
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



AN INVESTIGATION INTO THE EFFICIENCY 
OF NITROGEN FIXATION IN SAINFOIN 

(ONOBRYCHIS VICIIFOLIA SCOP,) 

A thesis 
presented in partial fulfilment of 
the requirements for the degree of 
Master of Science in Plant Science 

at 
Massey University 

Lionel John Hume 

198~ 



ABSTRACT 

Earlier reports have indicated that growth of the forage legume 

sainfoin (OnobY'ychis viciifoUa Scop.) is limited by its capacity to 

fix adequate quantities of Nz. 

iii 

Symbiotic N2 fixation and development of sainfoin up to the flowering 

stage was studied under glasshouse conditions. Growth and development of 

plants that were dependent solely on fixed N2 for their N requirements, 

were compared with plants supplied with abundant combined (nitrate) N. 

The effect of a low rate of combined Non symbiotic N2 fixing activity 

and plant growth was also investiga..:ed. 

From an early stage, plants dependent on symbiotic N2 fixatior. ~ad 

lower relative growth rates than plants supplied with combined N, indicating 

that the N2 fixing system of sainfoin was not capable of providing enough N 

to meet the requirements of the plant, or that N2 fixation required an 

energy input greater than that for the assimilation of mineral N. 

The mode of N nutrition was found to influence the dry matter 

distribution in sainfoin to a greater extent than reported for most other 

legumes. Plants dependent on symbiotic N2 fixation allocated a 

substantially greater proportion of dry matter to root and nodule growth 

and consequently had lower top:root + nodule ratios than plants provided 

with combined N. 

Sainfoin was found to produce abundant nodules, and had a relatively 

high nodule weight in relation to total plant weight, compared to other 

legumes. Specific nodule activity, however, was found to be relatively 

low, and possible reasons for this are discussed. 

For plants dependent on symbiotic N2 fixation, total plant N, and 

hence N2fixation appeared to be the major factor limiting plant growth. 

Evidence was obtained which indicated that the N2 fixing system of sainfoin 

may be relatively inefficient. The observed ratio of C2H2 reduced:N 2 

fixed, was higher than the theoretical ratio, and appeared to be high 

relative to other legumes, which suggested possible wastage of energy by 

the N2 fixing enzyme. The addition of a low rate of combined N had the 

effect of immediately reducing N2[C2H2] fix i ng activity, and the combined N 

appeared to substitute for, rather than supplement, symbiotic N2 fixation, 

further indicating an inefficient symbiotic N2 fixing system. 

Leaf area ratio was found to be lower in sainfoin dependent on N2 

fixation than reported values for other N2 f i xing legumes; this suggests 

that sainfoin is less efficient at intercepting photosynthetically active 



iv 

radiation .. Leaf area was highly correlated with total plant N, and 

the.re was evidence that this link was via energy supply to the symbiotic N2 

fixing system, Thus leaf area may have been limiting N
2

fixation and 

hence total plant N. 

Overall, a mutual dependence between the ability of the root 

nodules to fix N2 and the ability of the leaves to supply energy was 

indicated. There was evidence that both of these factors may play a 

role in limiting the growth of sainfoin, relative to other more 

productive legumes, such as lucerne. 
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INTRODUCTION 

There is some interest in growing the forage legume sainfoin 

(Onobrychis viaiifolia Scop.) in New Zealand at present. It is thought 

that it could play a similar role to that already played by lucerne 

(Medicago sativa L) particularly in providing forage for livestock under 

dr y summer conditions . Sainfoin has two advantages over lucerne, in 

1 

that it has non- bloating properties (e . g. Cooper et al . 1966) and it is 

not subject to some of the major pests of lucerne (e.g . Hanna et al. 1977a; 

Lance, 1980). Its major disadvantage at present, is that its yield 

potential appears to be substantially lower than that of lucerne 

in many instances (e.g. Spedding & Diekmahns, 1972). However, it is 

thought that sainfoin could possibly be useful as a bloat preventing 

crop to supplement the diet of ruminants in certain circumstances . 

