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SU!Yl ffiAR Y 

This study was unde rtaken to investigate the suitability 

of various co mmerc ially available high-pressure discharge 

lamp systems for controlled environment use. Two main experi­

ments were carried out. The Spectral Ba l ance experiment con­

sisted of thre e treatments each at a similar total visible 

irradianc e (1 60 W m- 2 ) based on high-pressure disch a r ge l amps 

(HPLR, HP I a nd " Me tal-arc" typ es ) suppl eme nted with blue­

fluoresc ent and tun gsten lamps, and three su bsequent treat­

ments based on the 11 r,1etal-arc" lamp with varyin g supplemtat i on 

( -2) and different irr ad iance levels 105, 200, 250 Wm . The 

Spectr a l Bias experiment consist e d of blue- b ias ed , balanced 

and red-bi ased spectral treatment s obtained by varyin g the 

proportions of different artificial la mp types (viz. 11 ;n etal­

arc11, Blue HPI and Qua rtz Halo gen). Eac h sp e ctr a l ':Jia s tr ea t­

ment was studied a t two irradi a nce lev e ls (130 a nd 200 W m- 2 ). 

Four speci es (Sor o. hum ':J icolor L., Glycin e max L., Lolium 

per anne L., Trifoliu m r e pen s L.) were used a s test plants at 

day and ni gh t regim es of 22.5/17.5°C and 60/90 % R. H. with a 

12 h photop e rio d for a ll treatments. The two expe ri men ts were 

carried out in Cli mate Roo ms and Gro wth Cabinets of the Plant 

Physiolo gy Division, D,S.I.R,, Palmerston Nort h . 

Results from t he Spectral Balance experiment showed th a t 

either of the thr ee la mp types with a dequ ate blue and red 

wavelen gth supplementation could be used for plant studies 

in controlled environments, but on an efficiency bas is the 

or de r of s e 1 e c t i on w a s 11 ~1 et a 1 - a r c 11 , H P I , H P L R , R e s u 1 t s f r o m 

the Spectral Bias experiment showed marked changes in shoot 

dry-weight increases, leaf area formation, dry-weight per unit 

area of leaf, stem length, tiller number, main stem angle, root/ 

shoot ratio, proportions of plant parts, relative growth rates, 

relative rates of leaf area expansion, net assimilation rates 

and leaf area ratios in response to the biased spectral treat­

ments, Biochemical changes were also recorded which showed 

short-wave enhancement of total amino-acids , proteins, aspartic 

and glutamic and other amino acids , and a lon g-wave enhancement 

of soluble su ga rs, starch and total carbohydrates. A scheme 

is presented incorpor a ting the observed responses with those 

recorded in the literature. Total leaf chlorophyll was 
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increased under short - wave conditions but ch l orop l ast struct­

ure was found to be unaffected by the spectral treatments . 

Calculations were made of the relationships between l ea f 

area , the number of absorbed quanta and the total dry - matter 

accumulation for each Spectral Bias treat me nt and results 

indicated th at the spect r al inf l uence on the distributio n of 

the assimil ated carbon with i n the plant (i . e . to l eaf o r t o 

n on-leaf tissue) primarily influenced the subsequ en t pl ant 

dry - weight increase . 

The implications of the present studies are discussed 

in relation to providing a standardized artifi cial li ght 

spectrum for controll ed environment work . This consider a tion 

includes a study of natura l sun l ight spectra un der var i ous 

environmental conditions and a discussion of the technical 

difficu l ties encountered when usin g thes e particula r l a~p 
systems . 
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"If at any time I speak of Light and Rays as coloured 

or endued with colours, I would be understood to speak not 

philosophically and properly, but grossly, and according to 

such Conceptions as vulgar People in seeing all these experi­

ments would be apt to frame. For the Rays to speak properly 

are not coloured. In them there is nothing else than a 

certain Power and Disposition to stir up a Sensation of 

this or that Colour". 

"OPTICKS" 

NEWTON. 



I. I NTR CS~ CTJCrJ. 

The growth, development and differentiation of plants 

growing in natural environments is determined by biotic, 

genetic and physical factors. Within each plant species the 

absolute limits of any growth response is established by in­

herent genetic information and the delineation of that re­

sponse is, in turn, determined by the physiology of the plant. 

Among the most important physical _factors in any natural 

environment are light quality, quantity and duration. Plant 

growth depends on a very narrow bandwidth of the electromag­

netic spectrum which usually includes the near ultraviolet 

(down to 320 nm), the visible, and the near infra-red (up to 

800 nm) regions. The radiation of this spectral range not 

only supplies the necessary energy for photosynthesis on 

which plant metabolism is based, but also by ·way of various 

photomorphogenetic proc esses, it controls, independ ently of 

photosynthesis, the way in which this captured ener J y is 

directed along the various metabolic pathway s. Since for 

most processes other than photosynthesis, the amount of radiant 

energy initially absorbed is low, in relation to the response 

effect, these li gh t re ac tions can be consid ered to belong to 

a group of photostimulus processes which are characterised 

by dose-effect relationships. These are exothermic in that 

they ultimately release, or direct an a mount of stored energy, 

which may be very large as compared with the energy content 

of the radiation initially r,esponsible for the stimulus 

(Wassink and Stolwijk, 1956). 

In addition to this group of low-energy photomorphogenic 

responses there are those responses related to the so-called 

"high energy reaction" of photomorphogenesis, ( Mohr, 1964) 

where a photoreactive system appears to depend to some extent 

on short-wave visible radiation for controlling morphogenesis. 

The influence exercised by the environment on growing 

plants is exceedingly complex, not only because of many 

climatic variables, but also because of the constant inter­

a~tion between them. As a consequence of this complexity the 
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usual experimental approach is to vary only one factor at a 

time and to examine the corresponding plant response under 

that isolated f a ctor - thi~ technique is not simplified in 

the field or glasshouse, however, because of the non-homo­

geneity of the natural environment during growth. In relation 

to these problems, controlled environment facilities (some­

times called "phytotrons") have been constructed in recent 

years in order that environmental factors may be controlled 

independently in the study of plant growth. 

The first large-scale facilities for growin~ plants under 

partially controlled conditions were the Clark Greenhouse in 

1939 and the Earhart Plant Research Laboratory in 1949 (both 

at the California Institute of Technology). These units were 

basically air-conditioned glasshouses as opposed to completely 

controlled facilities a nd a main contribution to physiolog y 

from these units was the demonstration of the pGtential of a 

large-scale controlled environment operation. Such controlled 

facilities are now a co mm on feature of present day rese a rch 

equipment althou gr lar ger laboratories are found only in a 

few major centres. 

Among the most significant problems in the use of com­

pletely controlled facilities, in comparison to air-conditioned 

glasshouses, is the implied requirement to replace sunlight 

with some form of artificial lighting. This implication is 

important with respect to the performance of the plant, the 

physical porperties of the artificial spectra being used and 

the technical complexities of the manufactured light sources 

currently available. 

Despite the widespread use of controlled cabinets or 

rooms, however, there is still surprisingly little published 

information, of a quantitative character, on the varying · 

effects of different artificial light sources on the growth 

and development of higher plants. It is true that many papers 

have been published on the influence of spectral composition 

of light on growth and morphogenesis, but in the earlier in­

vestigations it was not feasible to ensure that comparisons 

between spectral bands were made on the basis of equal energy, 
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or equal quanta, nor were actual irradiance values quoted in 

each case. In addition, where comparisons were made on such 

a b a sis as equal ener gy, in general, the levels of energy 

involved were much below those encountered uhder outdoor 

conditions. 

The requ i rement in this investi ga tio n then was to study 

lamp types a nd lamp combinations which would be capable of 

givin g adequ a te plant growth and development under controlled 

environment conditions and which would provide the energy 

levels desir ab le in physiological studies, To this end two 

major studies were entertained. In one of these, potentially 

suitable hi gh -pressure dischar ge lamps were t'ested under con­

trolled environ ment growth-cabinet conditions in an a~tempt 

to select the most suitable lamp of this type for plant studies. 

The second major study was designed to examine the effects 

of biased-artificial light spectra on pla nt growth, 

The objectives were to examine both the effects of spectral 

composition on plant growth and the de gree of oper a ting flex­

ibility within these la mp types and their resultant combined 

spectra, Lamp ageing, and the effect of more than one radi a tion 

source possi b ly creatin g a considerably hetero ge neous radiant 

flux at the level of the highest leaves as re gards density, 

spectral composition and direction of individual rays means, 

that for systems to be acceptable, some knowled ge of these 

factors is r equired, 

The aim of the studies recorded then was to test various 

artificial lamp combinations with respect to their suitability 

in providing light sources for plant growth in climate rooms 

and growth cabinets. The criteria of judgement on the light 

systems were: 

(a) Their spectral outp~t in the 380-800 nm range in 

relation to that of sunlight; and 

(b) the plant responses under the systems used as 

indicated by the rate of growth, the form of growth, the 

carbohydrate, protein and pigm ent composition of the laminae, 

and the visible appearance of the plants with particular 

reference to any deleterious symptoms. 
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II. LITERATURE REVIEIJJ 

The influenc e of Li oht Spectra on Plant Gr owt h 

and Development. 

1 • 1 • General. 

4 

The influence of spectral quality on the growth and 

development of plants is manifest in two significant ways. 

Firstl¼ lig ht supplies the ener gy required for the assimilation 

of carbon dioxide in the photosynthetic process. Secondly, it 

is responsible for the outward appearance of plants, it 

determines plant hei gh t, t he dimensions of leaves, the len gth 

of the internodes, and many of the other features which to­

gether constitute the "normal" appearance of a plant, as 

opposed to the "etiol a ted appearance" acqu ir ed in the absence 

of li ght . These li g ht functions can be broadly divided into 

two groups in relation to the functions of the processes in­

volved and may be re garded as either photoenergetic or photo­

stimulus processes. 

Photosynthesis belongs to the photoenergetic group . This 

process requires a comparatively high li gh t irradiance for a 

s i g n i f i cant re s pons e , and at i r rad i an c e s be 1 ow the sat u rat i on 

level the photosynthetic rate increases linearly with irradiance. 

The compoun ds in which the chemical ~nergy from photosynthesis 

is stored supply the energy for the remainder of the metabolic 

activities and are used as raw materials in the growth and 

expansion of the plant. 

The second group contains a large number of processes, 

such as phototropism, photoperiodism, internode inhibition, 

leaf growth promotion, seed germination and many others. 

These processes are characterised by relatively low (light) 

energy requirements, in general by a non-linear relation be­

tween irradiance and effect, and by the fact that the overall 

process is endothermic. The amount of energy released or 

directed typi~ally exceeds greatly the energy input by the 

light. 
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1 • 2 • Wavelength Depe n dence of Photomorpho gen esis . 

Many con t r ove r s i es in the li te r a tur e on photost imulus 

proc ess e s can possibl y be ascri be d to di ffe r ence s in metho ds, 

and in adequ a t e control of th e e nviro nme nts us e d . It is cl ea r 

from t he literat ur e r ep or ts t ha t seve r al meth ods ha ve be en 

used in s tud y in g the s pect r a l e ff ect s on plant growt h and 

develo pment. The s e include : 

(a) th e st u dy of formativ e e ff e c t s of li gh t of restrict ed 

spectr a l r eg ions under th e co mp l e t e e xclusion of wh it e li gh t, 

(b) the s t udy of t he e ff ect of r es tr i ct e d s pectral 

re g ions foll ow i ng pr e -tr ea tment wit h whit e li gh t unde r which 

the pl ant has r ea ched a cert a in see dling stage , 

(c) a si milar s t udy on da rk pr e-trea t e d (e tiol at ed) 

materi a l , 

(d) t h e st udy of na rrow s pectra l ba ndw i d th s g iv en as 

suppl ement a r y irr ad iation to nor ma l day li gh t, a nd 

(e) th e st udy u nde r broa d ban dwi dt h co nd itio ns whi c h 

o ft e n inc lud e t he e ntir e v isibl e spe ct rum and a r e t yp ifi e d by 

artif i c ia l li ght so urc e expe ri me nt s . 

Each of t hese tr ea t me nt t ypes c an pr oduce a r esp ons e 

which may or ma y no t bear r e l a tion t o the resp ons e unde r a ny 

othe r tr eatme nt even whe r e t he same wave l en g th of ra di a tio n 

is be in g co nside r ed . I n this r esp e c t some e f f or t is ma de he r e 

to keep t hese section s se pa r ate a nd to cons i de r t hese po ss i b l e 

diff e renc es wh e n discussing the r esults . 

Stolwijk (1954) fro m a seri es of e xpe rime nts in the 

Wagenin gen La bora tori es characte ri sed t he morph ogenet ic action 

of l i gh t a s follow s : th e abs e nc e of th e wa ve l e ngt h reg i on 

400- 500 nm re s ults in a s tron g elon gation of stems , pe tio l e s 

a nd in some c ases , of leaves. Evidence from cell counts 

showe d that cell elon ga tion was a much mor e i mportant f a ctor 

than ce ll division in a ccountin g for t he incr ea s es i n len gth 

shown . Th e wav e l e ngth r eg ion ar ound 400 nm wa s foun d to be 

much mor e effective in inhibiting elon gation than t he region 
around 46 0 nm . 

On the whol e , the r esults pres ent e d by Sto l wijk -(19 54) 
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bearin g on the rnorph ogene tic action of various wavelength 

r egions , are in c lose agreement wit h the results of previous 

i nvestigators . For examp l e , Schanz (1919) and Popp (1926) 

used day - light from which va rio us pa rts in the short wave ­

l ength regions wo r e abso r bed ~y g l ass filters , i n comparison 

to th e Wagen in gen Laboratory whe r e va rio us f l uoresrent tube 

typ es and filters we r e used , From this wor k Po pp (1926) re ­

port ed that when p l ants were grown in dayl i ght f ro m which a ll 

wa vel engths shorter t han 529 nm were eliminated , the y deve loped 

the fo llowing cha r acte ri stics as compared with plants grown 

in "nor ma l" dayli ght : -

(a) an i ncreased r ate of e longat ion of the stem of a ll 

speci es during the first 2 or 3 weeks gr owth ; a gr eate r fi~al 

hei oh t in soybeRns , tomatoes , and coleus, but a marked dec~ease 

in he i gh t in sunflowers , pe t un ia , buckwheat , and Sudan grass. 

(b) a considerable dec r ease in thickn ess of stems , 

(c) A r eduction i n the numbe r of branches or side shoots . 

(d) A genera l rollin g or curling of l eaves . 

(e) Good deve lop ment of chlorophyll , but a reduction in 

anthocya n i n of l eaves and f l owers . 

(f) Less diffe r entiation of stem and l eaf tissues , less 

compact and t hinne r wall ed cel l s , and a r eduction of str engthen­
in g ti ssues , 

( g) A considerable de l ay in ti me of flower i ng and a 

reduction in the numbe r of flowers produced . 

(h) A very weak deve l opme nt of seeds , fru it s , and genera l 
storage or gans . 

(i) A de cr ease in fresh weight and dry weight and an in ­

cre ase in percentage of moisture . 

(j) A cons i de ra b le decrease in starch and tot a l carb o­

hydrates , generally an incr ease in tota l nitro ge n and often an 

increase in solub l e nitrogen compounds . 

The de gr ee to which th ese differe nt effects we re produce d 

vari ed wit-h different speci es , but a l l sp ecies , apa rt from the 

presence of chlorophyll , had an etiolated appea r ance . When a ll 

wa velengths shorter t ha n 472 nm we r e re moved , the same ef f ec t s 

were produced as li s t ed above , but to a somewhat l esser degree 

and in gene r a l , there was very litt l e difference between pl ants 
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that received al l the wavelengths of the daylight spectrum and 

those from which only ultraviolet rays were e li minated . 

The results obtained with plants f ro m which all wave­

l engths shorter than 529 or 427 nm were e li minat ed we re some ­

what simi l ar to those obtained when plants were grown unde r 

greatly reduc ed li gh t . 

Although the r esults of this work demonstrated very aptly 

the effects of various wave l engths of li ght on pl ant growth , 

a dir ec t comp a rison of treatments is not complete l y valid due 

to li gh t irradiance differences encount ered • . Howeve r , some 

effort was made in the experiment to compensate f or these 

differences a nd the qualitative comparisons , at l east , ar e 

va li d and are sup port ed by mo r e recent studies . 

Earlier , Shanz (1919) had shown for a r a nge of species 

(cucumb e r , fuchsia , chrysanthemum , lo be l ia , begonia and oxalis) 

that maxi~um pl2nt height was attained under r ed li ght con­

ditions a nd minimum height under b lue li gh t co ndit ions . With 

potato and r ed beet , l a r gest plants we r e found under blue ­

violet li ght with gre e n and yellow l ight giving respectively 

smal l plants. With beans , soybe an and pot a to, chlorophyll 

development was f o und to be most r a pid in red li ght , where a s 

with l ettuce , chlorophyll development occurred only with blue 

and vio l et li ght but not with yellow or green . Schanz un­

fortun a tely presents no t emperature or li ght irradi an ce r eco rds . 

The formative effects of li ght of r est ricted spectral 

r egi ons on the gr owth of pl ants unde r complete exclusi on of 

"whit e li ght " was intensively studied by Wassink and Stolwijk 

(1956 ). most pl ants showed short g rowth in white li ght (day ­

li ght fluorescent tubes) which was even more evident in b lu e 

and viol et li ght . In green li ght , and still more in ye llow 

and red, plants showed marked stem elonga tion . In tomato 

( v a r • V et o m o l d 1 21 ) , t he p 1 an t s i n t he ye 11 ow an d r e d c a b i n e t s 

showed conspicuous ep ina sty of the mid-ribs and l ateral veins 

of the l eaves , in addition to stem e l on ga tion . This is in 

strong contrast to plants of the same va ri e ty , exposed to a 

short day in white li ght , suppleme nted by some hours of fairly 
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low intensity radiation in narrow spectral regions . 

1.2.1. Leaf Growth Response to Sp ecific Wave l ength Regions. 

A number of studies have dea lt sp ec ifically with the 

effect of li gh t quality on leaf growth . 

Vince and Stoughton (1957 ) r eport da ta for the wavelen gth 

effect on l eaf len gth of tom a to, calendula and pea. In all 

cases the shortest l ea ves res ult ed und e r the blue li ght treat­

ment and the longest under red li gh t . A green l ight treatment 

gave intermediate values . 

These r espon s es were considered in r e l ati on to stem 

growth but it was found that the expans i on of veins in li ght 

of different wavel e ngt hs was not relat ed to the behaviour of 

the interno des since max imum leaf len gth occurred in red l ight 

in all th e species they s tudi ed , e ven whe r e int e rnod e expansion 

wa s r educed by r e d li gh t . These authors found also th a t mes o­

phyll expansion was more variable. Nor ma lly- expanded le aves 

develop ed in any wa ve l eng t h re gion in calendula , cucumber 

and lettuc e , with maximum expansion occurr i ng in red li ght . 

In p ea , max imum e xpans ion of t he mes ophy ll occurr ed in r ed 

li ght , but the leaf l ets were reflexed fr om th e petioles . In 

tomato, mes ophyll expansion was reduc ed , compared with vein 

extension , in red li ght and to a lesser ex t ent in green li ght , 

and the mesophyl l tissue was curved downward from the veins . 

The main vein a l s o show ed epinasty . 

Went (1 941) also presents wavelength r esponse data for 

pea . Lar ge r and more nor~al l eaves resulted under red li ghi 

than und e r either blue or green (see a l so van der Veen and 
Meijer, 1959 ). 

Van der Veen and Meijer (1959) found that seedlings of 

Mira bi lis j ~ l apa produced only smal l l ea ves when grown in red 

o r green li ght but normal sized leaves were produced in blue 

li ght . The lar ge r leav es are those norm a lly grown in sh a de . 
Higher li gr t irradi anc es produced smaller , t h icker l eaves 

· which was mainly an e ffect of b lue , violet and nea r ultr a ­

viol e t radiation. In extreme shade , the thinness and folding 
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of l eaves was attributed t o the f a ilur e of mes oph yl l cells 

to divide and enlarge (Cormack, 1 955 ) . Some plants needed 

blue li gh t for normal leaf dev e lo pment (van der Veen and 

Me i jer , 1959) ; red li gh t alone produced smal l curved leaves. 

Plants of Coleus grown in white li ght with ultraviolet radiat­

ion had smaller , more hairy , leaves with a thicker cuticle 

than plants grown in white light alone . 

1 . 2.2 . Stem Growth Responses to Specific Wave l ength 

Regions. 

Many i nvestigati ons have been carri ed out on the subject 

of pl ant stem elongation in r elat i on to li ght of diffe r en t 

spectra l r egions but consideration must be given to the fact 

that many of the results have included the possible contamin­

ation of the i so l ated wavelength r eg ions with unwanted radiat ­

ion, especia l ly in the infr a- red r eg ion; the possibility th a t 

t he results may differ a t different irradiances ; a nd the 

suggestion (Wassink & Stolwijk , 1 956) that da r k- grown material 

irradiated for short periods of time may respo nd differently 

fro m material raised under monochromatic light and irradiated 

for lon g periods during each day. It is likely als o that the 

diff erences in behaviour are r e lated t o species as well as to 

these other factors. 

Vince and Stought on (1957) pr esent dat a whe r e two t y pes 

of response have been obse rved in plants grown in id e ntical wave­

len gth r egi ons . Tomato and l ettuce show significant l y greater 

int e r node extensi on under red as compared to blue li gh t where -

as with cal endu la and pe a the inverse r esponse was shown. In 

all species a green l ight treatment prod uced intermediate values 

to the red a nd blue light treatments . Thes e authors al so r e­

port that in pea the relative response to wavelength wa s the 

same in seedlings irradiated for 15 minut es , 1 hour and 16 

hours pe r day, and that for tomato and pea the relative r e­

spons e was not affec ted by irradiance in the range of 1 .3 to 
- 2 7.4 Wm . 

In the Philips Laboratori es , Meijer (see van der Ve e n a n d 

meijer 1 959 ) studied stem elongation in a large number of 
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plants either previously raised in white light or exclusiv e ly 

grown in coloured li gh t. Th e spectral treat me nts consisted 

of coloured fluorescent tubas and suitable filter s producin g 

blue, green, red or infr a-r ed bandw idt hs , In the first three 

of these tre irradi an ce was app roximatedl y 10 W m-
2

• The spect ­

r a l resp onse of thr ee species , toma to, ftl ir ab ili s an d petuni a , 

germinated in whi te li gh t we r e report ed . 

Young tomato pl a nts (var "Victory") treated with light 

of differ ent colours varied in the e xt ent of th e ir growth. 

In red li ght they wer e of average hei gh t, in green li ght they 

were som ewha t tall e r and in blue li gh t shorter. With a sm a ll 

amount of infr a-r ed added to b l ue consi de rabl e e lon ga tion, 

greater than green light, was r eport e d. The same amount of 

infra-red adde d to r ed li gh t had no effect at a ll; th e pl2nts 

then attained the same l ength a s those grown in r e d light 

only. Succ es siv e 8 hour spectr a l tre atments a lso produc e d 

interesting re su lts. Re d li ght a fter ~lue ( BRO) a nd blu e 

a fter red (R9D) r esu lt e d in each case in short , co~pact pl an ts, 

no lar ger th a n those exposed to 8 or 16 hours of blue ligh: 

alone. 

In this com~ination of colours it a ppea red, then th a t the 

influence of b l ue li ght prev a iled over th at of r e d. Red li ght 

was also s hown to r en der the plant more sensitive to infra­

red. The particular feature of these r esults is that weak 

infra-red did not stimulate the elon £at ion when ~iven simul­

taneously with strong red li ght, but it did when stron g blue 

and weak infra-red were given at the same time . On the other 

hand , infr a -red had a marked effect if given afte r strong red 

light, but no such effect after strong blue . 

Mirabilis j a lapa showed very different behaviour to 

spectral trea tments from that of tomato. In red light the 

plants bec ame extremely tall, bu t with very small leaves. 

Green light had a similar effect and the addition of both 

small and l a r ge amounts of infra-red did not influence the 

results from these spectral treatments. Blue raised plants 

were short with normal leav es and infra-red added to blue 
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onl y mar gina lly incr eased elon ga tion. rrom successive 

spectral tre atmen ts i t was apparent tha t elongation rea c hed 

a ~aximum in red or green li ght and that addi tion s of, o r l ater 

irradiation with near inf r a-red did not affec t the r esp onse . 

In petunia , the norma l development of th e plnnt in white 

li ght is a rosette after which elongation occurs and a l eafy 

st em i s formed , Young plants exposed to li gh t of various 

co l ours were found to dif f er appreciably in t hei r response . 

In red and in green li ght the plants continued to grow in a 

rosette form bu t in blue li gh t tho rosette stage was omitted 

alto ge ther . With near infra-red added to the blue li ght the 

elon9ation was even more prono un ced , although the ;eneral 

for m was the same as with bl ue light alone . A sma ll amount 

of in fra - red given to ge ther wi th r e d light produc ed no visible 

effect . However , t he results of givin g a l i ttl e infra- red 

a ft er exposure to_ r ed li gh t were mu ch the same as those ob ­

t ained in blue light . On the other hand , if the young pl ants 

were exposed to infra- red after ir ra diatio~ with blue li ght 

the forme r did l ittle or nothin g to a l t e r t he elon;at ion tha t 

had already taken place in the b lu e l i~ht. 

Ot her species have a l so been exa ~ined by re i je r and r e ­

semble t wo main r esponse types . Ca l endul~ (marigoid) , Perill~ 

and ghe r kin seed l ings r esemble Petunia on the one hnnd , where­

as on t he other , !Y'entha (mint) , BryoFhyllurn 2nd po tato beh2ve 

mo r e li ke ~ira~ilis . The r esponse was found to be in de pen den t 

of both dayl eng th and irradian ce . 

This auth or di s t inguished these two t ypes as follows: 

1. the " fr. irabi lis type"; inh ibition by blue li gh t mor e 

pronounc ed th a n by r e d light. 

2. the "Gherkin type"; red light mor e inhibiti ve than 

blue light. 

With se ed lin gs e xpo se d exclusively to colour ed li gh t 

van der Veen an d Meij e r (1 959 ) report that irr ad iance expe ri­

ments indicat e that it does not s i mply depend on the plant 

spec ies or on th e pre-tr ea t ment wh ich spectral re gion is the 

most effective one in i nhibiting e longation . It was found, 
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with plants of the two types mentioned above, that at relative­

l y low li ght irr a diance blue light was always less active than 

red light , whe r eas at r e l a tiv e ly high irr ad i an ces the situat ­

i on was revers ed . At a certain "critical intensity" the 

elon ga tion of the intern odes of pl an ts exposed to red , and of 

thos e ex pos ed to b lue li ght , were inhibit ed to the same extent, 

i.e. the int e rnodes were the same len gth . The value of this 

"critical int ens ity" depended on the plant s peci es : with plants 

o f the " n1irabilis typ e " it was rea ched at a low irradiance , 

but in the case of the "Gherkin-type" it was found at much 

higher irradiances. Th ese authors suggest that as blue l ight 

is le ss inhi bit ive than red li gh t at low , but more so at high 

irradi an ces, t wo different photoreactions are involved in the 

process of elongation inhibition . 

Wassink and Stolwijk (19 56) introduce a further situation 

where the spectral response of stem growth depends on pre ­

treatmen t conditions . This is in e tiolated (dark- grown) plant 

mat e rial whe r e the inhibition of e lon gation is most effec tiv e 

in the red spectral r egi on , whereas in li ght - grown p lan t s , and 

at hig h irradiances , the blue -viol e t r egi on of th e spectrum i s 

especially effective . 

Clearly the implic a tions of these studies have been in 

part resolv e d by the discovery and e lucidati on of th e phyto­

chrome system and the associated r ed-far~red photomorphogenetic 

respons es . Th e earlier work in this field was r e vi ewe d by 

Parker and Borthwick (1 950 ) and subsequently many reviews and 

papers have been pub l ish ed . 

1 . 2 , 3, Growth Ana l ysis Components Response to 

Spec i fic Wavelen gth Regions. 

Hughes and Evans (1964, 1965a, 1965b) in a series o f 

pa pers on the effects of environment on the growth of Impatiens 

parviflora, included in the study blue and red l ight (fro m 

f l uorescent tubes) treatments in comparison with a standard 

dayli ght/white combination as a reference . Although the temp­

erature and irradiance levels varied between treatments sev e ral 

valid comparisons are possible . 
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In both spectra l tr ea tm ents th e re was no r esp onse of 

this specie s t o the distribution of l ea f dry we i gh t to total 

dry weight. Blu e li gh t decrease d the dry - matter per c ent age 

of the l eaves whereas the r ed li gh t tr ea t ment produced the 

opposite re s ponse , Red li ght increased the proportion of stem 

but decrea se d the root proportion in comparison with the day ­

li ght/white control , Blue li gh t on a quan tu m basis did not 

appear to af fect the net assimil at ion r ate (NA R) but dec r eased 

NA R lo gica ll y on an ene r gy basis , Red li gh t, on the oth e r 

hand, on a n inci den t e ne r gy/appa r en t assimilation bas is i n­

cr eased r ates by 2o i over th e day li gh t /white comparison, 

Under bot h t r ea t ments the leaf area ratio show ed a character­

istic fall wit h ti me and incr eas in g dry weight which was due 

l arge l y to a similar dec li ne in specific l eaf a r ea , The r ed 

li ght tr eatmen t l eaf area r ati o was similar to t he day l ight / 

wh it e va lues but in comparison the bl ue treatment va l ues we r e 

co nsistentl y lower. 

Rajan et a l (1971 ) present data for l eaf area per pla nt 

for Gossypium , Hel i anthus , Phaseo l us and Zea wh ich show an 

increas e i n va lue s which correspond to an increase i n r ed b i as 

(increase in tun gs t en content) inclu ding an increase in the 

r ed : far-red ratio , r ar e de t ai l ed data was presented fo r 

Phaseolus wh ich was the most r esponsive species and it is 

evident t hat be tw een 10 and 25 °c th e to tal l eaf area was i n­

crease d as th e proportion of tun gs t en lamps was r aised but at 
0 0 

30 C a nd more pa rti cu l a rl y at 35 C the re was a dramatic de-

crease . Thes e int e ractin g r e l at ionships for tota l l eaf a r ea 

were more dependent on chan ges in l eaf size rath er th a n l eaf 

nu mber since the ma gnitude of the ch a nges i nduced in l ea f area 

by the na tur e of th e li ght sourc e wer e much greater, Furt he r­

mor e , f or l ea f numbe r the inclu s ion of tungsten l am ps c a us e d 

no depression at 35°c. The pattern for the ch a nges in the 

ratio o f l ea f a r ea to l eaf weigh t was somewhat different . Be­

twe en 10 and 20° C the rati o was l ittl e aff ected by l ight 
0 quality but as the t emp eratur e was raised ab ove 20 C the r a tio 

was pro gr ess ively fa voured by fluor es c ent lighting . 

1 • 3 . Phytochrome and Hi g h En e r gy Response Sy s t e ms . 

Th e stud y of th e r espons e of a plant to the qua lity of 
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the li ght environment has , particu l arly in the past two decades , 

predominantly centred arount the ro l e of phytochrome and its 

chemical and physical properties . Hendricks and 3or thwic k 

(1963) list four disti nct ways in which phytochrome can l ink 

the plant to the en vi~on~ en t . Firstly , it ch anges with li ght 

quality incependent ly of irrad i a nce above low values . Second l y , 

it r e verts in car~ness from th e P730 for m to P660 and in doing 

so regulates photoperiodism , Thir d ly , the substrates up on 

which it acts , and the procuct s that it forms , ~epend upon 

photosynthetic and r ese rve metabolic ootivity . rourthly , the 

r ates of the main r eac tions in wh ich P730 is involved , includ­

in g its own da r k transformation , but not its photoconvorsion , 

are temperat u re dependent . 

The reversible photochemical ch3 n~e P66 f P
730 

depends 

upon the energy distrijution in the spectrum , In a given 

wavelength re gion the rea ction is driven towards a n equi li brium 

at a rat e depencinJ on the irr 2d iance and , on the product of 

the molar 2bscrpt i v ity and t he quantum efficiency for convers ­

ion , of the two for ms . Equili~rium is ap~roac~od ~i thin sbort 

time periods (minutes) at irr ad i ances as l ow as one per cent 

of sunlisht i n 10 nm b~nds through the r 2n~e of ~00 - 780 nm 

(H end ricks and 9orthw ick , 1963) . Evid ence is now we ll 

established for the rol e of phytochro~e in a number of h i ghe r 

plant systems which include : flo wer initi a tion , flower de ­

ve l opment , l ea f enl2rgement , i n ternod e e lon gat ion , seed germ ­

i nation , l eaf epi nasty and development and differentiation of 

p l as ti ds of e tiolated leaves . 

The position of the phytochro~e equilibrium becomes a 

si gn i ficant factor when t he ligh t quality for use in controlled 

envi r onments is consicered . Where , f or examp l e , on l y f l uores­

cent tubes a r e used as t he main sou r ce of rad i ation , irr a d ­

i ance i n the 700-800 nm reg i on is very l ow r elative to that 

in t he 600-700 nm re gion wh i ch r esu l ts i n ve r y predom i nan t 

P730 • Addition of radiation from incandescent fi l ament l amps 

disp l aces the equi l ib r ium towards t he l evel re2ched i n sun­

light , which is probably near 50 pe r cent P
730

• Radiation i n 

the b l ue part of th e spectrum is a l so important because of the 

combinati on of abs orptiv it ies of P
73 0 

and P660 , quantum 
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efficiencies for conv e rsion, a nd screening abs orption of 

chlorophyll led to intermediate lev~ls of P730 • Hence al­

thou gh the plant ma y be in a li ght re gime in controlled en­

vironments it is important to consider how far remov ed this 

may be from similating sun light and to what exte nt any de­

ficiency, if it does exist, can be influ encing the plant. 

Phytochro me has, without doubt, been esta blished as the 

primary receptor in many hig her plant physiological processes. 

However, in ord er to account for t he obs erved responses re­

corded to date, several theories have been advanced for inter­

mediate stages in t he phytoc hro me rev e rsion processes, and 

this can now include as many as three photoreactions and five 

dark reactions (Borthwick et a l, 1969 ), These accepted, how~ 

ever, there are still several processes which are exceptions 

to the normal phyt ochro me respons es and _which include con­

siderations of high energy-requiring processes and the in­

volvement of wavelength re gions ot he r than those in the red 

and far-r e d wave len gth regions. 

Mohr (19 62 , 1964) emphasized the importance of a photo­

reaction which could be unrelated to phytochrome. A number 

of plant response are controll ed , many of which are also con­

trolled by phytochrome. 

The pigment system was considered to be different, how­

ever, since 

(a) hi gh irradiation was required for relatively long 

periods of time, 

(b) no signs of reversibility were detected, and further­

more, 

(c) the action spectra showed fairly sharp peaks in the 

blue (440 nm) and the far-red (725 nm) regions. 

Mohr contended that the response under these conditions 

occurs through the action of a pigment system wh ich circumvent ed 

phytochrome control. Further explanations are that phytochrome 

might also initiate the process in the absence of Mohr's pigment 

· system, or that the two could also act synergistically with 
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each other. 

Phytochrome proponents, on the other hand, have felt 

that Mohr's High Energy Reactions are exclusively phytochrome 

controlled, but that they come about while phytochrome con­

version is taking place in both directions under the steady­

state conditions which might be expected in high irradiance 

light (both forms of phytochrome absorb some light at all 

wavelengths in the visible spectrum). 

Absorption spectra of purified preparations show that 

both the red-absorbing form, and the far-red-absorbing form, 

of phytoc~rome have substanti a l and only slightly differing 

absorbancy in the blue and lon g-ultraviolet regions (gutler 

et al, 1964). Action spectra for in viva conversion of the 

two phytochrome forms confirmed the results of the absorption 

spectra showin g that blue light near 400 nm wi ll drive the 

pigment from either form to an intermediate mixture. These 

results, then partly resolve the often contradictory reports 

concerning photomorpho genic and photoperiodic actions of 

blue light (Sigelman and Butler, 1965). 

Similarly, IYlohr (1969) was able to interpret the "high 

energy responses" of the mustard seedling (Sinapis a lba L.) 

on the basis of phytochrome, at least as far as wavelen gths 

above 550 nm were concerned. Consequently, he adheres to the 

conception that photomorphogenesis in the wavelength range 

above 550 nm is exclusively due to the formation of P730 • 

However, although P730 is formed under the influence of blue 

and near ultraviolet light, there are on mohr's evidence, 

a considerable number of blue-light dependent photoresponses 

where an explanation on the basis of phytochrome seems to be 

excluded. The action spectra of these responses (for example, 

the light-dependent carotenoid synthesis in the fungus 

Fusarium aguaeductuum, polartropism in germlings of the fern 

Dryopteris filix-mas), point to a flavoprotein as the active 

photoreceptor and other action spectra of blue-light-dependent 

photoresponses (e.g. phototropic responses in higher plants) 

can be interpreted in the same way. Therefore, i.t seems poss­

ible that the same photoreceptor might be acting in all cases 
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in which deve l opment a nd movement are mediated by li ght from· 

short wavelen gth r egi ons ( Mohr, 1969) . If indeed the physio-

1 o g i c a 11 y e f f e c t i v e s h or t - 1u a v e 1 e n g t h 1 i g h t i s a b s or b e d i n a 11 

syste ms by the same photorecep tor , th e situation would be 

somewha t ana lo gous to what has been the basis for phy toc hro me 

one and th e same photoreceptor with a diversity of photo­

respons es . 

Clea rly i n both flo we rin g and ot he r photost i mu lus r e ­

spons es whatever the fin a l ag r eeme nt ~n these theories , the 

basic obse rvations a re most interestin g and impprtant . Ob ­

viously - plants in natural environments a r e e!posed to lon g 

periods of high irradi ance li ght containing var ious proportions 

of blue , red and far-red radiation depe nding on the time of day 

(sun angle and air mas s considerations) , weather conditions , 

filtering of plant canopy l eaves , and so on . I t is cl ea r that 

study of th ese f actors is as import an t in natu ral environments 

as it is in controlle d environments in order to describe and 

underst and plant r esponse s and development unde r t hese con ­

ditions. 

2 . Eff ects of Li c, ht Qua lity on Photosynthesis in Hig he r 

Pla n t s . 

Photosynt hesis t akes part in the over-all growt h processes 

of green plants . Both in fundamental studies , and in comparat ­

ive s tudi es of t he e ffici ency of different li ght s ources in 

artificial li ghtin g , it is important to know to what extent 

li ght quality has an i ndirect effect on growth via photosyn­

thes is. 

The dependence of the net ph otosynthetic r ate on light 

irradi ance is described by the so- called "ligh t curve" of 

photosynthes is. Th e shape of thi s curve may be influenced by 

a number of int e rn a l and envi ronm enta l factors among which the 

quality of incident radiation is import ant . Accordi n g to the 

Ei nstein law of photochemical equ iv alence , there is a s i mp l e . 

int egral relationship between the number of molecules changed 

photoch em ic a lly and the number of photons (quanta) abs or bed 

(R abinowitch , 1951) . Thi s a pplies regardless of the energy 

of the photon ~ provided t hat , for photosynthesis , it falls 
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within the r equis ite 400-700 nm wnveband . Any excess e nergy 

is d i ss i pated as he3t . Whe n plant tissue i s li ght-satu r a t ed 

the maximum rat e of photosynthes i s i s determined by the rate 

of the da rk r eacti on s and Co2 diffusion proc esses , and should 

t herefore be i ncepe nden t of t he qunlit y of irr ad i at ion . There­

for e if saturating monochromatic l i gh t at any w2vel eng t h is 

used , the photosynthetic rat e should be th e same at each wave ­

l ength . At irradiances be l ow t~e saturat i on va l ue , diffe r ences 

in r ate in differing spectra l regions wi ll become a pparent 

and wil l be r elated i n pa rt to t he p i gmen t comp l ement of the 

plant . 

Si gn ificant reviews of lit erature on spectral effects in 

photosynthesis have bee n made by Rab ino witch (1951 , pp 1142: : 

11 68) and Gabrie lson (1960) . Al most all of the quantum yi eld 

meas urements r ev iewed in these papers c en tr e on the ro:e of 

the carot enoids and other accessory pi gments , and t~ ey ha ve 

been ~ade on algae , which provid e a mo r e interest i ng ran ge of 

p i gment systems for physio l o gical res ea r ch t~an hi ghe r plants 

( Emerson and ~ewis , 1943; Haxo and Bli nks , 19SO ; Tanad2 , 1951 ; 

Haxo , 196 0; Blinks , 1964 ; Krinsky , 1958) . 

Act io n spectra
1 

for photosynthesis i n hig~e r pla~ts have 

been obtained for wheat (Hoover , 1937 ) , f or r ad ish and co r n 

( Bull ey e t al , 1 969) , and for bean "(Ja1 egh a nd Biddulph , 1970) . 

Som e more li~ited me a surements were made on Sinapis a lb a , 

Coryl us ~axi~a and Fraxin1Js exce l sio r by Gabrie lson (1940) , 

and on w~ea t , pine a nd spruce by Bu rns (1942) , both us i ng 

thr ee bro adband coloured filt ers . 

The a ction spec tra from these studies a re quite di verse . 

The Hoove r curve for wheat has t wo very pronounced peaks , on e 

in the r ed and the ot her in the blue . Burns obt ain ed rou ghly 

the same r esu lt for wheat , but not for pine an d spruce , wh ich 

showed much lowe r r a t es in the bl ue than in the red . The 

l eaves tested by Gabr i e l son , by Sulley et a l and by 9a l egh and 

Bi ddu l ph also .gave~ lowe r r esponse in the blue. As Ga bri e l ­

son point ed out , differences of this typ e could be caused 

1. (i . e . the r a te a t which c a rbon dioxide is taken up , 

or oxy gy n evolv e c , divid ed by th e rate at which en ergy is 
r e c eived by the l eaf) . 
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by differences in spectral absorptance between a dark green 

and a pale green l eaf . The absorptance was not meas ured in 

these studi es . 

