in blue and red light 
and relatively rich in green, and especially rich in far-red light (COOMBE 1957; 
FÉDÉRER & TANNER 1966; HOLMES & SMITH 1977). Two wavelengths important 

in photomorphogenesis, namely 660 nm and 730 nm - the absorption maxima 
of phytochrome - are absorbed in very different proportions, and therefore 
shade light is often characterized by the red/far-red ratio. This is the ratio be­
tween the light intensities (photon fluence rates) at 660 nm and at 730 nm, meas­
ured with a band width of 10 nm. At latitude 53° N the red/far-red ratio varies 
between 1.15 in open habitats (HOLMES & SMITH 1977a) to approximately 0.10 
in dense shade, where the light intensity is less than 1 per cent (FÉDÉRER & T A N ­
NER 1966; HOLMES & SMITH 1977b). The elevation of the sun and atmospheric 

conditions also influence the red/far-red ratio, but these changes are only of 
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minor importance, compared with the changes that occur in shade light (HOLMES 
& SMITH 1977a). 

There are two generally recognized photoreceptors that are involved in photo-
morphogenesis: the phytochrome system, and a blue light receptor. The exact 
nature of the latter is not yet known. Chlorophyll is presumed to have only 
indirect effects on morphogenesis via energy transduction ( M O R G A N & SMITH 
1981a). The blue light receptor shows no photoreversibility and is unable to 
compare the relative magnitude of two wavelengths, as the phytochrome com­
plex can, so it could only be useful in detecting the quantity and not the quality 
of the light (MORGAN & SMITH 1981a). W I L D & HOLZAPFEL (1980) presume that 

phytochrome is also involved in the photomorphogenetic effects of blue light, 
and therefore it is very difficult to assess whether the low proportion of blue 
light in shade light is of physiological or ecological importance. It is also difficult 
to assess whether the quantity of light has a direct influence on plant growth, 
or acts only indirectly via energy supply, as I assumed in an earlier paper (CORRÉ 
1983). The phytochrome system can, by means of its photoreversibility, act as 
an indicator of light quality and of the degree of shading (MORGAN & SMITH 
1981a). Therefore, research on light quality in relation to shade tolerance fo-
cusses on the red/far-red ratio. The red/far-red ratio is very useful for this, be­
cause in its natural range it is almost linearly related to the Pfr/Ptotal ratio, 
the physiologically relevant quantity in the phytochrome photo-equilibrium 
(SMITH & HOLMES 1977). 

One of the most striking effects of the red/far-red ratio is its influence on 
the stem elongation of many growing plants. Stem elongation can be clearly 
stimulated in a low red/far-red ratio (e.g. see FRANKLAND & LETENDRE 1978; 
HOLMES & SMITH 1977C; M C L A R E N & SMITH 1978; MORGAN & SMITH 1978). 

In all plant species stem elongation occurs in natural or simulated shade light, 
but to very different extents. The elongation is very marked in sun species such 
as Chenopodium album and Senecio vulgaris, while it is only weak in shade-toler­
ant species such as Circaea lutetiana, Mercurialis perennis and Teucrium scoro-
donia ( FRANKLAND & LETENDRE 1978; MORGAN & SMITH 1979). Like internodes, 

petioles also elongate more in a low red/far-red ratio in sun plants than in shade 
plants ( M O R G A N & SMITH 1979). Concomitant with the stem elongation, the 
stem weight ratio increases and the leaf weight ratio decreases. This shift in 
dry matter distribution is much weaker in shade-tolerant species too (MORGAN 
& SMITH 1979). A decrease in the leaf weight ratio in a low light intensity will 
greatly reduce dry matter production (see, for example, M C L A R E N & SMITH 
1978). No t surprisingly, this too is species-dependent. FITTER & ASHMORE (1974) 
showed that a low red/far-red ratio caused a large decrease in dry matter produc­
tion in Veronica persica (not a shade-tolerant species) and only a moderate de­
crease in V. montana (a shade-tolerant species). The effect of a lower light intensi­
ty on dry matter production was equal in both species. 

The effect of the red/far-red ratio on leaf thickness is not yet clear. Thinner 
leaves under a low red/far-red ratio were reported by HOLMES & SMITH ( 1977C) , 
M C L A R E N & SMITH (1978) and KASPERBAUER (1971), but no effects were found 

34 



GROWTH AND MORPHOGENESIS OF SUN AND SHADE PLANTS II 187 

by MORGAN & SMITH (1981b). FITTER & ASHMORE (1974) found a lower specific 
leaf area in artificial shade in Veronica persica than in V. montana, but a much 
higher specific leaf area in an experiment with natural shade. Other important 
well-known effects of a low red/far-red ratio are the maintenance of apical dom­
inance, a decrease in the nitrate reductase activity, and the inhibition of germina­
tion, at least the latter being very species-dependent (MORGAN & SMITH 1981a; 
SMITH 1982). 