Problems in establishing a satisfactory stand of sainfoin and 

maintaining it after defoliation have been widely reported. The nitrogen 

fixing ability of sainfoin is reported to be insufficient to provide for 

the nitrogen requirements of the plant (e.g. Koter, 1965a), and nitrogen 

deficiency symptoms have been observed on inoculated sainfoin at an 

early stage in the development of the crop (Sims et al . 1968; Roath & 
Graham, 1968; Schneiter et al . 1969; Meyer, 1975; Smoliak & Hanna, 1975) 

despite plants being abundantly nodulated (Burton & Curley, 1968) . 

Up to the time of this project there had been little work specifically 

investigating nitrogen fixation and nodulation in sainfoin, and possible 

causes of its poor nitrogen fixing performance . . The aim of this 

project was to investigate the nodulation and nitrogen fixation of 

sainfoin in relation to overall plant development, and to compare the 

performance of plants dependent on symbiotic nitrogen fixation with those 

supplied with abundant mineral nitrogen. 



CHAPTER 1 

REVIEW OF LITERATURE 

For convenience, the review of literature is divided into three 

main sections, dealing with sainfoin, nitrogen . fixation and the 

acetylene reduction technique. 

2 



1 SAINFOIN 

1.1 AGRICULTURAL POTENTIAL OF SAINFOIN 

1.1.1 YIELD 

Comparisons of sainfoin (Onobrychis viciifolia Scop.) with lucerne 

(Medicago sativa L.) are probably inevitable, and provide a useful frame 

of reference in the evaluation of sainfoin (Hanna & Smoliak, 1968). 

If sainfoin is to be utilised as a hay or pasture crop, even if only 

under specific environmental conditions which favour its growth, it is 

logical to place considerable emphasis on its yield performance in 

comparison to lucerne, which is one of the highest yielding forage 

legumes over a wide range of temperate environments (Hanna & Smoliak, 

1968). 
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Yields of sainfoin in pure stands have generally tended to be lower 

than those of lucerne (Hanna & Smoliak, 1968; Murray & Slinkard, 1968; 

N.I.A.B. 1974; Spedding & Diekmahns, 1972; Hanna et al. 1975; Rogers, 1976; 

Hanna, 1977) and red clover (Trifoliwn pratense L.) (Spedding & 
Diekmahns, 1972). The annual yield of sainfoin is often in the order 

of 20 - 30% lower than lucerne (Spedding & Diekmahns, 1972; Melton, 1973; 

Hanna et al . 1975; Rogers, 1976). Hanna & Smoliak (1968) state that 

even the better yielding strains of sainfoin are not likely to out-yield 

lucerne, where the latter is well adapted, especially where two or more 

cuttings can be obtained. Forage yields of sainfoin are frequently 

inferior to those of lucerne, where seasonal rainfall is adequate, due to 

poor regrowth and plant vigour (Meyer, 1975). 

There are, however, a number of situations where sainfoin has out

yielded lucerne. Murray & Slinkard (1968) report dry matter yields of 

sainfoin (one cut type) similar to those of lucerne, in Idaho under dry 

summer conditions. This result was due to the early growth and 

relatively high first cut yields of sainfoin. Carleton et al. (1968b) 

report that, for irrigated hay, Eski sainfoin (a one cut type) yielded 

more than, the same as, or less than lucerne, depending on location and 

year. Sainfoin generally yielded more than lucerne at the first cut 

and less at the second, and appeared to have a comparative advantage 

where conditions enabled only one cut per year. Roath (1968) found 

that under dryland conditions, hay yields of sainfoin compared favourably 

with lucerne, red clover and cicer milkvetch (Astragalus cicer L.) 

except on acid soil. Smoliak & Hanna (1975) grazed subirrigated sainfoin 

with sheep over five years. Over the five years sainfoin yielded 

slightly higher than lucerne, with both yielding substantially higher 



than cicer milkvetch. Kozyr (1948) reported higher hay yields from 

sainfoin than lucerne, and attributed this to drought endurance and 

resistance to pests. 

Thus, although sainfoin yields are often reported to be lower 

than the better forage legumes such as lucerne, yields may surpass those 

of lucerne under particular environments to which sainfoin is better 

adapted. This, considered together with the desirable nutritional and 

non-bloating characteristics of sainfoin (Sections 1.1.2 and 1.1.3) 

may make it a desirable forage legume under certain circumstances. 