Spectr a l quantum yields 2 have been measured for Solidaco 

virnaurea L. , 1i~ul us c~rdinalis and Plant~ao lanceo l ata 

( Bjo r kman , 1966 , 1968; Bjorkmc.n et a l, 1955). These three 

species showed very similar r esponses . Quantum yield was 

relatively constant from 650 nm to th e limit of meas urem ent 

at 450 nm ( a fact used by Tann er (1968) as a basis for his 

proposal that " photosynthetically active radi-=tion" be meas ­

ured with a quantum counter). Ther e was a sharp fall a t 700 

nm, which could be modified by simultaneous irrad i a tion with 

shorter wave len gths (Emerson enhancement) . 

mcCree (1972) has rec e ntly provid s ~ some very detailed 

data for the action spectrum , absorptance and spectral qu2.ntum 

yield of Co 2 uptake for lea ves of 22 spec i es of crop plants , 

over the wavelength range 350 to 750 nm . The following fact ­

ors were varied : species , variety , age of l eaf , grmuth con­

ditions (field or growth cha~ber) , test conditions such as 

temper ature , Co2 concentration , flux of monochromatic radiat ­

io n , flu x of supplementary wh it e radiation , orientation of the 

l eaf (adaxial or abaxial surface exposed) . For a ll species 

and conditions the quantum yield curve· had two bro ad maxima , 

centred at 620 and 440 nm , with a shoulder at 670 nm , where 

the average height of th e blue peak was 701a of that of th e 

red p eak . The shortwave cutoff wa velength and the height of 

the blue peak varied slightly with the growth co nditions and 

with the direction of illumination. In thi s respect , the 

use of the flux of absorbed quanta directly as a measure of 

"p hotosynthetical l y active radiation" wi ll give a small system­

atic over es timation of the effect iv eness of blue li gh t relative 

to red, although for practical pur po ses these differences are 

probably insignificant . 

Generally , th ese results refer to rather short term experi­

ments where the plant tissue ha s been g rown in white li ght 

2 . (i.e. the rate of photosynthesis per unit rate of 

abs orption of quant a ) . 
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prior to the spect r a l tr ea tm ent study . In controll ed environ­

ment studies t wo furt he r complica ting f a ctors mu s t be taken 

into a ccount . Firsty , the pi gment compon ents of the leaf may 

be a ff ect e d by the wave l ength in which it is g rown, a lthoug h 

Stol wijk (1954) has shown for tomat o th a t t he abso rp t ion spectra 

of methanol ext r ac ts from l eaves of pl ants grown i n red and 

in vio l et li gh t do not differ ap pr ec i ab ly. Secondl y , since 

t he growt h r ate of pl ants is a pr oduct of ne t assimilation 

per unit l eaf a re a and the tot a l l ea f a r ea , the dif fe rin ~ 

effect of wave l engt h on l ea f expansi on, l ea f shape , or t he 

ratio of l eaf a r ea to no n-photo syn th e tic t i ssue a r e factors 

d etermining t ~e tot a l gr owt h whi c h wi ll be made under various 

li ght so urc es . 

In g rowt h experi me nts with t omat oes, Sto l wijk (1954) f ound 

that the dr y- weight for med ov e r lon g perio ds in diff e r ent 

spectral reg ions of equ a l irrad i a nce was r e l a ted directly to 

the number of in c id ent qua nta . This inci ca tes t hat unde r h is 

exper i me nt a l c ond itions , gr ee n and yellow li ght we re j us t as 

eff ec tiv e as r ed and bl ue in photosynthesis . 

Vinc e and St o ugh to n (1957) us i ng bro ad s p ec tr a l r eg ions 

showed tha t t he r e l a ti ve dry weight ga in fo r equa l irradi a n ce 

had a min i mum va lue in blu e li ght and m2x i mum i n r ed for 

to mato , calendula a nd pea ; wheat demonstrated a di ffe r ent 

typ e of r esponse with a mini mum dry - we i ght in gr een . Th e 

rel a tive po s ition of white li ght wa s apparent l y r e l a ted to 

the patt e rn of l ea f expansion in r ed li ght J in tom a to , dry 

wei ght incr eased f ast e r in white tha n in red li ght as le a f 

expansion became prog r essive l y more r educed in th e latter . In 

calendula , where l eaf ex pa nsion occurred norma lly in red li ght , 

d r y-weight producti on was grea t e r in red tha n in white li ght . 

Determina tions of net a ss imil a tion rates for toma to ga ve 
- 2 -1 values of 53 .1 mg dm wk in blue , 65 . 1 in green , 140 . 7 

in re ci and 124 . 4 in white li gh t. The first thre e figures 

r epr esent a r a tio of 0 , 35 : 0. 50 : 1 .0 0 which is similar to t he 

r atio of the mea n va lu es for r e l ative photosynthesi s determined 

by Gabrielson (0. 3 7:0. 62 :1.00 ) . 
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3 . Wavelen~tb [Ff Rct3 on ~ct 2~olism , 

3 . 1 . Influence of Specific Wave l engths on ~etab olism , 

Several investigators have reported that the qua lity of 

photosynthetically active radiation affects the meta~o lic 

distri bution of absorbed carbon in plant b iosynthetic syste ms , 

Al thou gh th i s reported work presents some well defined re­

sponses , there are some l a r ge interpretationa l difficulti es 

in r ationalizing some of the short-t erm intermediary-metabol­

i sm based studies with the complexities of an inte grated plant 

metabo li sm . This interpretation centres around the time 

course of a number of studies and whe ther pool va l ues , inter ­

mediary product turnove r rates , or end product accumulation 

were measured , These difficulties consi de r ed , genera lly the 

r es ult s r eported indica t e a short-wave radiation enhancement 

of amino acid and protein metabolism , whereas r ed li gh t (visible 

lon g- wa ve radi a tion) enhances su ga r and genera l carbohydrate 

metabolism , 

Rag havan and De ~agg io (1971) found t ha t blue li gh t 

increased 
14

C- arn ino acid incorporation into prot eins nearly 

five - fold compared to r ed li gh t i n isol ated Pteridium chloro ­

plasts , Voskresenskaya et al (1970) with Pisium sa tivum , 

Pirson and Kow a lli k (1964) studying Chlor e ll a and Ho rvath and 

Szasz (1969) with soybean each r epo rted that b lue li gh t grown 

plant s had hi ghe r protein cont ents than r ed light grown samples . 

fYlohr ·(1964) , Ohlenroth and Mohr (195~) and Be r gfe ld (1968) with 

fern chloroplasts found enhanced rates of protein synthesis 

under b l ue li gh t conditions . Kowa llik (1965) with Chlorella 

showed clea rly that there wa s a blue li gh t r equ ir ement for 

prot e in synthesis which could show an effe ct at low ene rgy 
( - 2) - 2 levels 0 . 2 Wm and was maximal a t 4 - 5 W m • The action 

spectrum for the respons e peaked at 450- 490 nm. 

Similarly, the evidence fer enhanced carbohydrate bio ­

synthesis under red li ght conditions is estab lish ed . Horvath 

and Szasz (1969 ) found that compared to blue light , red li ght 

grown soybean plants had relatively hig h carbohydrate contents 

and Be r gfe ld (1968 ) with a fern chl oropl ast system found that 

red li ght enhanced mainly carbohydrate bio- synthesis . 
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Several extensive papers report specific wavelength effects 

on amino acids and individual carbohydrate compounds. 

Voskresenskaya (1 953 , 1967 ), Nichiporovich et al (1957 ) and 

Voskresenskaya and Grishina (1958, 1959), working with bean 

and Chlor e lla, r eported that blue li gh t favoured synthesis of 

N-containing organic substances, increased total and protein-

N content and decreased 
14c incorporation into sugar-phosphates 

and free carbohydrates. Blue li ght specifically accelerated 

alanine, aspartic acid, glycine and organic acid (malic) 

synthesis. Protein synthesis and the glycolate cycle rea ctions 

were activated by short wave radiation whereas red light in­

creased 
14 c uptake in su ga rs. Das and Raju (1965) with rice, 

Zak (1965) and Ogasawara and Miyachi (1969, 1970) reported 

similar red and blue light effects with Chlorella. 

more specifically, Miyachi and Hogetsu (1970) with Chlor­

ella showed a two-to three-fold increase under blue li ght of 
14 

C uptake into aspartate compared with red li ght tre a tments 

and Szasz and Barsi (1971) with Vicia faba r eported tha t r e d 

light increased glucose, fructose, sucrose and starch compared 

with blue light. 

Krotkov (1964), Hauschild, Nelson and Krotkov (1962a , 

1962b), Tregunna, Krotkov and Nelson (1962) in a series of 

experiments with unice llul a r algae a nd tobacco reported s imil ar 

results. Blue li ght stimulated accumulation of 14c into 

aspartic, glutamic, malic and fumaric acids and also increased 

the turnover of aspartic and glutamic acids. Red light in-
d 14 c 1 ~- · . 1 . d Th crease accumu a~1on 1n ser1ne, g yc1ne an sugars. e 

14c label distribution in glucose changed under blue compared 

with red light. All Studies reported were carried out under 
equal photosynthesis conditions. 

Andreeva and Korozheva (1964), in a study of spectral 

and intensity effects on amino acid content of sunflower 

leaves, reported a blue light effect of increased asparate, 

glycine and serine formation but a suppression of alanine 

synthesis. There was no effect, however, at low irradiances 

{26 W m-
2 

for red light, 40 W m-2 for blue light) as well as 

during short term cultivation of the plants under light of 
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various spectral compositions (also low irradi anc e li ght how­
ever) . 

There appears to be a conflict in this r esu lt with the 

amino acids serine and glycine wi th the trends shown in the 

other papers. Similarly , Hoss and Tol bert (1 967 ) studying 

C~l amydo~on~s and Chloroll 2 found that afte r growth in r ed 

li £h t 
14c accumulntod in ma l ate , aspartate , glutamate and 

alanine whereas blue li~ht accumu l a tio n was mainly in g l ycolat e . 

In their discussion, ~ess and Tol be rt suggest that dark pre­

treatm 8nt , spectra pre-treatMent and qua lit y of irradiation 

could account for these differences :n the various responses . 

Theso diff e r ences nsido , th e general trend of t hese in­

vesti ga tions has been that j lu e li ght stimul2tes the synthesis 

of the a~ino ac i ds alan i ne , as partic a cid , glu tami c acid and 

perha ps glycine and the syntr.esis of protein . It a ls o a ppears 

to accelerate the synthesis of organic a cids (~al ic and fu~aric) 

and incr eases th e rates of r ea ctions in the g l ycolate cyc l e . 

In additio~ , blu e li ght l eads to th e supp r ession of carbon in ­

corporatio n into free carbohydrates , phosp~orylated su ~a rs , 

phosphate esters and serino whe r eas r e d li ght a ppears to i n­

crease incorpor a tion of carbon i ntc those co m~o~nds . 

Those r esponses a re not considered to be related to a n ew 

se r ies of metabolic pathways but merely r ef l ect t he dyn ?.mics 

of a l ternat ive sinks of ass i mil ated ca rbon . 

3 . 2 . Mechanisms of Wa ve l ength Action . 

fr om the evidence presented on li ght quality effects it 

is c l ear tha t th e waveleng th of incid ent li ght affects the 

quantitative distribution of ass imilated c2rbon among various 

pr oducts of photosynthesis , their turnover , and their r e lative 

r ates of synthesis . Hence , the pro~lem is to define by wha t 

mechanism or mechanisms the l ight quality infl uen ces these 
events . 

Cle a r l y , th e re are several react ions an d li ght system~ 

which could res pond to the wavelength of incid en t li gh t and 
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so change the pattern of metabo li sm withi n tha cell . These 

can be gr oup ed into thr ee categories , viz ; 

( a) wave l ength effects on pi gment systems and the re­

sponses t hrough increesed reducing power and incres ed photo­

pho sphorylation , 

( b) wave l eng th effects on the genetic status of the cell , 

pa rti cularly with respect to changes in the DNA and RNA types 

relati ng to coll re gulation and spaci f ic2l l y protein and 

enzyme synth es i s , 

(c) wavelength activation of various enzymes controlling 

each metabo lic pathway . 

[ ach of those a lt ernatives has been discussed by various 

workers in an atte~pt to account for their r esu lts and an ou t­

line of these discussions follows, 

( a) Wavelen~th effects on pi gme nt syste~s , reducing 

pow e r an~ photo phosphory l at io n . 

For an exp l enation of the red li gh t stimulated poly ­

saccharide accumulation Szasz an d Ba rsi (1 971) co~bi,ed the 

ener gy requir e~an t for the synthesis of the sa compou~ds on 

the ona hnnd and tha wave l ength depen dence of the energy con ­

verti ng processes of photosynth es is (photophosphorylat~on) 

on the other . In the synthes is of polysaccr a rides nuc leotid e­

bound ·sugars are the i n i t i al compounds ( Hassid , 1969 ) 2nd th e 

energy r eq uir ed for their formation may be supp li ed , in addition 

to non-cyclic photophosphorylation in which ATP and ~ADPH 

are produced i n a 1 :1 r a tio, by ATP production i n t he cyclic 

processes r e lat ed to photo system I. (Tagawa, Tsu j imoto and 

Arnon 1963a , b) . From this Szasz and Ba r si a r gue that ther e 

is specific excitation of cyc lic phot ophospho r y l at ion in red 

li ght and hence a great er ATP product ion . The re is more 

chlorophyll (chl) a (hi ghe r a/~ r a tio) in photosystem I than 

in photosy stem II and the higher absorption of red li gh t by 

chl a is th e r esu lt of 

(i) the hi gher specific absorpt ion coefficient of chl a 

than tha t of chl bin the r ed wa ve l ength re gi on , and 

(ii) the higher amount of chl a th an of chl bin the 
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leaves which incre ases the absorption difference. 

In the blue wavelength r eg ion the specific absorption 

coefficient of chl b is somewh a t hi gher but this is counter­

balanced by the hi ghe r amount of chl a . 

Hence the stimulatory effect of red light on the poly sa cch­

aride accur:1ulation may be explained by an "ext ra " ATP prod­

uction in cyclic photophosphorylation , via prefsrcnt ial 

activation of photos ystem I. 

This gene r a l interpretation is in li ne wit h a su gge stion 

of ~e tzn er (19 69) that the effects of red and blue li ght are 

prob a bly co nnec ted with a ch a nge of t he ATP : NA DP H r a tio. 

Similarly, Horvath and Szasz (1969 ) had earlier suggested that 

the sti mu l at ory effect of red li gh t on c2rbohydrate accu~ulati on 

mi gh t be in con nection wi th the li ght abs orption of chl a , and 

of blue li ght on nitro ge n co mp ound accumulation, attributed to 

chl b absorption . 

It is intere st in g that e a rl i er, Krotkov (1964) hypo­

thesized t ha t the diff e r ence in the na t ur e of me t ab olic prod­

ucts prod uc ed in blu e an d r e d li ght was due to the pr esence 

of two photoc hemi ca l (r ea ctions) systems. Since t he se react io ns 

would be co up l ed t o different r ea ct ants with different oxidation­

red uction potenti a ls, c a rbon absorbed in photosynt hes is could 

be prefer e nti a lly directed along alternative pa th wa ys. 

(b) Wa velen gth effects on the genetic status of the cell 

(incl. DNA, RNA , protein and enzyme synthesis). 

Differences ch a racterized main ly by morpho lo gical and 

biochemic a l criteria in fern gamet ophyte systems have stimu­

l ated some investigations in these species at the sub cellul a r 

level. ~ohr (1964) reported that the size of the chloropl as ts 

in the sporelings ( ba sal cell) of Dryopteris was determined 

by the wavelength of light; in blue light the chloroplasts 

were much larger than under red light. Berg feld (1963a) showed 

that this process of plastid growth was reversible and directly 

related to the light treatment. 
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Bergfeld (1963b) has al s o demonstrated marked changes in 

nuclei volume; the volume of the nuclei incr eased rapidly up 

to a certain l evel if the Oryopteris sporelings were placed 

under blue instead of r ed li ght . Again , this shift was shown to 

be rev ers i ble . This change in nuclear volume pro bab l y reflects 

a change of nuclear function , The increase of vo l ume in the 

blue might be c aus nlly r e l ated to t he increase of protein 

synthesis under these conditions (moh r, 1963), 

It has been reported mor e recently (Payei, 1967) that 

blue li ght enhanced cytoplasmic protein synthesis as well as 

plastid protein synthesis and that under blue light sporelings 

had a higher RNA content, A red to blue transfer also r esulted 

in a rapid RNA increase (as shown by 14c - uridine uptake) and 

it was suggested that the bl ue wavelength light led to " b lu e 

light specific" RNA synthesis wh ich subsequently con troll ed 

the morphogenesis of the sporeling . 

Pirson and Kowallik (1964) did not o bserve the effects 

found by Bergfe l d (size of nuclei, chloroplasts) when applying 

s imil a r tr eatments to Chlorell 1 and a range of other alg a e , 

and the pa rticipation of extra protein in photomorphogenesis 

c ou ld not be proved , Howev e r, as th ey point out photomorpho­

genes i s would requir e not simply more proteins , but a quanti­

tativ e change i n t he proteins di r ected some way by the genetic 

apparatus , In this study these authors found no change in DNA 

production from cells gro wn unde r a long pre - culture of either 

blue or red li ght . Pre -culture in white li ght and tr a ns fe r 

to red or blue li ght however presented a different result. 

In thi s c ase blue light inhi b it ed DNA formation to a marked 

extent and the RNA/DNA ratio in consequence was much higher . 

This was also relat ed to a reduction in cell division , 

(c) Wave length activation of enzymes 

Ogasaw ara and Miya chi (1969) reported that the blue li gh t 

effect of enhanced 
14 c incorporation into aspartic, g lut am ic 

and malic acids , was obse rved in .the presence of CMU at con­

centrations which completely inhibited photosynt hesis and that 

the ·saturating light intensity for t he blue light effect wa s 

extreme ly low; clearly i~dicating that the ordina ry photosyn th et ic 
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machinery was not participating in this blue light mechanism. 
The action spectrum showed .a peak at near 420 nm. More recently, 

Ogasawara an d ~iy a cbi (1970) assayed blue and red light tre a t-

ed Chlor oll a cell suspensions and found that pre-illumination 

with blue li gh t increased the phosphoenol pyruvate (PEP), 

carboxyl as e activity 2 to 3 times compared with the red treated 

cells, No difference was noted in the activity of ribulose 

diphosp hate (Ru DP ) carboxylase or of glut amate~asp a rtate 

transaminase, This indic a ted that, at least in Chlor e lla 

cells. PEP carboxylase activity was enhanced by blue lig ht. 

Carbon dioxide fixation by the reductive pentose cycle re-

quires illumin a tion of high intensity li gh t (either red or 

blue). Blue li ght specifically increases th e activity of PEP 

carbo xy lase and the resulting enhancement in production of 

oxaloacetic acid brings about increases in the amounts of 

aspartic and malic acids, In photosynthesis _under blue light, 

the tr ans fer of PCA to PEP is accelerated by the increase in 

activity of PEP carboxylase; consequently the - supply of carbon 

from PCA to sugar phosph a tes beco me s lower than under red light . 

Again, Krotkov (1964) had early suggested a hypothesis 

whereby plants must have some enzyme involved in t he early 

stages of carj on a ssimilation which is li ght -activa t ed an d which 

has, therefore, a pi gm ent in its prosthetic gr oup. Depending 

on the wavelength of incident li gh t this pigment may be present 

in two different forms, an active and an inactive one , De­

pendin g on its form, the flow of the early intermediates in 

carbon dioxide assimilation may be directed along competing 

pathways. Tregunna et al (1962) also hold to this hypothesis 

and use the analo gy of phytochrome in their discussions. 

Krotkov, in support of his hypothesis cited the observation 

that even small amounts of energy in blue light added to red 

produce essentially the same effect as blue light alone (see 

Hauschild et a l 1962b), Moreover, Chlorell a cells, first 

pre-illuminated with blue light and then permitted to assimil­

ate 14 co2 in red, carry on phot~synthesis in the same way as 

if they were illuminated by blue light. Their total Co 2 ab­

sorption is higher than that of comparable red light grown 

cells and they incorporate larger amounts of 14c into aspartic, 

glutamic , fumaric and malic acids and smaller amounts into 
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glycine . 

It is appa r ent t hen , th a t t ho mechanisms i nvolved i n the 

l i gh t quality i nf luence a r e lik ely to in corpo r a t e C8nt rol steps 

throughout t he p l an t ' s metabol i sm , The f irst requi r ement is 

to ge t we ll defined r esponses from the li ght /p lant system 

with r e spect to me t abo lic product l evels , r ate s of bio- synth es is, 

turno ve r and degrada t ion , to ge th e r with det ails of pa rall el 

r esponses with diffe r en t groups of me tabolit es . The second 

r equi r emen t i s to study the b iochemistry of the sy s t em , with 

its known l i mi ts and flexibiliti es , to see wha t exp l anat ions 

ca n be developed for t he occurre nce of the r esponses o bserved , 

In conseq ue nce , eff ec ts of visi bl e li ght on p l ant me t abo li sm 

not dir ect ly due to th e primary ac t of photosynthes is may de ­

s e rve mor e attent ion from a ll aspects than t hey have pr ev io usly 

attract e d . 

3 . 3 . Th e I nflu en ce of Li gh t Spect r a on Chlorophy ll 

Lev e ls and Ch loro p l ast Struct ure . 

The re have bee n se ve ral r ep ort s that l igh t qu a l ity i n­

flu ences t he st r uc t ure and or gan i sat ion of chloroplasts and 

the l evel s of ch loro phy ll a and b in the ch loropl asts of 

irradi ated c e lls . 

For exa mple , Osipova and Ashu r (1965 ) we r e ab l e to s how 

t hat the int ern a l or ganisa tion of maize chloroplasts depends 

both on irradiance l eve l and spectral co mposition of l i ght 

du r ing growth , The structural cha nges obse rved occurr e d 

specifically in the chloroplasts of mesop hyll cells . In ful l 

dayli gh t , chloroplasts ha d a high degree of grana l or ganis at ion 

wher eas at on e-third full int ens ity t hey we re pr edom inantly 

l ame l l a r in st r ucture . In co ntr as t , chloroplasts f rom l eaves 

gr own in r ed l i ght had a loos e granu l ar structure ; wh ich 

was chiefly evident i n the peripheral r eg ions . Chloroplasts 

from l eaves grown under blu e li ght were pr edomina nt l y cup­

shap ed with a diffus e granul a r structure , Those chlo r oplasts 

f r om ce ll s d i s posed a ro und vasc ul a r bundl es we r e uniformly 

l ame ll a r under a ll tr ea tm ents . 
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Osipova et al (1 966) in tri a l s on th e ab sorption of .14 c 
by maize le aves found that under reduced, red or blue li ght , 

car bon was incorporated to a considerable ex tent in pro teins 

and in the pi gme nt-lipoid complex in the chloroplast . It 

was suggestod that the increase in supply of carbon to those 

compounds wns assoc i ated with increas ed chloroplast develop­

ment in response to 2 deficiency of li ~ht but no spectra l 

dependence was inferred . 

Voskresenskaya et a l (1 968) found a signifi c ant effect 

of spectral qua lit y on the a~ei~g of barley seedling chloro­

plasts . Ageing (9 - 12 day ol d) primary leaves of pl an ts grown 

in red or bluo light were severec and exposed to r ed or bl~e ­

li ght in the presence or absence of kinetin . In leaves of 

plants g rown ~n~ exposed in re d li ght a sharp decrease i n 

chlorophyll and protein was o Jserved , whe r eas introduction of 

ki netin to the l eaves halted the br eakdow~ of t hese compo un ds . 

If l eaves had received ~lue light const~ntly , the decrease 

in ch l orophyll was insignificant and treatment of such leaves 

with kinetin did not 0lt e r t heir content of chlorophyl l or of 

prot ein . I ll uminati on with blue l ight at the ti me of exposure 

of l eaves that rad first been grown in red light pr ev ented 

breakdown of the photosynthetic apparatus of these leaves , 

as did kin etin . An electron microscope control on the con­

dit ion of t he chloroplast structure showed that exposu re of 

l eaves to r ed li ght l eads to a substantial breakdoxn o f the 

structural organisation of the chloropl asts . This was avoided 

by t he tr ans f e r of severed l eaves to blue l i ght or by treat­

ment of the leaves with kinetin . Th e co~clusion wa s drawn 

that the effect of kinet i n and of b l ue l ight on th e structural 

prot ei n of chloroplasts was similar , even in a l eaf separated 

fro m the p l ant , and that no such simila ri ty existed in the 

case of r ed light and kineti n . 

In addition to the possibility of a st r uct u r al change in 

the chloropl3st due to li ght quality effects t here have a l so 
been some reports of changes in chloropl ast si z e . 

Voskr esenskaya and Grishina (1958) found a som ew hat 

lar ger (al most t wo-fold) chloroplas t size unde r low nitrogen 
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conditions in both sand and soil culture with a blue li ght 

treatment in comparison lo red light. At high nitrogen lev e ls 

there was a general increase in chloroplast size but th e differ­

ences bet wee n the red and blue light treatments disappeared. 

rohr (19 64 ) a l so r ep ort e d that the size of chloropl as ts 

in Dr yopteris spo relin gs was determined by the wavelength of 

light. When those s por e li~ ;s were brought into the li gh t the 

chloropl asts gr ew un til t hey reac hed a cert a i n size which 

was determ ined by the quality of li gh t, In blue li ght the 

chloropl as ts we r e much l arger than under red light. 

This process of pl a stid gro wth wa s reversible ( Ge rfel~~ 

1963a, 1963b). If the sporelin gs we re put from dar kness intci 

blue 2nd ba ck to da rkness, the corr es pond ing changes in p l as tid 

size were most marked . If the sporelings we re shifte d fro m 

red light into b l ue of ab out the same quant um fl u x density 

and bac k to red after some time, th e size of the chloropl 2s t 

adjusted to the value characteristic of the particular li gh t 

quality . 

Tot al chlorophyll and chlorophyll a and b lev e ls a lso 

appear to be re ~u lated by li~ht quality. Fu j it a 2nd Hatt ori 

(19 62), for example , reported that changes in chlorophyll a 

and b concentratio ns in Tolypothrix r ~sponded to light quality 

rather t han to intensity. Jones and Myers (1 96 5) r e ached a 

similar conclusion from work with Anacystis . 

Hess and Tolbert (1967) grew Chla mydo mon a s and Chlorella 

for 10 days in white li ght, 95 . 5 W m- 2 blue li ght (400-500 hm) 
') 

or 68 . 5 W m- L red light (above 600 nm) . During this adaptation 

period in blue li ght , total chlorophyll per volume of al~ae 

increased 20~ while the chlorophyll a/b ratio decrease d . In 

red light no chan ge was obs erved in the total amount of chlo­

phyll or in the chlorophyll a/b ratio~ 

Voskresenskaya and Srishina (1958) found with sunflower 

and broad-bean plants which had continuously been in th e light 

of a ~ercury lamp and of neon tubes , when the lig ht flux wa s 

equalized according to the number of incident quanta , no 
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diff e r ences we r e observed in the c hl oro phyll accumu l at ion 

in r ed and b lue light , These workers report ear lier Russian 

work wh i ch indicated that not a l l plRnts are the s ume i n 

the ir r esponse t o short - wave and l ong-wavc raciation . Fer 

exampl e ~r~olacva (see Voskresenskaya and Crish ina, 1958) 

fo und peri ll a and tobacco had a lower chlorophyll content in 

blue li gh t 2nd fragrant tob ac co had a lower chlorophyll content 

in r ed l ight . Kl eshnin , Dsipova and Ti mofeeva (see Voskresen ­

s kaya and Gri shina , 1958) with lettuce found eithe r no effect 

or l ower b l ue light l eve l s depending on the va r ie t y t ested . 

Pirson and Kowa llik (1 964) r eport that b l ue gr own 

Chlo r e ll a c e ll s neve r cont~in an i ncreased amount of chloro­

phy ll; based on protein content the chlorophyll content is· 

a l ways ma r kec ly l owe r. 

3.4. Su mmary . 

From t~ese pr eceeding secti ons there is an apparent 

consisten c y of wavelen; t h effects a t different sta ges in t he 

metabolism and or ;an i sation of the plant cel l. Ev i dence fro m 

hi£her p l ants of li ght quality ef f ects on chloroplast stuct-

ure and size , chlorophy ll content and co mpos i tion , an d changes 

evident in carbohycrate and nitrogen ~etabo lism , to;ether 

with l ower plant evi de nce of chang es in nuc l ei and nucl ea r 

ma teri a l (R~A and DNA) , a ll in dicate that there is a cha in 

of c e ll u l ar events whi ch a re each closel y re l a ted and i n­

fl uenced (directly or indirectly) by one or more specific 

wave len gth r egions . Each of t hese indi vidua l sections cu rr ently 

has e vide nce of a s peci fic wave l ength infl uence in r e l at i on 

to a de fin ed c~ ange in e ithe r the amoun t of a pa rti cu l ar comp ­

ound , or in the rate of a r ea ction step , bu t th e int e r actions 

of t hese changes with ot her met a boli c sequenc es and t he 

mechanisms of the wavelength action a re poorly defined . 

4. Li ght . 

4 , 1 , Measuremen t Systems . 

I n t he p as t, a nd too of ten curre ntl y, failure by some 

biologists to appreciate the pure l y physical as pec t s of l ight 

and its measurem ent ha s s omet i me l ed to invalid c onclusions 
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on the influence of li ght on plant form and behaviour. 

It is essential to realize that two systems of evaluation 

of li ght flux a re possible, one basically ob j ective and the 

othe r subjective . In the former the actual r a diant flux 

is measured . Howe ver, in t he l at ter radi ant energy is ex­

presse d in ter ~s of the physiolo gica l stimulus to th o human 

eye, and the lu minosity of a source is measured by compariso n , 

directly or i ndir ectly, with a st anda rd source produci ng a 

certain stimu l us , Provi~ed that two sources have t he same 

spectral composition this co mparison wi ll give a valid 

assess mon t of the radiant flux fro m the unknown source , but 

if their compositions differ the spectral sensitivity resp~~$ B. 

of th e human eye is involv ed an d the measure~ent becomes whblly 

subj ect ive. This system of measurement has been developed in 

illu mina tion engineering, since the brightn es s of a light is 

in essence related to the human eye response. Th e phot o­

sensitive mechanisms of plants , howover , have spectral respo nses 

wholly unrelated to those of the retina and the only valid 

assessm en t of light in relation to plant phenomena is a measur e ­

ment of radiant energy incident upon the tissue at every wave­

l ength . It is therefore , essential in all such studies that 

t he ob jec tive meth od of measuring the a ct ual radiant fl u x 

(i.e. irradiance) should be used . ~her e photochemical process es 

are bein1 studi ed it must of course, be bor ne in mind that 

the energy per quantum is inversely proportional to the wave­

length and al lowan ce made for this in the examina tion of 

mol ecul a r r eactions . 

It is clear therefore that t he co mmon practice of exposin g 

plant s to light treatments whose intensities are measured in 
terms of foot-c andles , lux, lumens per square foot or similar 

subj ectiv e units l eads to invalid comparisons except whe re 

the sources are of identical spectral composition . Thus, if 

two so urces of di fferent colo ur are to be co mpa red in their 

effect upon plant growth , it must be on the ba sis of equa l 

irradi an c e in terms of energy and not of luminous intensity. 

The correct radiometric ( and corresponding photometric) ter ms , 

units and definitions to be used in plant physi ology studi es 

are presented in Table 1. 



Table 1 

Radio•etric and Photometric Terms 

Terms, Units and Concise Definitions, 

modified from, Z, Sestak, J, Catsky and P,G, Jarvis, (1971), 

·Plant Photosynthetic Production fflanuel of fflethods" pp, 706-707 

Redioaetric (Physical) Photo•etric (Psychophysica l) 

Radiator, Source, Leap. Luainator, Source, Lemp. Device converting a certain form of 
energy into the radiant one, 

Radiation lu•ination Process of generation of radiant 
(lu111inoua) energy, 

Radiant Energy J, Ills Lu•inous Energy, ht s Energy in the form of electroaagnetic 
Light. ..aves, 

Radiant £•ittance -2 -1 
I Ill Ill 

-2 Lu111inous Emittance lm m -2 Radiant (luminous) flux e111itted per unit J • s 
area or radiation body, 

Radiant rlux J • -1 
I Ill Luminous flux lm Rate o f propagation or radiant energy 

(light). 

Radiant flux -2 ._ 1 
I Ill 111 

-2 Luminous flux lm m -2 = lux (lx ) Radiant (luminous) flux passing through J ffl s 
Density Density a plane or unit area, (N,B, This infers 

-1 -1 -1 a cosine response consideration), 
Radiant flux J er s 1 Ill sr Lu111inous f-lux - 1 

Intensity Intensity 1111 sr r: cd ( candela) Radiant (luminous) flux eaitted by a 
point-like source into a solid angle. 

-2 -1 -1 lm !H 
-1 -2 

r: cd m -2 (luminous) flux intensity per Radiance J Ill s sr Luminance~ or light m Radiant 

Ill .-
2 er -1 Brightness sources unit area in direction of e•ission. 

Irradiance J m -2 -1 
I Ill m -2 Illuminance lx Radia11t (luminous) flux intercepted s 

per unit area, 

Irradiation Illumination Emission of radiant (luminous) flux, 
which is incident on the surface of 
some body, 

Radiant Ex~osure J m -2 I Ill s m -2 Light Exposure l x S, Amoun t of radian t energy ( light ) 
intercepted per unit area dur in g 
a certain period, 



4 . 1 . 1. Th e ffea s ure~e nt of Ra diant Fl ux Densit y 

(Irr a di unce ). 
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Th e gene r a l fi e l d of li gh t me asure~ent and i nstrumenta t io n 

ha s been r eviewed ex t ensi ve l y by Jones and Cond it (1 948) , 

An d e r s o n ( 1 9 6 4 ) , '}J e s t 1 3 k e ( 1 9 6 5 ) , ff c P h e r s o n ( 1 9 6 9 ) • 

It is c l ea r th2 t i n c ons id e ri ng t he r eac t i ons of plants 

to li ght some ~e a ns of measu r in g and e xpr essing l ev e l s of 

irr adi ati on ~ust be de r i ved . Id ea lly a measu r e of ra d ian t 

flu x i n a bs ol ute uni ts shou l d be us e d a nd the s p e c tra l fl ux 

distri bu t i on c urv e f or t he li ; ht in que st i on s hould e ith 8r 

be mea su r ed or kn own . Wi th t h i s i n f o r ma t i on one needs on l y 

the s pectr a l s ens i t i v i ty cu r ve ( t he " a ction sp e c t r um") for 

t he physiol og ica l r e s ponse in ques tio n to enab le a p l a nt s 

re a ction to be pred i c t ed . Unfor: ur.at e l y t he r e 2 r e d i f fic ult­

i es i n ob t a in ing ea c h of t hese pi e c es of i n for ma tio n with t he 

pr e ci s ion desir e d . 

In the fir s t p l a ce t he instr umen t r equ ir ed to ~eas ur e 

r a di an t fl ux i n ab sol ute un i t s i s t he t hermopi l e , a sensiti ve 

and r e l a ti ve l y ex pensive instr umen t wh ich i s gene r al l y no t 

re gar de d a s bei ng portab l e . A si mple r a nd c ha 2pe r a l t e r na ti ve 

fr eq uen tly a dopted i s to use a ba rri e r-l ay e r p'loto c e l l c a li ­

bra t ed in fl ux un its for ea ch t ype of r ad i a tion to be measu r ed . 

Th e respo nse o f t hese photoc e ll s is de pendent on te ~pe ra tu r e 

and t he y s hou l d a lso be che cked r egu l a rl y s i nce t h8 ir se ns ­

iti vity is liable to c ha n ge wit h a ge . 

Th e measure~ent of the spectra l flux distri bu tion of a n 

unknown radiation sourc e is a mo r e d i ffic ult op e r a tion wh ich 

must be c a rried out usi ng a larg e a nd expensi ve sp ec trop hoto­

meter . Like ot he r sensors this instrumen t must a lso be 

fr equ ently calibrat e d with a ref e renc e st andard of so me kind . 

La mp ma nufact u r e rs are normally able to s uppl y a verz ge curve s 

for th e ir vari ous produ c ts but variations from lamp to lamp 

can be quit e l a r g e y e t sti ll f a ll within t he ma kers tolera nc e 

limits , and furt her variations c a n occu r with a ge ( Wa rrin gto n, 
1969a ). 

Finall y , the action spec tr a of very f e w pl an t r e sponses 
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are known in such a way that a precise prediction of the 

reactions of a particular pl ant to given spectral flux dis­

ributi ons can be made. An alt er native to quoting the full 

spectral flux distribution was proposed by the Dutch Committee 

for Plant Irradiation (1953, 1955 ) and subseque ntly ap prov ed in 

a slightly amended form by the International Horticultural 

Con gress at Scheveningen in 1955. Thi s called for the rad iati on 

character isti cs to be speci fi ed in terms of the ene rgy radiated 

in each of eight discrete spectra l wavebands, expressed in watts 
-2 rn or in any equivalent unit. These wavebands were chosen 

as follows: 

Band 1 :A>1000 nm (heatin g e ff e ct only). 

Band 2 1 1000 - 700 nm (elongating effect). 

Band 3 

thetic effect, 

Band 4 

Band 5 : 

secondary peak 

photos ynth es is, 

Band 6 

Band 7 

Band 8 

700 - 610 nm (region of maximum p hot os yn­

maximum chlorophyll synth esis). 

610 - 510 nm (minimu m physiological respon se) . 

510 - 400 nm (absorption by yellow pi gments, 

of chlorophyll absorption, secondary peak of 

strong formative effects) . 

400 - 315 nm (limit e d forma tive effect) . 

315 - 280 nm (det rimental) 

<280 nm (lethal). 

In spite of the general acc ep tance of this proposal in 

principle, there is littl e evidence that it has been used 

very much in practice. This may be due to several li mitati ons. 

For precise research work it does not give enou gh detail of 

the spectral flux distribution for it to be of very great 

value, and for plant systems, the action spectra do not coincide 

sufficiently well with the broad bands suggested for their 

use to be more than app roximate . For precise work, the full 

spectral flux distribution curv e should be specified together 
with the value of tota l visible flux. 

4.2. Illumination Engin ee ring, Lamp Design and Choic e , 
and Lamp Types. 

4.2.1. General. 

Since th e requir ements for plant growth, development a nd 

re s ponse in t e rms of energy flux density an d spectral flux 

distribution are so varied, it is essential wh en considering 
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the u se of ar tifici a l li gh t sources for pl a nt studi es , that 

the best la mps and l amp co mbinations are chosen for a part­

icular use, The l amp manufacturer a nd the li ghtin ~ e ng in eer , 

how e ve r, are primar il y conc erned with the probl em of improving 

visi b ilit y and a re ne c essari ly concerned with lu minou s flux, 

Be ca use plants ex hibit a varioty of responses t o li ght , in no 

c ase c 2 n the pro blem be simplified by the use of sensitivity 

curv es analo gous to the luminosity function of the human eye , 

Th e pl ant ph ysiolo gist and horticultura li st must therefore be 

conc e r ned with the radiant visi ble flux rather than th e lu min­

ous fl ux , usin g ex i sti n g know l ed g e of plant responses and the 

spectral fl ux distribution of the ?.rtif ic ial li g ht so urc e to 

he lp interpr e t t he r e a ctions of pl a nts and to he l p i n the 

c hoic e and improveme nt o f a r tif ic ial li ght sourc es. 

The preoccupation of the lamp and lightin g industries 

with l um ino us fl ux does not help to re s olv e this s it ua tion, 

Not only a r e l amps s pec ifi ed i n resp e ct of photometric un i ts 

but th e l amp desi gns are , in the ma in, arran ged to mat ch t he 

stan dard spectral sensitivity of t h e human eye . 

Artificial lig h t sources of a practic a bl e natur o For 

pl a n t i rr a di ation ar e of two main ty pes , the th e r mo-e ~issiv e 

or "i nc a n de s c e n t" and th e vapour discharg e , Th e fi r st typ e 

i s almost e x c l us ively confined to the tun gs t e n-fil a ffie nt la~p 

in its various f orm s and watta ge s. Th i s o~o vides a continuous 

spectrum of c ompos ition va ry ing wi th the watta ge but ha vi ng one 

const an t ch a r act e ristic, t ha t t he emissi on i ncr ease s tow a rd 

the lon ge r wavelengths with a peak in the infra-red, 

Th ere are two main types of disch ar ge la mps ; t he direct 

discharge type exemplified by the high pressure me rcury-va pou r 

lamp, th e neon la mp , a n d t he sodium la mp , a ll c ha r acte ris e d by 

line emission spect ra, and th e f luor escen t type i n which the 

disc ha rge i s co nverted to a conti nu ous sp e ctrum emission by the 

fluor esce nce of a "phosphor", Choice of ao propriat e ph osp ho rs 

provides emis si ons of widel y va ryin g composi t i on a nd it i s 

po ss i ble to desion a l n mp with a pe ak e mission at any point 

in the visi b l e spec trum. Th e emission will, howe vor, in a ll 

cases have con sidera bl e spread, and a ll l amps so far constr ucted 
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will a l s o co nta i n t he spectr a l li ne s o f the merc ur y di scha r ge . 

4 . 2 . 2 Lamp Ty pes . 

The t echnica l aspects o f a ll the l amp t ypes poss ib l e for 

p l an t irr ad i ation a r e cons i de r ab l y i nv ol ved and do not need 

to be d i scussed i n t ot a l he r e . Canha m (1966) gives a co mp r e ­

hensive descr i pt io n of seve r a l la mp types on wh i ch t ~e fo l low­

ing deta i ls a r c b3sed 3nd seve r a l t e c hn i cal r eviews are avai l ­

a bl e wh ic h give mo r e i nforma tion o f 2 spec ific na t ure . Fo r 

e xamp l e , Beije r , J aco~s and Tol ( 1958) r eview t he high pr essure 

i od i cc l a~p CGVc lo pment 2nd report on it s pcr f or~ar.cs a nd 

t echnica l f e~tures , an d ear l i er Elen~aas (1956 - 57 ) re vi ewed 

t he hi gh- pr essure me r cury- vapour l amp deve l opmen t . 

4. 2 . 2 . 1 . ( a ) In candes c ent or Fil amen t La~ps . 