Much less is known about any possible involvement of phytochrome in photo­
synthesis or respiration. Ina previous paper (CORRÉ 1983) I assumed that photo­
synthesis in low light intensity did not differ systematically between sun and 
shade plants, but that respiration could be lower in shade plants. The experi­
ments cited in the references of the latter paper, however, mostly used artificial 
shade, and very little is known about any influence the red/far-red ratio might 
have. KASPERBAUER & 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 net photosynthetic rate on the basis of leaf area, although there were marked 
differences in morphology, for example in leaf thickness. To date, no evidence 
is available on the possible effects of long-term illuminations with light with 
a low red/far-red ratio. On the other hand, there is evidence that respiration 
can be influenced by the red/far-red ratio. LEOPOLD & 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 the dark respiration in leaves of barley (a long-day plant) increased, 
but in leaves of Xanthium commune and soybean (both short-day plants) it de­
creased: far-red light had the opposite effect. HOCK & MOHR (1964) found that 
the dark respiration in leaves of Sinapis alba was stimulated under both red 
and far-red light. This increase was larger under red light after a short illumina­
tion, but it was larger under far-red light after the illumination exceeded approxi­
mately 10 hours. Although not indisputable, it seems reasonable to suppose 
that the red/far-red ratio has no direct effects on respiration rates, but only indi­
rect effects through its influence on energy-demanding processes, such as stem 
elongation. 

In this paper, four experiments set up to study the effects of the red/far-red 
ratio during growth on several sun and shade species will be discussed. In experi­
ments 5, 6 and 7 the effects on growth and morphogenesis were investigated 
and compared with the effects of light intensity, and in experiment 8 the net 
photosynthesis and dark respiration of entire plants were measured. Experi­
ments 1, 2, 3 and 4 were described in a previous paper (CORRÉ 1983). 

2. MATERIALS AND METHODS 

2.1. P l an t ma te r i a l s 
In sequence of increasing shade tolerance (after ELLENBERG 1979) the species 
Plantago major L. (in experiment 8), Galinsoga parviflora Cav. (5, 7, 8), Urtica 
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wens L. (7, 8), Polygonum lapathifolium L. (6), Urtica dioica L. (5, 7, 8), Circaea 
lutetiana L. (6), Geum urbanum L. (8), Impatiensparviflora (L.) DC (7), Scrophu-
laria nodosa L. (5), and Stachys sylvatica L. (6, 8) were grown. Seeds collected 
from plants in their natural habitats were germinated in a climatic room at 20 °C 
under fluorescent light (40 W . m 2 ) . The experiments were started one or two 
weeks after germination. 

2.2. G rowth cond i t ions 
In all experiments the plants were grown on an aerated nutrient solution (pH 
6.5) containing 6.0 me.1"1 NO 1, 0.5 me.l"1 H2PO 4, 3.5 me . l" ' SO"4", 3.5 
me. l"2 K+, 4.5 me.l"1 Ca+ + , 2.0 me.l ' Mg++ and the trace elements 2.0 
ppm Fe, 0.5 ppm B, 0.7 ppm Mn, 0.05 ppm Mo, 0.1 ppm Zn and 0.02 ppm 
Cu. The solution was changed once a week. 

All experiments were carried out in a climatic room. Daylength was 16 hours, 
day temperature 20°C, night temperature 15°C and relative humidity was 65% 
all day. 

2.3. Light t r e a tmen t s 
In experiments 5, 6 and 7, three light treatments were administered: a moderate 
light intensity with a normal red/far-red ratio (treatment C), a very low light 
intensity with a normal red/far-red ratio (B) and a very low light intensity with 
a low red/far-red ratio (A). In experiment 8 only two light treatments were ad­
ministered: one (moderate) light intensity with either a normal (C) or a low 
red/far-red (C) ratio. The exact values of light intensities and red/far-red ratios 
are listed in table 1. A normal red/far-red ratio was attained with a combination 
of fluorescent (Philips TL 33) and incandescent lamps. For a low red/far-red 
ratio, fluorescent light was supplemented with far-red light, by filtering incan­
descent light (8 x 100 W) through one 3 mm layer of red "502" plexiglass and 
two 3 mm layers of blue "627" plexiglass (Röhm & Haas). Since the light intensit­
ies were measured as energy fluence rates (400-700 nm), and incandescent light 
is rich in low energy radiation, the light treatments with a low red/far-red ratio 
had lower photon fluence rates than the normal red/far-red ratio treatments 

Table 1. Light treatments in the different experiments. Energy fluence rates (400-700 nm) and red/ 
far-red ratios (photon fluence rates). 

treatments 

A 
B 
C1 

c 

expt. 5 

W.m - 2 

2.5 
2.5 
-
7 

r/fr 

0.14 
1.15 
-
1.15 

expt. 6 

W.nT 2 

1.1 
2.5 

-
15 

r/fr 

0.08 
1.30 
-
1.15 

expt. 7 

W.nT2 

1.4 
1.5 

-
14 

r/fr 

0.11 
1.15 
-
1.50 

expt. 8 

W.m"2 r/fr 

-
8 0,11 
8 1.00 
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