Reports on the performance of sainfoin with companion grass species 

are conflicting. A companion grass can tend to increase total yields 

and decrease weed invasion (Bland 1971). Sainfoin is found to be 

competitive with grasses when planted in mixtures (Dubbs, 1968). 

Dubbs (1968), Roath (1968) and Hanna et al. (1977b) report good yields 

of sainfoin grown with a range of grasses, and found that sainfoin grass 

mixtures tend to yield higher than grass alone but in most cases, not 

higher than sainfoin alone. It has been found that sainfoin performs 

better in mixtures with bunch grasses, rather than rhizomatous grasses. 

The legume component tends to be reduced when the latter grasses are 

present, resulting in a lower quality forage (Hanna et al. (1975). 

Hanna et al. (1977b) measured forage yields of sainfoin/grass and 

lucerne/grass mixtures and found the legume component yield to be 

consistently higher in the lucerne/grass mixtures. Cooper (1972) found 

that sainfoin/grass mixtures were less productive than sainfoin/birdsfoot 

trefoil (Lotus cornicuZatus L.) mixtures. Sainfoin has been found to 

perform better in alternate rather than mixed row seedings with grass 

(Hanna et al. 1977b) or birdsfoot trefoil (Krall et. al. 1971). 

Thus, grass may be sown along with sainfoin to decrease weed 

invasion and increase stand longevity, but this is at the expense of 

decreased forage quality, and usually results in slightly decreased total 

yield. 
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To summarise, sainfoin often does not compare favourably, in terms of 

yield, with some of the more commonly grown forage legumes such as lucerne~ 

However, there are certain situations, such as on dry, free draining, 

high pH soils (Section 1.5.1) in which the performance of sainfoin may 

be superior to that of other forage legumes. The potential also exists 

to improve yields of sainfoin by plant breeding. South Australian workers 

appear to have selected an acceptable cultivar within the space 

of two to three years (Lance, 1980). Sheehy & Harding (pers.comm.) suggest 



that sainfoin yields would benefit from a selection programme aimed 

at increasing_ its specific leaf area (and hence leaf area ratio) and 

rate of leaf growth (section 1.4). 

Sainfoin also has certain attributes, which may make it a more 

desirable crop, than for example lucerne, even at the expense of 

reduced yield. Three of these attributes are its non-bloating 

characteristic, its very high nutritional value (discussed in sections 

1.1.2 and 1.1.3) and its resistance to some lucerne pests, such as the 

alfalfa weevil (Hypera postica) (Eslick, 1968; Hanna et al. 1977a) and the 

spotted alfalfa aphid (Lance, 1980). 

1.1.2 NON BLOATING CHARACTERISTIC 

Bloat is a problem of ruminant animals in which a persistent foam 

develops in the rumen,_ in amounts sufficient to prevent the animal 

from belching the large amounts of gas formed therein (Wright & Reid, 

1974). Bloat is a particular problem in New Zealand because of the 

large number of ruminant animals grazing legume based pastures. Bloat 

occurs most frequentiy in New Zealand, in dairy cattle, in which it is 

a common disorder. Up to 90% of the herds in a particular district 

may experience bloat, and most animals in an individual herd may be 

affected (Reid, 1976). Deaths, however, are not usually high . (as a 

result of preventative measures) with regional average death rates 

seldom higher than 2% (Reid, 1976). As at 1976 the annual cost of 

materials alone fo-::- bloat prevention could be as high as 10% of the 

value of a good dairy cow, or 4% of the probable annual gross income 

from the cow. 

Soluble plant proteins have been implicated as surfactants responsible 

for the persistent foam that develops in the rumen of animals suffering 

from boat (Gutek et al. 1974; Jones & Mangan, 1977). McArthur & 
Miltimore (1964) indentified the foaming agent in lucerne as an 18-S 

protein. They stated that the 18-S protein was probably chloroplast 

lamellae, and that it was found in all legumes, but may vary 

qualitatively because of physical characteristics. 