Thi s i s t he si mp l est and by far t he cheapes t type of l amp 

a nd has t he ndv nn t ac;EJ of ,1eed i n; no specia l " control gea r ". 

It consists o f 2 co i l ed fi l a~ent of tun~s t cn wir e , su~p or ted 

i n a g l ass ju l ~ f i l led with an i ne rt ga s such as nitrosen or 

ar gon , or ~oth , and connected to approp r i2tc elect r ic~ l contacts 

o n the me t 2 l cap . When a c urrent flo ws t~rou gh the fi la~s~t 

i t ge t s hot and g lows , gi ving off l ight of a qua l ity cependin~ 

on/t he f i l ?.ment t empe r atu r e . The ef fic iency of th i s l a.np is 

poor , s i nce on l y ab out 6 pe r c en t of t he in pu t power is e~i tt ed 

a s vi sib l e r ad i at io n . A h i gh pro po rt i o n of t he f l ux i s i n 

t he vis i b l e r eg ion a n c ca n be used i n p hoto syn t hesis but t he 

l a r ge amount of f a r - r ed has str ong phot omo r pho ger.e ti c e ff e ct s 

a nd l i mit s it s use fuln ess for phot osyn t hes i s . I t has prov ed 

t o be a suit ab l e a nd co nven i ent s ou rce for l ow ene r gy r eq uiri ng 

photop e r iod regu l a tion purpose s . 

(b ) The Qu a r tz Ha l oge~ Lamp . 

A co mpa r a tiv e l y r e c en t de ve l opment i n the ra nge of i nca ndes ­

c e nt l amps has bee n th e i ntrod uc t i on of a sma l l qua ntity of 

iod i ne va po ur i n t o th e a t mos ph e r e s urrou nd in g th e tun gs t e n 

f il amen t . Th i s has e ff ect ive l y r educe d the r a t e of de t e ri o r a t­

i on of t h e fi l ame nt a nd a l s o of the l igh t outpu t . It has 
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enab l ed high- pow ered l amps to be constructed of qu it e smu ll 

dimensions and also permits runnin g a t a s li gh tly hig her 
0 0 fil ament colou r t e~perature (3000 K c ompared with 2750 K for 

a 240 volt 100-watt l amp ) . This a l so l eacs to a highe r 

eff i ciency : 21 - 22 l m/~ o ver 2000 hours inst ead of 17 -1 8 lm/W 

over 1000 hours . Th e r e i s little ov e rall difference i n the 

spectral ene r gy dist r ibution cu rv e apa rt fro~ tha t resulting 

from operating at tre h i gher colour tempe r ature 2n d the re ­

s po nse of plants is si~ilar to that of the nor ~a l t ungs t e n 

l amp. 

Its pri mary a pplic a tion is for f lood- li·ghting . 

4 . 2 . 2 . 2 . Electric Disc ha rge Lamps . 

( a) Gene ral . 

When an e l ectri c current i s passed throu~~ a n atmosphe r e 

of me t a lli c vapour , r 2di2tion is emitted wh i ch is characte ri stic 

of t hat neta l . ~~ e l ectric2l ener;y is t ransfor~ed dir 8c tly 

into raci 2nt energy the process i s mere efficient th2n it i s 

when an inter~odiate t~ermal process is i nvo l ved . Th ero is , 

of co u~s e , so~e l oss of efficiency cue to the production of 

he a t . 

Emission occurs in discrete ':nrnds , kno~un as " lines " , the 

numb e r and wave l ength of t hese be i ng characteristic of the 

va po ur used and the str eng t h or i ntens it y of the lines depends 

on vapour pr essu re . 

Of the wid e va ri ety of vapours in whic h a discha rg e can 

be pro duced there is a limit ed numb e r which are suitable for 

practical li ght sources . These incl ude me rc ury , sodium, neon 
an d xenon . 

Th e e lectrica l characteristics of a vapour d is charge call 

for a much h i ghe r s t a rti ng voltage than that r equ ired for normal 

runnin g . Th i s necessit ates ei th er the provision of a specially 

high s t ar ting vol tage , or s ome means of reducin g th e volt age 

af t er th e arc has been struck . To achieve this , vari ous forms 

of " c ontr ol gea r" are r equi r ed for th e diff eren t ty pes of 

l amps . 
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(b) High Pressure ~e rcur y-vapou r Discha r ge Lamps . 

One of the commonest t ypes of ~ischarge l a mp is the 

mercury-vapour l amp . Whe n a dischar oe takes place in a n atm os ­

ph e r e o f mercury vapour the flux em i t t ed is c ompr is ed of a 

nu~be r of distinc t and nar ro w lines in the bl ue - gr een and ultra­

vi o l et port ions of th e spec trum, If the vapour pressu r e i s 

l ow , the amount of visi~le r ad i at ion produced is com pa rati ve l y 

small, but about 60 per cent of the input power i s emitt ed in 

a sin gl e band of wave l ength 253 .7 nm in the UV re gi on. 

Th e amount of visible flux em itted may be incr eased in two 

distinct ways . In the first , the vapour pressure is increased , 

r esu l t in g i n a higher propor t ion of t he ene r gy being em itt ed 

in the lin es in the visible portion of the spect r um . Alt e rnat­

iv e ly, or in addit io n , a coatin g of fluorescent powd e r may be 

used on the inside of the g l ass . This has t he property of 

absorbin g the sho rt wave l ength discharg~ r adiati on and r e ­

em i tting it in the vi sib l e r a nge of t he spectrum , 

Th e fi rst and simp l est type is the high - pressure mercury 

di s char ge l amp . Tha basic essentials of the construction 

consist of ( a) a discha r ge tube made of a suitable type of g l ass 

or qua rtz fi l led wit h a s~a ll quantity of mercury vapou r to ­

gethe r with a l itt l e argon gas to assist star t ing , (b) an out e r 

g l ass ~u l b , (c) ~ain e l ectrodes a t each end of the inne r tub e , 

(d) a sma ll starting electrode situated close to one end of the 

main elect ro des and connected to the more di stant a r c by a hi gh 

resi stance and (e) a suitab l e cap, 

Full mai n s volta ge i s r equi r ed to initiat e the disch a r ~e 

but afterwards t he a rc r es i s tance is very much low e r and s om e 

form of current-limiting de vic e is essential, On normal A. C. 

suppli es this takes the fo rm of a choke, in series with th e 

l amp . A capacitor i s a lso connected a cro ss t he input le ads to 

corr ec t the powe r factor of t he circuit . These are normally 

separate unit s which must be mounted as nea r to the lamp as 

is conveni en tly possib l e , 

(c) Type HP LR ( MBFR ) Lamps . 

The typ e HPLR l amp uses the prop e rti es of a fluorescent 

pow der opera tin g a t suitab l e t em pe r a tures to achi e ve a high 
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visibl e r adiation output. In ord e r to distribute the emitted 

li ght satisfacto r i l y a reflector of white tit an i um diox id e 

powder is used on the internal bulb surface a nd the shape of 

th e l am p, togethe r wi th the r e fl ector improve downward l ight 

di stributi on. (Plate 3) . 

T he t y p e H P L R ( rr: 3 F R / U ) 1 a m p i s a v a i 1 a b 1 e i n s i z e s o f 2 5 0 , 

400, 700 and 1000 watts . The r ated li fe is 5000 hours but the 

avera ge lif e o~ta in ed i s nearer 10,000 hours. (Philips Techn ic­

al Information) , 

A furt her version of this l amp i s now made by Philips i n 

t h e 4 D O w a t t s i z e on 1 y , e s p e c i a 11 y f o r h o rt i c u 1 tu r a 1 p u r p o s E:.S • 
It i s designated as HPLRH and has a co ati ng of fl uorescent 

powde r on th e ba se of the bulb as we ll as on the side wa ll s . 

For the i n t erna l ref l ector the maker s have r eve rt ed t o a 

met a llic fil rr. . 

(d) Recent Deve lop~en t s. 

The main r es triction i n the development of a r adi ation 

sour ce wh ose spect r a l distr i but i on can be chosen with in ce rt c in 

limit s and which can g iv e a high ef ficiency has been tha t, un ­

til r ecent l y , the only e l ements th at could be used for t he 

excitation of li gh t in gas discharge tubes we r e sodium , me r cury 

and the inert gases. 

It was more recent l y found tha t many e lements in a l am p 

s ystem ca n be evaporat ed to give a suffici ent l y hi gh vapour 

pressu re if they are introduc ed in the for m of special vol a tile 

compo unds. ( Be ijer et al , 1968) . When this is done it is po s si­

ble to obt a in a higher va pour pr essu r e of the el emen t at t he 

centr e of t he dischar ge th a n it would be if the element itself 

were adde d. The vapour pressure of the element is no t increased 

in the rest of t he tube , but this is not ne c es s a ry, sinc e th e 

most active part of t he ga s disc ha rge is found a t th e c e ntre 

of t he disc ha r ge , whe r e most of t he radi ati on is pro duced . 

This special method pe rmi t s the use of elements which a r e not 

th emse l ves sufficientl y volatile, a nd it a l s o remov es th e dange r 

of chemical attack . It was fo und that i odides produced t he 

· most promisin g r esu lts. Indium, tha lliu m and s odi um iodid e s 

~av e been us ed singly a nd together to add resonance l i nes at 
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approximately 411 and 450 nm (indium), 534 nm (thal lium) and 

588 nm (sodium) together with a small iodine line at 557 nm 

to the char acteris tic mercury spect ru m. Lithium, gallium and 

lead iodi des have also been used. 

These improve the colour of the light considerably and 

are an improvement over the HPLR type l amps for pl ant growth 

in add ition to having a much higher (luminous) efficiency . 

The HPI l amp is typical of thi s group . 

4 . 2.2.3. Tubular Fluorescent Lamps ("Fluorescent Tubes"). 

This type of lamp makes use of the lo w-pressure me rcury 

dischar ge by employing fluorescent powders to absorb the U.V~ 

r ad iation and re-emit it as visible radiation , as is done in · 

the type HPL lamp. Tha basic differences are (a) the proport ­

ion of the U.V. radi ati on from the discharge is ve ry much 

higher, (b) the vapour pressure is low so that the tube is 

lar ge and the power consumption law , (c) the lamp temperatures 

are law and (d) different sta r ti ng arrangements are r equir ed . 

The la mps consist of a clear glass tube with an internal 

coating of fluoresc e nt powder and an electrode mounted at each 

end . The spectral distribution of the light obtained from 

th ese lamp s depends an the chemical composition of the fluores­

powders used, and a wide range of colours can ~e obtained . 

A limit e d number however have been chosen f or commercial product­

ion in quantity to give either a high efficiency or good colour 

rendering properties which are maintained throughout the life 

of the lamp. The majority produce li ght in varyin g shades of 

"whit e " e . g . "warm white" , "white", "daylight" , "nat ural", 

"colour matching" and "de luxe warm white ", although others 

are a vailable . A ran ge of coloured tubes - red, green , blue , 

etc. - is also available , and from time to time special lamps 

have appeared which were claimed to be particularly effective 

for plant growth purposes, e . g. "phytor" and " gro -lux". 

4.2.2.4. Xenon Lamp. 

Lamps employing a heavy-curre nt discharge through Xenon 

·gas at a hi gh pre ss ur e hav e been introduced in a r a nge of sizes 
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up to 10 KW . The sp e ctrum shows an appar ent continuum ( a l­

though it i s i n f act a seri es of ve ry clo s ely spac ed spectral 

l i nes) ex t e nd in g fro m 200 nm up t9 900 nm, with a pronounc e d 

pe ak in t he 700- 900 nm r e g ion, and g iving the impression of 

"1uhi t e " li ght . The li gh t a ppea rs to be very similar to da y­

l ig ht a nd the r efo re g i ves ve r y goo d col ou r r e nde rin g . Som e 

ve r s io ns a r e wate r- coo l e d whil e othe r s a r e a ir- c ool ed ; th e 

co n t r ol ge a r i s ex pe ns ive a nd bu lky and t he lamp lif e is s hort. 

4 . 3 . Us e of Artific i al Li ght Sourc es . 

4.3.1. Sene r a l. 

A l a r ge propor tion of g r owt h f a ciliti es des i gne d and ~~ilt 

to da t e ha ve used a f l uo r es c e n t tu be or fluor es c ent tub e plu s 

in cande sc e nt com bi nations fo r plan t gr owth an d photop e riod 

st u di es ( Vi nc e an d Stou ghton , 19 5 7; Ca r pen t e r e t a l , 1 96 5 ; 

Hu ds o n 1 9 5 7 ; Mont gome r y and Riddell, 19 5 9 ; ~or se a nd Eva ns , 

1 962 ; Or mro d , 1962 ; Se l ma n a nd Fo s t er, 19 5 7 ; Voi sey , 1 962 ; 

Ca rl s on, ~1o t ter a nd Sp r a gue , 1 964) . The spectral flu x di s tri :i ­

ution char act e r i stics of t hese l am ps su gg est t ha t t hey wou ld 

be pa rtic u l a rl y su it ab l e for p l an t growth purp oses, but t he y 

do hav e ce rt a in di sadv a nt ages . The mos t i mp ort a nt of t hese is 

the r e l a ti ve l y low out put for the ph ys i ca l s i ze of t he l amp 

but ins t a ll a tion co s t s , a nd ag e ing c haract eri stics a re furth e r 

und es i rab l e f ea t u r es . Howe ve r, fluor es ce nt t ub es offe r s e v e r a l 

adv antages . Apart f rom a choi ce of colours if r eq uir e d, t hey 

r adiat e v er y little hea t, r e ducin g su bs t anti a ll y the pro b l em s 

of t em pe r a t ure control s in controll e d environment units . 

In contrast , only a few workers have used hi gh pressure 

vapour dischar ge l amp s mainly be caus e of spectra l output , in­

stallation a nd op e r a tional problems co mpared to fluorescent 

lamp syst ems . Their sup e riority over fluoresc ent sources, 

however, i s due to hi g her radi a nt flux outputs in the visi ble 

ran ge, higher luminous efficiencies, and superior a ge ing 

characteristics. Th e HPL colour-corr e cted mercury va pour lamps 

have been used· in th e growth rooms at th6 Instituut voor Bio­

logisch en Scheikundi g Onderzoe k van Landbouw gewassen in 

Wa geningen for som e ye ars and produce a n irradiation level of 
. -2 
about 100 Wm Improved types are now available from 
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comparatively recent technical developments (Canham, 1966; 

Beijer et al, 1968) and these lend themselves more favourably 

to controlled environment work. 

A large number of reports for day-len gt h supple me ntation 

in g lasshous es are also available whi ch outline plant response · 

under high-pr essu re discharge l amps , but these details are of 

littl e direct value . ( Buntrock 1960, Canh am 1965, Cel in 1951, 

Cel in and Burstr om 194 9 , Lawrence and Calv ert 1951, 1954, 

Markh am 1969 , Reinde rs-Cou wentak and Smeets 1950, Rei nders-

Co u went a k , Smee t s an d And ewe_ g 1 9 51 , Roode n bu r g 1 9 4 a , 1 9 4 9 , 1 9 5 2 , 

Swain 1964 , Weichold and Heissner 1967, and Withrow and Withrow 

1947). In many of these reports, mercur y-v ap our high press~r ~ 

discha rge tubes are comparative with , or superior to, fluores­

cent and tun gste n combin a tions for seedling growth under 

supplementary daylength conditions, Detailed data on growth 

rates and plant form, however , are not given; earliness of 

yield bein g of predomin a nt concern in much of this work . It 

is conclud ed , therefore, that re s ults of su pplem e nt ary day­

len g th experiments are of limited value in controll ed e nviron­

ment conditions but that satisfactory results from these la mp 

types places them under direct consid e ratio n for controlled 

environment work. Theoretically, if these la mps could b e 

used in light ri gs as clusters, with adequ a t e coolin g faciliti e s 

together with adequate filtration of i~fra-red r ad iation, and 

perhaps in combination with other lamp types, then very high 

irradiation levels should be possible. Canham (196 6) claims 

that it can be shown that twenty-five 700 watt (HPL R) lamps, 

each mounted at the corners of 10 1/2 in squares three feet 

above a bench and enclosed with perfectly reflecting wal l~, 

should theoretically give an illuminati on level on the bench 
-2 ( -2) in excess of 15,000 lm, ft • approx. 500 Wm • These types 

of considerations have been, in part, the basis for the studies 

undertaken in this present work. 

4, 3 ,2. Early Studies. 

An early report on the use of artificial light sources 

for plant growth (Arthur and Stewart, 1935) compared relative 

growth and dry weight production under tungsten , neon, sodium 
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and mercury vapour lamps (see also Crocker, 1949). Using dry­

weight production as the criteria for comparison, the descend­

ing order of growth was neon, tungsten, sodium vap our and 

mercury va pour. Comparisons using a correction for incident 

visible energy gave the followin g relationship (in descending 

order): sodium vapour, neon, tungsten and mercury vapour. The 

gas disc harge lamps a ll produced greener plants and a lower 

ratio of stem to leaves th an the tun gs ten lamp. No attempt 

was made to investi oate combined spectra effects. 

Mitchell (19 37) grew tomato plants under equa l intensities 

of total radiant energy with carbon ar c and inc andescent lamps. 

Those illuminated by the arc g r ew less in height and synthesized 

more than twic e as much solid matter and about four times as 

much acid hydrolysable mater i a ls and sugars during two weeks 

than the plants under the incandescent lamps. 

Parker and Bor thwick (1949) determined the growth and 

composition of Biloxi soybean plants produced in controlled 

enivronment roo ms with a car bon-arc lamp as the principle 

source of radiation. The a rc lamp was used alone with several 

types of carbons (to vary spectral output), or wa s supplemented 

with a small amount of incandescent radiation. The c arb ohydrate 

content of leaves and stems of soybe a ns was great ly increased 

by supplementin g the radiation from "Sunshine" c a r f.J ons with 

incandescent-fil ament radiation. Exp e riment a l car bons cored 

to simulate the spectral distribution of the combined arc and 

incandescent source failed to produce as much dry weight, protein 

or carbohydrate as when the arc was supplemented with incandes­

cent radiation. 

This, and similar early work carried out, is difficult 

to interpret because of the inadequacies of intensity and 

spectral distribution measurements carried out at the time. 

Combinations of various lamp types would have undoubtedly 

produced better plant responses, due to a more favourable 

spectral distribution, than those single lamp types tested. 

However, the significance of plant response to specific 

wavelengths was not fully realised at the time of this earlier 
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work a nd it is understandab l e that the artifi cial l amp type 

r ather than th e s pectr a l output was nece ssa rily t he pr ima ry 

cons i de ration in these stud i es , Interestingly , it was from 

Parker and Bort hw i ck ' s (1 949) exper i mental r es ult s t hat l ed 

to the subsequent st ud i es into ph ytoch rom e , and r ed-far-r ed 

r esponse phenome na , by these two worke rs , 

4, 3 ,3, Fluorescent Tube Deve lop men t a nd Use , 

The most s i gnific a nt deve l op me nt in li ght eng inee ring 

which su pe rc eded the use of c a r bon- a rc an d i ncandescen t sourc es 

was t hat of the fluorescent l am p , These l am ps g iv e off littl e 

heat , a r e moro econom ic and eff i cient th an incandesc en t fila­

ment l amps , and can be g r ouped to ge ther to giv e va riations i n 

spectr al qua l ity and int ens it y a s des ir ed . Limit a t i ons due 

to ageing effects and to the maxi mum li ght int e ns i ti es po ssib l e 

do p l ace s ~me l imitations on the suitab ili ty of t his li gh t 

source . 

Nay lor and Ge r ne r (1 940) report the success of 30 - W 

fl uorescent l amps of both wh it e and day li ght type s as a source 

of l ight for growi ng pl ants . Pl ants grown un der such lamps , 

arran ged to gi ve an intens it y of 600 ft,c , at the l eaf su r fac e 

for 16 hou r s each day , we re superior in r ate of g rowth and 

sturdy deve lo pment to th e controls g rown in ordina ry wi nt e r 

day li gh t and to others g rown with ordinary win t er day l ight 

supplemented by 9 1/2 ho ur s of approximate ly 60 ft , c , of li ght 

from an incandes c ent fil amen t l amp , 

Wi throw and Wit hrow (194 7 ) compa r ed the radiation fro m 

inca nd escent- fi l amen t, fluor es c ent , and mercu ry- a rc s ources 

on the gr owth of aster , s pi nach , s oybe an , a nd to ma to f or 

va r ying photop e riods a t 15 °, 20° an d 25°c . On an equa l power 

co nsumption bas i s , aster produced mor e dry we i gh t wit h inc andes­

cent radiation and spinac h pro duced more wi t h fluor escent . 

Pl ants grown with the mercu r y- a r c s ource we r e very poor , In 

another series of expe riments in which equal r a diant ene r g ies 

were ma inta i ned , growth of spi nac h, toma to and s oybean were 

compared when grown with fluor escent l am ps an d with incand escen t 

and mercury- arc combined in thr ee different proportions, Th e y 
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report the greatest production of dry matter for all species 

under the incandescent plus low-mercury combination. 

Generally, the high pressure mercury-arc produced the 

smallest plants because its radiant ener gy was concentrated 

at the blue- end of the spectru m. Incand es cent lamps produced 

the greatest fresh a nd dry we i gh t increments but were undesirably 

tall and spindly, and the white a nd dayli gh t fluor es cent la mps 

produced vigorous s t :; c ky plants but only at higher temperatures. 

They conclu de d that th e fluorescent lamps were the best artific­

ial light sources for their experimental work. 

More recently, fluorescent-lamp manufacturers have improved 

the spectral output of their l amps specifically for plant growth 

experiments (e.g. the "Cro-lux" series from the Sylvania 

Electric Products Company) and have placed lesser i mportance 

on luminous efficiencies and colour rendition properti es. 

Further, experimenters now appreciate more fully the requirements 

of plant syst ems for blue-red-far-red balances and have con­

sidered these in fluorescent-inc a ndescent combin at ion experiments. 

Details of results fro m plants grown under conditions relating 

to these factors are adequately covered in several papers, (Dunn 

and Went 1959; Helson, 1965; La Croix et al, 1966; Thomas and 

Dunn, 1967a, 1967b; McDonough and Brown, 1969; Halpin and Farrar, 

1965; Federer and Tanner, 1965), 

From the data presented in these pap er s, for general plant 

growth purposes one of the "white" fluorescent types is gener­

ally most suitable and the lamps with the highest visible flux 

appear to be the best. Both "3,5DD°K white" and "warm white" 

types are widely used and there seems to be little evidence 

that any other type will .give faster or more superior growth. 

Some of the special blue/red lamps made both in Belgium ("Phytor") 

and America ("Cro-Lux'') have not shown any particular merit 

in this respect in a number of trials with a wide range of 

plants (Canham, 1966). It is also widely claimed that when 

illumination from filament lamps is added to that from fluores­

cent tubes the rate of growth is increased, but evidence on 

this seems to be conflicting, 
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With respoct to shoot dry-matt e r production, Dunn and 

Went (1959) reported th a t mixed fluorescent and (5%) incandes­

cent lighting was more effective than fluoresc e nt lighting 

alone. Of the co mmer ci a lly available fluor escent types, "\.IJarm­

white" was the most effective; green and red were both low in 

effectiveness, and pink a nd blu e were intermediate, but all 

were surpassed by an experimental red lamp. On the basis of dry 

matter production per unit of luminosity the red and blue 

lamps were the most efficient and the yellow and green the 

l east . On a po we r basis the most efficient lamps were the 

"Warm-white" and gold types. No energy flux density consider­

ations were made. 

La Croix, Canvin and Walker (1 966 ) grew eleven species 

of p 1 ants under i 11 um in at ion from " Coo 1- whit e " , "Wa r m- :.u h i t e 11 

and ''Cro-lux" fluorescent lamps, with and without incandescent 

lamp s . "Cool-white" l amps appeared to be the best for long 

term growth , yi eld ing good g rowth rates and compact plants 

with good lea f pigmentation, " Warm-white" l am ps gave greater 

dry-w e i ght increases in some species of plants, but int e rnodes 

were long, growth habit lax, and plants succulent. In most 

cases, flowerin g was hastened by th e use of "W arm-whit e " lamps, 

Growth, seed yield or flower production of plants under 

"Gro-lux" light was ne ver superior to that under "Cool-white" 

or "Warm-white" and in many cases was inferior. 

Helson (1965) with tomato, comp a red " Gro-lux" and "Cool­

white" fluorescent lamps with or without the addition of incan­

desc ent lamps as light sources. After 5 weeks in t erms of the 

dry weights of stems and le aves the order was gro-lux + incan­

descent> cool white+ incandexcent > gro-lux > cool white., 

The addition of incandescent to gro-lux fluorescent lamps re­

sulted in large increases in the dry weight of roots, leaf area, 

and plant height. There were also corresponding improvements 

in flower and fruit production. Helson claimed that these im­

prov ements were due to the beneficial influence of the addition­

al far-red radiation. Halpin and Farrar (1965) carried out a 

similar inve s ti ga tion of comm e rci a lly a vailable fluorescent 

lamps on the growth of orchid seedlings . Those grown under 
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1i g h t fro m the "Wide- Spectrum Gr o- 1 u x" fluore s cent lamp 

app ea r ed to be superior to those grown under the standard 

" G r o - 1 u x " , " l>J a r m w h i t e " , o r " Co o 1 w h i t e " f 1 u o r e s c en t 1 a m p s • 

This conclusion was based on the size of seedlings and stand 

count of the surviving plants after an eight-month test. 

"Cool- whi te" was the poor es t overall fluorescent li ght source 

tested in th ese studies . No incand es cent supplementation 

studie s we re undertaken . 

Thomas and Dunn (1967a ) grew tomato se ed lings under seven 

kinds of fluoresc ent lamps, including two th a t a re commercially 

availa ble , and five experimental la mps. Detailed descriptions 

and sp ectral emissi on curves for t hese lamps are pre sent ed in 

their paper, 

Th e "78/22" lamp, which em itted most of its ener gy above 

500 nm, more than t en per c en t above 700 nm, and had a sharp 

pe ak output at 660 nm , genera lly produced sup e rior fresh a n d 

dry- we i gh t yield s . This effec t was con s ider ed to be primar ily 

due to the high pe ak of energy em itted at approxima t e l y 660 nm, 

combined with a considerable emission in th e far -r ed . No l eaf 

epinast y was seen under this treatment and therefore it app ears 

that very little spectral emission below 500 nm is r equi red 

to prevent this condition. 

The "Com I" lamp, which lacked the sharp peak output at 

660 nm and emitted more en e rgy on the blue than the " 78 /22" 

lamp, was generally second only to the latter in promoting plant 

growth. A higher moisture content was found in plants under 

this treatment in some conditions. 

The "IR111" lamp had the sharp peak output at 660 nm but 

greater output in the blue than the "78/?2" lamp. The "282" 

la mp output was similar to the "78/22" but lacked the high peak. 

Both of these lamps generally gave improved results over those 

produced by Gro-lux, Warm-white and the experimental "F"LAT" 

lamps. This was attributed to the greater percentage of red 

and far-red energy emission by the former two lamps, The yi elds 

with the "F"LAT" lamp were consistently lowest of all and probably 

were due to the high percentage of emitted energy on the blue 
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and green portions of the spectrum. 

Both length of the experimental period (13 days versus 

26 days) and li ght intensity (55 versus 110 W m- 2 ) were con­

sidered to be potentially important factors in deterimining 

which co mposition of spectral ener gy emission produced the 

greatest (ve ge tative) yields. Under the low intensity and the 

short test period the "Com I" light produc e d the hi ghe st fresh 

and dry-weig ht yields , but under high int ensit y· and the longer 

g r ow t h p e r i o d t he " 7 8 / 2 2 " 1 a mp g a v e g r e.a t e s t y i e 1 d s • T hi s 

effect was thought possibly to be due to inhibition of leaf 

expansion by red li ght in the early stages of . growth . 

These experime nts demonstrated th a t it is possible to 

develop a fluore s cent lamp for plant growth that com ~i nes the 

desira ble characteristics of both incandesc ent and fluorescent 

light. This work also showed that the to mat o plant in the 

seedlin g stage grew best under an a rtificial li ght source with 

a high percenta ge of energy emission in the red, a considerable 

amount in th e far-red , and a very small amount in the b lue 

part of the spectrum . 

more recently McDonou gh and Brown (1969) have r ep orted 

that there were no significant differenc es in stem len gth a nd 

the dry-m a tter production of four species of grasses (Agast ache 

urticif o lia, Aoropy ron intermedium, Bro mus in erm is and Coro n illa 

varia) ~rown und e r ratios of incandescent to "Cool white " 

fluor escent wa tta ge of 0.0, 0.16, D.~1 and 0.47 respectively. 

Yield results for reproductive plant parts (i.e. pods, 

flowers) als o show marked interactions with fluorescent lamp 

types. 

Tho mas and Dunn (1967b) grew bean an d marigold pla nts 

to maturity under various kinds of fluorescent lamps to evaluate 

the effects of spectral differences on development and re­

product ion . Evaluation was by fresh- and dry-yields of immature 

and mature pods; and of ve getati ve tops of plants for bean; 

and by flowerin g and fresh- and dry-weight yields for marigold. 

Bean plants grown under two exper imental lamps, "Com r• 
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and "IR111" produced significantly higher fresh- and dry­

weight yields of both mature and tot~l pods than under "warm­

white" lamps. This effect could be attributed largely to 

the considerable energy emitted by the experimental lamps in 

the red and far-red, as compared to a larger emission in the 

green and blue for the "Warm-white" lamps. The differences in 

the yields for immature pods and vegetative portions of the 

mature tops were not significant~ 

In a comparison of the effects of three experimental lamps 

with those of three commercial lamps on the growth response of 

bean, the yields were in general higher for the experimental 

lamps, except for immature pods. The yields of vegetative tops 

were significantly greater for the "78/22" lamp over the yields 

for all other lamps. The larger proportion of red and far-red 

light emitted by the experiment a l lamps is again the probable 

cause of the higher yields. 

The two sets of experiments on growth and flowering of 

marigold under various experimental and co mmercial lamps 

were largely inconclusive although there was some indication 

of beneficial effects by the experimental lamps. 

In a similar study, Kwack (1961) found highest yields (dry 

weight of pods and number of seeds per plant) of pea ~ith red 

light, and under conditions of equal intensity, lesser yields 

with blue, incandescent, pink, "Warm-white", and yellow (in 

that order) and the least with green light. Tests of light 

qualities in combination or alone showed that "Warm-white" 

plus incandescent light or "Warm-white" alone resulted in 

highest yields. The addition of incandescent to fluorescent 

light usually resulted in a higher yield than when either 

of these lights was used alone. 

Kwack and Dunn (1961) report a similar study with pea 

which includes data showing high photosynthetic rates with 

blue light if the intensity is high, or if it is compared to 

other coloured lights at equal intensities in foot-candles. 

However, again no considerations of efficiency are presented 

·in terms of energy flux measurements. 
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A more complete analysis of vegetative growth responses 

under various fluorescent and tungsten combinations has been 

mace by Rajan, Betteridge and Blackman (1971). 

The interacting effects of the nature of the light source 

and the temperature of the ambient air on 14 parameters of 

vegetative growth were examined for Gos syp ium, Hel ianthus, 

Phaseolus and Zea. The comparisons were between fluorescent 

lighting and mixtures with tungsten lamps (17 and 26 per cent 

of the total wattage), adjusted to give 32,400 lux and covering 

six equally spaced and constant air temperatures from 10 to 

3s 0 c. 

The relationships were highly complex. Species differed 

in their response to the three light sources and for some 

parameters (depending on species) there were highly significant 

interactions between the nature of the light source and the 

temperature level. Part of this complexity was due to the 

varying growth potential of species at low and high temperatures 

but important contributing factors were the differences be­

tween the temperatures of the ambient air and the plant parts. 

Considering first the total weight per plant, the differ­

ence between a high proportion of tungsten as against fluores­

cent lightin g alone was significant for each species but the 

lower proportion only significantly enhanced the weight of 

Gossypium and Zea. Only for Ph aseolus and Zea did the inclusion 

of tungsten lamps enhance the leaf weight ratios. Once again 

only these two species were involved in statistically signifi­

cant changes in root-weight ratio, but here the inclusion of 

tungsten lamps in the light source depressed the ratio. For 

the stem-weight ratio apart from the positive effects of 

tungsten illumination on Zea the changes in the other species 

were either not significant or barely significant. In contrast, 

for stem length all species responded significantly to a low 

proportion of tungsten lamps, while apart for Phaseolus, the 

height was further increased by a high proportion of tungsten 

lighting. 

On the basis of total leaf area only for Phaseolus was 
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the gain induced by a high proportion of tungsten lamps over 

fluorescent lightin g not si gnificant. Th e differences in the 

numb e r of le a ves per pl a nt between only fluor es c en t tubes a nd 

a high proportion of tun gsten we re all significant but there 

wer e specific differences in the nature of th e re sp onse : the 

re sp onse to t ungsten illumina t i on was negat iv e for Phaseolus 

but positiv e for the remainder. 

With respect to gro wth a na l ysi s f unctions, in three out 

of the four specie s t ha t receiv ed a hi gh tungsten proportion, 

the net assimilation r a te ( NAR ) statistically exceeded that 

of plant s illu minated s olely wit h fluor es cent l amps , but t he 

differenc e s between "low tun gs t e n" a nd fl uore s cent li ght LVas 

only significant for Coss ypi um . The nature o f th e li gh t source 

had little influence on the le a f area r a tio (L AR ) whe re onl y 

for Phaseo l tJS was th e r e a si gnif icant change (hi ghe r tun gsten = 

small e r ratio). In ea ch species except for Phase olus, where 

th e r e we re co mpensa tory ef f e ct s on LAR and NAR , in c r eas i ng the 

tun gsten co ntent incr e ased th e r e lativ e gro wt h rate (R CR ). 

4 .3.4. High-Prssur e Dischar ge Lam p Use . 

Reports on the ef f ects of new high-pressure disch a r ge 

la mps on pl a nt g ro wth a r e not e ntirely adequat e for e valu a ting 

th e ir usefuln e ss for plant growt h . Leis e r, Le opol d and Shelley 

(1 960) comp a red tun gs t e n, fluorescent, mercury va pour and 

their com bin ed effects on the gro wth of Kn ox wheat and red­

kidney bean. Knox wh ea t grew more f a vourably under the fluores­

cent/mercury vapour co mb in a tion than under fluorescent or 

t un gsten sep a rately or under the other combin a tions used. 

Red kidney bean grew best with the fluor escent/t u ngsten 

combination. Confusion as to t he reliability of these results 

arises because of injury to bean leave s at the hi gh er irradiances 

us ed . The effects of radiant hea t from li ght sources prob ab ly 

due to the inefficiencies of the water filter used between 

lamp s and plants was considered to be a maj or cause of this 

response. 

·schmidtch e n (1 967) , reporting pr e limin a ry r esu lts of 

experiments on the r a ising of cucumber seedlin gs with light 
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supplied by high pressure mercu ry vapour l amps , fou nd no 

essential d~fference ~etween those plants and those grown under 

low pressure fluorescent l a~ps . Similarly , Austin (1965) r e ­

port ed that a gi ven am ount of radi at ion from a high-pressure 

mercury-vapour (HPLR) l amp produced l arger plants than a si mi lar 

amount from a mercury tun osten ( ~L) l am p and for all three - ' 

speci e s tested (Chenooodium amaranticolor , Dauc us carota and 

Brassica olerac~~) the mean rel a tiv e growt ~ r ates were about 

40~ gre ate r under the HPLR than under the mL lamp at any g i ven 

irr adiance , 

These preliminary r esu lts give some l ead. as to the suit ­

abi lity of high - pressure discharge l am ps but further information 

does not appear to be present in the literature. 

5 . Current Studi es , 

Th ese present studies were undertak en with three ma in 

ob jectives und e r consideration . The first was to investigate 

closely the respon se of severa l plant species to li ght spectra 

from three main high-pressure vapour-discharge lamp types to­

ge ther with similar degrees of red and blue li gh t supplement ­

ation , This was conside r ed essential since there were a number 

of r ecent l y developed lamps on which there was li tt l e i nform­

ation currently avail2ble with respect tc plant response and 

which offered the advantages of high vis i ~le radiant flux and 

much higher operatin g efficiencies tran many of the othe r ol der 

l amp typ es . They also had considerably improved visible spectra 

compared wit h ear li e r high press ure lamp ty pes. 

The second objective was to examine , under a similar 

syst em , the variation of plant respo nse due to a marked im­

balance of radi ation distribution in the visible spectral r eg ion . 

This was int e nded to be a quantitative re distribu tion of energy 

flux between specific wavebands rat her than an undefinable , 

haphazard series of various visible li gh t spect r a . By varying 

the proportions of visible wavebands it was hoped that gene ral~ 

ized pred ictions of respo nses , due to treatment tr ends , may 

have been possi b le for other artificial li gh t spect ra and from 

each o f these studies some parameters may be estab lis hed for a 
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standardiz ed artificia l radiation source. 

The examination of r esp ons 8s due to interactions of 

artif ici a l light quality with light irradianc e ("light intensity") 

was the thir d main objective and was considered in conjunction 

with each of the other two . 

Each of these objectives was the basis for two major 

studies: one examining the Spectral Ba l ance and th e ot her the 

Spectral Bias situation and both incor~oratin g a study of li gh t 

irr adiance , 

The Spectral Ba lance study consisted of three treat ments 

at a similar irr~diance b?.sed on high-pr8ssure discharge l am ps 

supplemented with blue- fluorescent and t ungs ten l amp types , 

and three subsequent treatments based on one high - pressure 

discharge l amp type with varying supplementation and different 

irradiance l evels . Althou gh this particular exper i menta l 

design did not a ll cw extrapo lation of data between irradiance 

treatments it did al l ow insight to spectral and irradiance 

effects on a ge neral basi s . 

The Sp ectral Bias study consisted of b lu e - bi ased , ba lanc ed 

and red- biased spectral tr eatments Qbtained ~Y varying the 

proportions of different artificial l amp types . Each spectral 

tr eatment was studied a t two irradianc e l evels , 
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III ~A TE RIALS AND ~E THODS 

1 . Contro ll ed Environ~c~t F2ci l itics . 

1 . 1. Sp e ctral Bi a s Expe riment . 

1 .1 . 1 . Clirr. c3 te Rooms. 

The experimen t was carri Gd out in Roo ms 11, 12 and 13 

of th e Cli ~ate L2~oratory, Pl an t Phys iolo gy Div isio n , D.S.I. 1 ., 
Pa lmer st on ~ort h . Each ~rowth roo ~ me3su r es a piroxi ma tely 

2 . 7 x 2 .7 x 2 . 7 m, with an effective growi ng a~ea of 2 x 2 m. 

A di 3g r 2m~ atic side vi ew o f a typical Cli ~a te Roo m is 

sho wn i n Diag. 1 wh ich in di cates t he ma in f ea tures i n tho 

over a ll des ig r , Conditio ne d a ir fr om ductin g a long the top 

of each si de wa ll is p assed over th e pl an t trolleys a nd is 

recycl ed , vi a t he false floor to th e ma chi nery cham~er a t the 
"" T . f . . l 1 • ,. • . . 1 • d "' re a r o , each roo m. he a rt1 1c1a 1.1ghl, 1s supp .... 1e , r:im each 

source in the li gh t ri g locat e d in the loft reg ion abov e each 

room. Radiation fro m the rig is pa ssed thro u~h a t en~s r atu r e 

controlled on e -i nch wa te r s creen hea t barr:er s upport cc on a 

sh ee t of ~l a t e slass . r l a tas 1 a nd 2 s ho w g3ne r a l photog~a~hs 

of lig ht rigs in se rv ic i ng a nd op e r a tin g positions , The 

dov e lop men t of t h i s typ e of li gh ti ng sys t em a l lows t ha a~op tio n 

of lig ht typ es bey on d those gene r a lly used in many cont~allod 

environ me nt units in th e past . Th e 6vcrall co nce pt of a sm a ll 

numb e r of specific l2 mp types means t ha t ther e can be more 

complexity in th e types of l am p co m~ inatio ns possible a nd that 

ther e i s greater flexibility in changing bet wee n th e va rious 

units in use . Eq ually , t he heat barrier ( water screen) ren~ers 

the use of high out put la mps (high temperature or lon g-wave 

infra-red radiation) possible as compared to the low temp­

erature (lowe r visible output) fl uorescent tu be systems which 

freque ntly oper a te without a heat barrier . 

1.2. Spectral Ba lance Experiment . 

1.2.1. Cro wth Cabinets . 

The Spectral Ba lance experiment was carried out in 

Cabinet " X" a t the Pl ant Physiology Division, D.S.I . R., 

Palmetston North . The plan t growing ar e a measures 1 . 5 x 1.3 m 
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PL ~TE 1. Li oht rig from 3al a nced tre a t me nt in s e rvicin g 

position in control ga llery . 

PLATE 2 • Light rig a s in Plate 1 shown in operuting position 

. abbve the wa ter-screen heat ba rri e r. 

Lamp typos, control gea r, fus es, construction and 

geneia l l ayout are shown in those photogr2phs. " 
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and th e average plant he ight - wate r screen dist a nc e is 1 m. 

A dia grammat ic front vi ew of this cabinet, the prototype of 

a co mme rcially a vail ab le u~it (T empera t ure Contro l Ltd, 1971), 

is sh own in Di ag . 2. Overall, t he fea tur es a re sim il ar to 

those of a Cli ma te ~oom with the main exceptions of a 

reversed (up wa rd) airflow a nd a sma ll e r scale of unit. 

2. Li 5hting Sys t ems . 

2.1. Sp ectral Dias Exp e riment . 

The l amp co mb in a tions ch oson for this experiment ha ve 

been on t he bas is of producing the requir ed bj ased spe ctr a l 

tr ea t me nts with particular r eference to t he bl~e and red 

regions of t he vi sib l e spe ctru m. This bi as was achieved 

simply by concurrently reducing, on a wattige ba sis, one 

l amp type wh ile incre as ing t he content of another. Each of 

the spectral tr eat~ents we r e examined a t t wo irradia nc e le vels . 

The resultant l 2mp co mb i nations us ed for each of the 

t wo jiased a nd th e ba lanced spectral tr eatment s ~e re as out­

lin e d in Tabl e 2. 