Three common forage legumes which c~ase bloat are lucerne, white 

clover (TrifoUwn repens L.) and red clover (McArthur & Miltimore, 1969). 

These There are, however, some forage legumes which do not cause bloat. 

include sainfoin and birdsfoot trefoil (Lotus corniculatus L.). 

Cooper et al. (1966) found sainfoin to have the lowest foam formation 

of twenty seven legume species that were evaluated for bloat potential. 

5 



Non bloating legumes such as sainfoin, have been found to contain 

protein precipitating substances called condensed tannins or 

flavolans (Reid, 1976). The soluble dietary protein of green leaves 

forms insoluble complexes with tannins, which are stable over the pH 

range 3.5 to 7.0, which includes the rumen pH range of 5.6 to 6.8 

6 

(Jones & Mangan, 1977). These complexes break up in the more acid 

conditions (pH 2.5) of the abomasum (Jones & Mangan, 1977). A complete: 

absence of soluble protein has been observed in the rumen of cattle 

grazing pasture species that contain flavolans (Jones & Mangan, 1977). 

The flavolans serve a dual purpose in that they also protect dietary 

protein from deamination by rumen bacteria and thus have a beneficial 

effect on N metabolism (Jones & Mangan, 1977). Sainfoin is found to be 

highly p~latable to herbivores, in contrast to other species containing 

tannins, in which they have been reported to cause reduced 

palatability (Jones et al. 1976). Sarkar et al. (1976) report that the 

flavolan composition of sainfoin is such that nutritive value is high, 

unlike some other flavolan containing legumes. 

Reasons other than flavolan content have also been cited as being 

responsible for the non bloating characteristic of forages such as 

sainfoin. McArthur and Miltimore (1969) state that non bloating 

legumes, including sainfoin, were found to contain low levels of the 

bloat causing 18-S protein relative to bloat causing legumes. 

Howarth et al. (1978a) found that the mesophyll cells in non bloating 

legumes were more resistant to mechanical rupture than those from bloat 

causing legumes (without cell rupture, the major foaming agents, which 

are intracellular, would not be released from the cells, and foam 

formation would not occur). Howarth et al. (1978a) state that the 

presence of flavolans, and the resistance of cells to rupture are two 

separate and complimentary explanations for the bloat safe nature of 

sainfoin. 

Pectin methyl esterase (PME) activity has also been linked to stable 

foam formation on ruminants (Rumbaugh, 1972). Sainfoin was found to 

have the lowest level of PME activity (zero) of the four forage legumes 

tested. 

Howarth et al. (1978b) hypothesised that colloidal sized fragments 

of chloroplast membranes may act as nucleation sites for bubble 

formation during the onset of pasture bloat. They cited evidence to 

support this hypothesis, and stated that sheep fed sainfoin had lower 

concentrations of suspended chloroplast fragments in their rumens than 

sheep fed other forage l~gurnes. 



1.1.3 NUTRITIONAL VALUE 

Sainfoin is reported to be a very nutritious forage (Shiin, 1959; 

Schneiter et aZ. 1969; Krall et aZ. 1971) which is highly palatable 

to all classes of livestock (Hanna et aZ. 1975). 

Sainfoin is reported to contain higher levels of N-free extract, 

total digestible nutrients and phosphorus than lucerne, similar levels 

of ether extract, and lower levels of crude protein, crude fibre, 

total ash and calcium (Baker et aZ. 1952; Carleton et aZ. 1968a; 
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Jensen et al. 1968; Schneiter et aZ. 1969; Smith et aZ. · 1974; Ditterline & 
Cooper, 1975). It is found that sainfoin provides a very good 

balance of protein and total available energy (Carleton et aZ. 1968a; 

Ulyatt et at. 1977). Kaldy et aZ. (1979), scored sainfoin and 

lucerne in terms of protein quality for non ruminants. Scores were 

68 and 71 respectively, compared to 100 for the ideal (whole egg) 

protein, 

Sainfoin is reported to be similar, in terms of digestibility, 

to lucerne (Jensen et aZ. 1968; Chapman & Carter, 1976) and red 

clover (Osbourn et aZ. 1966). The . leaves of sainfoin have been 

found to be less digestible than those of lucerne, but the stems more 

so (Ulyatt et al. 1977). In terms of animal live weight gain, 

sainfoin appears to be as food as, or better than, other forage legumes. 

The efficiency of utilisation of metabolisable energy for liveweight 

gain has been found to be higher for sainfoin than lucerne, white clover 

or subterranean clover (Trifolium subterraneum L.) (Ulyatt et aZ. 1977). 

Forage consumption, feed conversion (kg of forage consumed per kg of 

live weight gain) and live weight gain were similar in beef cattle fed 

either sainfoin or lucerne (Jensen et al.1968). Sainfoin fed to 

beef cattle is found to give superior weight gains and a better feed 

to beef conversion than grasses or grass/ladino clover (Trifolium repens) 

mixtures, at the expense of decreased stocking rate (Krall, 1968; Wilson, 

1976). Young lambs allowed unlimited grazing have been found to make 

better growth on sainfoin than any other grass or legume tested (Spedding 

& Diekmahns, 1972). Krall et al. (1971) found that sainfoin produced 

superior daily weight gains and more beef per acre than ladino clover, or 

grass fertilised with N. Newman (1968) compared rates of growth of 

pigs fed a diet containing 3% of ground sainfoin or lucerne hay and 

found that average daily gains were not significantly higher with the 

sainfoin containing diet. 



Sainfoin is reported to be very palatable, and to be superior to 

lucerne in this regard (Chapman & Carter, 1976). Osbourn et al. (1966) 

found the voluntary intake of sainfoin by sheep to be greater than for 

lucerne or red clover, and Smoliak and Hanna (1975) found that sheep 

preferred to graze sainfoin rather than lucerne or cicer milkvetch 

(Astraga~us cicer L.) . 

The maximum yield of sainfoin is achieved at late bloom. Koch 

et al. (1972) found that little was lost,in terms of quality,if sainfoin 

was not harvested until late bloom. Lignification occurs before 

flowering, and the proportion of lignin remains nearly constant there

after. The stems of sainfoin have high digestibility despite their 

coarse appearance (Koch et al. 1972), and this probably accounts for 

the fact that the nutritive value of sainfoin does not decline ~ith 

increasing maturity to the same extent as for other forage legumes. 

However, changes in the chemical composition of the whole plant, as it 

matures, are brought about principally by changer in tr.e leaf to stem 

ratio (Baker et al. 1952). 

Sainfoin seed has been evaluated as a source of protein for 

monogastrics. Ditterline (1974) found it to contain 36% crude protein 

and to have an essentialamino acid composition similar to soybean meal. 

Weanling pigs fed sainfoin seed as a diet supplement wasted more feed 

and gained less weight than pigs fed soybean meal (Ditterline, 1974; 

Ditterline & Cooper, 1975). Weanling rats fed diets with sainfoin 

seed or soybean meal as the protein sources showed similar average 

daily gains, feed consumption and feed conversion (Ditterline, 1974; 

Ditterline & Cooper, 1975). Sainfoin seed did have an advantage in 

that the trypsin inhibitors it contained did not increase pancreas size 

like those in soybean meal, which usually has to be treated to overcome 

this problem (Ditterline, 1974). 

1.1.4 COtlCLUOING COMMENTS - AGRICULTURAL POTENTIAL 

If yields of sainfoin can be raised to an acceptable level it could 

become an attractive proposition for the dryer areas of New Zealand with 

suitable soils (section 1.5.1). The non bloating characteristic and 

high nutritional value may compensate for the higher yields which may 

be able to be obtained from other crops. 
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1.2 AGRICULTURAL HISTORY OF SAINFOIN 

The genus Onobrychis comprises 80 to 100 species of plants native to 

southern Europe, northern and western Africa, and western Asia (Whyte 

et al. 1953). Sainfoin (Onobrychis) species have been part of native 

pastures in the eastern Mediterranean for as long as 6,000 years 

(Hely & Offer, 1972). Onobrychis viciifolia, originating in central 

and southern Europe, and temperate Asia, is the most important 

agricultural species. It is used in central Europe, Mediterranean 

countries and Great Britain as a hay and pasture plant (Whyte et al. 