TA BLE 2 

Sp ectr a l Bias Experi me nt 

Sp ectral Tr eatments 

Room 11 (Bal an c ed treatment) 

4 x 1 O O mJ " rn e t a 1- a r c " 
1. x 2000W Bl ue HPI 
6 x 1000W Qua rtz Halogen 

Room 12 (Re d-biased ·treatment) 

4 x 1000W 
12 X 100 0lJJ 

" f fi e t a 1-a r c " 
Qua rtz Ha logen 

Room 13 (Blue-biased treatment) 

4 x 1000W "r:'!etal- a rc" 
2 x 2000 W Blue HP I 

Wattage 

4000 
2000 
6000 

12000 

4000 
12000 

16000 

4000 
4000 

8000 
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These lamp types and reflector systems used were : 

" lYietal - arc ": 1 OOO J Sylvania 1 OOO BU rr: etal-arc l am p (, 1anu­

factured by Sylv ania Division , C.T. and E. Danv i e r s , U.S. A, ) · 

with modified Electrolier Corpor a tion l amp ho lders (Electrolier 

Corpor ation , Montre a l, Canada ) and Sylvania 400W Van guard 

refl ectors (s ee Warrington , 1969 ). 

Blue HPI : 2000 'JJ Philips Slue Hi gh Pressur e Iodide la mp 

typ e No. 8222 205 06703 with modifi ed reflector panels from 

a Philips HNF 002 floodli ght fittin g (Warrington , 1971 , un ­

pu~lished data) (manuf a ctured by Philips Electrical Pty , Ltd.i 

Ei ndhoven , Holl and ) . _; ,, 

Quartz Halogen : 1000W Philips 240V , Halogen la mp typ e 12012 R 

with Ph ilips r ef lector housing NK17/DD . 

The spectral data and a summary of the irra di2nce 

va lues in each tre a tment are presented i n the form suggested 

by th e Dutch Co~~ittee on Plant Irradiation (1953 , 19 5 5 ; see 

also r: orris , 1963) . The relc::itive spectral distribution of the 

ener gy flux density( i~ radiance )~ f ea ch li ;ht treatment in the 

400-725 nm re gion was deter~inod using an ISCO S~ S~ectro ­

radio me t e r a nd an SRR Spectra-radiometer Recorder Scanner , 

Fig. 1 sh ows the correct ed curves for the three 

Spectral-Bi as experiment treatments at the high irradiance 

level, Neu tr a l screens of standard wire gauge mesh we re used 

for shading for the lo w irradi a nce treatment such that the 

spectral outputs were identical at each irradiance level. 

The contribution of each of these three lamp types to 

the result ant spectra used in these studies, is represented 

in Diag . 3 , This is typical of the additive use of more than 

one artificial light spectrum in order to ach ieve a· total 

visi ble output close to that desired. In this resp ect, a 

sol ar radiatioh curve (see section V. 1 , 6 . below , and Appendix 

6) is presented as a ge ner a lized spectrum to g ive a ready 

comparison of the actual spectr um derived in this di ag ramma tic 

·example. 



Fig. 1. Spectral Bias Experiment. Spectral lrradiance Distribution Curves for the 
High lrradiance treatment. 

A. Blue Biased Treatment . 
B. Balanced Treatment. 
C. Red Biased Treatment. 
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Th e mea n visible (4 00-725 nm ) irradiance for ea ch 

treatment at p l a nt canopy l eve l, and t he percentage of the 

total visible r adiation from t he light source emittec in e~ch 

25 n~ bandwidth as measu r ed by the ISCO spect r a - radiometer , 

are give n in Tab l es 3 a'ld 5 r especti·1ely . 

Th e irr adinnce va l ues a t t he be9inning and end of 

each treat ment were also measured wi t h an Epploy py r anometer 

and a Scbott ACS filt e r system (see Appendix 1) . The va l ues 

with t his syste~ a nd the ir means for 3SC - 700 , 700-1400 and 

390-1400 nm bandwidths ~re pr esen t ed for each tr eatment in 

Tables 6A , 8 2nd C. [ach value i3 the mean of 5 r eadin gs 

t2ken over the gr owing a r ea . 

Th e proportion o f totdl ir r adiance (330 - 1400 nm) 

co nt ri~ ut ed by ea c h lamp t ype as a percentage of the tota l 

is g i ven in Table 4 . 

Fi nall y , th e l i gh t data i s presented in a form which 

ta~es consideration of the energy per quantum in ea ch tr eat ­

ment . Tab l e 7 presents data converted to Einsteins m- 2 sec- 1 

from the I SCO spectra - radiometer values , Th e relationship used 

for conversion i s that presented by ~cPhe rson (1959) , 

Each l amp t ype in a li ght ri g i s i ndependent l y 

adjus t ed to give uniform li ght di stribut i on at the plan t 

growi ng l evel within the roo m. A £r i d of 41 points a t 20 cm 

cent res was recorded for each l amp typo and for a ll l amps 

in ea ch tr8atment us in g a n EEL l i gh t- mete r (Ev 3ns El ectro­

se l enium Lt d ., En g l and , fl'e t e r No . LIYI 1458) , 

Records of the distribut ions ach i eved are pr es ented 

i n Appendix 2 . 

2 . 2 . Spectral Ba l ance [ xpe ri ment , 

Th e base l am ~ t ypes used in this study were selected 

as be ing potenti a ll y suitable for both pl an t growth and 

t e chnical operation under controlled env ironment condit ions , 

This study c onsis ted of thr ee treatments , at a si~ ilar l i gh t 



Table 3 

Spectral Bias Experiment 

( m-2) mean Visible Irradi a nce Valu es W 

Spectral 
Trea tment 

And Spectra l Dist r ibution 

ISCO Spectroradiometer 

(400-725 nm) 

Total 

400-725 400-500 

Hi gh Irra di a nce 

Blue Bi ased 194.9 48.77 

Bal anc ed 213.7 35.76 

Red Biased 2 02. 7 22.13 

Low Irradi a nce 

Blue Biased 12 8. 1 50 .14 

Balanced 135. 8 36 .17 

Red Biased 1 31. 3 22.32 

(%) 

% 
500-600 

28. 34 

33.05 

35.44 

27.67 

32.08 

33.76 

6 00 - 725 

22. 88 

31 • 1 7 

42.45 

22.17 

31.73 

43.93 



Table 4 

Spectral Bias Experiment 

Proportion of Total Irradiance Contributed 

- .: ., 

By Each Lamp Type 

(%) 

Eppley Pyranometer 

(380-1400 nm) 

Spectral Lamp Type 

Treatment "Metal-arc" Blue HPI Quartz Halogen 
I 

Balanced 42.7 16.9 40.3 

Red Biased 40.8 - 59.2 

Blue Biased 58.6 41. 4 -



Wave-
Band 
(nm) 

400-425 

425-450 

450-475 

475-500 

500-525 

525-550 

550-575 

575-600 

600-625 

625-650 

650-675 

675-700 

700-72 5 

Table 5 

Spectral Bias Experiment 

Energy Distribution Per 25 nm Band-width 

(%) 

ISCO Spectroradiometer 

(400-725 nm) 

High Irradiance Low 

Blue Red Blue 
Biased 

Balanced Biased Bi as e d 

11 , 82 8. 91 5.35 12.56 

9.81 7.87 5.61 10.89 

21 . 75 13.05 5.22 21 • 2 7 

5.39 5.93 5.95 5.42 

5.97 6.80 7.03 5.66 

5.85 6.50 7.24 5. 71 

6.45 7 .1 2 7.53 6. 04 

10.07 12.63 13.64 10.26 

10.29 10.68 13.26 9.34 

4.46 6.01 8.43 4.36 

2. 94 5.21 7.39 3.23 

3.32 5.42 7.27 3.26 

1.87 3.85 6. 10 1 • 98 

Irradiance 

Balanced 

8, 81 

7.96 

13.62 

5.78 

6.27 

6.42 

6.89 

12.50 

1 0. 41 

6.47 

5.34 

5.43 

4.08 

Red 
Biased 

5.34 

5.33 

5.44 

6. 21 

6. 96 

7. 17 

7. 12 

12. 51 

12.42 

8. 72 .. 

8.08 

7.86 

6.85 



Table 6 

Spectral Bias Experiment 

Beginning, ~nd and me a n Irradiance Values for each Treatment 

(Ill m- 2 ) 

Spectral Tr eatment j Start End Mean 
' 

A. Eppley Pyranometer with RC8 Filter (380-700 nm) 

High Irradiance 

Blue Biased 215.0 210.5 212.8 
Balanced 216.1 222.7 219.4 
Red Biased 226 .1 225.8 225.9 

Low Irradiance 

Blue Biased 151 • 3 133.8 142.6 
Balanced 157.2 133.5 145.4 
Red Biased 1 so. 1 139. 2 144.7 

B. Eppley Pyranometer with RC8 Filter (700-1400 nm) 

High Irradiance 

Blue Biased 35.9 37.1 36.5 
Balanced 106.4 103. 1 104.8 
Red Biased 170.6 177. 4 174. 0 

Low Irradiance 

Blue Biased 24 .6 24.2 24.2 
Balanced 77.4 68.5 73.0 
Red Biased 122.8 118.2 120.5 

c. Eppley Pyranometer (380-1400 nm) 

High Irradiance 

Blue Biased 250.9 247.6 249.3 
Balanced 322.5 325.8 324.2 
Red Biased 396. 7 403.2 400.0 

Low Irradiance 

Blue Biased 175.9 158.0 167.0 
Balanced 234.6 202.0 218.3 
Red Biased 272.9 257.4 265. 2 



Table 7 

Spectral Bias Experiment 

Visible Ph o ton Flux Density Per 25 nm Band-width 

( -2 - 1 - 9) Einsteins m s x 10 

ISCO Spectroradiometer 

(400 - 725 nm) 

Wave- High Irradiance 
11 

Low Irradianc e 

Band Blue Red Blue Red (nm) Biased Balanced 
Biased Biased Balanced 

Biased 

400 - 425 7 , 54 6 , 26 3 , 56 5 , 55 4, 12 2 . 42 

425 - 450 6 , 64 5 .87 3 , 95 5 . 10 3.95 2.56 

450 - 475 15 . 55 10 , 29 3 , 89 1 0, 54 7 , 15 2 , 76 

475-500 4 , 06 4, 92 4 , 68 2.83 3 , 20 3 . 32 

500- 52 5 4,73 5 , 94 5 . 81 3 . 11 3 , 65 3 . 92 

525- 550 4 . 86 5 , 95 6.27 3 . 29 3.92 4 , 23 

550- 575 5 , 61 6 ,82 6 , 82 3 , 64 4 . 40 4,40 

575- 600 9 . 1 5 12 , 64 12 . 91 6 . 45 8 . 34 8 . 07 

600 - 625 9,74 11 , 14 13.09 6 . 12 7 . 24 8,35 

625 - 650 4 .40 6 , 53 8 , 66 2 , 98 4 . 69 6 . 1 0 

650-675 3 . 01 5 , 88 7 ,8 8 2 . 29 4 ,02 5 , 88 

675 - 700 3 . 53 6 , 35 8 ,0 5 2,40 4 . 24 5 . 93 

700-725 2 ,06 4 . 67 7.01 1 • 51 3 . 30 5 . 36 

Total 80.86 93 . 25 92 . 55 55.82 62 , 20 63.29 400-725 
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irrad i ance , based on diffe r ent h i gh - pressu r e di scha r ge l a~ps 

with suppl eren tation fro m q l ue fl uo:- escent an d t ungs t e n l a~p 

types , and three su~scquen t treatments ~ased on ono hi gh­

pr essu r e d i scha r ;e l 2~ p typ e wi t h varying l eve l s of suppl e­

mentat ion and different irr ociGnce l eve l s , 

The l 3r. p conb i nat io ns used a re p~8Sented in Tab l e 9 

whe r e ab':J:-ovi2ticns r ep r esen t ti-,e foll o·.Jing l amp type s : 

HPL:1 : 

HPI : 

rr , .0.:1C : 

SL . rL: 

Tu ' l '"' 1 300t;I) . 
1 \: ....J ~ J w • 

1 OOOL\J Pri l ips H;:' L:1 Hi ;r - pressu r e mo rc ury - vapcu r 

l amp t ype No . 5??41 5/93 , 

2 0 0 m1 ;: !- i l i p s H P I ~.~ e r c u r y - i o c i c e· l a m p t y p e :J o , 

1 2 5 ~ CJ s ( :.u it h p r, il i p s f1 ;JF O 8 2 r 10 0 d l i ] ht f i t t i n~ ; . 

1 0 0 0 j Sy 1 v :.:i, i a 1 '.J Q '.J 3 U '.'~ o ta 1- ~ r c 1 :J i'1 p ( w i t h 

Ben z am i , Hi9h 3ay rGf l ector) . 

BOW P~i l ips 6S~ Fl ~orescen t (b l ue ) type 12 6 221 . 

~ODJ P~~ l ips Co~pta l ux 22 0- ~10 V Tun:sten t ype 
1 33 20 E/ ti.!t , 

TU~S( 100~) : 1 00~ ~azca 240 ~ ~looc li :~t Tungsto~ . 

C, r LOCD TU~: : 1SO~ Philip3 Co~pt a l ux rlood 240 V Tung st en 

type 13012 C/CJ9 , 

E~c~ of t hese l a~p ty pos a~c r ef l ec t o r sys te~s , 

t o~ethe ~ ~i t~ those used i n t~ e 3pe~tr2 J Cias oxperi~en t , are 

ill ustrated i n Pl a t e 3 . 

r ig . 2 shows th o co r r ec ted s p ec tr a l irr 2 d!ance c ur ves 

f or th e thr ee sp ectr 2 l trea t ments us e d~ Th e mean vi sibl o 

(400 -725 n~) irra diance va l ues for e a c h tr ea t men t a t p l a nt 

canopy l evel, and the pe r c e nt age energy dist ri ~ution p e r 

2 5 nm wav eband a r e pres8nted i n tab l e s 9 and 11 r e spectiv Ely . 

Tabl e 10 presen ts mean t ot a l ( 39 0- 1400 nrn) irra di a nce valu es for 

eac h exp e ri men t anc the percentage cont r ibu tion to t he t otal 

by each l 2mp type . 

Tab l e 12 pr esen ts t he d3ta f r o m Tab l e 11 convert ed 

( -2 - 1) to photo n fl ux densit y va l ues Em s e c • 

In ea ch tr eatmen t th e tot a l irradiance · fr om t he l cmp 

c o~b ination was a djus t e d by means of a standard tui r e gau ge mesh 



PLATE~ . The major lamp types used in the Spectral Bias 

a nd Spectral Balance experiments a r e sho wn here . The l am p 

typ e s a r e as supplied by man uf acture r s but r e fl e ctor syste ms 

ha ve been substantially a lt ered b y t he a uthor . 



Fig. 2. Spectral Balance Experiment. Spectral lrradiance Distribution Curves. 
A. Rig I. 
B. Rig II. 
C. Rig 111. 
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Li ']ht Rig 

I 

II 

II I 

IV 

V 

VI 

Spectral Ba l a nce Expe ri ment 

Spectra l Tro at~en ts 
(Li gh t Rig) 

L2'11p Co mponent 

4 X 1000 ,., HPLR . .t, • 

4 X 300 1. 
i}J • TU NG . 

2 X 150 w. TUNC . 
14 X 80 w. BL. FL. 

1 X 2000 VJ • HP I. 
16 X 150 w. TUtJG . 
12 X 80 w. BL. FL . 

2 X 1000 i}J • rn . ARC . 

16 X 1 SO w. COf":P . FL OOD . TL;:JC . 
1 0 X 80 1• 1 w . 8 L. FL . 

2 X 1000 w. fYl . AR C. · 

4 X 300 w. TU1'JG . 
12 X 150 ~tl • CO~iP . FLOOD . TUNG . 
10 X 80 w. BL. FL . 

2 X 1000 w. M. ARC . 
4 X 15 0 w. CO MP . FL OOD . TUNG . 

12 X 100 w. TUNG . 
1 0 X 80 w. BL, FL. 

2 X 1000 w. M, ARC , 

W;:ittage 

4000 

1200 

300 

1120 
--
6620 ........... 
2000 

2Li00 

960 
--
5350 
--
2000 

2400 

800 
--
5200 
----
2000 

1200 

1 800 

80 0 
--
5800 

--
2000 

600 

1200 

BOO 
--
4600 
--
2000 
--
2000 
--
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Table 9 

Spectral Balance Experiment 

Mean Visible Irradiance Values (W m-2 ) and 

Spectral Distribution (%) 

ISCO Spectroradiometer 

(400-725 nm) 

Total % 
400-725 400-500 500-600 

157.D 26.0 46.6 

16 8 .1 26.5 43.D 

151 • 0 26.2 43.2 

2 50 .1 27.7 39.5 

106.6 28.7 42.6 

199.9 28.6 42.4 

600-725 

26.8 

30.5 

30.6 

32.8 

28.7 

29.0 



Tabl e 10 

Spectra l Ba lance Ex periment 

( m- 2) Mea n To tal Irradiance ValuesW _ and Contribution of 

Lamp Types (%) 

Eppl ey Pyr an ome t e r 

( 380-1400 nm) 

Li ght fa Contri buti on fr om Lamp Typ e 

Rig Tota l High Press ure Tungsten BL. FL. Di scharge 

I 23 0 62 .0 11 • 0 27 .0 

I I 230 46 . 1 9. 9 4 3 .0 

I I I 219 62 .5 5.5 32 .D 

IV 430 69.0 4.2 27.8 

V 154 75.D 6.8 1 8. 2 

VI 253 100.0 o.o o.o 



Wave -
band 

(nm) 

400 - 425 

425-450 

4 50- 475 

475- 500 

500- 525 

525- 550 

550- 5 75 

575- 600 

600- 625 

625- 650 

650- 675 

675-700 

700- 725 

Table 11 

Spectral Ba l ance Experiment 

Spectral Flu x Distribution Per 25 nm Bandwidth 

I 

6 . 18 

11 • 91 

4 . 41 

4 . 11 

4 . 29 

14 . 26 

13 , 1 8 

14 . 91 

3 . 70 

6 . 52 

8 . 44 

4 . 64 

3 . 45 

100 

(%) 
I SCO Spectroradiometer 

(400- 725 nm) 

Spectral Treatment (L i ght 

II I I I IV 

4 . 96 5 . 41 7. 1 9 

6 . 63 7 . 23 7 . 25 

10 . 69 6 . 49 6 . 20 

3 . 82 7 . 09 6 . 90 

4 . 98 8 . 28 7 . 85 

16 , 56 8 . 42 7 . 25 

6.32 10 . 00 8 . 98 

13 . 18 16 . 25 15 . 50 

14 . 29 10 . 50 12 . 43 

4 . 21 6 . 61 6 . 88 

5 . 07 5 . 35 5 . 28 

4 . 78 4 . 55 4 . 66 

3 . 50 3 . 82 3 . 64 

100 100 100 

Ri g ) 

V 

7 . 96 

7 . 50 

5 . 95 

7 . 35 

8 . 77 

7 . 50 

9 . 1 8 

1 7 . 31 

11 . 87 

6,40 

4 . 1 7 

3 . 55 

2 . 48 

100 

VI 

7 , 82 

7 . 31 

6 . 1 5 

7 . 08 

8 . 1 7 

7 . 31 

8 . 36 

16 . 38 

14 . 92 

6 . 91 

4 . 13 

3 . 53 

1 • 95 

100 



Tabl e 12 

Spectral Balance Experiment 

Visible Photon Flux Density Per 25 nm Band- width 

Wave-
band 

(nm) I 

400-425 3 . 1 3 

425 - 450 6 . 40 

450-475 2 , 51 

475 - 500 2 , 46 

500 - 525 2 . 70 

525- 550 9 . 41 

550-575 9 . 11 

575 - 600 10 . 76 

6 00-625 2,79 

625 - 650 5 . 11 

650-675 6 .87 

675-700 3,92 

700-725 3 .02 

Total 68 . 1 8 400-725 

( - 2 -1 10-9) Einsteins m s x 

I SCO Spectroradiometer 

(400-725 nm) 

Spectral Treatments 

II I II IV 

2 . 70 2 . 70 6 , 55 

3 , 83 3 , 83 6 . 77 

6 , 53 3 . 64 6 . 52 

2 . 46 4 . 1 9 7 . 37 

3 . 38 5 . 1 4 8 . 59 

11 . 76 5. 49 8 , 78 

4.70 6 , 82 10 . 32 

11 • 01 11 • 5 7 20 . 19 

11 • 5 7 7.79 16.17 

3.55 5 .11 9 , 66 

4.44 4.30 7.59 

4.35 3.79 6.87 

3,30 3.30 5.50 

73.59 6 7. 66 120,85 

V 

2 , 80 

2 . 98 

2 . 67 

3 . 12 

3 , 65 

3 . 55 

4 . 44 

9.85 

6 , 22 

3 . 59 

2. 81 

2.33 

1 • 83 

49 . 85 

VI 

5 , 69 

5 . 36 

4 . 76 

5 . 67 

7 , 16 

6,90 

9 . 41 

18 . 03 

12 . 55 

6 . 53 

4 .02 

3.36 

1 • 92 

91 • 34 
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screen (neutr a l spectral sensitiv i ty) to achie ve t he r equ ir ed 

expe ri mental va l ue . The output from each com bination , there­

for e , is not a direct indication of t he effi ciency of li ght 

conv e rsion ~y th e l amp types being examined . 

2. 3 . Spec tra-radi ometer Calibrat ion . 

The ISCO Spectra- radiometer and recorder we r e 

calibrated i n the visi ble and near inf ra - re d ranges us in g 

t echniques outlined by Nor ris (1968) . The spect r a l emi ssion 

of 2 tun gsten stanca rd lam p (P . P . D. Stanc ard , R. 103 J . 62) w2s 

r ecorr. ed and relative spectral fl ux densiti es at 25 nm wave ­

l ength i nter vals est i rnated fro m the kno~n standard l amp 

emission . Absolu t e flu x density va l ues , and hence ap propri ate 

calibration factors for these wave len gths were cetermined fro m 

s~n l ight data r ecorded s imult aneous ly with 2n Eppl ey py r 2no~e t e r 

(Sarial No . 91~3) , a Linke and Feussner actinome t er (C~ 1 

Serial No . 660158) and the test in s tru~en t, usin£ ~con ' s 

(1 940) curv es as r efe ren ce C8t a . Severa l spe cific wave l en~th 

locations we re checked aga i nst t he known l ine em is s i ons from 

hi g~ - pressu r e discharge l a~ps 8S an asses s~ent of the reli 2~il ­

ity of t he r eference wave l eng th sca l e . 

3 . Environmcr.t3l Co ~rlitions . 

3 . 1 . Spect r al Bi as Expe ri men t . 

The environmental condit io ns used in t he Sp oc tr ~l Bias 

expe ri ment we r e as follows : 

3 . 1 . 1 . Temperature and Hum idity . 

0 0 The a ir temperature was 22 . 5 + 0 . 5 C day and 

17 . 5° .:!:. 0 . 5°C night a nd the rel ative hu~idity was 60 + 5~ 

( V. P . D. - 10 mb) day and 90 ~ 51 ( V. P . D. - 2 mb) night . The 

a l arm monitor was set a t+ 3°C and ~ 10% R. H. but no break-

downs in control occurred . Th e pr ogrammec time for change 

f rom day to night for these pa r nme ters was 6 0 min u t e s . 

The temper a ture control a nd alarm ca li br a tion settinos 

were checked week l y durin g the course of the experiment with 
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a reference calibrated platinum thermometer . Similarly , t he 

humidity sensor ( typ e PCR C 11 Hurni di ty Transducer, Phys . -

Ch e~ica l Research Corp ., U. S . A.) was c hecked usi ng either a n 

Assman hygromete r or a Honeywel l Humid ity and Te mperature 

meter ( ~odel W8 09 A, Ho~ey well Inc ., U. S , A.) every two days 

t h~ou ghout th e experiment . 

3 . 1,2. Ca r bon Dioxide . 

Carbon dioxid e wa s monito r ed but not controlled in 

each room ~nd fou nd to be 350 ~ 10 ppm fo r day and night 

conditio ns . 

3 . 1.3 , Plir Sp ae d . 

The ai r flo w down through the plants was 20 ~ 10 m. 
. - 1 m1 n at th e top of th e pl an t c an opy ss measu red ~y an Alnor 

th or~o - anerno~e ter ( " 1 , 1-1 nor I ns tr u:nents Co ,, Chic 2.~ o , U, S , A,, 
!\1 d 1 " ') ,.., ! , ') \ ,, o e 1·\jo . L.. Lc....;,,_ ;. 

3 . 1 , 4 , Day l ength . 

All trea t ments wo re run with a co ns t a nt 12 hour 

pho to pe riod ( 5 0Ch li ghts on, 1800h li ;h ts off), 

3.2, Spectr a l Ba l ance Experiment . 

The operatin g conditions for t e mperature , humidity and 

da ylength were the same in the Spectr a l Bal an ce experimen t as 

t hose in the Spectral Bias experiment . The ba sic co ntr oll e r 

design , calibration and operat ion in the growth c abinet were 

si milar to those in the Climate Rooms . 

4. Pl ant r~ teria l s . 

4,1. Pr opagation . 

4, 1, 1. Spectral Bias Experiment . 

Seed of White Clover (Trifoliu m repens L., N.Z. 

Government stock cv " Huia") , Perenn i al Rye grass (Loli um perenn e 

L, N,Z, Gov ernment stock cv. " f1uanui "), Sorghum ( Sorghum 
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bicolor L. Moench , Hybrid NK 145) and Soybean (Glyc ine max L., 

cv. Amsoy ) we re sown in a 4:1 pumice:peat potting media 

(pumice, a 1 :1 :1 mixture of 3 grades 1/4" x 1/16" : 1/16" x 

20 mesh: 40mesh x 20 mesh) and germinated in a propagation 

pit. Th ey were then transferred to a te mpera ture controlled 

glas sh ouse (25 °C max / 15°C min, 16 hour photoperiod) for 

growi ng on. 

Se edl in gs were pricked out, at the cot y ledonary 

expansion growth stage or equiv a lent, into 15 cm dia me ter 

1 ,2 litre plastic pot s (one plant per pot) containing a 

14:3:3 washed gr av Dl (1/4 - 1/8") : ve rmic u lit e (gr ade 3) 

peat pottin g mix. One 100 ml Nort h Ca rolin a St a te Un iversity 

nutrient solution a pplication (s ee Appendix 3), and on e 1oci~~ l 

water application we re a ppli ed to each pot daily . 

4.1 , 2 . Spectral Ba la nce Experiment . 

Seed of white clov er, perennial ryegrass , sorghum 

and soybean (cv. Me rit r e pl ace d cv. Ams oy) were prop a ga ted 

as outlined in section III . 4.1.1. 

Se edlin gs we r e pricked out into 15 c m diameter plastic 

pots (two pl a nt s per pot) cont aini n g a 4:1 pumice:p e at pottin g 

mix an d suppli e d with on e application pf Hoaglands A nutrient 

solution (see Appendix 3) a nd one application of water to 

each pot daily, 

4.2, Experimental Conditions. 

Plants were transferred to the experimental conditions ·· 

(growth cabinets or Climate Rooms) at a 1 - 2 tiller (ryegr a ss 

and sorghum) or 1 - 3 trifoliate - leaf gro wth stage (white 

clover and soybean), a fter a 7 - 10 day establishment period 

in the glasshouse . In both experim~nts, the pl ants were 

grown for 7 - 10 days under experimental conditions before 

the first har,vest . 
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4 . 2 . 1 . Spectral Bias Experiment (Climate Rooms) . 

24 pla nts (pots) of each species were ar r a nged on 

t rol l eys in 02ch of the treatments . 4 plants of ea ch species 

per tre a tmen t we re ca rried 2 s r e placement ma terial if 

r equired . 

All pl an t s r eceived 3 app licatio ns of 100 ml N.C. S . U, 

nutri e nt solut ion da ily (700, 1200 , 1900 hrs) through a n 

auto ma ted micro-tu~e system until the second harvest whe n t h is 

r a te was incr eased to 200 ml per application for t he remaind e r 

of th e tre a t me nt period . 

Each plant was r and omis ed on ea ch troll ey a nd all 

trolleys we r e relo cated in th e roo ms ev e ry two da ys , Plants 

were respac e d a n d randomized at each harvest . Wh e re pr ac tic a l 

there was on e speci e s pe r troll ey or two species of similar 

size ( ry es r ass :clover , soybean :sor gh um) per trolley . Plant 

growin g height wa s ad j usted thro ugh out th e experiment by r e ­

movin g sectio ns of th e trolleys s uch that the top one -t h ir d o f 

th e leaves on t he ma in sh oot r emained at ap proxi ma tely t he same 

mean dist an c e from the glass- wa t e r li ght - sc r een as at t~e end 

of the condit i oning period . 

4 . 2 . 2 . Spectral Ba lAnce Experiment (Gro wth Ca binet) . 

16 pots (32 pla nts) per species were gr own under each 

treatment and we re randomised t wice weekly on the gro wing 

p latform . All plants received manual l y two 100 ml a ppli c ations 

of Hoag l ands A solution dai ly . Plant heigh t was adjusted as in 

section III 4 . 2,1 . throu gh out the duration of the experiment . 

5 . Experi ment a l L3yout. 

5 . 1 . Spectra l Bias Experiment . 

32 plants per species were grown in e a ch tr ea tment , 8 

o f whi c h were harvested at 7 day intervals f o llowing an initial 

7- 10 day establishment pe r i od . 

At the prelimina ry harvest , stem length , tiller num ber , 



63 

stem numbe r, le a f number , shoot fr esh- we i gh t 2nd shoot dr y­

wei ght we r e r e corded . For subsequent harvests stem le ng th , 

shea th l en£th , l ea f number 'on ~a in s tem) , l Qnq t h and br eadth 

of th e l as t m~ture le a f on the main s tem , till e r nu mb3 r, ste~ 

numb er, main-stem angle , sh oot f resh we i gh t , and t he dry we i gh ts 

of l ea ves , ste~s , petioles , s~caths and ~ecove r ed ro ots ( a ft a r 

washins ) we r e , ~spending en spe ci es , ~ac orde d , For th e pre ­

li minary , second an c thir d harvests 211 ma t e ri a l was dr i e d i n 

a hot- a ir ov en set at 95° C for 2 4 hou rs . Lc2 f ~n~ pe tiol e 

material from th e fi na l h2 r ves t was froz en on~ subs equent l y 

fr eez e- dri ed ; ot her materi a l wa s d r ied in the sam e way as in 

th e first thr Ge ha rv es t s . 

The pracecu re ad opt ed a t each hnrvest was to ~easu r e 

al l tbe sho ot ~a r am eters (s tem l enJ th , l cz t num~e r e tc) on t he 

int a ct plants after th e r em oval of a2ch plant fr om a tr ea t~ent. 

Shoot fr a sh - we i g~t wa s 8Ss2s sad i~ ~edia t e ly a ft er cut ting the 

shoot f r om t~e roots i n or de r to 2vo id an y loss of wa tar du e 

to the sh oot wiltin g a f ter 2~s c i ssion , The r oots fro~ BACh 

plant we r e r eco ve red fro m t~ e potti n~ - rn i x by careful ~~shin~ 

a ft e r t~e shoot harv est w~ s co~pl e t ed , 

All ~a t e ri a l was we i ghec in a consta nt te mp e~ 2 t ure and 

humidity controll e d roo m (22°c, SO~ R~ ) Af ter dryi n~ . 

A separ a t e dryi ng expe ri men t indi ca t Ed t hat the diff­

erence in fi n31 dry - wei ghts with th e diff e re nt dryi n~ methods 

were of no si gn ificance and no correc tion s to the da t a obt ained 

we re made . 

The fr eeze-d ri ed oo t e ri a l was gro und in a Culatti 

micro - ha~me r mill ( ~od e l C5RO) and s tored in sea led glass 

vials for subsequ e nt ch e mical a na lyses . 

5.2. Spectral Ba lance Experiment . 

16 pots ( 32 pl ants ) per species we re grown i n each 

treatment, One plan t pe r pot was har vesteq follo wing a n initi a l 

7-10· day es t a~lishment peri od and t wo follo wi ng harvests of 8 

pbts_ each at 7-10 da y int e rv als co~pl et ed each treat men t. 
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At t he prelimin a ry ha rvest stem l Gngth , l eaf number 

(on th e main stem) , stem nu~ber , tiller number and shoot fr osh ­

and oven dry-weights were record ed , In addition at the second 

a nd third harvGsts , the len gth and brea dth of the l ast mature 

l eaf on the main stem , sheath len gth , an d the dry weigh ts of 

le aves , st e ms , petio l es , sheaths and roots l'Je r e , depending on 

speci es , recorced . 

Th e ~oneral harvesting and expe r imental procedu r es 

we r e the same as those for t~e Spect r al 8i2s Experime nt . 

6 , Plant Measurenents . 

6 , 1 , Pe thods of ~easur eme nt . 

Th e f ollowing methods were used to measure tho growth 

parameters r ecorded in the Spectra l J ias ~nd Spectral 3a l ance 

expe ri ments . 

Lea f nu~b e r - t he number of matur e and dev e l opi ng 

l eav es on the main stem or shoot ; soybean : trifoli 2 te ~eaves , 

ry egrass and sorghum : main shoot l ea f lamina , white clover : 

t he numb e r of trifoliato l ea ves on the longes t stem , 

Th e mature l eaves we re Qau9ed consistently on a sub­

j ec t ive bas i s a nd the next develo ping l ea f wa s scored by a 

decima l system (see for exam pl e , IY:c1 u rer et a l., 1966) . 

St em ( shoot ) l engt h - r yegrass and s or ghum : from the 

tip of th e l ast ma ture l eaf blade to t he sheath base , s oy bean : 

main stem l ength from the base of the developing stem a pex to 

t he stem base , wh it e c lov er: l ength of the longest stem fro m 

the base of the developin g stem apex to the s t em base . 

Sheath l eng th ( s or gh um) - l ength of th e sheath fro m 

the l as t ma ture l ea f base ( l igule) t o the base of the sh oot . 

Stem ang l e ( s or ghum ):the tillers and the main shoot 

in sorghum are co-pl a na r ; the angle of the main stem from the 

horizonta l was measured a t ri ght ang l es to that pl a ne using 
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a protractor (with the pot surface a~ the horizontal refere~ce). 

Stem nu mbe r, tiller num~er - this represents the 

number of tillers or stems greater than 1 cm in len gth but 

does not include th e ma in till e r or st em . 

Sample leaf length and breadth-from 8 pl an t s per species 

in each tre a t me nt , the length and breadth (at the mid-point) 

of the last mature le a f (centre leaflet on soybean, two ce ntre 

leaflets from white clover) were record ed , bulked , oven-dri ed 

and weighed. 

Mean l e ngth and breadth va lues were used to determin e 

the sample le a f a rea by the relationship: L x Bx conversion 

coefficient= area . The specific conversion coefficients for 

each species a re: 

Soybean 

Sor ghum 

White clover 

Perennial ry eg rass 

0.725 

0. 71 9 

0. 70 9 

D.826 

These coefficients were derived at Plant Physiology 

Division (Forde, psrs, comm., 1969) and ap pear to a gree approx­

imately with previously publised coeffici ents. (Sestak et a l., 

1971). From the mean sample (last mature) leaf areas and th8 

mean dry weights for the sample leaves, dry-weight per unit 

area of the sample leaves and total leaf area (from total leaf 

dry-weight) may be determined. 

7. Data An3lysis . 

7.1. Spectral Bias Experiment. 

The data for each parameter measured were analysed as 

a two-way analysis of variance using the eight plants as 

replicates and·the three spectral treatments at two light 

irrad iance levels as six treatments. Lowest significant 

difference . values for 5 and 1% confidence limits were derived 

as part of each analysis of variance • 
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From the raw data , leaf area per plant, a nd tre leaf , 

stem , p etiole , sheath and root: shoot we i ght r at ios par plant 

were derived an~ ~nnlysed as a bove . Us in g th e dr y- we i £hts and 

l ea f a re8 s , the d~ta was further analysed by tr 8d itiona l growth 

an a 1 y sis t e c h n i q us s • rJ e t ass i mi 1 a t i on rate ( : ~A~ ) , 1 ea f - are a 

ratio (L A~) , r e l~tive £r owt~ -r2 te (R~ R) a~d the re l at ive rate 

of l eaf - a r es e xpnnsion (nL AC1 ) of a ll speci es were calculated 

from shoot dgta us in g re gr ess ion t e ch ~i ques (s ee Vernon a:id 

A 1 1 i s o n , 1 9 6 '3 ; ~ a ::! F' o r d , 1 9 6 7 ) • T h e d r y - rr. a t t e r p e r c e :i t a g e IJJ a s 

a l so calculated fr om a rith~etic means of shoot fresh an d dry 

l1J8 i ght s . 

The growth 2nalysis functions used were as foll ows : 

Relativa Gro wth Rate (~~R) -
1 d '.iJ d 

RSR = IJJ • dt = dt (lo ge ~J)' 

i . e . the increase of pla:it ~a teri a l pe r unit of 

~aterial present pe r unit of time . 

RCR 1 / t2 1 d l/.J = t2 - t1 w dt 
t1 

= lo g w - log W1 e 2 e I 

(t2 - t1) 

Ne t assimi l ation rat e ( NAR) -

NAR = 1 dW 
7i: dt 

i.e . the rate of i ncrease of dry weight per unit l eaf 

a r ea . 

1 
A 

dW 
dt • dt 

(lo ge A2 - lo g
8 

A1 ) 

(t2-t1) 
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Assumi ng tha t: 

(i) on ce the period t 1-t 2 , A and Ware linea rly 

rel ated , and 

(ii) A and Ware not discontinuous with time. 

Le a f a rea r ati o (LAR) -

A 
LA R = W 

i.e . the r a tio of tot a l l eaf area to tot a l (shoot) 

dry we i ght , 

Re l ative r ~t e of l ea f area expansion (RLACR) -

1 dA 
RL AGR =A • dt _ i . (lo ge A) 

- dt 

i . e . tbe increase of le a f area pe r unit of l ea f area 

prese nt per unit of tim e , 

RLAGR = lo ~e A7 - loQe A1 

t2-t1 

7.2 . Spectra l Ba l a nc e Expe ri~e nt . 

The desi gn of this experimen t , which compe ll e d the use 

of successiona l trea tme nt runs in the same growth c ab inet, 

introduce d problems of comparative pl ant size and development 

at the start of each treatment . In this respect , th e inde x 

of treatment time was not consiste nt between tr ea tments and 

c ou l d not be used as a basis for statistical analysis . To 

partially ov e rcome this prob l em the growth measures presented 

in the results have been expressed a s a function of pl a nt dry 

weight and the varia bility at each harv es t period is exp r essed 

as a standard err or (S . E. ) value . No analysis of va r iance tests 
were undertaken . 

· Functions derived from raw data and presented in t he 

r esults s ection were calculated as outlin ed in Sect i on III 7 . 1 . 
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8. Biochemical Ana lys es , 

8,1 . Carbohydrate Determinations. 

8,1.1. Spectral Bios and Spectral Bal-ance Experiments. 

Fr eeze -dri ed powdered plant material (0,1 gm) was 

suspended twice with 10 ml 20~ ethanol to ex tr 2c t solubl e 

c a r b o h y d r 2 t e s ( " s u g a r s " ) • Du p 1 i cat e D • 5 m 1 s am p 1 e s f ro m t h e 

sup e rn a t ant were taken for Anthrone determinations . 

The residue wa s r esuspended in i . s ml distilled 

water and boiled in a water bath for JS mi nut es to gelatinise 

the starch . Thi s wa s followed ~y solubiliz2t·ion in 3 , 3 ml 

52~ perchloric acid at 25°C for 20 minutes (Pucher et al , 1948) 

befor e being centrifuged , 

The residue was discarced a nd the supernatant made up 

to 100 ml, ~ 3 ml aliquot from this vol ume was hydrolysed in 

~ ml 3N H2 so4 for 2 hours at 100°c. Dup licat9 0 , 5 ~1 a liquots 

of th e stare~ hydrolysate were ta~en for Anthrone determin-

ations. (Viles 2nd Silverman , 1949) , 

Anthrone test • 

50 mg Anth rone was dissolvec in 100 ml ?Ofa H
2

so4 . 

Al l Anthrone solutions we r e discarded a ft er 72 hours anc we re 

stored at o0 c when not in use . 

A 0.5 ml: aliquot of t he prepared sa~ple for each 

deter mina tion was pipetted into 5 ml Anthrone s o lution in 

l arge boilin£ tu bes . The tubes were placed in a boiling 

water b a th for 7 minutes and then cooled before r eadin g the 

optical densities at 625 nm on a Bausch and Lomb Spectronic 

20 colorimeter/sp ectrophotometer with standard cuvettes . A 

water blank was included in each batch of analyses and stand­

ard curves for each anthrone solution were const r ucted using 

serial dilutions of a 100 mgm/1 D- glucose standard solution . 

8.2 . Protein Nitrogen Determination. 

8 . 2 . 1 . Spectral Bias and Spect r al Ba l ance Experiment . 

Protein nitro ge n determinations us i ng the Kjeldahl 

digestion technique , inco~porating selenium as a catalyst , 
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were carried out on individual l eaf samples and bulked petiole 

material for each species from all trea tments. 

A 290 mgm fr ee ze-dried sample was digested in a 5 ml 

digestion mixture in a 100 ml Kjeld2bl flask for 2 hours until 

the mixture was cl ga r . The digestate was made up to a 10 0 ml 

standard volume inn volum e tric fl ask . 

Nitrogen was determined on a 5 ml (duplicate) sample 

of the digestat e by steam ~istillation in a ~a rkham still , 

afte r relense with NaOH , and colle ction in a bor ic acid­

indicator mixture solution. 

The corrected sample titre exp~ essed in ml O.OlN HC l 

was equivalent to the percentage of nitrogen in the sample. 

Digestion ~ixture : 100g K2sc4 + 1g Se granules in 11 

36N H
2

So
4

, 

Oor ic acid- indicator ~ixture : 2i W/V aque ous solution 

of boric acid , containing 2i V/V indic a tor mixture (5 vol 0 . 1~ 

ethanolic sol ution of bromocres ol green+ 1 vol 0.1 ; ethano lic 

solutio~ of methyl red) . 

Protein cont ent was calculated from the relatio nship : 

iN x 6 , 25 =%Protein 

8.3. Chlorophyll Determinations , 

8,3.1. Spectral Bi as Experiment . 

Total chlorophyll concentration and chlorophyl l a: 

chlorophyll b ratios were determined for all species and 

trea tments immediately prior t o the final harvest . 

Two sample leaf discs per plant were taken from t he 

youn gest mature leaves on the 8 plants in each treatment for 

sorghum and soybean (approximately 300- 500 mgm fresh weight) 

and two ent ire youngest ~ature leaves were taken per pla nt for 

r yegrass a nd white clover ( a pproxi mately 1-2 gms fresh 

weight) . No allowance for this small tissue loss was made 
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to the tot a l or p l an t-p a rt weights . 

Sam pl e t issue was immediately cut into thin sections 

and gro und in 10 ml 80~ acetone in a Ten - Broek hand ~rou nd­

g l ass tissue grinde r . Th e extr act was c entrifu~ ed to re mov e 

t he r esidue ~nd the suparnctant wa s made up to 30 ml with 80~ 

a c etone . Duplicate s~mples at twa d i l utions we r e tr ans f e rr ed 

to c uvet t es nnd abso r b2nce va l ues at 64 5 and 66 3 nm we r e r ead 

in a Po rk en-El me r ro~e l 450 tpect ra ph ot om e t e r . 

Tota l chlorophyll , ch l or ophy ll a and chlorophy l l b 

conc ent r at io ns we re determined using the foll owing relation­

ships (Arno:a , 1 949 ~. 

Chlorophy ll a = ( 12 . 7 /\663 - 2 . 69 A545) µgms/ml, 

Chlorop hy ll b = (22 . 9 l\6 4 5 - 4 , 68 A553 ) 1:r;ms/m 1 , 

Total chlorophyll = ( 20 . 2 (\ + 8 , 0 '.? r155 3) µ;r,s/m l . n545 

8, 4 , A~ino Acid Ana l ys is . 

8 . 4 . 1 . Spectr:::!l Bi a s Experb1ent . 

At t he finnl harvest i n the low i r r ad i ance treat~ent , 

sma ll (400 - 450 m~m) samples of fr es h tiss~e we r e teken rand­

o~ly f~o rn th e youngest ~a t uro l eaf la ~ina ( l atera l l ea fl et) 

of e i ght soy~ean plants i n each tr eatmen t . 

The samp l e was extra ct ed in 5 ml 1 : 2 c h loroform:m eth ­

anol in a Ten- 8 roek hand gro und - gl ass ti ssue gri nder , Th e 

resid ue was then centrifu ge d ~own and re- ext ract ed with 1 . 5 ml 

water and cen t ri f uged aga in . Th e tw o supernatants we re re­

combined and the methano l :crloraform: wa t er r at io adjusted 

for ph a sic separation (12 : 11 : 10 ) . 

The aqueous phase c ontaining the 2m i no acids wa s re­

t a ined, r e cuc ed to 50~ in a rot z ry evaporator and freeze dri od . 

Each s amp le was re- suspended in 1 . 5 ml of 0 , 2 m Na 

Citrat e pH 2 . 2 bu ff e r and 100 µ l aliquots were taken for 

an a l ysis in a Beckman/Sp i nco modal 120 amino a cid analyser . 
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All samples were run as dup l icate s and the data i s 

present ed as means of these results . 

9 . El ectron ~icrosco py . 

9 . 1 . Spectr a l Bias Experiment . 

At the fin al harvest of each treatment a sample pi e ce 

of leaf tissue a pproximately 5 x 5 mm was t aken from t he 

youngest mn.t ure l eaf- (lat e r al l ea fl et) for an e'iectron micro ­

scope stu dy . All the samp l es were taken a t the end of the 

12 hour ni gh t period to a llow eas i e r cutting of mate ri a l and 

for grana and thyl ako id structures to be unobscured and un­

distorted ~ y s tarch-grain for ma tion . 

Only t wo species were used in this study : soybean 

because of earl i e r reports of env iron ~ental effect s on 

chloroplas t changes (3all antine an d Forde , 1~70) a nd wh it e 

clover because of its sui t ab ility for e l ec tron mi croscop e 

studies . So r gh um and rye grass , although of int e r e st be cause 

of different l ea f stru c tures wore not us ed because of difficult 

sectionin g properties (s ee 3all a ntine , 1 959 ) . 

Lea f sections 1 x 5 mm we re cu t from each s amp le un de r 

cold 3~ glut era l dehyce/2~ for ma ld ehy de one - ha l f s tr eng th 

Ka r no v s k y f i x a t i v e ( I< c r n o v s k y , 1 9 G 5 ) • , i n O • 1 f,~ p h o s p ha t e 

buffer, vacuu11 infiltr ated for 10 r.iin . and fixed in fr es h 

fix a tive a t 4°C for 3- 4 hours . 

Specimen~ were subs e quently wash ed t wic e in 0 . 1 m 
phosphate buffer (pH 7 . 2 , 4°C for 30 min . ) , past - fixed in 1(o 

Os0 4 (0 . 1 ~1 phosphate buffer , pH 7 . 2; 3 hr . at 4°C) , buffer 

washed t wi c e and dehydrated at room temperature in a gr ade d 

et ha no 1 s e r i e s : 2 5 ~ , 1 0 -1 5 mi n • , 5 0~ 3 0 mi n • , 7 5 fe ov e r n i g h t , 

95~ 30 min . , 100% 10 min ., 100% 60 min . They were then was hed 

twice with propyl ene oxide for 15 min. at room t e~pe rature , 

i nfiltrat ed via a propylene ox ide/epo xy resin series (Luft , 

1961): 75: 25~ , 1- 2 hours , 50 : 50~ 1-2 hours , 25 : 751o overni gh t , 

0 , 100% 6-8 hours embedded in complete epoxy r esin mixtur e 

(Durcup an AC~ , Fluka , 3uchs , Switzerland) and polyme rized 

at 66°c for 48 hours . 
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Prepared sections were cut using an L.1<.B. "Ultro tomc" 

and a glass knife , were picked up on carbon-coated Formvar 

support-fil ms on 200 mesh copp e r grids , post-stained for 5 

min in aqueous uranyl nitrate and for 5 min . in l ead citrate 

(R eyn old s , 1963). 

All samples were examined using a Philips EM-200 

electron microscope . 
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IV RESULTS 

1 . Sp ectral Ba l 3n ce Exp ori~ en t . 

1 • 1 • General . 

The choic e of lamp co mb inat ions made in the Spectral 

Balance experiment result e d in a close similarity bet we en 

each of the spectra l tre a tments with respect to their intrinsic 

Vi3ible wav e length ba l ance . Tab l e 9 shows tha t on a broad 

waveband (100 nm) consid e r at ion the differences between 

light tr ea t ments in th e visibl e r ange were only small; more 

specifically the blu e (425-475 nm) : red (625-675 nm) ratio 

for each rig was calculated as being similar as is shown by 

the follo wing a rbitrary ratios based on the percentage values 

for sp ectral distribution : ri g I 1 .2, III and IV 1.35, 
II and V 1,7, VI 1.8. Similar calculations for the red:infra­

red (700-1400 nm) ratio showed th e followin g ascendinJ or der 

of ratios for e a ch ri g : IV , V, III, VI , II, I where the 

relative differences between rigs we re gre a ter than for the 

other narrow visi b l e waveband ratios. 

Hence , a lthough t he base lamp, and th ere fore the base 

spectr a l emission , varied between rigs I, II and III there 

were no sharp contrasts botwten each of the spectral outputs 

of these rigs ex pe cially within t he photosynthetically active 

wa velen gth region a nd markec plant r esp onse differences be­

tween these spectral treatments on this account we re not 

expected. 

Likewise with rigs IV - VI, where small sp e ctral 

balance differences existed, the major response was con­

sidered most likely to arise from the differences in the 

irradiance levels. 

These six treatments arc discussed therefore on the 

basis of spectral (rigs I - III) and irrndiance (rigs IV -
VI) treatment differences . 



1 . 7. . Plant Weight . 

1 . 2.1. Shoot We ight. 
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The data for mean shoot dry-weight (g) at each harvest 

are presented as plots o f dr y weight (log . scale) against 

time in Fi (] 3 for each of the four sp e cies studied. Mean lea f 

number at the preliminary harvest is presented on each gr aph . 

Examinat ion of the dry wei ght and l eaf number a t the 

first h nrvest for each tr eatment , and for each species, 

clearly d emonstrat es the problem encountered with variable 

plant size and stage of developm ent, in an exp 2riment of 

this nature, where successional treatments we r e necessary . 

Th e ma in feature of t hese r osu lts is t hat for each of 

the s pec ies studied , the responses s hown have been pr edomin­

antly influenced by irradiance r ~ther than by spectral 

quality. This irra diance r esp onse is a pparen t fro m th e vary ­

ing slopes (i . e . inte r va l RCR ' s ) of e2ch we i ght incr e2se 

under li Qht ri gs IV to VI . 

1 . 2 .2. Relative Gro wth Rate . 

( - 1 -1) RCR g g day data for each ha rv est interval and for 

tot a l treatment time are presented in Tab l e 13 , In most 

inst anc e s the RGR e ith e r decreased or r emained consta nt with 

time unde r tr eatment . Mean RCR for sorghum showed a c lose 

rel a tionshi p to irradiance . Increased irradiance (rig IV) 

markedly increased RGR , whereas decreased irradiance (rig 

V) had the reverse effect compared to · th e ot he r treatments. 

Rye9rass and white clove r showed a simi lar r esp ons e to 

sor ghum , but soybean RGR did not r espond except th a t the 

rate of decrease in each int e rv a l RCR wa s not as great a t 

the high irradi a nc e as at the lower irrad ianc e . 

Generally , no 

quality was noted 

dry - wei Qht da ta. 

obvious effect of varying spectral 

in the res ults a s expected from the shoot 

In each of the different li ght trea tments 

there we r e no unusually hi gh or low RCR va lue s for each of 

the sp e cies tested , although it is accepted that e xclusion 
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Fig. 3. Spectral Balance Experiment. 
Shoot Dry-Weight increase with time under each treatment (all species). 



Species/ 

Treatment 

SORGHUM 

I 

I I 

I I I 

IV 

V 

VI 

Table 13 

Spectral Balance Experiment 

Relative Growth Ra te (RGR) 

All' Harvest Intervals and Total Experimental Period RGR's 
( g g-1 da y-1) 

(S.E. in Brackets) 

Harvest Interval Species/ 

Treatment 
Harvest Interval 

1 - 2 2 - 3 1 - 3 

0 .1 91 0 .164 0.180 
(0.009) (D.009) (D.004) 

D.204 0 .162 0.187 
(0.017) (0.009) (0.007) 

0.224 0 .14 8 0. 1 92 
(D.015) (0.017) (0.007) 

0.255 0.210 0.233 
(0.017) (0.013) (D.007) 

0 .16 7 0.197 0 .1 76 
(0.008) (D.019) (0.005) 

D.234 D.179 0.210 
(D.015) (0.019) (0.008) 

SOYSEAN 

I 

I I 

I II 

IV 

V 

VI 

1 - 2 

0. 14 3 
(D.00 6 ) 

0. 1 32 
(D.009) 

0 .139 
(D. 009) 

0 .133 
(0.005) 

2 - 3 1 - 3 

0. 11 0 0.130 
(D.005) (D.003) 

0. 127 0.131 
(D.008) (0.004) 

0.121 0. 1 32 
(0.007) (0.004) 

0. 13 0 0. 1 31 
(0.007) (0.003) 



Table 13 contd. 

Species/ Harvest Interval Spe c ies/ Harvest Interval 

Treatment 1 - 2 2 - 3 1 - 3 Treatment 1 - 2 2 - 3 1 - 3 

PER EN NIAL WHITE CLOVER 

RYE CRASS 

I 0 .170 0.195 0.184 I 0 .167 0 .196 0.180 
(0.009) (0.009) (0.005) (0.017) (0.017) (0.008) 

I I 0.161 0. 112 0 .144 I I 0 .182 0.182 0.185 
(0.016) (0.021) (0.008) (0.016 (0.024) (0.008) 

III 0.174 0.208 0.195 I I I 0. 167 0 .143 0.164 
(0.013) (0.014) (0.006) (0.018) (0.032) (0.009) 

IV 0.204 0 .185 0.192 IV 0. 17 4 0 .1 92 0 .1 80 
(0.009) (0.012) (0.005) (0.010) (0.018) (0.006) 

V 0 .173 0 .146 0.166 V 0.160 0 .175 0.164 
(0.009) (0.025) (0.007) (0.014) (0.018) (0.007) 

VI 0.200 0 .149 0.184 VI 0.197 0 .167 0 .1 81 
(0.009) (0.023) (0.007) (0.018) (0.025) (0.009) 
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of root we i ghts may ha ve bia s8d the rosults in relation to 

tot a l plant we i gh t - based Ren valuos. 

1.2.3. Dry Ma tt e r Perc en t aJe . 

Dry-matte r percent age val ues for eac h harvest are 

shotnn in Fi 9 4 . 

The relationship between tre 2 tmRnts varied wi th tim e 

und e r tra a tme nt (increase in dry- weight), ho we ver, there were 

two obvious sroups . of r esu lts f or each species. The HPLR -, 

HP I , a r. d 1 o ,u i n t en s i t y " '.Y' e t a 1- 2 r c" - b 2 s e d ri gs gave co n s i s tent 1 y 

lo we r values th a n the " Me t 2l- 2. rc"-bas ed ~ediurn an d h igh­

irradiance and " !'11 etal-arc"-onl y tr ea tments. 

There we re also some species - specific tronds of dr y-

matter percentage with increasin g plant ~e i~ht, Scirghum 

sho w~ d comp ~r a tively ste3dy , white clover sho wed downward ~nd 

soyb ea n and peren:1ial rye grass up11rn rd trends with incre3sin g 

plant weiQht for a ~a jority of the tre a tm ents studied . 

1 • 3. Stem Length . 

Stem (shoot) length (cm) results are plotted for eac h 

species in Figs. 

The most significant r e sponse of stem length was to 

th e different irradiance levels r a ther th nn to the different 

spectral trea tments. High irradiance resulted in shorter 

stems in sorgh um and rye gr ass but had little effect on soy­

bean and white clover. Low irradiance increased stem length 

in sorghum a nd ryegrass but, like the high irradi3nce treat­

ment, had no effect on white clover. 

In relation to the spectral trea tme nts, in sorghum 

an effect on stem length was app::i.rent in the "Metal-arc" 

based rig ( Ri g III) t1Jhere lowe r values were obtai ned compared 

with the HPLn and HPI ba s8d rigs (I and II). In soybean this 

effett was reversed (especially at earlier harvests ) but no 

response was noted in the ot her species, 
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The "Metal-arc" only rig (VI) produced intermediate 

stern length values compared to the high and low irradiance 

treatments. There appeared to be no spectral effect in this 

treatment. 

1.4. Leaf Area Per Plant. 

( -2 Results for mean leaf area per plant cm ) are presented 

in Fig. 6. 

Cenerally, there was little difference noted between 

either the spectral quality or light irradiance treatments. 

High irradiance (Rig IV) significantly depressed leaf area 

in soybean, but showed no obvious effect in the other species 

studied. In each species, however, there did appear to be a 

trend towards higher leaf areas under the HPLR- and HPI-based 

treatments. 

1.4.1. Dry l/Jeight Per Unit Area 

(Last Mature Leaf Blade). 

I ( -2) The results for dry-weight unit a-tea g cm show ·a 

positive influence of light irradiance but no significant 

response to spectral quality (Fig 7). 

High irradiance (Rigs IV and VI) markedly increased 

dry-weight per unit area in soybean, white clover and ryegrass 

but only marginally in sorghu~. Low irradiance (Rig V) prod­

uced lower values for each species but these were little 

different from the intermediate irradiance treatments. 

An unusual response for both soybean and ryegrass was 

the decrease in dry-weight/unit area with time under the HPI­

based treatment compared with the obvious increase in values 

under the other treatments tested. The final harvest value 

in soybean is comparable to the other spectral treatments but 

the second harvest value is markedly higher. No obvious 

explanation can be given to account for this difference. 

1.4.2. Leaf Shape (Last Mature Leaf Blade). 

The leaf length, and leaf length:width ratio for each 
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Fig. 7. Spectral Balance Experiment. 
Mean Dry-Weight per Unit Area of Leaf plotted against shoot 

dry-weight for the final two harvests. 
{S.E. shown for final harvest values) . 
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species are shown in Fig 8 and Table 14 respectiv e ly . 

Generally , as with the dry - weigh t per unit area th e 

predominant influence on ea ch parameter was li ght irrad iance 

rather than spect ral quality . Hi gh irr2diance tended to de­

cr ease le a f length 2nd in sorr,e cases l ea f width (data not 

presents~) 2nd therefore decrease th e lo ng th : width ratio . 

The lou1 irrar:liance l eve l produced sirr,iLu leaf l ength end 

leaf width values as th e int er~edia te tr ea tm ent~ , but incre2sed 

the length: width ratio in some c~ses. 

L'Jith r l:'spec t to the Hf1LR , HPI and " '.Ylet.a l - a rc" based 

i ntermediate irr~dience trea t men ts , lon Jes t l enves r e s ult ed 

under the f-lPLR ':Jased and shortest l eaVGS unde r the " f':e tal ­

a r c " baser! treRtmerit . These diff e renc es vie re not l a r ge but 

ware consist ent for each species studi ed . Also noted was a 

h i ghe r rat e of le af le :1gth increase under th e 1irir based tre:::t­

ment co mpared to other treat~ents . Leaf wi dth results we re 

similer t o t~ose for l oaf l ength bu t tr ea tment diffe rences 

were smaller . Soybe r.n showed decreasing leaf widt~ wi t h 

incr eas in s shoot dry- we isht {narrower new leave s) under t he 

HP LR basec treat~ent . 

1 . 5 . Tiller :Jum~er (Sorghu:n) . 

Sor ghum tiller nu~ber showed littl e r e spo nse to varying 

spectra l or int ensity treatments with 2 short peri od under 

trea tment (Fig 9 ) . However with i nc r eas in g ti me under tr eot ­

ment , high irradiance (Rig IV and Rig VI) markedly increased 

ti l ler nurr,ber whereas other trea tments produced no obvious 

effe c ts. 

1 . 6 . Proportions of Pl ant Pa r ts . 

1 . 5 . 1 . Shoot Components . 

The proportions of plzn t parts (l eave s , pe t i oles , stems 

and shea ths, to tot al shoot dry-weight) are shown fo r each 

species i n Ta~le 15a . 

At the fin a l harvest pa rticul arly , differences between 

treatments .we r e clea r but no consistent trends were noted . 
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Species I 
Harvest 

Sorghum 2 

3 

Soybean 2 

3 

Perennial 2 
Ryegrass 3 

White 2 
Clover 3 

TABLE 14 

Spectral Balance Experiment 

Leaf Length : Breadth Ratio 

Harvest 2 and 3 

Spectral Treatment (Light 

I II I I I IV 

11 • 24 12.83 11 • 51 1 0. 11 

11 • 53 12.70 1 0. 92 9 .1 0 

1 • 53 1 • 51 1 • 53 1 • 6 0 

1 • 8 7 1 • 84 1 • 73 1 • 80 

40.93 42. 6 7 41 • 33 32.83 

55. 91 63.82 44.80 35.54 

1 • 1 5 ·1 • 0 7 1 • 08 1.08 

1 • 1 0 1 • 07 1 • 1 0 1 • 04 

Rig) 

V VI 

14. 71 9.53 

14.34 10.50 

44.07 40. 2 8 

49.47 42.18 

0.95 1 • 01 

1 • 06 1 • 22 
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Fig. 9. Spectral Balance Experiment. 
Sorghum Tiller Number increase plotted against shoot dry-weight 

for all harvests and treatments. 
(S.E . shown for final harvest values) . 



Spec ies/ 

Plant Part I 

SO RGHUM 
Bl ades 68 . 24 

( 2 . 01 ) 

Shea t hs 31 . 91 

( 2 . 01 ) 

SOYBEAN 

Blades 72 . 41 

(D. 25 ) 

Petiol es 8 . 1 9 

(0.31) 

St ems 1 9. 39 

(0 . 19) 

T2'Jle 1 5a 

Spectra l Ca l ance Expe ri ment 

Ratios of Pl ant Parts 

( Dr y ~Jeight) 

Final Harvest D~ta On l y 

Shoot = 100 

(S . E. in Br acke ts) 

Spectral Treatmen t (Li gh t Rig) 

II I II IV 

65 . 74 66 . 84 65 . 50 

(1 . 09) (0 . 26) (0 . 94) 

34 . 26 33 . 16 34 .50 
. (1 . 09) (D . 26) (0 . 94) 

74 . 79 74 . 84 · 74 , 60 

(0.3 6 ) (0 , 27) (0 . 21) · 

6 , 99 6 . 02 5 . 62 

(0 . 11) (0 . 20) (D . 12) 

18 . 24 19 . 14 19 . 80 

(0 . 27) (0 . 32) (0 . 18) 

V VI 

64 . 50 66 . 95 

(0 . 31) (0 . 53) 

35 . 50 33 . 05 

(0 . 31) (0 . 53) 

. .. 



T2'Jle 15n co:-itd 

Species/ Spect r a l Tre a tment (Light Ri g ) 

Plant Part I II I I I IV V VI 

PERE N~IA L RYE GRA SS 

Bl ades 66 . 63 66 . 06 67 . 48 68 . 94 67 . 75 66 . 06 

(0. 50) (0 . 98 ) (0 , 95) (0 . 98 ) ( 0. 59) (0 . 90) 

Sheaths 33 . 38 33 . 94 32 . 53 31 • 16 32 . 26 33 . 94 

(0. 50) (0 . 98) (0 . 95) (D . 93) (0 . 60) (0 . 90 ) 

WHITE CLOVER 

Blades 46. 01 ·49 . 38 48 . 95 49 . 64 48 . 04 48 . 99 

( 1 . 60) ( 0 , 96 ) (0 , 83 ) (1 . 59) (1 . 19) (1 . 97) 

Petioles 20 . 23 21 , 14 1 9 . 55 15 . 03 1 9 . 01 16 , 38 

(0.76) (0 , 85 ) (0 . 74) (1 .1 1) (1.14) (1 . . 52 ) 

Stems 33 . 74 29 , 50 31 . 53 35 . 34 32 . 96 34 .7 5 

(1 , 9 8 ) (1 .14 ) (0 , 76) (2 . 1 8) ( 1 . 77) (1 . so) 



Species 

I 

SOYBEAN 38.99 

(4.06) 

SORGHUIYl 87.05 

(8.59) 

PERENNIAL 44.31 

RYECRASS (3.59) 

WHITE CLOVER 33.20 

. (2.69) 

Table 15b 

Spectral Balance Experiment 

Root:Shoot Ratio 

(Dry Weight) 
Final Harvest Data Only 

(S.E. in Brackets) 

Light Rig Treatment 

I I I I I IV 

32.69 29.83 34.61 

( 1 • 76) (1.00) (0.97) 

43.36 43.69 41.68 

(D.39) (1.37) (1.60) 

42. 6 5 39.63 39.86 

(D.93) (2.46) (1.47) 

29.38 2 7. 91 27.88 

(2.42) ( 1 • 82) (1.20) 

V VI 

49.45 56.83 

(1.87) (1.92) 

52.34 41. 41 

(10.87) (2.15) 

34~83 39 .10 

(1.42) (2.97) 
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White clover and soybean had a lower proportion of leaf and 

a higher proportion of petiole under the HPLR based treatment 

but this effect was opposit e in sorghum where the leaf prop­

ortion was high es t. 

In the high irradiance treatments (Ri gs IV and VI) 

white clover showed higher proprtions of st ems and lower 

petiole:shoot ratios. The high irradiance treatments produced 

short e r and thicker stems and shorter petiolesr 

1,6,2. Root:Shoot Ratio. 

The root:shoot ratios are presented in Table 15b. 

The HPLR-based treatment ma rke dly incre ased the root: 

shoot ratio in sorghum, soybean, white clover and to a lesser 

degree in ryegrass. Similarly, the "rnetal-arc" based ( Rig 

III) treatment ratios we re smaller than t he HPI based (Ri g 

II) tre a t men t values , Th e high an d low irradianc e tre at~en ts 

had no obvio us ef f oct s on root : shoot r at io ~ut the " ::'l et a l- a rc" 

only ri g (VI) produced hi ~h root:s hoot r atio val ues i n sorghum 

and white clov er comp2red with tre a tmen ts ot he r t r.a n Rig I, 

1.7. Biochemical Results , 

1,7,1, Ca rbo hyd rate Con ten t. 

Leaf sol uble su;ar , starch and total carb ohydrate 

results (i) a re presented in Fi gs 10 ,1 1 , and 12 . 

At similar irradiance l evels the soluble sugar and 

starch ( and hence total carb ohydrate ) lev els showed no 

consist ent differences between spectral treatments ( Ri gs !­

III) for each species. 

Soluble su ga r content l evels in soybean and rye gr ass 

were similar unde r the three spect ral treatmen ts, where3 s in 

sorghum an d white clover, higher content levels were found 

under the HPI - based treat me nt. 

Wit h the exception of white clover, starch content 

levels were lowest unde r the HPI-based treatment (Ri g fr ) 
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and hi gh est under the "fi1e t a l- a rc" - bas ed (Ri g III) tre 2tm ent , 
In whit e clo ve r, th e HP LR-~ase d tr eat men t ( Rig I) produce d 

the lowest st a rch co nt ent . 

Hi gh irr ad i a nce ( Ri g IV) ma rk ed l y increase d st a rch 

and s ol ub l e suga r s i n s oybea n and so r ghum we r ea s low 

irr od i a~ c e de c reased co nt en t l eve l s i n c omparis on with the 

in t erme di a t e ir radian c e t rea t me nts . The r es po nse wa s s i mil a r , 

but l es s pr~nounced , i n r yeg r ass , whil e no s i gnifica nt tr end 

was not e ~ in whit e c lov er , 

In genera l, s or :h um wa s the most r es pons ive sp eci es 

to both irra ~iance and quality tr Ea t me nt s whe r e3s , in c omp­

a r i son , wh it e clo ve r wa s t he le a st r es~ ons iv c , 

Resu lts for pe tiol e s tarch a nd soluble s uga r levels 

we re s i mil a r to t he l 2m i na r es ult s . 

1 , 7 . 2 , Prot e i n Cont en t , 

Th e prot e i n cont e n t ( ~) un de r e~ch sp cc tr 2 l and 

ianc e tr ea t me nt a r c shown i n Fi ; 13 for e3 ch s pe c i es . 

Lo we r prot e i n co nt en t l ~ve l s we r e not e d in whit e clov er 

and ry eg r 2ss unde r t he ~(PI - based tr eatmen t :JU t t h is e f fe c t 

was rev ers ed in so ybe2n . The f-i PL R- based tr aa trr.e nt pro du ced 

lowest prot e in l eve ls i n s or ;rum. It is cl ea r t he n tha t 

whereas th ose differ enc e s exi s t e d be t we en tre a t me nts within 

e a ch speci es , the y we re neithe r large nor consistent . 

In para l lel with the sp ectral results , the irradiance 

trea t ments produced onl y sm2ll cha nges in the prot e in cont e nt . 

In ryegr ass a nd whit e clover there .we re smal l increa s es with 

a decrease in irr a diance (Rig V content> Ri g IV) but the 

" !Yl eta l - a rc" only trea t ment ( Ri g VI) produced the low est content 

l evels in contrast to these ot her trea tments . 
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2. Spectral Bias Experiment. 

2 .1. General. 

The Spectral Balance experiment results demonstrated 

that within the range of spectral emissions tested there was 

a marked consistency in the response of each plant species 

with respect to growth, development and biochemistry. However, 

within that experiment, there were no major differences in the 

spectral treatments and therefore no indication of plant res­

ponses to substantially im balanced spectra. To this end the 

Spectral Bias experiment was conceived and design.ed. 

Spectroradiometer plots (Fig 1A, Band C) and narrow 

bandwidth values (Table 5) for each treatment show the major 

bias of each spectral treatment investigated, particularly 

with respect to the blue and red wavelength regions. Arbitrary 

blue:red ratios (on the same basis as the Spectral Bala nce 

experiment) were: red-biased 0,8, balanced 2.0 and blue-biased 

5.0 which incorporate the treatment range in the Spectral 

Balance experiment and at the same time examine more extreme 

ratio values. 

2.2. Plant Appearance. 

Photographs of typical plants from each spectral treat-

ment under the low irradiance treatment are shown in Plates 

4, 5, 6 and 7. It is obvious from these examples that the 

form and development of all species varied in response to 

each particular spectral treatment. For each irradiance 

treatment the appearance of these plants was similar but each 

characteristic was shown most strongly at the low irradionce level, 

Sorghum. Red-biased treatment plants were upright 

in stature with a dominant main shoot and several well devel­

oped tillers. These plants were in strong contrast to the 

blue-biased tr ~atment plants which showed a more prostrate 

form, a poorly developed main shoot and a strong multi-tillate 

habit. The balanced treatment plants were intermediate in 
appearance in each of these features to the biased treatment 

plants • . 



PLATE 4. Sorghum plants from the three spectral treatments 

under low irradiance conditions prior to the final harvest. 

Plant size, tiller number and development, and main 

stem dominance and angle are shown under each treatment. (See 

also Plate 8). 

PLATE 5. Soybean plants (as for plate 4). 
Leaf area, petiole and stem development, and plant 

form are clearly shown in each treatment. 



<. BALANCED TREATMENT _ - RED -BIASED TREATMENT - • BLUE -BIASED TREATMENT o 

PLATE 6. Ryegrass (as for plate 4). 

Leaf size (and leaf area) and general growth form 

obviously differ between treatments. 

<. BALANCED TREATME NT .; • RED-BIASED TREATMENT - • BLUE-BIASED TREATMENT o 

PLATE 7. White Clover (as for plate 4). 

Clea!lY the red and blue-biased treatments influence 

the development, and form of growth, of the plants. 
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Soybean. The largest and most leafy plants grew undor 

the red-biased treatment where there was strong petiole and 

main stem development. Blue-biased trea tment plants were, in 

comparison, more squat in appearance with smaller, thicker 

leaves and shorter petioles. The balanced treatment plants 

were more "normal " with strong stem and petiole development 

and large but well formed le a ves. 

Rye gr as s. The variation between plants within each 

treatment population was more noticeable in this species than 

in either sorghum or soybean. However, red-bias~d treatment 

plants were more upright in stature a nd had much lon ger le a ves 

than the more flat, short-leaved blue-biased tr ea tment plants. 

The balanced treatment plants were of a more "normal" type and 

were intermediate to the biased ~reatment plants in appearance. 

White Clover. The plant variability within each treat­

ment population was higher in white clover than any of th e 

other species. As with soybe an , sor ghum and rye grass, however, 

treatment differences were clearly apparent . Red-biased treat­

ment plants produced long fl e shy stems and petioles, and l a rge, 

thin leaves. These features resulted in a l a r ge , prostrat e , 

fleshy plant. Blue-biased tr ea tme nt plants ha d short , thick 

stems, short petioles, a nd small, thick l ea ves. Balanced 

treatment plants were intermediate in appearance t o the biased 

treatments and were the most "normal" type. 

In each of these f our species there were no undesirable 

treatment responses such as malformed leaves, unusual pi gment ­

ation or necrotic leaf areas , but responses of growth and 

development to each of the treatments were obvious. 

2. 3. Plant Weight • 

2.3.1. Shoot Dry-Weight. 

Log. - transformed shoot dry-weight (g) results for 

each harvest are shown as plots against time in Fig 14. 

Results for soybean and sorghum show that the highest dry 

weights 1,11ere found under the red-biased and the low est .under 

the blue-biased treatment. The balanced t~eatment produced 

dry weights intermediate to the biased treatments, but de­

pending on harvest number (i.e. time under treatment), these 
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were sometimes closer to the blue-biased a nd in others closer 

to the red-biased treatment. 

The diff erences between trea tments with ryegrass and 

white clover were not as marked a s those shown f or soybean 

and sorghum. The red-biased t r eatment results sh owed the 

hi ghest dry weight values as with the other two species, 

a nd the bl ue - bias e d results were oft e n the lo wes t (although 

these were often not significant l y different e . g . ryegrass, 

hi gh irra diance). However, the balanced treatment results 

showed no cons i stent relationship to the biased treatments, 

and was often closely simil a r to the red-biased va lues in 

some instances (e.g. ryegrass, low irradiance) whereas in 

oth e rs it was closer to the blue-biased values (e.g. white 

clover, high irradiance). 

From the se da ta one of the more obvious results has 

been the effect of the initi a l estab li shment period un der each 

spectral tre atme nt on th e dry- weight in c reas e up to the first 

harvest. All material prior to placin g in the rooms was rand­

omly al located to each spectra l tre a tment s o a ll plants from 

each treatment prior to this time can be assumed to have had 

the same mea n dry - weight. The establishment pe r i od ef fect, 

howe ver, was not consistent i n al l cases. In some instances 

the difference betwe en the mean dry - weight under each spectral 

treatment was si gnificant (P = 0.0 5 ), (e.g. Soybean and Sorghum, 

low irradiance) whereas in others there were no si gnifi cant 

differences (e.g. Wh ite Clover, low irradiance; Soybean, high 

irradiance). 

This initial response complica tes the results when the 

irradiance treatments are evaluated. Based on final harvest 

values only, the differences between each irradiance treat­

ment were either small or negligible. 

2.3.2. Dry- Matter Percent age of Shoot. 

The results for the shoot dry-matter percentage for each 

species (Fig 15) show complex trends which are Qependent on 

both the spectral and irradiance treatments. Final harvest 
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values were normally highest and in~reased in the order 

balanced, red-, blue-biased treatment for each species and 

irradiance, H~ever, this relative order was strongly de­

pendent on the time under treatment and was seldom consistent, . 

The dry-matter percenta ge was highest under the high, 

compared to th e low, irradiance tre a tment for all spectral 

tre a t men ts and for all species, 

2,4, Le a f Area Per Plant, 

Graphs of leaf area (log, scale) vs, time under each 

treatment are shown in Fi g , 16, 

The species response differences characterised in the 

shoot dry-wei gh t results were seen to be similar in the le a f 

area per plant responses. The results in soybean and sor ghum 

showed consistently s ma ller areas in the balanced and blue ­

biased treatments respectively, compared to the red-biased 

treatment. 

This pro gression of the red-, balanced, blue-biased 

order was not as obvious in the rye grass an d white clover 

leaf are a responses. Ryegrass under the high irradiance had 

no leaf area response to the spectral treatments whereas wh ite 

clover under low irradiance had a similar sp ectral treatment 

response to sor gh um and soybean . However , rye grass under low 

irradiance had a lower leaf area under the blue-biased treat­

ment than either the balanced and red-biased treatments which 

were similar. Likewise, white clover at the high irradiance had 

a higher leaf area under the red-biased treatment than either the 

balanced or blue-biased treatments which were similar. 

For all species and spectral treatments the leaf area 

under the high irradiance treatment was similar to, or less 

than, the area under the low irradiance treatment, 
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2,5. Growth Analysis Components. 

2.5.1. Relative Growth Rates . 

Rel a tive growth rate results for each harvest interval 

and for the tot a l tr ea tment time (between harvests 1 and 4) 

are presente d for each species in Table 16. 

This data shows that RGR values declined for each 

successive harvest interval, for all species and for most · 

treatments. The information obtained from harvest interval 

relative growth rates was tran s formed into graph form where 

RGR was related to plant size (Fig 17). 

It is apparent in sorghum a nd soybean that there were ~· 

generally higher RGR values under the red-biased treatments at 

the earlier gr owth stages. Similarly, the rates under the 

blue-biased trea tments were initially low at these early stages 

and progressively declined with increasing plant size. The 

balanced treatment, however , had intermediate rates compared 

with the biased treatments initially, but the decline in rate 

was usually much less than the biased tr eat me nts and final 

relative growth rates were therefore often highest . 

In white clover and perennial ryegr as s the responses 

were considerably more complex. The blue-biased treatme nt rates 

for white clover, for example, showed a lag jn RGR for the 

initial harvest interval, followed by an increase to higher 

rates at the intermediate growth interval, and a subsequent 

decline in rate over the final harvests. Under low irradiance 

conditions with both of these species, a marked decline was 

observed in the red-biased treatment RGR's at the intermediate 

interval which was followed by a recovery to comparatively 

higher values. This effect was a typical of other species and 

treatments. 

With resp ect to the influence of irradiance level on 

RGR there is a9ain a ·species dependent response. Sorghum 

results showed significantly higher RGR values at the low 

irradiance level in both the blue- and red-biased treatments. 

Jhe balanced treatment showed no irradiance treatment influence. 



Table 16 

Spectral Bias Experiment 

Relative Growth Rate (RGR) 
(g g-1 day-1) 

All Harvest Interval and Total Experimental Period RGR's 

(S.E. in Brackets) 

Specie s / Harvest Interval 
Treatment 1 - 2 2 - 3 3 - 4 1 - 4 

Sor ghum 

High Irradiance 

Blue Biased 0.167 0. 118 0 .11 7 0 .132 
(0.004) 

Balanced 0 .180 0 .173 0 .142 0 .166 
(0.004) 

Red Biased 0.215 0 .149 0 .135 0 .164 
(D.005) 

Low Irradiance 

Blue Biased 0.183 0 .152 0 .134 0 .156 
(0.005) 

Balanced 0 .192 D.173 0.134 0 .167 
. (0.005) 

Red Biased 0.207 0 .171 0 .125 0.168 
(D.005 

Soybea n -High Irradiance 

Blue Biased 0 .144 0 .108 0.094 0 .115 
(0.004) 

Balanced 0 .146 0 .129 0 .127 0.133 
(0.003) 

Red Biased 0 .167 0 .153 0 .118 0.147 
(0.004) 

Low Irradiance 

Blue Biased 0 .153 0 .110 0.107 0 .122 
(0.003 

Balanced 0.172 0 .131 0.106 0 .136 
(0.005) 

Red Biased · 0.157 0.121 0 .119 0 .131 
(0.004) 



Table 16 contd 

Specie s / Har ves t Interval 
Treatment 1 - 2 2 - 3 3 - 4 1 - 4 

Ryeora ss 

High I rradia nce 

Blue Biased 0.214 0 .168 0 .167 0 .182 
(0.005) 

Balanced 0.247 0. 191 0 .157 0 .198 
(0.006) 

Red Biased 0.209 0 .1 91 0 .144 0 .182 
(0.005) 

Low Irr a diance 

Blue Biased 0.202 0 .16 9 0 .143 0. 171 
(0.006) 

Balanced 0.236 0 .162 0 .154 0 .182 
(0.007) 

Red Biased 0.217 0 .157 0 .177 0. 1 81 
(0.006) 

White Cl ov er 

High Ir rad i a nce 

Blue Biased 0.183 0.210 0 .163 0.188 
(0.005) 

Balanced 0.226 0.209 0 .160 0. 199 
(0.009) 

Red Biased 0.243 0.209 0.182 0.211 
(0.007) 

Low Irr adiance 

Blue Biased 0 .160 0 .182 0 .176 0 .174 
(0.007) 

Balanced 0.232 0 .177 0 .140 0.182 
(0.007) 

Red Biased 0.241 0 .120 0.207 0.215 
(0.007) 
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Soybean RGR value trends for the blue-biased and b.alanced 

treatments were similar to sorghum but the red-biased irradiance 

effect was reversed with higher mean values at the high irrad­

iance. 

Ryegrass and white clover, however showed significantly 

higher RGR values at the high irradiance under both the blue­

biased and balanced treatments but no obvious difference at 

either irradiance in the red-biased treatment. 

The resultant RGR was, therefore, dependent on each of 

the species, light irradiance levels and spec~ral treatments 

examined. 

2.5.2. Leaf Area Ratio. 

Leaf area ratio values at each harvest, determined from 

mean total leaf area and mean total shoot dry-weight values, 

are presented in Table 17 and show obvious responses to both 

spectral and irradiance treatments. 

Highest LAR values were found under the low irradiance 

for each spectral treatment with white clover and ryegrass. 

With soybean, the balanced and blue-biased treatment irradiance 

differences were similar to ryegrass . and white clover but the 

red-biased treatment irradiance differences, although of a 

similar trend, were much smaller. Sorghum responses to 

irradiance were considerably more complex; at the low irradiance 

the blue-biased LAR values were lowest, balanced highest and 

red-biased treatment similar to the high irradiance LAR values. 

The relative influence of each spectral treatment on 

LAR was closely dependent on both the irradiance · treatment and 

on the species being studied. Under the high irradiance, for 

all species the highest LAR values were found under the blue­

biased and the lowest under the red-biased treatment. Balanced 

LAR values were either intermediate to both biased treatments 

(sorghum and ryegrass) or similar to the red-biased treatment 

(soybean and white clover). At the low irradiance treatment, 

the responses were considerably more complicated. White clover 



Table 17 

Spectral Bias Experiment 

Leaf Area Ratio. LAR {cm2 o- 1 ): Net Assimilation Rate 

and Mean Relative Growth Rate, RCR (g g-
Data for Final Three Harvests. 

Treatment Blue Biased Balanced 

Time (days) LAR NAR RGR LAR NAR 

Sorghum 
High Ir radiance 

17 210.5 .388 211 • 1 .518 

24 185. 9 .440 .11 7 182. 8 .598 

31 164.2 .498 158.3 • 6 91 

Low Irradiance 
17 227. 2 .475 227.5 .442 

24 175.0 .616 .154 210.7 .477 

31 134.8 .aoo . 195. 0 • 515 

Soybean 
Righ Irradiance 

15 206.4 .341 199 .2 .449 
.. 22 174.7 .403 .101 169.9 • 527 

29 147.9 .476 144.9 .618 

low Irradiance 
18 207.5 .366 232.4 .361 

25 191 • 0 .398 .109 202.3 .414 

32 175. 8 .432 176. 1 .476 

NAR l m -2 -1 dm wk J ; 

da~. 