1953). Shain (1959) states that sainfoin has been used in parts of 

the U.S.S.R. for over 1000 years and that it was transferred to western 

Europe about 400 years ago. Sainfoin appears to have been first 

cultivated in France, the first definite record,according to Vianne,being 

in 1582 (Piper, 1924). Sainfoin was grown in Germany in the 17th century 

but not in Italy until the 19th century (Piper 1924). The spread of 

sainfoin over Europe led to the profitable cultivation of much dry, 

calcareous land (Piper, 1924). 

It is thought that sainfoin came to England from the continent, 

particularly since the name sainfoin, meaning healthy hay, is of French 

origin (Bland, 1971). The writings of Jethro Tull in 1733 indicate that 

sainfoin must have been widespread and popular in England at this time 

(Spedding & Oiekmahns, 1972). Sainfoin cul ti vat ion was widespread in 

England in the 18th, 19th and early 20th centuries (Bland, 1971; 

Spedding & Diekmahns, 1972) but the area grown now is almost negligible 

(Spedding & Oiekmahns, 1972). The demise of the .crop in Britain over 

the last 60 years has been attributed to its lack of ability to respond, 

as well as alternative fodder crops,to the changing requirements of 

British agriculture (Hutchinson, 1965). Sainfoin is still a very 

important crop in parts of Europe and according to Shain (1959), is more 

important than lucerne or red clover in many parts of the U.S.S.R. 

Piper (1924) stated that sainfoin had never attained agricultural 

importance in the U.S.A., although often tested, and went on to say 

that, on suitable soils, its culture might become profitably established. 

The lack of interest in sainfoin in the U.S.A. has been attributed to the 

crop being tested under conditions (such as low pH, high rainfall and 

frequent irrigation, see section 1.5) to which it was not well adapted 

in comparison to lucerne (Eslick, 1968; Jensen & Sharp, 1968). Also, 

factors such as its non bloating charactertistic mav have been overlooked 
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and its coarse appearance may have led to an impression of low 

palatability (Eslick, 1968). 

Renewed interest in growing sainfoin in North America has resulted 

from the need for a dryland forage, and a substitute for lucerne on 

irrigated land during periods of heavy lucerne weevil infestation 

(Ditterline & Cooper, 1975). 
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The introduction of well adapted genotypes, e.g. Eski & Rernont in the 

U.S.A., and Melrose & Nova in Canada, has also made sainfoin a more 

attractive proposition (Ditterline & Cooper, 1975; Hanna et al. 1977a; Hanna, 

1980). 

1.3 MORPHOLOGICAL DESCRIPTION 

Sainfoin (Onobrychis viciifolia Scop.) is a member of the Fabaceae 

family. 

Sainfoin is a slightly pubescent, long lived perennial herb 

(Whyte et al. 1953; Spedding & Diekmahns, 1972). Frorr. a branched crown 

arise numerous erect, ribbed, hollow, branr.hed steos, which are decumbent 

at the base, and which may grow to about 1 metre in height (Piper, 1924; 

Percival, 1943; Andreev, 1963; Schneiter et al. 1969; Spedding & Diekrnahns, 

1972). Leaves are borne on long petioles, and are pinnately compound 

with 5 to 14 pairs of oblong leaflets and a terminal one (Percival, 1943; 

Spedding & Diekrnahns, 1972). The number of leaflets per leaf decreases 

acropetally (Thomson, 1951a). 

The flowers, which are rose coloured and papilionaceous, are borne 

on dense, erect racemes. These are carried on long, erect axillary 

stalks (peduncles) which enable maximum exposure for pollination (Piper, 

1924; Percival, 1943; Carleton & Weisner, 1968; Spedding & Diekrnahns, 1972). 

Flower and pod maturation begins at the base of the inflorescence and 

proceeds upwards (Schneiter et al. 1969). Inflorescences may consist 

of 5 to 80 flowers, and each flower has the capability of producing 

a single seed. A plant may have 5 to 40 sterns each having 3 to 5 

inflorescences (Carleton & Weisner, 1968). The flowering of sainfoin is 

indeterminate, but is more determinate than lucerne (Carleton & Weisner, 

1968). 