Red Biased 

RCR LAR NAR RCR 

1 74. 1 .572 

.1 56 149.6 .665 .142 

12 8. 6 .774 

199.7 .520 

.144 163.3 .636 .148 

133.5 .778 

223.1 .425 

.128 1 80. 1 .526 .135 

145.4 .652 

-
245 .1 .341 

.120 195.0 .429 .120 

155.2 • 539 



Table 17 contd. 

Treatment Blue Biased Balanced Red Biased 

Time (days) LAR NAR RGR LAR NAR RGR LAR NAR RGR 

Ry e gra s s 
High Irradiance 

14· 159.6 .741 158. 2 .766 144.4 .816 

21 141.8 .834 .169 136.9 .886 .173 129.7 .908 .16 8 

28 126.0 .939 118.6 1. 023 116.5 1 • 011 

Low Irradiance 

19 194. 7 .564 192. 6 .585 187.8 .61 9 

26 166.4 .659 .157 165.0 .682 .161 172. 5 .674 .166 

33 142.2 .772 141 • 4 .796 158.5 .733 

White Clover 
High Irradiance 

16 · 133. 4 • 967 133.3 .949 119.0 1 • 124 

23 100.2 1.287 .184 102.6 1.233 • 181 97.4 1.373 .191 

30 75.3 1 • 714 79.0 1. 602 79.7 1 • 6 78 

Low Irradiance 

20 121.0 1.047 11 7 .1 .953 11 7 .1 1. 208 

27 101. 5 1.248 • 181 96.5 1 .1 56 .159 98.4 1 .438 .202 

34 85.2 1.487 79.5 1.403 82.6 1 • 713 
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and ryegrass had the highest LAR's under the red-biased 

treat me nt and similar values under the blue-biased and bal­

anced tr ea tments, Sorghum and soybean had highest values 

under the balanced and lowest under the red-bi a sed, with the 

blue-biased values either be ing similar to the red-biased 

(sorghum), or similar to the blue-biased (soybean), treatments~ 

LAR val ues dec r eased with time under all spectral and 

irradi an ce treat men ts. 

2.5,3. Net Assimilation Rate . 

As with the other growth analysis components RGR and 

LAR, NAR showed variability of r es ponse between species, sp~~tral 

treatm en ts a nd irrad iance levels. NAR responded positively to 

irradiance in all cas e s exc e pt for sorghum under the blue-

biased and soybe a n under the balanced tre a tments where a 

ne ga tive respons e · was sho wn (Table 17). The spectral response 

trends under the high irradiance conditions were consist ent for 

sor ghum , soybean and ryegrass where highest NA R values we re 

found under the red- biased, intermediate under the balanced and 

lowest under the blue-biased conditions, The order of respons e 

for white clover was reversed for the blue- b i a sed and balanced 

treatments, However , under low irradiance conditions th e re 

was little consistency in the response between each of the 

species, Red-biased tre a t me nt values were high est in sor gh um, 

soybe a n and white clover, but lowest in ryegrass, Balanced 

treatment values were lowest in sorghum and white clover, 

intermediate in soybean and highest in ryegrass, and blue-

biased treatment values were lowest in soybean, intermediate 

in ryegrass and clover and highest (with red-biased) in sorghum. 

NAR values increased with time for all spectral and 

irradiance treatments, 

2. 6. Proportions of Plant Par~s. 

The rootLshoot; leaf:shoot (L W/SW), petioie:shoot (PW/S W), 

stem:shoot (StW/SW) and sheath:shoot (ShW/SW) ratios at the 

final harvest only are presented in graph form in Fig 18 and 19. 
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2.6.1. Root:Shoot Ratio. 

The root:shoot ratio for all species showed an inter­

action with both spectral and irradiance treatments (Fig 18). 

In all species the ratios for each spectral treatment were 

significantly higher at the high irradiance compared with the 

low irradiance treatment. Generally for all spectral treatments 

the ratio decreased with increasing treatment time (plant age, 

data not presented in text). 

For sorghum and soybean there was~ decreasing root: 

shoot ratio through the blue-biased, balan ced and red-biased 

ratios respectively. This response was marked and differences 

between spectral treatments became greater with increasing 

time under treatment. 

In ryegrass and white clover the responses between the 

spectral treatments were much less pronounced. However, there 

were similar red- and blue-biased responses (i.e. high blue­

biased compared to red-biased values) but the balanced treat­

ment results were quite different. Ryegrass (low irradiance) 

and white clover (high irradiance) balanced treatment ratios 

were higher than either of the biased treatment values. 

2.6.2. Leaf:Shoot Ratio. 

The proportion of leaf in the shoot of sorghum and 

soybean was consistently affected by the spectral treatments 

at each irradiance. There were significantly higher proportions 

of leaf to shoot on a dry-weight basis under the blue-biased, 

intermediate values under the balanced, and significantly lower 
proportions under the red-biased treatment. With the exception 

of the soybean blue-biased result, there was an increase in the 

leaf proportion for both soybean and sorghum under all spectral 

treatments at the high, compared with the low, irradiance level. 

The ryegrass and white clover leaf proportions were 

not influenced by the spectral treatments in the same way as 

recorded for soybean and sorghum. In both of these species 

the balanced treatment proportion was smaller, or similar to, 

each of the biased treatment results. In ryegrass the blue-
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and red-biased treatment proportions were equal to each other, 

but in white clover the blue-biased proportions were sig­

nificantly higher than those under the red-bias. The irradiance 

effect in soybean and sorghum was repeated in ryegrass and 

white clover where higher proportions were found under the 

higher irradiance. 

The sheath:shoot ratio in sorghum and ryegrass, by 

derivation, showed an inverse response to each treatment com­

pared to the leaf:shoot ratio. 

2.6.3. Petiole:Shoot Ratio. 

The proportion of petiole in the shoot (petiole:shoot · 

ratio), for both white clover and soybean was highest under the 

red-biased, intermediate under the balanced, and smallest 

under the blue-biased treatment. These trends became more 

significant with increasing time under treatment but showed 

no response to the different irradiance levels. 

2.6.4. Stem:Shoot Ratio. 

The soybean stem:shoot ratio was similar to the petiole: 

shoot ratio with increased values for the red-biased treatment 

and smaller (highly significant) values for both the balanced 

and blue-biased treatments. The responses were more pronounced 

under the low irradiance than under the high irradiance treat­

ment and the ratio was significantly greater at the low 

irradiance than at high irradiance for all spectral conditions. 

In white clover the stem:shoot ratio was highest undei 

the balanced and lowest under the blue~biased treatment but the 

differences in this ratio between all spectral and irradiance 

treatments were barely significant. 

2.7. Plant Leaf Characteristics. 

2.7.1, -Dry Weight/Unit Area of the Last mature Leaf Blade. 

The .dry weight per unit area of the last mature leaf 

for each species and each treatment is presented in Fig 20. 
With one exception (sorghum, balanced treatment) in all 
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species and spectral treatments the values under the high 

irradiance treatment were considerably higher than those unrler 

the low irradiance treatment. 

With respect to the spectral treatments, differences in 

values were not consistent either between species or between 

irradiance levels and varied with time under treatment. In 

sorghum, under high irradiance, the highest dry weight per unit 

area values were under the red-biased treatment and the lowest 

under the blue-biased and balanced treatments which were them­

selves similar. This red- and blue-biased relationship at 

the low irradiance was consistent but here final harvest bal­

anced treatment values were highest. 

Soybean showed the reverse response (i.e. higher blue­

biased than red-biased values) to sorghum and again the bal­

anced treatment response was unusual. At the high irradiance 

it was similar to ihe blue-biased respon~e (high values) but 

under the low irradiance it was similar to the red-biased 

response (low values). This relative response to irradiance. 

of the balanced treatment compared with the biased treatments 

was the reverse of that shown for sorghum. 

Ryegrass showed a close similarity between the blue­

biased and balanced treatments at both irradiances but the red­

biased values were variable, showing higher values than the 

other treatments at the high irradiance but lower values at 

low irradiance. 

White clover response under low irradiance was similar 

to the ryegrass response but with white clover the balanced 

treatment gave intermediate values. At high irradiance the 

red-biased values were higher than those from the balanced 

treatment (cf. ryegrass, high irradiance) but the blue-biased 

treatment values were initially lowest, and finally highest, 

of the three spectral treatments. , 

2.7.2. Leaf Shape (Last mature Leaf Blade). 

The ·sample leaf blade length and width (at midpoint) 

values are presented in Figs 21 and 22. 
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The most noticeable response was the marked increase 

in leaf length under low, compared to high, irradiance con­

ditions. Le a f width showed no response to irradiance level. 

With respect to spectral quality, sorghum, soybean and 

ryegrass leaf length, at both irradiance levels, was greatest 

under the red-biased, intermediate under the balanced, and 

least under the blue-biased tr eatment. White clover showed 

a similar resp onse under low irradiance conditions, but under 

high irradiance conditions the longest leaves were from the 

blue-biased treatment and the shortest from the balanced treat­

ment. 

All species showed widest leave3 under the red-biased . 

and narrowest under the blue-biased treatment under both high 

and low irradiance conditions. 

Derived data for the length:width ratios (data not pre­

sented) showed that the highest ratios were, for most species 

and irradiance levels, from the red-biased treatment. The 

balanced and blue-biased treatment ratios were similar in most 

cases. The most obvious exception was the response of white 

clover under the high irradiance where the blue-biased treat­

ment ratio was highest and the red-biased and balanced treat­

me nt r a t i o s w e re s i mi 1 a r • 

2.7.3. Leaf Number. 

It is apparent from the leaf dimension (length and 

breadth) and leaf area results, that the number of leaves on 

the main stem or shoot would be similar under each of the 

spectral and irradiance treatments. This is borne out in 

results presented in Table 18 for final harvest values. 

Generally leaf number was highest under the red-biased 

treatment and lowest under the blue-biased treatment at each 

irradiance lev~l. The balanced treatment showed no consistent 

relationship to the red- or blue-biased treatments for each 

species and irradiance l ev el . 

There was a small increase in final leaf number under 



Table 18 

Spectral Bias Experiment 

Leaf Numb e r (Final Harvest) 

Sorghum Soybean Ryegrass White 
Clover 

High Irradiance 

Blue Biased 11 • 2 2 6.81 9.30 7.36 

Balanced 12.07 6.50 9.43 7.05 

Red Biased 12.16 7.01 9. 60 8.35 

Low Irradianc e 

Blue Bi a sed 11 • 08 6.38 8.82 7.52 

Balanced 11 • 85 6.51 9.53 8.01 

Red Biased 11 • 96 7.01 8.88 8.78 

LSD a.as 0.33 D.33 0.43 0.94 
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the higher irradiance for each species. 

2.7.4. Relative Rate of Leaf Area Exp a nsion. 

The results far the relative rate of leaf area expansion 

(RLAGR) for harvest intervals 2-3 and 3-4, and for the total 

period (2-4) along with the standard errors (in parentheses) 

are presented in Table 19. 

Under high irradiance condit i ons ,with all species tested 

and under low irradiance conditions with ryegrass and white 

clover, the highest RLAGR was found under thr red-biased treat­

ment, and the lowest RLAGR under the blue-biased treatment. 

This effect was reversed with sorghum and soybean under low 

irradiance conditions where the highest RLAGR occurred under 

the blue-biased treatment. 

In most instances, the RLACR declined with time under 

treatment. There appeared to be no consist ent effect on 

RLAGR attributable to irradiance levels within each spectral 

treatment. 

2.8. Plant Height. 

2.8.1. Stem and Shoot Length. 

The stem (shoot) length response of each species to the 

spectral and irradiance treatments are shown in Fig 23. There 

are clear spectral, irradiance and species determined stem 

length responses presented in these results. 

Sorghum showed a consistant decrease in shoot length 

in the order of red-biased, balanced, and blue-biased treat­

ments, where the differences between each biased treatment and 

the balanced treatment were similar. The rate of increase in 

shoot length increased with time under the red-biased and bal­

anced treatments but remained constant with time under the blue­

biased treatment. 

Soybean produced a comparable result to ~orghum under 

the low irradiance treatment, but under higher irradiance 

conditions the ~tern length under all spectral conditions was 



Table 19 

Spectral Bias Experiment 

Relative Rate of Leaf Area Expansion (RLAGR) 

Species/ 
Treatment 

Sorghum 

High Irradiance 

Blue Biased 

Balanced 

Red Biased 

Low Irradiance 

Blue Biased 

Balanced 

Red Biased 

Ryegrass 

High Irradiance 

Blue Biased 

Balanced 

Red Biased 

Low Irradiance 

Blue Biased 

Balanced 

Red Biased 

( -2 -1 ) cm cm day 

(S.E. in Brackets) 

Harvest Interval 
2 - 3 

0.099 

0 .162 

0 .138 

0, 141 

0, 14 9 

0,153 

0, 155 

0 .183 

0, 160 

0 .142 

0,135 

. 0 .152 

3 - 4 

0,098 

0,114 

0 .1 02 

0, 123 

0,084 

0.085 

0 .148 

0, 1 33 

0, 139 

0 .128 

0 .140 

0 .161 

2 - 4 

0.098 
(0,007) 

0,138 
(0,009) 

0, 12 0 
(0,009) 

0, 1 32 
(0.010) 

0 .116 
(0.010) 

0 .11 9 
(0.007) 

0 .152 
(0.013) 

0.158 
(D.013) 

0.150 
(0.011) 

0 .135 
(0.012) 

0 .13 8 
(0.016) 

0.157 
(0.016) 



Species/ 
Treatment 

Soybean 

High Irradiance 

Blue Biased 

Balanced 

Red Biased 

Low Irradiance 

Blue Biased 

Balanced 

Red Biased 

White Clover 

High Irradiance 

Blue Biased 

Balanced 

Red Biased 

Low Irra:diance 

Blue Biased 

Balanced 

Red Biased 

Table 19 contd 

Harvest Interval 

2 - 3 

0.112 

0. 12 5 

0.148 

0.108 

0 .138 

0.099 

0 .1 55 

0 .1 56 

0 .1 54 

0 .144 

0 .152 

0 .1 84 

3 - 4 

0.046 

0.088 

0. 06 9 

0.086 

0.061 

0.076 

0 .142 

0 .14 9 

O .178 

0 .164 

0 .11 8 

0 .1 81 

2 - 4 

0.079 
(0.009) 

0 .1 D 7 
(0,009) 

0, 1 08 
(0,010) 

D.097 
(0,008) 

0 .1 DO 
(0,010) 

0,088 
(0.008) 

0.149 
(0.014) 

0,153 
(0.020) 

0, 166 
(0,016) 

0 .154 
(0,017) 

D.135 
( 0. 01 3) 

0 .183 
(D.013) 
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closely similar except after a considerable treatment time 

(harvest 4) when the red-biased treatment values were highest. 

Ryegrass and white clover e~ch showed iimilar results, 

depending on the irradiance, to the sp ectral t r eatments. 

Under high irradi a nce conditions, the values were similar 

under the ba lanced and blue-bia s ed conditions but less than 

the red-bi as ed trea t ment valu es. This can be compared to the 

low irradiance con ditions whe r e the balanced treatment values 

were int e rmediate to the biased treatments (c ~ sorghum, 

low irradi ance). 

For all species, the influ e nce of different spectra 

was enhanced by a low irradiance and wa s increased with time 

under treatment in many cases. 

Low irradiance stem length values were in all species 

and spectral treatments higher, (often significantly at the 5% 

level), than the high irradiance values. 

2.8.2. Sheath Extension (Sorghum). 

Sheath extension data for sorghum (data not presented) 

shows results which closely follow those for shoot length. 

In both the high and low irradi a nce treatments the sheath 

length was significantly greater under the red-biased treatment 

than under either the balanced or blue-biased treatments re­

spectively. All treatments showed an increasing rate of sheath 

extension with time. 

2.9. main Stem Angle (Sorghum). 

The influence of the spectral treatment on the form of 

these plants was most noticeable and was markedly shown in 

the main stem angle response. Plate 8 shows the visual effect 

of each treatment and actu a l values fo~ the main stem angle 

are shown in Fig 25. 

The most upright plants (high stem angle) were those 

from the red-biased and the most prostrate (low stem an tj le) 



PLATE 8. This photo graph of sorghum under each sp e ctral 

treatment (see Plate 4 for reference) shows clearly the main 

stem angle, stem height and tiller development. 
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from the blue-biased treatment, with those under the balanced 

treatment producing an intermediate stature, At the low light 

irradi a nce, the difference between spectral tieatments was 

highly significant (P = 0,01) and became greater with time 

under treatment. Incre a sing the light irradiance markedly 

increased the initial spectral effect and accelerated the 

rate of decrease of the main stem angle, Final stem angles 

were similar at both irradiance levels for the blue-biased 

treatment but significantly different (P = D.05) for balanced 

and red-biased treatments where there were higher values under 

the low irradiance treatment. 

2.10. Tiller Number (Sorghum). 

The trends for tiller number in sorghum under the 

different irradiance and spectral bias treatments (Fig 24) 

show inverse relationships under these treatments compared with 

the main stem angle and stem length data previously presented. 

Under the low irradiance, final tiller number was high­

est under the blue-, intermediate under the balanced and lowest 

under the red-biased treatments, Under the high irradiance, 

final tiller number was similar under the blue-biased a nd 

balanced treatments but higher than the red-biased treatments. 

The differences between the spectrally-biased treatments 

and the balanced treatment were highly significant (P = 0.01) 

under the low irradiance at the final two harvests. They were 

only significant (P = 0.05) between the spectrally-biased 

treatments at the final harvest under high irradiance conditions 

and between the balanced treatment and the biased treatments 

at the second and third harvests. 

In both the red-biased and balanced treatments tiller 

number was highest at the high irradiance but this eff2ct was 

reversed under the blue-biased treatment. 
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2.11. Biochemical Results. 

2.11.1. Total Chlorophyll, Chl orophyl l a 

and Chlorophyll b Levels. 
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The results for total chlorophyll, chlorophyll a and 

chlorophyll b content, and chlorop hy ll a:b ratios are shown 

in Figs 26 and 27. 

Chlorophyll content, on a fresh-weig ht bas.is, was 

gener a lly hi gher under each spectral tre a t men t for all species 

at the high irradiance level. 

Total chlorophyll levels were similar ai all sp ec tral 

treat ments for sorghum and, except for a lo we r blue-biased 

treatmen t level at the high irradiance, also for white clover. 

Soyb ean and ry eg r ass had highest l eve ls under the blue-biased, 

and lowe st lev els under the red-bi ased treatmen ts. 

The results for the chlorop hyl l a:b ratio f e ll broadly 

into three categories. Soybean and white clov e r a t the high 

irradianc e , 2nd soybe 2n at th e lo w irr ad i ance , had a high 

ratio under the red- b ias ed , inter me diate under balanced, and 

a low ratio under the blue-bias ed treatment. Rye grass at the 

hi r h irradiance, and white clover a t t he low irradiance, showed 

an inverse response to this pr evious gr oup. Sorghu m at the h i gh 

and low irradiance, and the low irradiance ryegrass treatments, 

formed the third cate gory with less differences shown between 

the biased treatments but with higher balanced treatment values. 

2.11.2. Carbohydrate Content. 

Soluble sugar, starch and total carbohydrate contents 

for leaf tissue only are presented in Figs 28, 29 and 30. 

2.11.2.1. Leaf Carbohydrate Content. 

(a) Soluble Sugar. 

For each species the soluble sugar content was higher 

at the high irradiance compared with the low irradiance treatment 
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except with soybean where results were similar. 

Sorghum soluble sugar content was highest under the red­

biased, intermediate under the balanced and lowest under the 

blue-biased treat ment. Soybean results closely matched those 

for sorghum except that the balanc9d and red-biased treatment 

results were similar. 

Ryegrass and white clover, however, ha d iimilar red­

and blue-biased trends to these other species but here the 

balanced treat ment results were significantly lower than the 

biased treatment contents. 

(b) Starch. 

Starch content, like soluble sugar content, was higher 

at the high irradiance compared to the low irradiance treatment. 

Soybean and sorghum each showed similar responses to the 

biased treatments where hi gher contents were found under red­

bias conditions. In these two species, however, the balanced 

treatment starch content varied in relation to the biased treat­

ments; it was similar to the blu e~bia s edcontent at both irrad­

iances in soybean, lower than both biased treatment contents 

in sorghum at the high irradiance but higher at the low irrad­

iance. 

In comparison, white clover and ryegrass had the highest 

starch content under the blue-biased treatment at both irradiance 

levels, and lowest levels under the balanced treatment. 

(c) Total Carbohydrate. 

Total carbohydrate (soluble sugar and starch) content 

was highest for all species and spectral treatments under the 

high irradiance level. 

Soybean and sorghum showed significantly increased 

levels under the red-biased compared to the balanced and blue­

biased treatments respectively. 

In ryegrass, the same biased treatment relationship 

held, but the content under the balanced treatment was 
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significantly lower than under the biased treatments. This 

balanced treatment response in white clover, in relation 

to the contents under the biased tr eatments, was reversed 

where the balanced treatment resulted in the highest total 

carbohydrate content levels. 

2.11.2.2. Petiole Carbohydrate Content. 

(a) Soluble Sugar. 

Petiole s o luble sugar content re~ults (~ata not presented) 

showed no differences between spectral treatments at the high 

irradiance but similar results to the leaf lamina at the low 

irradiance. The content for each spectral treatment was high­

est under the high irradiance for soybean but similar for white 

clover. 

(b) Starch. 

Petiole starch content (data not presented) showed 

similar trends to the leaf starch content under each spectral 

and irradiance treatment. 

(c) Total Carbohydrate. 

Soybean petiole total carbohydrate content (data not 

pre~ented) was similar to the leaf content results for each 

spectral and irradiance treatment. This response held also 

for the white clover petiole content at the high irradiance, 

but at the low irradiance the red-biased content was highest 

and the balanced and blue-biased treatment contents were 

- similar. 

2.11.3. Protein Content. 

The results from the leaf protein N analyses are pre­

sented on a dry-weight ·basis in Fig 31 for each treatment. 

The response of leaf protein content to light irradiance 

was s mall with higher values being found under the low­

irradiance treatment. 

Soybean and sorghum at both irradiance levels had higher 
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leaf protein contents under the blue-biased, intermediate 

under the balanced, and lowest under the red-biased , treat­

ments. 
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Ryegrass under the low irradiance had a similar spectral 

treatment response to soybean and sorghum, but ryegrass under 

the high irradiance treatment, and white clover under both 

irradiance treatments, had similar biased spectral treatment 

protein contents and higher balanced treatment contents. 

Petiole protein content results (data not presented) 

for both soybean and white clover at the low irradiance 

decreased in the order blue-biased, balanced, red-biased 

treatment. At the high irradiance the blue-biased and balanced 

treatment contents were s imilar and higher than the red-biased 

treatment contents. 

Decreasing the light irradiance increased the petiole 

protein content. 

2.11.4. C:N Ratio. 

The C:N ratio results, calculated from total leaf 

carbohydrate and leaf protein content results, for each species 

and treatment are presented in Fig 32. 

The general trends shown in the total carbohydrate and 

protein results are evident in the C:N ratio data. Soybean 

and sorghum showed an increasing C:N ratio from the blue­

biased to the balanced through to the red-biased treatment at 

both irradiance levels. Ryegrass and white clover showed a 

much less marked blue-biased to red-biased treatment response 

and the balanced treatment ratios were consistently lower than 

the biased treatment ratios for each of these species at both 

irradiance level~. 

The rati ·o for each species and spectral treatment was 

highest at the high irradiance level. 
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2.11 .5. Amino Acid Content. 

The results from the soybean, low irradiance treatment 

amino acid analysis are presented in Table 20. 

The blue-biased treatment caused a higher, and the red- ·· 

biased tre atment a lower, total amino acid content than the 

balanced spectral treatment. 

Levels of aspartic acid, serine, alanine and phenyl 

alanine were all increased under the blue-biased treatment and 

the levels of arginine, glycine, valine and of the free 

ammoni um ion were increased under the red-biased relative to 

the balanced treat men t. Clutamic acid levels were highest ~~d~r 

the balanced and lowest under the red-biased treatments. 

2.12. Investigation of Treatment Effects 

on Chloroplast Structure. 

The results from the electron-microscope study of soy­

bean and white clover chloroplast ultrastructure are presented 

in Appendix 5. 

2.12.1. Chloroplast Types, General. 

(a) Soybean 

The chloroplast types examined in soybean could be 

separated into three main types in relation to the cell-type 

in which they were located. These were the upper and lower 

palisade mesophyll (Plate EM 1a) and spongy mesophyll (Plate 

EM 1b) chloroplasts. 

Chloroplasts of the upper palisade mesophyll cells were 

typically elongate under all conditions (Plate EM 3). The 

granal org a nisation in these chloroplasts was very poorly 

developed and consisted normally of two or three thylakoids 

appressed along por tions of their length. (Plate EM 2a). 

In the lower palisade mesophyll cells (Plate EM 4), the 

chloroplasts exhibited increased grana formation (Plate EM 2b) 



NH 4 

Arginine 

Aspartic Acid 

Serine 

Clutamic Acid 

Glycine 

Alanine 

Valine 

Phenyl Alanine 

Total 

Table 20 

Spectral Bias Experiment 

Amino Acid Content 

(µg/g) 

Soybean, Low Irradiance Treatment 

Blue-Biased Balanced 

17, 63 2 5, 01 

15, 96 44,09 

116,75 77.71 

887,73 738,42 

26,95 30,04 

25,89 30,02 

209,06 169,28 

22.53 22.54 

113,74 1 04, 53 

1436,24 1241,64 

Red-Biased 

32,88 

58,94 

70,65 

647,93 

21 . 43 

42,03 

1 73, 2 0 

31 • 91 

86,53 

1165,50 
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and were broader and less elongate than the upper palisade 

chloroplasts. The lower palisade chloroplasts were also 

more lens-shaped compared to the upper palisade chloroplasts 

which were normally closely appressed and parallel to. the 

cell wall. 

The spongy mesophyll chloroplasts were typically lens­

shaped and had an extremely well developed granal system (Plates 

EIY15, 8.). 

In each chloroplast type the thylakoid system always 

appeared to be organised parallel to the long axis of the 

chloroplast. 

(b) White Clover. 

The cells in white clover were differentiated into an 

upper columnar palisade mesophyll and a lower spongy mesophyll. 

In both palisade and spongy mesophyll cell chloroplasts 

the granal system was well developed (Plate E!Yl 9a, 9b). This 

granal system ran mor e or less parallel to the long axis of 

tbe chloroplast but was in a cup-shaped form. The tract of 

grana was curved away form the cell wall and tow a rds the cell 

vacuole leaving a l a rge region of structure-free stroma towards 

the cell wall. 

All intra-organelle structures such as starch-grains and 

osmiophilic globules were found within the tract of grana. 

Plates Em 10 - E!Yl 13 show the typical chloroplasts from 

the palisade and spongy mesophyll cells. No obvious treatment 

effects are shown. 

2.12.2. Chloroplast Types : Treatment Effects. 

Examination of over 150 different chloroplasts from the 

30 different types studied, examples of· which are presented, 

showed no obvious differences in ultrastructure resulting from 

the spectral or irradiance treatments. 

l!BRARY 
. MASSEY UNIVERSITY 
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Although chloroplast size and shape were not specifically 

measured, from the material examined there appeared to be no 

obvious differences in these factors. 



V DISCUSSION 

1. Plant Response to Various Spectra 

and Irradi a nce Levels. 
1.1. General. 

1 01 

It is obvious from the results presented, that con­

siderable differences were detected in a majority of the 

growth parameters measured, particularly under variable spect­

ral bias and irradiance conditions. Such is the degree of 

variab i:i ty between treatments that a complete assessment of 

the effects shown is difficult to comprehend when examining 

individual parameter responses in isolation. In relation to 

this problem, the data collected in the Spectral Bias ex­

periment has been reduced to show the main treatment effects 

for the low irradiance treatment at the final plant harvest. 

The data for each of the species are presented in Fig 

33. Of necessity the parameters presented and the scale 

ranges used vary between species and to avoid unnecessary 

complication, data for the balanced spectral treatment i.n 

each case are omitted. 

Clearly, two main effects are apparent. In the first 

case, the differences due to each spectral treatment showed 

similar relationships in each of the species studied (e.g. 

stem length, leaf protein N content, leaf area). However 

although this similarity is evident, the species responses 

differed in their magnitude to each spectral treatment. This 

difference,in turn, could generally be resolved into two 

species groups : sorghum and soybean, and ryegrass and white 

clover. In a significant number of the parameters measured 

sorghum and soybean showed similar large differences between 

each of the spectral treatments studied whereas ryegrass and 

white clover differences were often small and not as well 

defined as the sorghum and soybean responses. In the second 

case, spectral difference effects were greatest in each spec­

ies at the low irradiance level examined. From this assess­

ment it is reasonable to assume that a similar mechanisn is 

operating for each growth parameter for each of these groups 

of species and that the response is more evident under the 



Fig. 33. Spectral Bias Experiment. 
Final harvest values for 8 plant factors under the Red Biased (solid 

line) and Blue Biased (dashed line) High lrradiance treatment conditions for 
each of the four species studied. Factors presented and scale ranges vary for 
each species. 
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more limiting growth conditions. (i.e. the low light irradiance). 

It is interesting to sp ecu late that the more pronounced 

effects of the spectral treatments are shown with sorghum 

and soybean because they were g rown und er more limiting 

temperature condit ions , as co mpa red to ryegrass and white 

clover whic h were grown under conditions close to their optima. 

In respect of this issue, Raj a n et al (1971), in a study 

similar to th a t presented here s howed a marked temperature 

x li ght sou rce intera ction with Cossypium , Helianthus , 

Phaseolus and Zea which depend e d partly on the parameter re­

corded and partly on the speci es studied. Part of this 

complexity wa s discussed as bein g due to the varying growth 

potential of species at low and high temperatures but it was 

also shown that important contributing f a ctors can be the 

temperature differences between the ambient air and the plant 

parts. 

Pallas and Michel (1971) also examined the infra-red 

component of artificial light sources but found that in Ze a , 

Phaseolus, Gossypium, and Glycin e , althou gh hi gher leaf 

temperatures were obse rved under high infra-red treatments, 

growth was not si gnificantly increased. With Sorghum vuloare, 

high infra-red did not increa se the leaf temperature but did 

produce better growth than the low infra-red treatment. In 

the temperate species tested, although leaf temperatures were 

generally below ambient and were not affected by the proport­

ion of infra-red, Pisum and Vicia grew less, Avena grew 

equally, and Brassica grew better at high infra-red indicating 

the complexity of the environment and plant responses being 

examined. 

In the present study, no measurements were taken of leaf 

and root temperatures in relation to the ambient temperature, 

. but it is conceivable that thes8 may have varied between the 

blue-biased (8 kw of lighting) and the red-biased (16kw) 

treatment. This could arise through either an increased 

radi ant heat loading on the water screen~ and therefore an 

increased loading on the plants in the room, or simply throu gh 

the higher near infra-red (700-1400 nm) content of the spectral 

output recorded under each treatment. 
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Tabl e 68 shows that the near infra-red content in the 

red-biased trea tment was 5-fold greater than th a t in the blue­

biased treat men t. This could a ccount for such differences 

as shown in the initial dry-weight data recorded in each of 

the spect ra l treatments. However, the relationships were not 

alto gether simple as is shown by differences between species, 

spectral treatments and light irradiance levels and in this 

respect the spectral treatment responses are considered the 

primary influence in each of the parameter responses studied. 

Consistent le a f ventilation, leaf orientation and whole plant 

effects would also t e nd to minimize this possible temperature 

effect, 

2. Morphological 

2.1. Division of Assimilates. 

The results for the ratios of plant parts in both the 

Spectral Bias and Spectr a l Balance studies show a noticeable 

influence of light spectra on the division of assimilates 

between the various plant components. It is apparent that the 

blue-biased treatment increased both the leaf:shoot and root: 

shoot ratios whereas the red-biased treatment, in comparison, 

increased the petiole:shoot, stem :shoo t and associated sheath: 

shoot ratios to a greater or lesser extent depen di ng on each 

of the species studied. Equally decreasing the irradiance 

level also affected these ratios, generally by increasing the 

spectral influence. 

Helson (1965) showed low root:shoot ratios with high 

incandescent supplementation treatments a greeing with the red­

biased treatment results presented above. Rajan e t al (1971) 

examined root- weight ratios (R W/ PW ) and found that the in­

clusion of incandescent lamps in the light source (fluorescent 

tubes) depressed the ratio significantly in Phas eo lus and Zea 

but had no effect on Helianthus and Gossypium where the ratio 

was similar -under all treatments. There was also a significant 

interaction, in the two species showing a response, between 

the light sour ce and treatment temperature. Considering first 

the root:weight ratio for Zea, between 10 and 20°c the ratio 

was depressed as the proportion of incandescent lamps increased: 

this negative response was less marked between 25 and 3D°C 
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while at 35°c it became positive. For Phaseolus over the 

whole range of temperature there were only small differences 

in the effects induced by fluorescent lighting and a low 

proportion of tungsten lamps,whereas for a high proportion 

the ratio depressed at some temperatures but not at others. 

mitchell (1955) with paspalum, cocksfoot and perennial 

ryegrass found a reduction in root:shoot ratio with an increase 

in temperature or a decrease in light irradiance and Luxmoore 

and millington (1971) with perennial ryegrass showed an in­

crease in root:shoot weight ratio with an increase in irradiance. 

Silsbury (1971 ), however, found that the proportion of the 

total dry matter occurring as root in perennial ryegrass seed­

lings was not influenced by the environment in that there were 

no significant differences in root proportion between irrad­

iance and temperature treatments at any time, Within each 

treatment no trend with time was evident but the average over 

all environments showed a fairly steady decrease with time. 

With shoot components, Rajan et al (1971) found t~at 

all species did not react to the spectral treatments in a 

similar manner with respect to leaf-weight ratio (LW/PW) and 

stem-weight ratio (SW/PW). Only for Phaseolus and Zea did 

the inclusion of tungsten lamps enhance the leaf-weight ratio. 

For the stem-weight ratio, apart from the positive effects of 

tungsten illumination on Zea, the changes in the othe r species 

were either not significant or barely significant. This 

latter response was partly dependent on temperature as shown 

in Zea where the partial substitution of tungsten lamps favoured 

the stem:weight ratio at all temperatures apart from 35°C, where­

as in Phaseolus, the ratio was enhanced by fluorescent light-

ing at 10 and 15°C but was diminished at 35°c. 

2. 2. Leaf Area, Leaf Shape and Leaf Number. 

In the Spectral Bias experiment it is clear that the red­

biased treatment markedly increased the leaf area in all species 

compared to the blue-biased treatment. The increase in area 

unde~ the red-biased treatment was coincident with an increase 

in mean leaf weight per plant which under some conditions 
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corresponded to a decrease in dry weight per unit area of the 

leaf. Similarly the relative rate of leaf area expansion was 

highest under red-biased treatment conditions in most cases. 

The increase in leaf area is largely dependent on the increase 

in individual leaf size since leaf number was only slightly 

affected by spectral quality. Data for last mature leaf length 

and width indicate that both of these parameters are increased 

under red-biased conditions thus resulting in the increase in 

area. 

Although the leaf area of plants of each of the species 

studied showed marked changes under the Spectral Bias experiment 

conditions there were only small affects on leaf area under 

the Spectral Balance experiment conditions. Similarly, dry 

weight per unit area, relative rate of leaf area expansion 

and leaf shape (i.e. length and width) were little affected 

by the Spectral Balance treatments. 

Whereas in both these experiments the quality of light 

influenced leaf morphology and development it is clear that 

the light quantity (i.e. irradiance) had only a small in­

fluence on these parameters. In most instances increasing the 

irradiance did not increase leaf area and actually decreased 

it in some cases within the ranges studied. ror example, in 

the Spectral Balance experiment, the high irradiance treatment 

(250 W m- 2 ) markedly depressed leaf area in soybean. The 

absence of a response of leaf area to increasing irradiance 

reflects on the RLAGR values which, by derivation, also 

showed no differences. However, it was clear that the higher 

irradiances did increase leaf weight and consequently the dry 

weight per unit area in each species. 

In relation the overall plant growth form, it is noted 

that although the leaf area per plant for each species was 

highest under the red-biased treatment, the leaf:shoot ratio 

was in each -case highest under the blue-biased treatment. On 

a weight basis, therefore, the blue-biased treatment enhanced 

leaf tissue formation relative to other tissue formation but 

this ratio can not be used as an indication of relative leaf 

areas under each of the spectral treatments. 
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The results in relation to light irradiance levels, agree 

well with previously reported data. Mitchell and Soper (1958) 

found that an increase in light irradiance shortens and widens 

leaves of both Lolium and Pas pa lum and Freind, Helson and 

Fisher (1962) found an incre a se in temperature to decrease, 

and an incre a se in light irradiance to increase, the breadth 

of Marquis wheat leaves. 

The results for leaf number indicated that there was 

little influence of light irradiance on the rate of le a f 

appearance, and thus fin a 1 1 ea f number , in t he s e experiments • 

High irradiance marginally increased leaf number and thus the 

rate of leaf emer ge nce which agrees well with the results of 

Mitchell (1953) who found for ryegrass that the rate of leaf 

appearance was influenced more by a temperature increase from 

10°c to 20°c than by a substantial increase in irradiance. 

Silsbury (1971) with ryegrass also found that the leaf 

appearance interval decrease d markedly with increase in temp-
o 0 erature from 10 to 20 C but wa s not affected by a further 

increase to 30°C. The interval decreased with increase in 

i r rad i an c e at each t em per a t u re pa rt i cu 1 a r 1 y at the 1 owe· r 

irradi a nce level but to a lesser ex tent at higher irradiances; 

there was an apparent interaction between temperature a nd light, 

1n general, therefore, the main spectral influence on 

the leaves of plants under each treatment has been on the leaf 

dimensions of length and width, and therefore on area, and on 

thickness. Since there was only a small difference in leaf 

number under each treatment there appears to have been no major 

spectral influence on leaf initiati.on. 

Borrill (1961) reported for Lolium temulentum that 

differences in blade width mainly reflected differences in cell 

number whereas changes in blade and sheath length resulted 

mainly from differences in cell length. Since changes in 

both width and length (in parallel) occurred in response 

to each spectral treatment it is possible that both number 

and size of cells have been affect~d. However there is also 

the relative effects of each treatment on the vascular and 

mesophyll growth of the leaves which will also regulate their 

ultimate shape. 
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2.3. Stern Length. 

It is clear from the Spectral Bias experiment that the 

type of responses noted were the same for each species and 

irradiance level; that is, the red-biased treatment increased 

stern length compared to the balanced and blue-bia s ed treat­

ments respectively. Relative spectral effects we re the same 

at both irradiance levels although the differences were s ma ller 

at the higher irradiance where stem length under each treat­

ment was decreased, Similarly, in the Spectral Balance ex­

periment, the spectral treatments had only a small effect on 

stem len gth wereas the irr a diance tre a tments produced more 

significant responses; in species where a response was noted, 

stems were significantly shorter under the hi gh irradiance 

compared to the low irradiance conditions examined. 

The increase of plant stem length under a red-bias or 

red light treatment has been well established by other in­

vestigators, Rajan et al (1971) for example, found that stem 

length si gni ficantly responded to a low proportion of tun gs ten 

supplement at ion in Gossypium, Helianthus, Phaseo l us and Zea 

while, apart from the latter two, the height was further 

increased by a high proportion of tungsten li gh ting compared 

to fluorescent lighting alone, 

Clearly then, there is obviously an underlying series of 

control mechanisms within the plants metabolism which are 

influencing the partitionin g of the photosynthetic assimilates 

to the various plant components. The changes in leaf, root, 

stem and petiole:shoot ratios all indicate that there is a 

change being made by the plant in response to each spectral 

treatment which will influence the subsequent plant form and 

its potential to photosynthesize. This response will be 

cumulative in nature and the differential between treatments 

will increase as the plant grows , i.e. with time under treat­

ment, unless the plant system adapts in some way to the spect­

ral influence and a reversion to a ''white" light or balanced 

spectrum plant-type occurs. Obviously, from the results, 

there was no clear adaptation of the plants under these treat­

ments and the relative differences between spectral treatments, 



Fig. 34. Stem Angle VS Stem Length. 

Fig. 35. Stem Angle vs Tiller Number. 

Fig. 36. Tiller Number vs Stem Length. 
Spectral Bias Experiment. Data presented for high and low 

irradiance treatments, all harvests and spectral treatments. 
Coding as used in Figs. 14-32. 
H 1-H4 represents Harvest 1 - Harvest 4. 
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as measured, for example, by the plant part ratios, became 

greater with time under treatment. 

2.4. Sorghum Stem Length, Stem Angle and 

Tiller Number Interactions. 

There appeared to be, from the data presented in Fig 

23, 24 and 25 an interaction between stem angle, stem length 

and tiller number. These relationships are presented in Fig 

34, 35 and 36. Fig 34 shows the relationship between stem 

length and stem angle at each harvest time for each spectral 

treatment at both irradiance levels. Generally, increasing 

stem angle was highly correlated with increasing stern lengtt , 

under all conditions tested. The results from the low 

irradiance treatments showed more consistent trends than those 

for the high irradiance treatments .b ut basically the results 

for each irradiance were the same. 

The relationships between stern angle and tiller number, 

and tiller number and stem length were considerably more 

complex (Figs 35 and 36). Und e r the low irradiance conditions 

high tiller nu mber corresponded to low stem angles and short 

main stem lengths, particularly after long per iods of time 

under each spectral treatment. Under high irradiance con­

ditions, the relationships were much less clear and inter­

actions between the spectral and irradiance treatments were 

shown. In general, the red- and blue-biased results show the 

same reponses relative to each other, but in these treatments 

the balanced treatment results were displaced from the typical 

responses shown under the low irradiance treatment. Reference 

to the individual results for each of these three parameters 

indicate that the variability in tiller development was, in 

the main, responsible for the differences shown in these re­

lationships. 

This interrelationship of a reciprocal influence of 

light quality · on the growth and development of various parts 

of the plant appears to be an apical dominance correlation. 

Phiiips (1969) lists three ways in which apical dominance is 
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manifest in plants:-

(a) by complete or almost complete inhibition of gro wth in the 

axillary, o r lateral buds by the presence of an apical bud. 