Seeds are borne singly in brown indehiscent pods. The pods are 

bilaterally symetrical and almost semi-circular in side view, with a 

straight ventral and a curved dorsal suture. On the sides are networks 

of prominent vascular ridges, often projecting from which are spines 

(Piper, 1924; Thomson, 1951b; Spedding & Diekmahns, 1972). The true 



or milled seed is kidney shaped, with the hilum situated about the 

middle of the concave edge. The seed colour tends to be olive to 

11 

brown, or black (Thomson, 1951b; Spedding & Diekmahns, 1972) . Sainfoin 

seeds tend to be larger than those of other ·forage legumes . The 

weight of 1000 seeds was found to be approximately 21.5 g unmilled and 

15.5 g milled (Thomson, 1951b). In comparison lucerne seed weighs 

approximatel y 2 g per 1000 seeds (Schneiter et al. 1969). 

Sainfoin has a thick (up to 5 cm diameter) tap- root which normally 

extends to a depth of 1 to 2 metres, but up to 10 metres (Piper, 1924; 

Whyte et al. 1953; Andreev, 1963; Spedding & Diekmahns, 1972). The 

roots of sainfoin may penetrate to depths even greater than lucerne 

in open, dry subsoils (Percival, 1943) . The root system has a few 

main branches and numerous fine laterals (Spedding & Diekmahns , 1972) . 

Sainfoin is reported to have a better developed root system with twice 

as many laterals as lucerne (Kozyr, 1948; Kalugin, 1950; Massaudilov, 

1958). 

Root nodt:les occur mainly on the fine l ate·.ral roots, but a few 

also occur on the jeuvenile tap-root (Spedding & Diekmahns, 1972). 

The nodules are large (3 x 6 mm approximately), wedge shaped, orange

white in colour, possess a subterminal meristem (Wittmann, 1968; 

Spedding & Diekmahns, 1972), and tend to be formed in clusters 

(Schreven, 1972). 

The early development of the plant is described briefly by 

Thomson (1938) and Percival (1943) . After the kidney shaped cotyledons 

reach the soil surface, foliage leaves with various numbers of leaflets 

are produced. The first foliage leaf is usually simple, the second and 

third, trifoliate, and the later l eaves pinnately· compound . Short 

lateral branches are formed and the plant forms a rosette which tends 

to be more prostrate in the one cut or ' common' type than in the 

multi-cutor ' giant' type. 

Sainfoin can be classified into two taxonomically indistinguishable 

types, a one cut or 'common' type and a multi-rut or 'giant' type, 

according to its growth behaviour after about the six leaf stage (Thomson, 

1938) . 

In the one cut type, stem elongation is limited during the 

establishment year. Flowering usually first occurs in the second year, 

and occurs once a year (Spedding & Diekmahns, 1972) . Stems tend to be 

shorter and l eafl ets smaller than in the multi-cut type (Spedding & 
Diekmahns, 1972) . 
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The multi-cuttype is said to be shorter lived than the one cut 

type (Spedding & Diekmahns, 1972). Stem elongation and flowering occur 

on the establishment year (Thomson, 1938). After cutting, the 

multi-cut type again sends up flowering stems (Thomson, 1938; Spedding & 
Diekmahns, 1972) . Stem elongation is found to take place in the 

upper internodes, with the first four to six remaining short. 

Lateral buds develop in the axils of the lower leaves, and stems 

either elongate, or remain short, producing a tuft of leaves at the 

base of the plant (Thomson, 1938). In the axils of the upper leaves, 

either inflorescences or branches may be produced (Thomson, 1938). 

1.4 GROWTH PATTERN . 

Sainfoin is easy to establish. The seeds germjnate readily and 

produce vigorous seedlings that grow rapidly (Hanna et al. 1977a). 