(b) by inhibition of the growth of one shoot by the 

presence of ano t her do min a nt shoot, and 

(c) in eff ects of the apical part of the shoot upon 

orientation a nd develop me nt of l a teral organs such a s branches, 

leaves, rhizo me s and tillers. The degree of apical domin a nce 

in a shoot is determined by genetic and environmental factors 

and is also gre a tly influenced by the physiological age of 

the plant. 

The responses sho wn then were of the apical dominance 

type where the degree of axillary bud development (i.e. tillers) 

was inhibited by the relative dominance of the apic a l bud. 

This held wh e n either the main shoot was either lon gest or 

more upright. 

The ma in stem angle - stem length - tiller number inter­

action was further examined in a transfer study. Plants were 

grown under each of the biased spectral treat ments for three 

weeks and were subsequently grown for 8 days under summer 

glasshouse conditions in order to exa mine whether or not the 

effects demonstrated were reversible under daylight conditions. 

Plates 9 and 10 sho w face and side views of these plants 

and, although pre-treatment differences between the three 

treatment plant types are still manife s t, the form of growth 

of each is more similar than under the spectral treatments. 

Examination of the main stern showed clearly that the 

reversion to a more upright form was brought about by a pro­

cess occurring at the stem base rather than a bending in the 

main-shoot itself. Dissection studies revealed that the 

apical meristern was _still in the vegetative form at this 

growth stage and th a t consequently no elongation of the true 

vegetative stern had occurred. It is apparent then that the 

effect on stern angle is due to a process occurring in the 

true stem re gion of these plants. 



1 WEEK II 

Plates 9 and 10. 

These pl~nts have developed from seedlings under the three 

spectral treatments (low irradiance) for three weeks - see 

plates 4 and 8 and were subsequently grown for 8 days under 

summer glasshouse conditions. "'"' 

Although pre-treatment differences between the three 

plants are stil l manifest, the form of growth is more similar 

than that under each of the spectral treatments. 
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Hence, this is a further obvious influence of light 

quality on the division of assimilatEs within the plant whete, 

like the change in plant-part ratios, the change in one growth 

factor results in a change (often reciprocal in nature) in 

others. With respect to a wavelength influence on leaf area 

this reflects in a change in photosynthetic potential and a 

subsequent change in growth rates; here with the influence 

on stem length, and presumably on stem angle, the change js 

reflected in a shift in the degree of apical dominance and 

hence a parallel change in the amount of tiller development. 

2. 5. Morphogenesis Response Control Mechanisms . 

It is not clear from the present study what the nature 

of the various control mechanisms for the partitioning of 

assimilates might be. It was seen in Section IV 2.11. that 

considerable changes in carbohydrate a~d protein levels, for 

example, occurred under these same treatments and these cam~ 

pounds must inevitably reflect concurrent changes in other 

plant assimilates, their rates of turnover, accumulation and 

transport to various parts of the plant. The i mplications of 

these changes in plant part ratios in relation to the photo­

synthetic capacity of the plant are discussed later in Section 

V 3. 

The largest amount of evidence centreing around wavelength 

effects on plant development is established on the functioning 

of phytochrome and predominantly red far-red response systems 

(see Section II 1.3.). No doubt in these current studies 

where the red, far-red and blue regions of the spectrum were 

dominant, the role of phytochrome played a major part in 

the control of plant growth and development. In examining 

previously reported literature the conclusion that an optimum 

action of phytochrome requires a favourable, relatively low 

ratio [P 730 J/[P] (where [P 730 J + [P 660 ] = [P]) is supported 

by the results of yield experiments where different types 

of fluorescent lamps were compared. The greatest yield of 

tomato plants in the vegetative stage were produced by a 

lamp. combining a small amount of blue light with a large 

amount of red light. The yield could be enhanced by the 

addition of some emission in the photosynthetically ineffective 
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far-red region, above 700 nm (Thomas and Dunn, 1967a - see 

section III 5.3.3.). It is interesting to note that natural 

light to which the plant is adapted is characterized by simi­

lar amounts of red and far-red light. 

The effect of the spectral composition of the fluorescent 

light on growth and reproduction of mature plants was evaluated 

with bean by these same authors. In general the res ults with 

bean agree with those for tomato in that best growth (i.e. 

best yield) wa~ obtained with a lamp high in red light emission, 

a moderate amount in the far-red, and very littl~ in the blue 

part of the spectrum (Thomas and Dunn, 1967b)·. 

However, it is not clear in these papers as to why the 

increase in dry-weight occurred - presumably because of a 

greater leaf area and hence greater light interception and 

utilization - nor is there evidence relating to the form of 

the plants under study , These results could infer unsatis­

factory plant growth under the red predominant conditions 

even where the increase in plant weight was greatest. Rajan, 

Betteridge and Blackman (1971) found a similar result to 

Thomas and Dunn (1967) with tun 9sten suppl em entation of 

fluorescent lamp systems, i.e. increasing the dominance of 

red and far-red light increased the _dry-weight yield, but in 

this case changes in pl a nt form (stem length, leaf area) and 

dry-matter distribution (plant part ratios) present similar 

results to the Spectral Balance and , more particularly, the 

Spectral Bias study. Interestingly, in none of these studies 

have the authors attempted to relate their observed responses 

back to actual physiological process such as, for example, to 

processes relating to phytochrome control. It would be naive 

to expect th a t these data interpretations would _ be straight 

forward, but since phytochrome is known to mediate formative 

processes such as leaf enlargement and stem growth (internode 

elongation) it is reasonable to expect that each of these 

broad spectral treatments are conditioning the phytochrome 

_system and establishing different steady-state equilibria 

between the various phototransformations possible. 
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This steady-state equilibrium under each particular type 

of irradiation is re a ched within a short time, depending on 

the irradi ance level of the radiation applied. The steady­

state equilibrium itself is determined by the absorption 

spectra of th e two for ms , by the quantum efficiency of the 

interconv ers ion in both directions, and by the energy dis­

tribution in the spect rum applied. Since this l a tter asp e ct 

(i.e. the energy distribution of the spectrum) vari e d markedly 

in each sp ectral tr ea tment in the Spectral Bia~ experiment, 

then the steady-st ate equ ilibrium can ~ l s a be expected ta have 

varied. This is in contrast to the Spectral Balance experiment 

where the similar spectral distributions resulted in similar 

plant r es ponses. 

The wide variety of types of phytochrome r es ponses in 

plants do not immediately provide any useful clu e s as to the 

mechanisms of action. Two main differ en t mechanisms have 

been sug ge sted, Hendricks a nd Borthwick (1965) speculate 

that control ov e r a divers ity of expressions c a n be a chi eved 

by re gu lation of a basic metabolic re a ction or of cell pe rm­

eab ilit y . ~ohr (1 966 ) propos es control by gene repression 

or activ a tion, In neither case is it clea r how phytoc hrome 

interacts wi th th e control system propos ed , 

This discussion, like many on photomorpho ge nesis, has 

c entred around th e role of phy toc hrom e in the pl a nt syst e m, 

but this does not pr eclude th e possibility that other photo­

receptor s and other wa velen gth regions are active and are 

controllin g a spects of plant development. 

2.6. Relationships to Other Environmental Studies. 

Since the treatments other than light quality in these 

experiments were sel e cted as a compromise between the four 

species studied, it was considered essential to relate these 

particularly to the previously determined optima for te mperature 

and irradiance as found by other investigators. 

(a) Effects of Temperature. 

All festucoid grasses examined to date grow relatively 
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0 . 
well at low te mperatures (e.g. 10 C), have an optim um temp-

erature for growth below 27°c (usu a lly 20-2 5°C), and grow 

poorly at temp e r a tures around 30-35°c. Mitch e ll (1956) for 

example found the highest percent increase in shoot weight 

per day for Loli um pe r e nn e at a mean day t em perature of 20~ 

22°c which wa s s imilar to other festucoid grasses studied. 

Simil a rly Sil sbur y (1971) found RGR to be ma ximal at 20°c at 

each li gh t irr ad i a nce inv estiga ted and incre a sed toward a 

maximu m with increased irradiance at each temperature. Maximum 

RGR for s eedling plants of h pe r en ne was about 25% per day. 

The non-festucoid grasses, on the other hand, ha ve a high 

temperature opti ma, grow vi gorou s ly at 35°C, and extremely . _, 

slowly at temperatures below 15°c, as shown previously with 

Pasp a lu m dil a t a t um ( Mitchell, 1956), Sor oh um s uda nen s e 

(Sulliv a n, 1 961) and~ ha l e pens e (In ol e and Rogers, 1961). 

Unfortunately results for Sor ghum b icolor do not appear to 

be pre s ent in the literature. 

Similar marked differ ences be t ween the two groups also 

occur in respons e to fluctu a tin g day and ni ght temp e ratures. 

Spra gue (1943) found consid era ble growth at 12°/4°c, optimal 

growth a t 21°/ 12°c, and none at 38°/3D°C for a ran ge of 

festucoid grasses, whereas there was . no growth at 12°/4°C 

and op t i mum gro wth between 30° /21 °c a nd 3s
0 
/30°c in the non­

festucoid So rg hum sud anens e. Similar results tend to indicate 

that decreased night temperatures increase top and root growth 

in the festucoids but reduce growth in the non-festucoid 

grasses (Hiesey, 1953; Ingle and Roberts, 1961). 

In contrast to the festucoid grasses, white clover has 

been shown to have a hig her temperatu~e optima of 24-25°c 

(Mitchell, 1956), but similar maxima and minima responses. 

Similarly, it is expected that soybean has an optima in the 

25-3D°C range because of its sub-tropical nature, but evidence 

of its response under various environmental conditions do not 

appear to exist in the literature. 

From this brief survey it appears that the choice of 
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temperature in these studies has been close to the optimum for 

perenni a l ryegrass and white clover, near to the optima for 

soybean, and sub-optimal for sorghum. The situation of limiting 

or near-limiting conditions, however, does not appear to have 

been approached for the tropical species as adequate growth 

was obtain ed. 

Si mi larly, it is considered that the humidity (V.P.D.) 

and daylength conditions used are sufficiently "normal" to 

pose no major limitations on the growth of th~se various 

species. 

(b) Effects of Light Irradiance. 

The influence of light irradiance on growth rate has 

often been examined by using natur a l daylight modified by 

shading ( Mitchell, 1953; Blackman and Black, ·1959). It is 

only recently that sufficiently hi gh irradiances have been 

avail able in controlled environments to enable the effects of 

a wide range of levels on plant growth to be studied. 

Blackman a nd Black ( 1959 ) showed maximum growth rates 

at 80-100~ of full summer daylight in most temperate grasses 

such as L. perenne , re du ction belo w this level reducing the 

growth rate. Later war~ in controlied environments (Cooper, 

1968) has shown that in b_ perenne gr own in a 17hr day at 
o -1 -1 20 C, RCR increases up to 0.20-0.25 g g day at about 

15,000 lux and then remains steady, even up to 43,000 lux. 

These fi gu res corresponded to the RCR's obtained outdoors in 

mid-summer. 

Silsbury (1971) for Lolium seedlings found rates of 0.20 
-1 -1 -2 -1 -1 · -2 g g · day at 50 Wm and 0.24 g g day at 117 W- m 

agreeing closely with Cooper's results. However, Silsbury 

did demonstrate an increa se in RCR with increasing irradiance 

but failed to show an optima within the irradiance range 

studied. This absence of optima held for 10°, 20 ° and 30 ° c 

temperatures. 

Fig 37 shows the RCR and SE's for each treatment in the 



Fig. 37. Spectral Balance and Spectral Bias Experiments. 
Figs of harvest interval and mean Relative Growth Rates (with S.E's.) 

plotted against visible irradiance for all treatments and species studied. 
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Spectral Balance and Spectral Bias experiments. Harvest in­

terval RCR values are also _plotted to give an indication of 

the changes possible in RCR over the growth period due to 

onto geneti c drift. In general the values obtained in these 

e xperiments have shown an increase with an increase in 
-2 irradiance fro m 100 to 250 Wm an d are lower than the values 

quot ed by Sil 3bu ry and by Cooper. The most obvious explanation 

is that the increased plant size in these experiments will 

account for the lower RCR value since in several cases harvest-
-1 -1 ( ) interval RCR values exceed 0.20 g g day • Cooper 1968 

and Silsbury (1971) also used longer photoperiods (17 hr and 

16 hr respectively) than the present study (12 hr) which would 

also account for these higher values. 

Forde (Pers. comm., 1971) found RGR v~lues for soybean 

(cv mer it) to be unaffected by irradiance at _low temperatures 

(20°/12.5°c) but .to increase with incre as in g irradi an ce at 

higher temperatures (27. 5°/20°c). A similar result was deter­

mined for sorghum ( NK 145) and for white clover ( N. Z. Huia) . 

The results are shown in the following table and are for mature 

plants in the vegetative growth stage prior to flo wering . 

Day/Nigh t Temperature 

Irradiance ~ m- L 

Soybean 

Sorghum 

White clover 

Perennial Ryegrass 

Table 21 

( -1 -1 RCR g g day ) 

20 . o/12 . s 0 c 

100 150 200 

0.09 0,09 0,08 

0. 11 0. 12 0. 12 

0.14 0. 14 0 .13 

0. 13 0. 1 5 0, 16 

27 . 5/20,0°C 

100 150 200 

0. 13 0. 14 0. 15 

0. 17 0.26 D.25 

0.11 0. 14 0. 1 5 

0.11 0 .14 0.13 

The ryegrass values are included as a comparison with 

previously published resu l ts and show lower values compared 

with .s tudies on seedling material (e.g. Silsbury, 1971). 
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These are in general agreement with the Spectral Balance and 

Bias experiments and show increasing values with increasing 

ir~adiance levels. 

The soybean and sorghum results are typical of the tropical 

plant type and show highest RGR values with high temperature/ 

high irradiance treat men ts. Soybean, in the Spectral Balance 

experi me nts, shows no obvious increase in RGR with increasing 

irradiance in agreement with Forde'sdata; the actual RGR 

results are similar to Forde's high temperature figures, 

Similarly, the results for sorghum agree well with markedly 

increased values for the high irradiance treatments, however, 

one anomally does appear evid ent. In comparing the Spectral 

Bias experiment results the differences between RGR's are very 

small between the high and low irradiance treatments as com­

pared with the results from the Spectral Balance experiments 

where large differences were recorded, No obvious explan a tion 

for these results is available and this effect was not noted 

for the other species studied. 

White clover also showed a considerable response to in­

creasing irradiance with RGR values for spectrally non-biased 
-1 -1 treatments ranging f ro m D.16-0.20 g g day 

3, Photosynthesis a nd Dry- Mat ter Yield. 

3.1. General. 

It is important from the present study that an attempt 

is made to account for the observed responses in relation to 

current understanding of the various physiological phenomena 

involved. If such predictions are plausible then it should 

ideally be possible to extrapolate the data collected in this 

and other studies, to predict plant growth, and morphological 

and biochemical responses which are likely to occur under any 

known artificial light spectra in controlled environment con­

ditions. 

For example, it should be possible from published data on 

quantum yield,leaf absorptance and leaf orientation for each 

of the species studied, to make some predictions on the relative 
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rates of dry-matter accumulation under each of the spectral 

treatments, particularly the contrasting biased treatments, 

ex amine d in these studies. 

The results pres ente d for mean dry-matter accumulation 

(S ection IV 2.3 .1.) show that in all the four species studied, 

the mean dry matter accumulation decreased from the red, 

through bal an ced, to the blue-biased treatment. It is poss­

ible that th es e effects could have arisen from the photo­

chemical effi c iency varying among spectral treatments. 

However, it was also possible that the effects were 

brought about through differences in the quantity of photo­

chemical energy actually received by the photosynthetic system. 

independently of photochemical considerations. 

This alternative was examined as follows: 

Using data to be publi she d shortly ( McCree, 1972) for quantum 

yield and leaf absorptance for sorghum, soybean and white 

clover, together with photon flux density values for each treat­

ment (Table 7) the following relative results were obtained 

which indicate that, with certain assumptions, accurate pre­

dictions can be made given tho appropriate information on the 

light environment under study. (Table 22) 

3.2. Interception of Photons. 

It is apparent from the results obtained in the Spectral 

Bias experiment that the plant altered its partitioning of 

assimilates to the various plant parts in response to each 

spectral treatment. There was, for exa mple, generally an 

increase in root:shoot ratio under blue-biased conditions 

indicating that a smaller proportion of photosynthates were 

being utilized to produce further assimilating tissue (leaf 
area ) under this treatment. (s ee Section V. 2.1.). 

An assessment of the relative "interception'' area (i.e. 

total leaf area) per plant under the blue-biased and balanced 

tre atments , in relation to the red-biased treatment, was made 

by assessing the area ratios at each harvest (2-4), and by 



SPECIES / 

TRE ATmE NT 

SORGHUIYI 

High Irradiance 

Blue Biased 

Balanced 

Red Biased 

Low Irradiance 

Blue Biased 

Balanced 

Red Biased 

SOY BE AN 

High Irradiance 
Blue Biased 

Balanced 

Red Biased 

Low Irradiance 

Blue Biased 

Balanced 

Red Biased 

Table 22 

Spectral Bias Experiment 

Relative Relationships of Leaf Area, Photon Flux Absorption 

and Dry-matter Accumulation 

mean 
Leaf Area 

Ratio 

D.57 

D.83 

1.00 

0.60 

0. 76 

1.00 

0.59 

0. 73 

1 • DO 

D.47 

0.79 

1 • DO 

All Species, Spectral and Irradiance Treatments 

(Full Description and Derivation in Text) 

Photon Photon Re 1. Photon Photon 
Flux Flux Flux Flux 

Density Ratio Interceptn. Absorptn. 

78.B D.92 D.53 67 .6 

88.6 1. 04 0.86 75 .1 

85.5 1. OD 1.00 71. 9 

54.3 0.94 0.56 46. 71 

58.9 1. 02 o. 77 50.09 

57.9 1. OD 1. DO 48. 81 

78.B D.92 D.54 71.54 

88.6 1 • 04 0.76 80.00 

85.5 1. OD 1 • DO 76.93 

54.3 0.94 D.44 49.45 

58.9 1. 02 a.so 54. 82 

57.9 1 • OD 1 0 00 52.30 

Photon 
Flux 

Absorptn. 
Ratio 

0.94 

1. 04 

1. 00 

o.96 
1.03 

1.00 

0.93 

1 .04 

1. 00 

0.95 
1. 05 

1. 00 

Relative Relative 
mean Absorptn. o.m. Ratio Accumulatn. 

0.54 0.58 

0.87 0.70 

1. 00 1.00 

0.57 D.53 

0.78 0.75 

1. 00 1. DO 

0.55 0. 71 

0.76 0.80 

1.00 1 • OD 

D.44 0.52 

D.83 0.78 

1. OD 1 • OD 



Table 22 contd 

SPECIES / 
I 

Phot on Photon Rel. Photon Pho ton Photon Relative Relative 
IYlean Flux IY:ean 

TREATIY!ENT 
Leaf Area Flux Flux Flux Flux Absorptn. Absorptn. D.IYl. 

Rati o Density Ra tio lnterceptn . Ab sorptn. Ratio 
Ratio Accumulatn. 

RYEGRASS 

High Irradiance 

Blue Biased 0.94 78.8 D.92 D.87 D.88 

Balanced 1 • 03 88.6 1 • 04 1 • 07 D.97 

Red Biased 1 • DO 85.5 1. OD 1.00 1. OD 

Low Irradiance 

Blue Biased D.75 54.3 0.94 0.70 0. 82 

Balanced 0.98 58.9 1 • 02 1 • OD 1.08 

Red Biased 1 • DO 57.9 1, OD 1 • OD 1 • DO 

WHITE CLOVER 

High Irradiance 

Blue Biased 0.60 78.8 0, 92 0,55 68, 81 0.94 0,57 0.62 

Balanced 0.62 88.6 1. 04 D.64 76.44 1 • 05 D.65 D.65 

Red Biased 1 • 00 85.5 1, DO 1, DO 73, 10 1 , OD 1. 00 1. 00 

low Irradiance 

Blue Biased 0.54 54.3 0, 94 D. 51 47,50 0 .96 D.52 D.60 

Balanced D.76 58,9 1, 02 a. 77 50,92 1. 03 0,78 D.92 

Red Biased 1 • OD 57.9 1 , 0 D 1 • 00 49.64 1 , 00 1 • 00 1 • 00 
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taking a mean value as an approximation for this parameter. 

This will necessarily influence the results slightly, as the 

leaf area increase was not similar for each treatment but, 

increased at different rates for the separate harvest inter­

vals under each treatment (s ee Section IV. 2.4.). These values 

calculated for the mean area ratio are presented in column 

(col) 1, Table 22. 

The photon flux density for each of the spectral treat­

ments wa s calculated previously (Table 7) and valu e s for the 

visible flux are shown in col 2 with their ratios in col 3. 

Assuming that all the incident photon flux is absorbed uni­

formly per unit leaf area , then the product of the mean area 

ratio and the photon flux ratio will give an estimation of 

relative photon flux interception (col 4). This calculation 

assumes that there is an equal opportunity for absorption of 

the incident flux in each of th e spectral treatments, that 

differences in leaf and shoot orientation are negli gible, and 

mutu a l shading effects are eit he r absent or small. Clearly 

each of these factors a lso varied to some degree unde r each 

treatment, Plant and l eaf orie nta tion obviously varied as 

shown in the measurements tak e n for sorghum (section V, 2.4.) 

and more subtly for the other species as s hown in Plat es 4-8, 

Intraplant mutual shading of leaves would have occ urred to a 

degree, particularly in the older plants, an d interpl a nt shading 

certainly occurred im med iately prior to each harvest to a small 

degree, althou gh attempts were made to minimize this effect 

by carefully positioning the plants on the trolleys. 

3,3. Absorption of Intercepted Photons. 

Although the data is presented here for relative photon 

flux interception an allowance must be made in these values 

for absorptance of the incident energy particularly at specific 

wavelengths. Using McCree 's (1972) results for leaf absorp­

tion, the photon flux absorption was determined by integrating 

25 nm bandwidths over the visible range (400-700 nm) of the 

corrected photon flux density values (see Appendix 4). The 

photon flux absorption values and ratios are shown in col 5 

and 6 respectively. Although it is clear that the correction 

made for absorption has altered the number of quanta available 

to the olant for photosynthesis, the ratio between the treat­

ments has been altered only slightly. It is ·conceivable that 
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there may be a further error in accepting McCree's ab sorption 

figur es for the plants grown under the current experimental 

con ditio ns. It is known, for exampl"e, th a t the chl a : b 

ratio a nd the l eaf thickness both chan ge d in respons e to the 

spectr a l tr eatments and this may have influenced th e absorp­

tanc e by leaves of incid ent q uanta from each tr ea tm en t. 

Ho wever , as seen above, and for o the r environmental parameters 

discu ssed in McCree 's paper, thes e are unlikely to grea tly 

influe nce absorptance and would probably not, therefore, ·affect 

the abs orption ratio. 

The relati ve absorption ratio is therefore the product 

of the mean area ratio and th e photon flux abs orption ratio. 

A further ass ump tion in the extrapolation of the relative a~7 

sorption ratio to relative dry- matter accu mu lation is that 

absorbed quanta at any wa velen gth over the 400-700 nm visible 

bandwidth con tribu te eq ua lly to photosynthesis. This assump-

tion is general l y -accept e d ( ~cPh ers on, 196 9) and is s upport ed 

by evidenc e from Bjork man (1968), and mcC r ee (1972) wh o in­

dic a t e s fro m his data t hat the use of t he flux of absorbed 

quanta as a perfe ct measure of "photosyntheti cally ac tive 

radi a tion" will sys t emat ic a lly ov e r es ti mate the effectiveness 

of blue li ght r e lativ e to red, but that for the practical pur­

pos e of defining "P AR " the differenc es are probably insi gnifi c ant. 

Finally the relative mean dry-matter ac cumulation was 

deter mined in a similar manner to the mea n area ratio where 

values were derived using to ta l plant dry-matter results (i.e. 

including root dry-matter) from harvests 2 and 3. These 

results are shown in col 8 from which it is clear that in a 

majority of cases the predicted r a tios are closely similar 

to the actual ratios obtained under the experimental conditions. 

Where the actual results do not agree with the deriv e d ratios 

in all cas es (except one) this was due t o high actual ratios 

under the blue-biased treatment. This is most likely due to 

low r e d-biased treatment ratios resu~tin g from mutual shading 

effects under experimental conditions (increasing actua l red 

val ues will de crea s~ the blue ratios); . that this is the most 

likely explanation is enhanced by the fact that the higher 

ratios were mostly found under low irradiance conditions where 

· leaf areas were found to be greater. 
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It is apparent from these results that the initial 

(photo morp hogeneti c) response "advantage " of incr eased actual 

and relative leaf area under the red-biased treatment is re­

tained by th e plant subsequently a nd is reflected directly in 

the r at io of accum ul ated ass imil a tes (total plant dry matter). 

This relationship was found to be consistent for all treatment 

con ditions ( spectra l and irradiance) and for each of the speci es 

test ed . 

This means theref ore that co mpa rable flux densities of 

quant a ab ove the pl ants gave production wh ich vari e d wi th 

spectr a l quality and was dir ect ly depende nt on the leaf area 

develop ment . From the ab ove discuss ion it is cle a r that re­

gardless of the wave l eng th distribution of .~ach radiation 

treatment, si mila r absorbed flux densities of quant a ga ve 

similar plant dry-matte= productio n in terms bf tot a l root 

and shoot components. 

Convers e l y , si nce the end dry-matter ~roduced per unit 

of quantum number absorbed was the same this confirms that 

the quantum efficiency wa s the same for all wavelengths i.e. 

for all spectral combinations such as those used in t he se 

studies. If the quantu m eff iciency was not the s ame for each 

of t he spectral treat ment s th e n the conversion diff e rentials 

bet ween each treatment leaf a rea a nd total dry weight would 

not have been the same and therefore would not have been equal 

to unity . 

These results m2ke it clear tha t the important (direct) 

influence of light spectra, whether artificial or natural, 

in relation to plant growth, is the influence of that spectra 

on leaf a rea deve lopmen t and , therefore , the indirect influence 

on th e potenti a l energy interception capacity of that plant 

system. Photosynthesis will be independent of the light 

quality and will depe nd solely on the number of absorpted 

quanta in the visible wavelength range. 
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4 • Bioche mi c c l An a ly s e 3 . 

4 . 1 • General. 

The results from chlorophyll, starch, soluble sugar, 

protein and amino acid analyses indicate clearly that the 

spectral treatments studied have a marked influence on plant 

matabolism. 

A general scheme for the results shown under these treat­

ments, incorporating the results reported in the literature, 

is presented in Scheme 1. 

The vertical arrows indicate the relative direction the 

level s of each compound took under each treatment and the 

arrows along each pathway indicate the logical pathway direction 

(either as an actual direction or as a change in reaction rate) 

which must occur if the compound levels are changing. Numbers 

indicate the references repeating similar results for each 

response. 

Two main aspects regarding the experimental results in 

relation to previously reported da ta are appa rent. Firstly, 

the general effects shown for each spectral treatment agree 

well with published results in a majority of cases (the only 

marked exception is serine which showed results contrary to 

published information), and secondly the opposite spectral 

treatments have produced opposing metabolic responses indicat­

ing alternative sinks for the carbon dioxide synthesized under 

each particular spectral treatment. 

The scheme presented indicates that red light enhances 

those metabolites which are not directly related to the citric 

acid cycle whereas blue light has a reverse effect. The gen­

eral "switch point" in the scheme centres around phosphoenol 

pyruvate carboxylase which agrees well with the proposal of 

mijachi and Hogetsu (1970) of a blue light stimulation of this 

enzyme. 

. 4.2. Clutamic and Aspartic Acids • 

Increase in aspartic acid levels under the blue-biased 
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treatment agrees well with Krotkov (1964), Hauschild et al 

(1962a, 1962b) and Ogasawara and Miyachi (1970) who showed 

similar results from 14 c incorpor a tion and turnover studies. 

Andreeva and Ko rozheva (1964), Miyachi and Hogetsu (1970) 

and Voskresenskaya (1967) produced similar results for aspartic 

acid and Ogasawara and Miyachi (1970) showed low glutamic 

acid levels under red li gh t. Red-biased light decreased 

(compared with the balanced tr ea tment) both glutamic and 

aspartic acid contents in contr ast to the blue-biased results. 

Interestingly, the blue-biased treatment not only en­

hanced glutamate formation from citric acid cycle stimulation 

but presumably also from arginine since ar gininelevels were 

lower under these conditions. The normal synthesis of arginine 

is via the ornithine cycle from glutamic acid . It wo uld 

normally be expected then that if the glutam atelevel increased, 

as under the blue-biased treatment, then arginine would in­

crease also. However, as noted above, the reverse effect was 

sho wn , Red-bi ased light en han ced arginine content. 

4,3. Carbohydrates. 

At the opposing end of t he scheme the red-bi ased light 

enhanced glucose, fructose and starch levels whereas the blu e ­

biased treatment depressed these carbohydrate contents, The 

red enhancement of glucose and Pructose agrees well wi th 

results from Ogasawara and Mi yach i (1969, 1970), Sz a sz and 

Barsi (1971), Krotkov (1964) and Salcheva et al (1964) who 

present evidence for stimulation of sugar synthesis, increase 

in sugar accu mu lation and an increase in 
14 c uptake into free 

sugars under red light conditions. Tregunna et al (1962) with 

tobacco, however, could find no evidence for this response. 

Increase in starch levels under red light have been shown in 

Vicia by Szasz and Barsi (1971). 

The decrease of glucose and fructose levels shown under 

the blue-biased treatment is similar to that reported by 

VoskresenskaVa (1967), Hauschild et al (1962 a, 1962b), Das and 

Raju (1965) and Szasz and Barsi (1971). Low starch levels 

under blue-biasedlight have also been reported by Szasz and 

Barsi (1971). 
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4.4. Photorespiration Intermediates. 

The spectral treatments have also influenced the levels 

of the photorespiration intermediates, glycine and serine. 

The glycine level decreased under blue-biased conditions in 

agreement with results from s eve ral workers (H auschild et al, 

1962; Tregunna et al, 1962) a nd increased under red-biased 

light similar to reports from Krotkov (1964) and Tregunna et 

al (1962), However, both Andreeva and Korozheva (1964) and 

Voskresens kaya (1967) found blue enhancement of glycine 

synthesis in contrast to the results presented here. 

In contrast ta glycine, the 

well with published information. 

Krotkov (1964) and Tregunna et al 

serine results do not agree 

Hauschild et al (1962), 

(1962) all de monstrated a 

decrease in serine accumulation under blue light conditions, 

and Krotkov (1964) showed an increase under red light con­

ditions whereas Tregunna et al (1962) could trace no red 

light effect at all. However, Andreeva and Korozheva (1964) 

found a similar response under blue light conditions as. that 

presented here . 

The explanation for these results appears to lie in the 

association of these amino acids with the glycolate pa thway. 

Any shift in glycolic acid metabolism or in photosynthesis 

will independently alter the rates of formation and turnover 

of glycine and serine. Furthermore, these amino acids are 

also in equilibrium with each other and with other glycolic 

acid metabolism intermediates and so will change depending on 

the reaction sequence. Blue light activation of glycolate 

oxidase has been shown by Voskresenskaya et al (1970) and by 

Voskresenskaya (1967) and glycolate levels have been shown to 

decrease under blue light conditions by Hauschild et al (1962) 

in agreement with the enzyme data. 

Related to glycolate oxidase enhancement by blue light 

is evidence that oxygen absorption is increased also by short­

wave radiation (Voskresenskaya and Grishina, 1960). The 
oxidase taking part in the absorption of oxygen by leaves in 

the light in this process, differs in its susceptibility to 
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sodium azide from the oxidases in the respiratory cycle, 

indicating that photorespir.ation is involved. Lee et al (1971) 

present evid ence that the blue li ght stimulated oxygen uptake 

is mediated by the coenzyme FMN which may function directly as 

the primary light receptor. 

4.5. Other Amino Acids. 

Enhancement of alanine levels under the blue-biased treat­

ment a greed well with 14 c uptake reports (Das and Raju, 1965) 

and with rates of synth esis (Voskre senskaya, 1967) previously 

examined under blue light conditions. Andreeva and Korozheva 

(1964) ho wever, found that blue light suppressed alanine 

synthesis which contrasts with other results. The red-biased 

treatment results show depressed alanine synthesis. 

Results for phenylalanine were similar to those for 

alanine and agreed generally with the concept of blue en­

hancement of amino acid synthesis. Valine, however, showed 

an enhanc eme nt under red-biased conditions and a small supp­

ression under blue-biased conditio ns in comparison with the 

other amino acids studied. 

In addition to the results and _reports detailed above, 

an interesting contrast is reported by Hess and Tolbert (1967). 

With Chlor e lla , they found that after growth in blue light, 
14 co 2 fixation in white light produced the same 14 c distribut­

ion among products as in blue light. Algae grown in red light 

incorporated more 14 c into malate, aspartate, glutamate and 

alanine which is in contrast to all the other reports detailed 

here. 

4.6. Summary. 

The results for increased protein formation under blue­

biased light conditions coincide with _many published reports 

.(e.g. Raghavan and De IYlaggio, 1971; Voskresenskaya et al, 

1970; Kowallik, 1965; Pavlov, 1965; Pirson · and Kowallik, 1964) 

and is contrary to the red-biased light respon§e. Carbohydrate 
synthesis, on the other hand, was markedly increased under 
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red-bias ed conditions and suppressed under the blue-biased 

conditions. Szasz and Bars i (1971), Thom as (1967), Pirson 

and Kowallik (1 S64 ) and Bergfe ld (1 965 ) showed similar red 

light effects wherea s Vo sk res enska ya (1967) reported a 

similar blue lig ht suppression of carbohydrate formation . 

In summa ry, therefore, the blue-biased treatment was 

shown to increase the l evel of many amino acids (so decrease 

the free NHZ ion cont ent of the cell), and to itimul at e 

the formation of prot eins as measured by protein nitrogen. 

At the same time, the tot a l ca r bohyd rate l eve l of th e plants 

und e r this tr eatmen t decreased presumably beca use incorporated 

carbon in th e cell was directed into amino- acid synthesis . 

In contrast, t he red-biased treatment showed the opposite 

response in each case. 

It shoul d,howe ver, be not ed that these results we re not 

obtain ed under equal oho t osynth esis conditions as shown either 

by we ight incr ease results or by quantum cons ider a tions. 

Howe ver, t he results we re consistent both betwe e n sp eci es , 

and more i mp ort ant ly, at ea ch of the irradianc e lev e l s studied . 

Hence the tren ds a r e undoubtedly eff ective trends directly r e ­

lated to the spectral treatme nts studied . This aside, there 

is also the pr eviously published data wh ich agrees we ll with 

the present study . 

5. Chloropl ast Form ar.d Siz e and Chlorophyll Cont ent s. 

It seemed possible, particularly from the ch a n ges in 

protein l evels within each treat me nt, that there may have been 

a reor ga nis at ion within the chloroplasts of the cell to bal­

ance the shifts in metabolism occurring under each of the 

spectral treatments. This would be possibl e throu gh either 

a change in the structure of each chloropl as t within a particular 

cell type in the leaf, or through a change in chloroplast size 

or number. 

·The influ e nce of the environment on chloroplast ultra­

structure of de veloping and mature leaves of normal plants has 

not been studied very int~nsively. Recently , Ba ll antine and 
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Forde (1970) showed that both light irradiance and temperature 

could markedly affect chloroplast ultrastructure in soybean. 

Leaves grown under low light irradiance (90 W m- 2 ) at both 

their temperature regimes (27 . 5-22.s 0 c, 20 . 0-12.5°C) had 

palisade mesophyll c hloroplasts containing well-formed grana . 

The correspon ding le a ves developed under a higher irradiance 

(220 W m- 2 ) had very rudiment ar y grana . Chloroplasts from 

hi gh temper atu re and high light had grana consisting of two 

or three appressed thylakoids, while grana from t he low temp­

erature wer e confi ned to occasional thylakoid overlap. Spongy 

mesophyll c h loroplasts, in comparison, were less sensitive to 

these growth conditions. Transfer experiments showed that the 

ultrastructur e of chloroplas ts from mature leaves could be 

modified by chan gin g the conditions, though the effect was 

less marked than when the leaf was growing , 

It is cl ea r from these results that the chloroplasts in 

the cell are in a dyn ami c st a te and ca n modify th e ir ultr a ­

structure depending on the current environmental (li ght irra d­

iance and t empe rature) conditions . 

Lyttl et on, Ballantine and Forde (1971) in a similar study 

on Amaranthus livid us , found that compar e d with lo w li gh t con­

ditions , hi gh light ma rkedly r ed uced the gran a l content in 

chloroplasts of both mesophyll and bundl e sheath cell typ es . 

This, together with changes in the degree of development of t he 

peripheral r et iculum, is in gene ral agreement wit h the concept 

of env.ironmental modification o f the chloroplast ultrastructure. 

In section II. 3 . 3 . it was clearly indicated from the 

literature that a similar response to different light quality 

regimes may be expected in chloroplasts of higher plants 

(Osipova and Ashur , 1965 ; Osipova et al, 1966) . However , the 

conclusions to be drawn from such existing data are not al­

together clear . Pirson and Kowallik (1964) argued that since , 

on a protein basis, the chlorophyll content was markedly lower 

in blue light grown cells , the surplus protein of these cells 

is not used to increase the chloroplast, at least not in its 

normal composition. They state thatz 

· ••this protein would reflect nothing else than a disturb­

ance in the intracellular equilibrance of the photoautotrophic 

cell , whether it m~y be deposited in the cytoplasm or perhaps 
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added to the non-photosynthetic material of the chlo ro plast". 

The results from the Spectral Bias study appear to sub­

stantiate these predictions as there were no obvious ultra­

structure change s from each of the spectral treatments. 

6. Artifici a l Light Sources. 

6 • 1 • Lamp Selection. 

The present study brings out many of the problems which 

are currently faced in the use and selection of artificial 

light sources for plant growth under controlled environment 

conditions. It is apparent from the data presented, that 

within a range of a rtificial light sources currently available, 

combinations are possible which give satisfactory plant growth 

and "normal" plants for a range of experimental uses . H0tuever , 

it is also evident from these studies that any degree of 

deviation of an artificial spectra fro m a bala nc ed output will 

be reflected in changes in plant growth, form and metabolism. 

These reactions of plants to ~road-band spectra are 

necessarily co mp licated and it is often difficult in such 

studies to see which is the predominant effect and to which 

wavelength region the effect is attributable. These responsse 

however, are important in controlled environment studies and, 

moreover , their analysis can often lead to important physio­

logical implications. 

However, the probl em still arises as to what should be 

used as a reference for such artificial spectra studies. 

Clearly, some standardization of' a light source would be de­

sirable but it is difficult to foresee the form that this 

should take. Hudson (19 57) stated the problem very aptly: 

"In assessing results of work it must be borne in mind 

that there is no such thing as a "neutral" environment , to 

which plants do not react at all, and which can therefore 

be used as a convenient reference point; nor are there 

"norm a l plants", produced in response to a "neutral back­

ground". The condition of a plant, at any moment in time, 

is a summation of all its reactions to all the levels of all 

the environmental factors which it has experienced up to that 
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time, and one of the difficulties of this type of work is to 

deci de what should be used as a yardstick in assessing the 

effects of any pa rticular factor. We can certainly not use 

a "perfect plant" as the criterion, s ince we do not yet know 

how to produce on e and would not be able to r e cognize its 

unique status if we did!" 

Hence it would a pp ear to be impossible to define a "normal" 

plant ? nd t herefore to grow it under t est (li ght) environmental 

conditi on s in order to scre e n thes e for suit a bility. 

Si milarly, there is the pr oblem of a "ne utr a l" environment 

in which to grow a plant sp e cies and thus use this as a refer­

ence in studyin g specific va riables. Light qu a lity, qu a ntity · 

and dur a tion a re a ll contin uously va riable in natural en­

viron ments and the use of sunli ght poses as ma ny differe n t 

proble ms as those faced in controlled environ ment situa tions. 

Of the ma in diffi cu lties, the vari a tion of ener gy flux density 

with ti me both di urnally and especi a lly inst a ntaneously 

(i.e. clo udiness) are of gre a test si gnificance. Strictly 

spea k ing the diurn a l vari a bil ity of li ght in natural environ­

ments is not the problem of t ha t environ ment, of course, but 

rather the problem of simulation in controlled environm e nts. 

Rap i d vari a tions in irradiance, hnw~ver a re a re a l prob­

lem to gether with temperature control in eith e r natural or 

glasshouse environ ments. Although daylength is also an import­

ant variable the problems of controlling this are much smaller 

than those involved in the other main light properties. Along 

with the diurn a l variablilty in light irradiance there is also 

the important spectral shift associated with sun angle and air 

mass which each change with both time of day and with season. 

Each of these factors are important in natural environments 

both as physical parameters, and as factors in controlling 

plant growth, and require consideration in controlied environ­

ments. 

It is appar e nt in the previous work reported that no 

attempt has been made to define a standard spectral output 

in physical terms for controlled environment work. Canham 
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(1966) suggests the use of: 

"a spectral distribution ver y similar to that cif day­

light •••••••••• (with), •.•••••••• the ·spectral composition of the 

light to be within 10 per cent of the accepted daylight values 

in four specified bands •••.•••• and wit~in 15 per cent in two 

oth ers •••••••• Wa velengt~s below 3,800 A were to be ignored 

and those above 14,000 A removed with a water filter." 

Th e light-quality specification was presented as :-

BAN D 1 2 3 4 5 6 

WAVELENGTH 380-460 460-510 510-560 560-610 610-700 ?DD-8 50 
RANCE, nm 

1~ ENERGY 16 13 1 2 11 1 8 27 
SPECIFIED (1 2 ,1) (12. 6) (12,7) (12, 5) (21. 9 ) (23.1) 

TOLERANCE 1 D 10 1 5 15 10 10 _, 
+ /'c> 

The r eference to the origin of these va lues is not given 

by Canh am except t hat this is a "d aylight" spectrum . Howe ver 

this approach is the only logical one to t ake and a standard­

isation on either this set of data or one based on s a y Moon's 

curve s appears to be the best solution to this problem, Ther2 

may be s o me contention on the choice of air mass when consider­

ing this pos sibility and it is proposed here that a standard 

solar curve based on an a ir mass= 2 in agreement with engineer­

ing standards be regarded as the reference value. The per­

centage energy in the wavebands specified by Canham on this 

assumption would be as given in parentheses in the above table, 

These figures are derived from Moon (1940). It is clear thif 

there is little defference betwee n these two sets of figures 

and in actual fact any clo se approach to this general distri­

bution should suffice for all practical purposes. 

The rema i nin g problems relating to the li ght environment 

are more easily resolved. In all controlled environment work 

every attempt must be made by the investigator to 

( a) ~chieve an even spatial distribution of energy flux over 

· the plant growing area which includes an even spectral regime 

where two or more l amp types are being used to provide the 

artificial light, 
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(b) measure the energy flux density of the light source before 

and after each treatment and whe re possible measure the energy 

flux fro m each la mp type as wel l as total output as a cross 

check with (c) in relation to spectral changes, 

( c ) measu re the energy flux density of specific spectral band­

widths before and afte r each treatment, in order both to define 

the light r egime used , and to examine the possibility of a 

spectral change during the treatment. 

It is import ant that aspects of sections (b) and (c) are 

presented in publications rel a ting to controlled envi r onment 

work , or in cases whe re this is not possible, . that energy flux 

density va lues and the typ es , and numbers of artificial lamps 

used, sho uld be quoted . It is possible to extrapolate this 

infor mation to give an approximation of sp~ctral conditions in 

the experiment reported. 

The sR suggestions are in agreement with those of the Dutch 

Committee on Plant Irradiation (19 53 , 1955) and of the more 

recent ASHS Working Cro up on Controlled Environ men ts (Krizek, 

1970). The retention of illuminance uni ts (lux) by this latter 

group , ho wever, is to be deplored. 

The ASHS group' ssuggestions for reporting the light regime 

used in controlled environment studies are :-

(a) Minimum requirements 

(i) Lamp types and percent input wattage for each 

type. 

( ii) Light meter readings at beginning and end of 

each experiment, indicating type, manufacturer , and model of 

meter used (preferably cosine correct ed) . 

(iii) Location of reading in relation to plant height. 

(iv) Photoperiod. Indicate if lights are turned on 

gradually or abruptly; if gradual , indicate programme. 

(v) Indicate whether a barrier is used between -

lamps and growing area , and type of material. 

(b) Desired additional informati6n 

(i) Manufacturer and designation of lamp (a) for 

incandescent lamps, indicate lamp voltage and line voltage 

(b) for fluorescent lamps, indicate loading 

(ii) "Fluctuations in light readings during the 
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experiment. 

(iii) Gradient in light intensity over the growing 

area. 

(iv) 

(v) 

Frequency of light measurements. 

Spectral energy distribution; total radiant 

( -2 -1) energy per given wavelength band µ watts cm nm : or 

ratio of visi ble to infr a- red radi at ion, indicating instrument 

used. 

6.2. Lamp Performance . 

In the Spectral Balance experiment , the plants grown 

under the spectral and irr2diance treatments tested did not 

vary substantially in their growth or biochemical response. 

No consistent trend favouring one lamp typ~ over another in 

the r esponses was apparent between the species tested. 

In considering closely t h e percentage distribution of the 

variou s wavebands, these results are not surprising, at least 

with respect to rigs I-IV . With th ese conditions, the prop­

ortions of short-wave and lon g- wa ve radiation remain approxi ­

mately consistent; the green-yello w re gion of the spectrum 

showing the most variation bet ween treatments . A survey of 

the li terature indicates that this central wavelength region 

in comparison with other regions is of least significance in 

plant growth and develop me nt. 

With resp ect to ri gs V (low intensity) and VI ( me tal-arc 

only) the ratio of short (blue) to long (red) wave radiation 

increas ed consi dera~ly , but plant r esponse appeared to be 

mediated by the irradiance level rather than the spectral 

treatment in each of these rigs. 

Similarly, the proportions of near infra-red in each 

treat ment varied widely but did not appear to influence plant 

response. It is assumed in this case that red far-red mediated 

reactions would be saturated (i.e. under the same steady state · 

condition) at each of the irradiances used. This is most 

apparent in comparing rigs I and III (1.5 and 2.5 Kw of tung­

sten) with the equivalent irradiance of rig VI (no tungsten) 
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where plant response was similar ov er all treatments. 

However , although plant response was co nsi stent under 

each la mp combination tested, the Sylvania " Me tal-arc" high 

pressur e di scharge lamp had obvious advantages. On the one 

hand, its spectral distribution was superior to the other lamps 

of the s a me type tested, particularly with respect to provid­

ing a mo re uniform distribution of energy over the photo­

synth e ticall y-active r ange . Deficiencies in th~ 400-450 nm 

range are satisfactorily overcome by supplemehtary ill um ination 

with specific la mps which emit in this range. The Philips 

blue fluorescent lamp as used in these studies is satisfactory 

for this purpose, but the more recently developed Philips 

blue HP I experimental lamp is considered to be a superior 

alternative. Similar deficiencies in the 540-700 nm range 

and in the near infra-red ran ge can be overco me using either 

the quar tz- ha lo gen la mp or the mo r e conventional tun gst en 

lamps as used in each of these exporiments. 

On the other hand, the efficiency ( wat ts · m- 2 outp ut/watt 

po we r input) of the "Metal-arc" lamp is far superior to the 

HPLR and HPI l amps . 

Details of light ri g components and irradiance outpu ts 

have been presented in Section III. 2. but because of selectiv e 

scre ening , this data do es not give a true r epresent ati on of 

the actual irradiance output of each of the lamp combinations 

used in rigs I to VI. 

Performance in relation to irradiance output per watt 

input decreased in the order " Me tal-arc", HPI, HPLR . Further, 

unpresented results from tests (Warrington, 1969) on lamp 

holders and reflectors indicated that the El ec trolier Corp­

oration lamp holders, in combination with the Sylvania Vanguard 

reflectors, would increase the intensity output three-fold in 

comparison with the G.E.C. lamp holder - Benzamin High Bay 

reflector combination as used in the Spectral Ba lance experiment. 

Based on these results, the best '' Me tal-arc" lamp-reflect­

or co.mbination is 4-6 ti mes more efficient than the HP LR 
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lamp (internal reflector) system on a watt input basis. 

The efficiency of these lighting systems is of con­

siderable importance in install ations with large numbers of 

growth cabinets and climate rooms in relation to power con­

sumption and cost of operation. It is true, from a practical 

consideration, that this factor can often be of greater sig­

nificance in the choice of lamps for this purpose than con­

siderations of spectral quality, 
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VI CONCLUSION 

1. General. 

There is currently available to the phy~iologist a numb er 

of commercial lamp types which offer a wide range of variability 

in spectral emission and technical characteristics which 

can be used to provide the artificial light required in con­

trolled environment installations. There is not, however, one 

lamp which will mee t all the operating requirements which are 

often specified for these environments; that is, good spectral 

emission (compar ab le to sunli ght ), high irradtance potential, 

low heat output, high operating efficiency, good ageing 

characteristics, uniform distribution patterns, ad infinitum 

which in total are difficult to meet accepting the present 

stage of development in lighting technology. This accepted, 

it is also doubtful whether some of these requi re ments are 

restrictive to the use of ceveral systems currently available 

providing other limitations are overcome satisfactorily. 

2. Controll ed Envir onment Requiremen ts. 

Controll ed environment con~itions in growth rooms or 

cabinets should primarily fulfil the following require me nts:-

(a) precisely rep rod ucible (a~d hence definable) environ­

ments, 

(b) uniform controlled climatic conditions over the plant 

growing area, and 

(c) conditions which are similar to those in natural 

environments and which will produce ''normal" growth and develop­

ment of plants. 

Th e artificial light systems used in controlled environ­

ments must therefore, meet these three requirements. In many 

growth rooms and cabinets, lighting is usually provided by low­

pressure fluor escent tubes that can give irradiances up to a 

maximum of 40,000 lux or about 175 W m- 2 of visible radiation 

(Thorn e , 1971). For many studies, plants will grow satisfactorily 

at levels below this value but these limits may be restricting 

in ph~siological studies where irradiance can be the most 

critical climatic factor under investigation. In addition, 
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the spectral quality of li ght provided by existing fluorescent 

lamps differs con s iderably from sunli gh t and although it may 

be satisfactory for photo synthesis in many s pe cies, it has 

so me ad verse effects . on others by influencing plant morphology 

and vegeta tive and r ep roductiv e development. ( Caas tra, 1970). 

This probably occurs because the r ati o of near infra-r e d to 

red li ght is much less in the artificial sources than in day­

li gh t e ven when tungsten supplementat io n is us e d. Thi s latter 

aspect is oft e n technically limitin g because these la mps should 

nor ma ll y be separated from the growing space by a transp arent 

ceiling, when th ey r eq uire th ei r own coolin g system, . or be 

susp ended in the growing space where there is a greater heat 

load on the air-conditioning system of the grow in g space, and 

a greater infr a-r e d loadin g on the plants. 

The systems defined in these studies off e r s atisfa ctory 

ways of ov e rcomin g each of thes e part icular li mit ati ons. From 

the r e s ults of both the Spectral Bias and Spectral 3al a nce 

experiments, it has been established that satisfactory plant 

gro wth and development c an be obt a in e d from recently deve lrip ed 

high-pr essu r e discharge lamps together with varying degrees 

of red and blue wavelength supplementation, With the se high­

pressur e l am ps , particularly of the " ffi etal-arc" typ e , it is 

possi b le to obtain a continuous vi sib le spectrum with con­

sider ab le output at ea ch wavelength i~ th e visibl e r eg ion, 

and to a void the narrow line-emission characteristics of the 

older me rcury-vapour lamp types. The basic nature of this 

continuous spectral output is similar to many of t he fluores­

cent lamp spectra, but it offers more to controlled environ­

ment use than the fluorescent lamp types because of the higher 

visible (400-700 nm) ener gy output. It appe ar s from rig VI · 

in the Spectral Balance experiment, that these lamps without 

additional supplementation can gi ve satisfactory plant growth, 

but the use of blue and red wavelength suppl ementa tion allows 

operatin g flexibility within these re gions and a greater 

opportunity to a chieve th e sp ec tral distributions desired. 

These characteristics, therefore, offer higher maximum irrad­

inace levels than fluorescent tube systems and the added 

supplementary light for specific wavelength regions gives 

increased operating flexibility. 



The uniformity of light over the grmuing area (item ".b" 

above) was achieved, as outli ned praviously (section III. 2.) 

by considera bly modifying reflecto r systems and by individually 

ad j ustin g each l am p in a light-ri g until a satisfactory dis­

tribution was achieved, The modification of reflector systems 

for use under controlled environment situations is critical 

if the point source (i.e. the l amp ar c) is to give an accept­

able diffuse output. This irr a diance va ri at ion across the 

plant growin g a rea is also improv ed with t he use of the mirror­

ed walls in the rooms and cabinets an d by focussing the in­

dividu a l la mps , but a more effective and less time-consuming 

arran gement would be to use a diffusing screen under the light­

rig in order to scatter the incoming radi ati on. Providin g 

this reduced the total irradiance (i.e. the operati ng or con~ 

version effiency) only sli ghtly then the advan tages of t h is 

lighting syste m over oth e rs will still hold. 

The third aspect (item "c") is the issuo which a ffects 

the pl ant physiolo gists most directly and which has been the 

central issu e in these studies; this is, that the li ghting 

system employ od must relate clos ely to natural conditions a nd 

provi de an en vi ronment for the nor ma l gr owth and developm e nt 

of pl ants . This problem of definition, or at le as t of r e cog­

nition, has been discussed pr eviously and pl a c es this issue 

in its true perspecti ve (section V. 6. and Hudson, 1957), 

However, if the philisophy of "nor ma l pl ants " and "neutral 

environments" was to be accepted, then the progress of physiol­

ogy would be very restricted indeed. Wha t is essential in this 

work is that there is a definition of plant responses under a 

series of controlled conditions which span over the ran ge of 

the variable under study such that the variability rather t ha n 

the normality of t he response is defin able. This is typified 

by the Spectral Bias experiment tr eatmen ts where the variance 

in the visible spectra has been adjuste d to span the clima tic 

factor under study, 

3. Plant Syst ems ' Responses. 

The results obtained from these contrasting biased treat­

ments give a cle a r indication of t he plant's response fore 
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large and diverse number of parameters. This is in contrast 

to the Spectral Balance experiment treatments where there 

was a marked consistency in the responses recorded nnd where 

small differences gave no clear indication of the changes that 

were occurring, Hence, although similar artificial light 

spectra (i.e., for example, thos e with a similar red:blue ratio) 

gave similar plant responses, there were more obvious changes 

which occurred under markedly biased conditions in response 

to the changes in particul a r wavelength relationships, From 

this present study it is clear that a number of morphological 

and biochemical chan ges occurred in response to the spectral 

tr eatments . However, in relation to present understanding in 

basic plant physiology, there remains the deficiency of being 

able to predict both the magnitude and the relativity oft~~: 

changes that occurred. From this difficulty it follows that 

there is the problem of definin g in terms of general plant 

response, and therefore ultimately in terms of an acceptable 

standard spectrum, the specific2tion for a "normal" operatin g 

environmental condition. 

There is, from these studies, a series of results which 

make cle a r several facets of environmentally induced chan ge s 

which occur under these controlled environment conditions . 

Primarily, the affects of the spectral and irradiace environ­

ments are far more than those expresseD simply in the visual 

appearance of the plant. In order that the events determin ed 

by these environments are described fully, it follows that 

the biochemistry of the plant, along with a complete growth 

description of the induced responses, is required. Subsequent 

to this, some means of integrating this information into whole 

plant systems in the form of (mathematical?) models is re­

quired for comprehension of the bulk of response information 

inevitably comp~led. 

If this end result is to be ach~eved then more intensive 

studies, of a similar nature to those undertaken in these 

inves~i ga tions, must be entertained, 

One most obvious area of previous neglect which is apparent 
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from the present study is th a t centreing on the wavele ngth 

con trol of biochemical metabolism. This holds with respect 

to both the small am ount of work carried out in this field 

and the task of integration of that work by many authors 

with respect to th eir own studies, This latter aspect is in 

turn aggre vated by examp les of conflict between re sul ts fro m 

one set of workers l\J i th another (e. g , Hess and Tol bert , 1 96 7) • 

Th e scheme presented in se ction V. 4. is an attempt to over­

co me part of this l ack of int ~grati on and to pcrssi bly account 

for the differences whic h appear to ex~st in reported responses. 

However, the shortcomings of such an attempt are clear and for 

this reason the follo wing points r equ ire further exa mination: 

(i) In d ividu a l co ~pound levels . 

The r esponse to specific wavelength re gions is well 

establis hed for several major co mpounds ; i.B . short-wave 

enh an c emen t of as partic and glutami c acids, fumarate and mal a te; 

lon g- wa ve enhancement of g l ucose , fructo se , starch, sucrose . 

However, the evidence for chan ge s in other interm edia ry met a bol­

ites, pa rticularly of other am ino acids, is not available in 

the liter a tur e . Particular conf us ion with respect to serine 

appears to ex ist but this may be resolved as mor e infor ma tion 

re ga rdin g photorespir at ion becom es a vailab l e . 

(ii) Relationships of var ious pathwa ys . 

There is adequa t e evid e nce for short-wave enhancement of 

total amino a cid and protein l eve ls · a nd for long-wave enhance­

ment of tot a l carbohy drates in plant systems , However the 

interrel ati onsh ips of the vari ous pathways in resp ect to t he se 

wavelength a ffects is not established, with the exception that 

the photosynthetic c a r bon - fixing systems are not directly 

involved. Intermedi a ry product turnover rates, pool values 

and end-product accumulation can all influence the interpretat­

ions possi ble for the relationships that might exist between 

groups of co mpounds. This is in turn rel a ted to: 

.(iii) IYl echanisms of wavelength a ction. 

Evidence is a vaila ble for specific wavelength activation 

of PEP carboxylase (O gasawara and Miyachi, 1970) and of glycol­

ate oxidase (Voskresenskaya et al , 1970) by short-wave r adia t- . 

ion, However, evidence for other enzyme responses, chan ges in 

pigme nt syst ems (and related r edu cin g power an~ photophos­

phorylation changes) and effects on the genetic status of the 
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cell are not clear with respect to currently available inform­

a tion. Similarly, there is no clear indication of the loc a tion 

of these ch anges with in the c el l system and ~hether these changes 

influenc e structural alterations of va rious or ga nelles (e.g. 

chloroplasts) or me rely occur under nor ma l ce llular conditions. 

The influ ence of specific wavelength regions on morpholog ­

ical ch anges such as le a f growth, stem elongation and, in gener ­

al, the division of assim ilat es to va rious plarit parts, ha s 

been bro ad ly establi she d but not in sufficient detail to be 

able to pr edi ct pla nt form from known ar tificial spectra. In 

some inst an c es the spectral sens itivity curve· (i.e. the '' a ction 

spectrum") for t he physiological r es pons e in question has been 

broadly defined (e. g . stem e long a tion in t~mato, Stolwijk, 

1954), but this is species-specific and dependent on ot he r 

growth conditions (d ay length, temperature and irradiance). 

This is not helped by the absen ce of explanations for control 

mec ha n isms even where detail e d evidence is avail ab l e from some 

wavelen gth r e ceptor s (e.g. phy tochro me ), or where r esp onses 

cannot be a ccount ed for in terms of cur r en tly known r e cep to r 

systems (e. g . the unce r ta inty of the ass ociation of phyto­

chro me with mohr's Hi gh Ener gy Rijac tion system). 

With respect to photosynthetic . r esp ons e s at various wa ve­

lengths, recent work ( ~cCree, 1972) has established the r e ­

liance of the flux of absorbed quanta as a practical absolute 

me a sure of the amount of photosynthetically active radiation 

available to the plant. Th e assessment of photosynthesis is, 

therefore on this assumption, a matter of deter mining wave­

length influence on interception and absorptance (i.e. on leaf 

area, dry weight per unit are a , leaf display, pigmentation) as 

illustrat ed in Section V. 3. McCree (1 972) showed some obvious 

differences in relative quantum yield, absorptance and relative 

action spectra between field and gro wth-chamber grown plants 

which was probably due to variable absorption by non-chloro­

plastic material . These differences under normal operating 

~ondi£ions, however , are likely to be small but , nevertheless, 

require explaining. 
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4. Con cluding Remarks . 

In conclusion, it has been shown that th e complexity of 

interactions between environments, development and metabolism 

can not be resolv ed simply by identifying a single operative 

environmental variable, or a single parameter by which its 

action may be traced. Int e r a ctions between variab l es (i.e. 

the sp ectra l qu a l ity of the li ght tr ea t ment an d the irradiance 

level) are of majo r importance; their cons eq u Bhces reflect in 

chan ges in metabolism within the plant ·a nd a r e expressed 

differently in different or gans of the plant and at different 

stages of t he life cycle (see Steward, 1971 for a treatment 

o f ~1 e n t h a ) • 

" ••.••• Gene tics pr es cribes th e r ange of chemical and 

morpholo g ical events th a t are feasi ble ; the r es pons es of plants 

to nutrition and environ~ ent select from the fe asible and 

convert it into t he practi c able . This is ind ee d a feat of 

"biolo g ic a l engineer in g ," because it takes th e at tri 'J utes of 

life and th e prop e rt ies of mat ter and the l aws of ener gy to 

pro du ce a mechanism that works. · It is a major physiological 

task to des cri be , to document, to explain, how al l t his is 

done a nd , having done so, to see the potent ial a pplications 

as pl ants a re exploited for the benefit of man and his environ­

ment •• ,, •• " (Ste wa rd, 1971), 
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Procedure for mea surin q Irradiance 

(En ergy Flux Density) 

Determination with Eppley Pyranometer 
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( a) Unshielded Eppley= horizontal flux density of 

short-wave (SW). 

SW= mV x KE l pp ey 

= •••••••••••••••• w -2 m 

(b) Shielded Eppley= restricted horizontal flux 

density of short-wave (SWR). 

SWR = mV x K Eppley 

= ••••••••••••••••••• w -2 m 

(c) Shielded Eppley + Schott RCB filter= restricted 

horizontal flux density of near infra-red radiation ( NIRR). 

(d) 

(e) 

NIRR = mV x I< Eppley x Filt e r Trans mission Factor 

= mV x K -2 Eppley x 1,09 Wm 

= ••••• , ••• , • , •••••••••••• W m 
-2 

Photosynthetically active radiation restricted 

PARR= SWR - NIRR 
= •••••••••••••••••• w -2 

m 

Horizontal flux density of PAR 

PAR= SW x PARR 

SWR 
= • • • • • • • • • • • ••••••• w -2 m 
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Appendix 2. 

Table 23 

Spectral Bias Experiment 

Distr5bution Values of Light Irradiance Over the Plant 

Area for Individual Light Types and Each Total Lamp 

Combination 

EEL Light-Meter (Values Approximately in lm ft- 2 x 10) 

Readings Taken at 20 cm Centres 

A. Balanced Treatment (Room 11) 

High Irradiance Treatment 

4 x 1000 W. "Metalarc" 12 x - 1000 W, Quartz Halogen 
[2 go I 2 ~ --,Q-9-~ 2 so -1 

300 300 i 300 ! 300 i 290 270 
I I l i j 

r-----310 --···i20- - 3 -1-0---j 

~ - - -9-6-1 76 i 7-~ 

70 82 : 84 I 84 l 80 63 I i i . 

~
---8~------8?, 6¥ 1 

I j I 
I I I 

300 300 i 310 j 320 300 ~90 
i I 1 j 
i-----· ·300 --- , 10 ----300 - - -I 
I I i I 

300 300 1

1 

31 o 300 ' 290 2'00 
j I J. 
·----31-o- 3do:100--

1 I 
3[0 ~~:_l~~~_J ~~~ I 3~~aa 

I 6 79 . 80 : 79 76 62 
I i . 
I ! I ! 
1----- ·-- 78- 84 --- ----- 75 - - - 1 
I / I I 

6p 81 83 
1 

84 I 78 ~5 

6

~ :: T :: T:1~6 

1 x 2000 W. Blue HPI Total Lamp Combination 

9 79 
l :16 JB--rso- --45~ 

5 80 73 81 I 4T 470

5

. 470 470 450 100 
I 

---7 1- 85 r00- 4a --.t9H 
5 85 83 82 

I 
8 430 470 480 470 460 00 

-:6t 9 t 480- ~ 4£0 

5 75 86 1 430 460 470 470 450 00 

490 ~4-7 

5 73 71 74 9 420 :~80 46.0 440 10 

4-20-
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Table 23 contd. 

B. Red-Bias ed Treatment (Room 12) 

High Irradiance Treatment 

4 x 1 OOO W. "IYletalarc" 12 x 1000 W. Quartz Halogen 

L 7 Q--.-2-9 ()--;-2-9 G--i-2 9 °' 
26 280 300 310 1 300 2~0 

-210-2-9 0-2-B· 

28 290 330 1 330 ! 300 0 

3jo--:33~- je~--

28 320 ' 340 II 320 I 290 2 0 
I , --31·0--32 0-----:31-0,---, 

27 310 340 1 320 280 250 

- 2-90- ' - 2-90----:-2-80--240 _ _I 

-- ~-0~-30--- l- -'1-30E20 . l . 
13 140 150 140 140 1"3'0 ! . 

t 
t----41-FI0-- 1--5 l--1 I · 

13 140
1 11

~0
15 

__ 1~L:_4_°_/ 20 

I 
14 140 150 150 140 30 

t----+-ff-!·- 15 t---"t-1-I,0--

1 2 c::-~:: __ ...___ ..... 1 ~3 :--- ~ : _ , 0 

Combination 

40 440 470 470 460 10 

41.·0 

43 450 480 I 480 440 20 I 
43 

40 

o--,o 
470 490 470 430 

450 460 

4fr0~'-l-<20--41-0~-...... 

480 

00 
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Table 23 contd. 

C. Blue-Bias e d Treatment (Room 13) 

High Irradiance Treatment 

4 x 1 OOO W. "!Yletalarc" 2 x 2000 W, Blue H,P.I, 

-·-2 9 0 --- -340- _ -3+0~08--1 
: I 

I ' I 

30 290 290 310 i 300 __ 100 

-··---2-9 0- -- -:5-1-0--"3"2 0 i 
r-42-0-r--1-1-:i-:- -r-1..ze--1 

13 130 ,,: 130 130 
1 

130 1130 
. i I , I 

·-·· - ""'!40 , ~ o-- -,zrn----i 

30 

31 

290 280 300 

250 270 280 
I 

I 

I 
290 00 

I I 

12 130 j 130 I 140 . 140 1
1

30 

---··--14·0---,-r:nr·- --, ·4 o -- ----i 
I I : I 

90 13 140 I 1110 . 140 : 140 1'30 

J I : i 
270 280 i 270 

-------260---- 290 ... 280 -··----- - --- ·---·- - i ________ _____, 

1 4 0 113 0 1 3 0 : 
! : . 

310 290 280 270 8 0 11 Q 1 3 0 I 1 2 0 : 12 0 i 1 3 D 1; 1 D 

1-B0-~?-0-- 1- 2e~ ~~o ' 1-mt 
1 

11 o 
1 

Total Lamp Combination 

r-410 , 430 
! 
1 

4301 430 I : 430 
i 
i 

450 440 430 

4201 

440 

430 420 430 430 430 

---42-0--- 410--4: 0--1 
420 420 . 410 400 

I 
----- 4-30 ----- 42 0 ------41 o-

4 0 

! I 

430 420 I 410 I 400 

.__--~' ..--0 360 i 
400 390 
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D. All Spectral Treatments 

Low Irradiance Treatment 

Total Lamp Combination Only 
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Balanced Treatment Red-Biased Treatment 

2 0 290 280 270 50 26 
I 250 l 270 

270 i 290 
! 
! I 

280 , 
I 
I 

300 ; 
! 

270 

2 90 

----2·9 (}----r-9-8 5 0 8 - -

60 

270 290 290 290 280 50 26 
i i • 

270 ! 290 I 290 i 270 50 

---·-·290 ----290--- 29(}---
l I I 

50 27p 290 I 290 : 200 I 270 50 

f 
i I ! 

l------"l-FII--A-- -2- I}- -------2 90 -- 2 9 o- ··--2 9 0 . .. · 
, ' I 
I ! 

26L:o 290 280 270 50 2sr 270 i 280 270 . 260 30 

z: · r -1+---"---'-1--H-Q 76-~-~ ~&-J- -2-5-0--2 5 0 'c'.3-tJ-' 

280 270 

Blue-Biased Treatment 

-~so· 
Zfro- -

27 

~707~ 

270 2 70 70 

27 _ _:.~
2 

o ·-26 0 
2 

270 60 

28 280 I 260 260 260 60 

--"2. I --"2 

27 280 250 250 250 · 50 

-23"El "2-3·{:)-



Appendix 3. Nutrient Solutions 

A. Hoagland's 1 
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The nutrient solutions used in the experiments are 

those adopted by Plant Physiology Division, D.S.I . R. 

In the cabinet experiments the nutrient used was one­

half stren gth Hoagland's 1 with some modifications (i.e. the 

use of chelat ed iron and the addition of c hloride ions). This 

choice was based on Hoa gla nd and Arnon · (1938), and recommend­

ations of 

Dr. Albert Ulrich, University of Cali(ornia, Be rkeley; 

Phytotron, Californian Institute of Technology; 

Plant Research Institute, Canad ian Department of 

Agriculture, Ottawa. 

The solution was used at a rate of 2 c,c. of each stock 

solution per litre (1 : 500) and the pH was adjusted to 6 . 5 . 

Stock Solution A. 

Calciu m nitrate 

Ca( N0
3

)
2 

• 4H
2

D 

Sequestren e 

NaFe chelate* 

Stock Solution B. 

Potassium phosphate 

KH 2 Po
4 

Potassium nitrate 

Magnesium sulphate 

l't:gS0 4 . • 7H 20 

gm./litre 

295,19 

10.4 

34.02 

126.39 

12 3. 24. 

ppm in final 
solution 

Ca 100 . 20 

N 70.03 

Fe 2.50 

K 19.55 

p 15.49 

K 97.76 

N 35.02 

Mg 24.31 

s 32.06 



Boric acid 

Manganous chloride 

MnC 12 • 4H 20 

Zinc sulphate 

ZnS0 4 • 7H 20 

Copper sulphate 

CuS04 • 5H 20 

Molybdic acid 

Na 2 Mo0 4 • 2H
2

0 

Potassium chloride 

KCl 

0.715 

0.452 5 

0,05 5 

0.020 

0.00 5 

1 • 5 75 
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8 0.2500 

Mn 0.2512 

Cl 0.324 3 

Zn 0.0250 

s 0.012 3 

Cu 0.010 2 

s 0,00 51 

ma 0.00 53 

K 1.6 522 

Cl 1.4 980. 

* The Sequestrene used was Ceigy 138 Fe chelate; 

Na/Fe 3
+ ethylene di am ine di(O-hydroxy-phenylacetate ). 

B. N.C. S.U . Nutrient Solution. 

The nutrient solution used in the climate-room 

experiments is identica l with that in use at the North Carol in a 

State University Phytotron at Raleigh, U.S.A. 

Its components, which are similar to the Hoagland's 

solution components, are:-

Stock Solution A. gm./litre 

Ammonium nitrate 80.05 

NH
4

No 3 

Calci um nitrate 

Ca( N0 3 ) 2 • 4H 2 D 

Sequestrene 

Nafe .chelate**· 

159.25 

2 9. 8 

pp m in fin al 
solution 

NH -N 4 28.0 

N0 3-N 28,0 

Ca 54,8 

N 37.6 

Fe 3.0 



Stock Solution B. 

Potassium phosphate 

KH
2

Po
4 

Potassium phosphate 

K
2

Po
4 

Potassium nitrate 

Magnesium sulphate 

rn 9 so 
4 

• 7 H 
2 
o 

Sodium sulphate 

Na
2

so4 

Zinc sulphate 

i'.nS0 4 . 7H 2o 

Manganous chloride 

!YlnC1
2 

Copper sulphate 

CuS0 4 .5H 2 0 

Boric acid 

MolY,bdic acid 
/ 

Na 2 IY1o0 4 • 2H20 

12 . 5 

5 . 5 

63 . 9 

30, 81 

35.50 

0 . 025 

0.26 

0 . 01 

0 . 35 

0 . 002 
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K 7 . 2 

p 5 , 6 

K 5,0 

p 2.0 

K 48 . 8 

N 17 , 8 

·Mg 6 , 2 

s 8,2 

.. 

Na 13 . 8 

· 5 19 . 2 

Zn 0 . 012 

s 0 , 070 

~l n 0, 11 3 

Cl 0 , 146 

Cu 0 , 005 

s 0,003 

8 0 . 12 7 

IY!o 0 . 002 

The stock solutions were used at a rate of 1 to 500 

or 200 ml stock per 50 litres of water . The pH of the nutrient 

solution was adjusted to 6 , 5 . 

** The Sequestrene used was Geigy 330 Fe chelate; 

Na/Fe 3 + d1' th 1 t . . t t t e y ene r1am1ne pen aace a e . 

A comparison of component concentrations (ppm) in the 
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nutrient solution as applied is given in the following ta b le. 

Element 

N N0
3 

NH
4 

p 

K 

Ca 

Mg 

s 
Na 

Fe 

Zn 

IY! n 

IYl o 

B 

Cu 

Cl 

Ho ag land's 
Solution 

105.05 

1 5 .50 

118.96 

100.2 

24.3 

32.08 

2.5 

0.025 

D.25 

D.005 

D.2 5 

0. 01 

1 • 82 

NCSU 
Solution · 

83.4) 

28 ) 

7.6 

61 . 0 

58.4 

6.2 

24.3 

23.0 

3.D 

111 • 4 

0.01 2 

D. 1 4 5 

0,001 6 

0, 12 7 

0,0 05 

0.187 

It is not e d that although the two nutrient solutions vary 

greatly in their composition, the pottin g media : nutrient 

solution co mbina tion used in each experi ment ga ve very s atis ­

f a ctory plant growt h . 



lllaveband 

(nm) 

Sorghum 

400-425 

425-450 

450-4 75 

475-500 

500-525 

::. 525-55 0 

550-575 

575-600 

600-625 

625-650 

650-675 

675-700 

400-700 

Appendix 4 

Table 28 

Spectral Bias Experiment 

Absorbed Photon Flux Density For 25 nm Wavebands 

Data Derived Using Absorptance Data From ~cCree 

(1972) and Photon Flux Density Values from 

Table 7 

Values for Sorghum, Soybean end White Clover 

Under all Spectral and Irradiance Treatments 

High Irradiance 
Absorptance Blue Balanced Red Blue 

Biased Biased Biased 

0.92 6.94 5,76 3.28 5, 10 

0,92 6, 11 5.40 3,63 4,69 

0,92 14,23 0,42 3,56 9,70 

0.90 3.65 4,43 4. 21 2,55 

0,83 3.93 4,93 4, 82 2,58 

0,74 3,60 4,40 4,64 2,43 

0.74 4, 15 5.05 5,05 2 ,69 

0.80 7.32 1 0, 11 10,33 5, 16 

0,84 8, 1 B 9,36 11, 00 5, 14 

0,88 3,85 5 . 71 7,58 2,62 

0,90 2, 71 5.29 7,09 2 .06 

0,83 2,93 5,27 6,68 1, 99 

67 .60 75, 13 71. 8, 46, 71 

Lou, Irradiance 
Balanced Red 

Biased 

3,79 2,23 

3,6J 2 .36 

6,58 2,54 

2.88 2 ,99 

3,03 3 .25 

2,90 3. 13 

3.26 3,26 

6,67 6,46 

6,08 7 .01 

4. 13 5.37 

3 .6 2 5,29 

3,52 4. 92 

50.09 48. 81 



Table 28 contd 

High Irradiance Low lrradiance 

lilaveband Absorptance Blue Balanced Red Blue Balanced Red 

(nm) Biased Bias ed Biased Biased 

Soybean 

400-425 0,94 7,09 5,88 3.35 5,22 3,87 2,28 

425-450 0,94 6,24 5 , 52 3 , 71 4,79 3, 71 2,41 

450-475 0,94 14,54 9,62 3,64 9, 91 6, 72 2.59 

475-500 0,93 3 ,78 4, 58 4.35 2,63 2,98 3,09 

500-525 0,90 4,26 5 , 35 5,23 2,80 3, 2 9 3.53 

525-550 0.85 4, 11 5.03 5 .30 2,80 4, 77 3.60 

550-575 0,84 4,71 5,73 5 ,7 3 3,06 3,70 3,70 

575-600 0,88 8 ,01 11, 06 11, 30 5.68 7,34 7, 10 

600-625 0,90 8, 77 10, 03 11, 78 5. 51 6, 52 7,52 

625-650 0,92 4,03 5 , 98 7 ,92 2,74 4,32 5,61 

650-675 0,93 2 , 80 5,47 7,33 2,13 3,74 5,47 

675-700 0,91 3,20 5 ,75 7,29 2, 18 3,86 5,40 

400-700 71, 54 80,00 76,93 49,45 54, 82 52,30 

lilhite Clover 

400-425 0,93 7.01 5,82 3,31 5, 16 3,83 2,25 

425-450 0,94 6,20 5,49 3,69 4,79 3, 71 2,41 

450-475 0,94 14,62 9,67 3 ,66 9, 91 6, 72 2,59 

475-500 0,93 3,78 4,58 4,35 2,63 1, 98 3,09 

500-525 0, 86 4.07 5, 11 5,00 2, 67 3, 14 3,37 

525-550 0,75 3,65 4,46 4,70 2,47 2,94 3,17 

550-575 0,74 4, 15 5 ,0 5 5,05 2,69 3.26 3,26 

575-600 0,80 7,32 1 0, 11 1 0, 33 5,16 6,67 6,46 

600-625 0,85 8.28 9 .4 7 11 , 13 5,20 6, 15 7, 10 

625-650 0,89 3, 92 5, 81 7,71 2,65 4, 1 7 5,43 

650-675 0, 92 2,77 5,41 7,25 2, 11 3.70 5,41 

6 75- 700 0,86 3,04 5,46 6, 92 2,06 3,65 5, 10 

400-700 68. 81 76,44 73, 10 47,50 50, 92 49,64 



Appendix 5. Chloroplast Ultrastructure. 

Abbreviations Used:-

CI cytoplasmic invagination, CM 

CW cell wall, CV cytoplasm, C grana, 

space, M mitochondria, N nucleus, DC 

S starch, ST stroma, T thylakoid(s), 

V vacuole. 
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chloroplast membrane, 

IS intercellular 

osmiophilic globule, 

To tonoplast, 



IS 

b. 

Fig . EM 1 . (a .7.05 ·27, b . 705 ·19) 

SOYBEAN. a . Lower palisade mesophyll. 

b . Spongy mesophyll. 

(a . Red biased , low light . b .Balanced , high light) . 



Fig . EM 2. (a. 705·31 , 

SOYBEAN. a. Upper palisade mesophyll. 

b. Spongy mesophyll. 

( Blue biased, high light) . 

b . 694· 30) 



Fig.EM 3. 

SOYBEAN. High light . 

Upper palisade mesophyll. 

1 . Blue biased . 

2. Balanced. 

3. Red biased . 

V 

(1. 706·4, 2 .705·18 , 
3. 692 ·14) 



• 

Fig . EM 4 . ( 1. 706·2 , 2. 705·23 , 

SOYBEAN. High l ight . 3. 692·13) 

Lower pal isade mesophyll . 

1. Blue biased , 2. Balanced , 3.Red biased. 



~- EM 8. 
SOYBEAN . Low light. 
Spongy mesophyl I. 

( 1. 704 • 22 I 2 • 698 · 29 I 

3 .705 ·24) 

1. Blue biased , 2 . Balanced , 3. Red biased . 



Fig . EM 9 . 

WHITE 

(a .695·32, b.693 ·14) 

CLOVER . a . Palisade mesophyll. 

b . Spongy mesophyll . 

( Blue biased. hi~h I ight). 



Fig . EM 10 . (1 . 695·31 , 2.696·5 , 

I WHITE CLOVER. High light. 3. 693·22) 

Palisade mesophyll . 

1. Blue biased . 

2. Balanced . 
3. Red biased . 



Fig . EM 13 . 

WHITE CLOVER . Low light . 

Spon~y mesophyll . 

(1 . 699 ·22 . 3. 700 · 22 , 

? . 699·2) 

1. Blue biased , 2 . Balanced , 3. Red biased . 
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Appendix 6. 

Solar Radiation 

Characteristics 



Table 24 

Distribution of Standard Solar Radiation Curve (%) 

(Data adapted from Moon, P. , "Proposed Standard Solar-Radiation Curves for 
Engineering use". Journal of the Franklin Institute, 230 (1940): 583-617) 

Solar Irradiation at Sea Level wi th Surface Perpendicular to Sun's Rays, M = 2 

% % % 

400 - 410 1 • 6 500 - 510 3.5 600 - 610 3.3 

410 - 420 2.0 510 - 520 3 .4 610 - 620 3.3 

420 - 430 2.2 520 - 530 3.4 620 - 630 3.4 

430 - 440 2.4 530 . - 540 3.4 630 - 640 3.4 

440 - 450 2.8 540 - 550 3.4 640 - 650 3.4 

450 - 460 3.0 550 - 560 3 .4 650 - 660 3.4 

460 - 470 3.2 560 - 570 3.4 660 - 670 3.3 

470 - 480 3.3 570 - 580 3 . 4 · 670 - 680 · 3. 3 

480 - 490 3.4 58 0 - 590 3.4 680 - 690 3. 1 

490 - 500 3.5 590 - 600 3.3 690 - 700 3.0 

700 - 710 3.2 

710 - 720 2.7 
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Table 25 

Spectral Di s tribution of Solar Energy and Amount 

Air Mass Equivalent Rel. Amt. of Radn. in Wavelength 

Sun Angle Bands (Incl. Allowance for Alter 

ation due to Longer Path). 

400-500 500-600 600-700 700-800 
nm nm nm nm 

1 90° 131 151 129 108 
-

411 

2 30° 92 118 116 90 
-

32_6 

3 19, 3 o 62 96 96 78 
- --

254 

5 11 • 3 o 32 60 72 61 
..._ -

164 



Air 
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Table 26 

Proportional Distribution of Sp ectral Ener gy for Various 

Air Masses and Equivalent Sun Angles on Basis of 

Amount in 400-700 nm Ra nge= 100 

Equiv. Wavelen gth Band 

Mass Sun 

Angle 400-500 500-600 600-700 400-700 700-800 

1 90° 31 • 9 36.7 31 • 4 1 DO 26.2 

2 30° 2 B. 2 36.2 35.6 1 OD 27.7 

3 1 9. 3° 24.4 37.8 37.8 1 DO 30 .7 

5 11 • 3 o 1 9. 5 36.6 43.9 1 DO 37.2 
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Table 27 

Relative Solar Irradiance, Lu minous Efficiency, 

and Colour Te mpe rature a t Sea · Level for Vari ous 

Air-mass Va lu es . (Adapted fro m Moon, 1940; Tab le IV) 

From "Radiation Biology", Vol. III A. Hollaender, Page 155. 

I 
Air Mass 0 1 2 3 4 5 

Solar Angle 90° 30° 19.3° 14.3c 11 • 3 o 

Wave length, nm Percentage of Total Irradiance 

290-400 7 4 3 2 1 1 

400-700 41 46 45 43 41 38 

700-1100 28 33 36 38 40 42 

1100-1500 12 10 9 9 9 9 

1500- 12 7 7 8 9 10 

Total 100 100 100 100 100 100 

Total Irradiance a 1320t 930 740 610 510 430 

w -2 m 

Lumens -2 93 105 106 103 98 93 w 

ft-c -1 min -1 -2 6000 6800 6850 6650 6300 6000 g-cal cm 

Colour temperature, OK 6200 5500 5100 4700 4300 4100 

a multiply by 100 for microwatts per square centimeter and by 

0.0014 for calories per minute per square centimeter. 

b Value of solar constant. 
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