Seedling weight is highly correlated with seed si:; , 3owever, for a 

given increment in seed size in sainfoin, the &s~ocjat~d cotyledon area 

increase is l ess than for lucerne or birdsfoct trefoil (Carleton & 
Cooper, 1972). Sainfoin is a rapid developing l egume, the seedlings 

of which are more aggressive than those of birdsfoot trefoil 

or cicer milkvetch (Astragalus cicer L.) in mixed culture (Smoliak & 
Hanna, 1977). Sainfoin seedlings may have an initial advantage over 

the other two l egumes because of a relatively large seed and cotyledon 

area. It is thought that this advantage would persist throughout 

seedling growth (Smoliak & Hanna, 1977). Cooper and Fransen (1974) 

looked at energy relationships and the photosythetic contribution of 

the cotyledons during early seedling development. · Growth was 

dependent on seed stored carbohydrate during the first seven days of 

growth (Cooper & Fransen, 1974). The store of substrate was not 

adequate for normal first leaf formation and expansion, which appeared 

to depend on cotyledonary photosynthesis. Once stored reserves have 

been used, photosynthesis by the cotyledon is of major importance to early 

seedling growth (Cooper & Fransen, 1974). The decrease in photosynthetic 

contribution of the cotyledons was in proportion to their decrease in 

area as a proportion of total leaf area, and was only 18% of the total 

when the seedlings were 19 days old. Smoliak et al. (1972) found 

that lucerne had a greater mean relative growth rate (RGR) and net 

assimilation rate (NAR) than sainfoin, indicating that lucerne seedlings 

grew more rapidly during the ten week period of their test. Mean LAR 

(LAR = l eaf area 7 total dry weight) was slightly higher for sainfoin 
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than luccrne,as were top and root weights. Accumulated leaf area was 

also higher for sainfoin than lucerne (Smoliak et al. 1972). Mean 

NAR and RGR values for cicer milkvetch were intermediate between those 

of sajnfoin and lucerne. The important difference between sainfoin 

and lucernc appeared to be in terms of NAR, with the higher NAR of 

lucerne enabling a higher RGR despite having a lower leaf area. However 

differences between these species in terms of seedling top growth were 

found to be reflected in yields throughout the first year, with sainfoin 

being h~ghest yielding, followed by lucerne and cicer milkvetch. 

Sainfoin begins to grow in the spring before most other perennial 

legumes (Hanna et al. 1977a). A description of the early development 

has been provided in section 1.3, as has a discussion of the 

classification of sainfoin into one and multi-cut types according to 

its growth behaviour and propensity to flowering. The one cut type 

has a winter requirement for flowering and remains prostrate .in its 

first year, producing one crop of herbage towards the end of the 

growing season (Bland, 1971; Spedding & Diekmahns, 1972). In subsequent 

years it grows vigorously, sending up sterns and flowering once only 

(Bland, 1971). The large bulk of herbage produced at this time, in 

association with flowering, is normally cut and fed, or conserved. 

The regrowth, or aftermath, which is prostrate and much lower yielding, 

is normally grazed (Thomson, 1938; Bland, 1971). 

The multi-cut type flowers on its first year and flowers two or 

more times per year (Thomson, 1938; Thomson, 1951a; Bland, 1971). 

In association with flowering it produces a sufficient bulk of erect 

growing foliage for cutting twice or more each year, and the aftermath 

of the final cut can be used for grazing (Bland, 1971). The multi-cut 

type is probably more appropriate where cutting and conservation is the 

primary object, as it is a more rapid and luxuriant grower, it flowers 

earlier than the one cut type, and it will produce two or more heavy 

crops per year (Percival, 1943). 

Thomson (1951a) found that, in the seeding year, a multi-cut type 

of sainfoin yielded much higher than a one cut type at the first cut 

(cut when the multi-cut type was in full flower), but that yields for 

the remainder of the season were similar. In the second year, yields 

for the one cut type were greater under both frequent (cut monthly) 

and non frequent (cut when the multi-cut type flowered) defoliation 

regimes. The multi-cut out yielded the one cut type at the second 

cut (in the second year). This could have been associated with a 

higher proportion of leaf (compared to total top) relative to the one 



cut type at the time of the first cut (Thomson, 1951a). The higher 

proportion of leaf could have been due to the more luxuriant growth of 

fresh leaves and shoots from the base of the multi-cut type at the 

late flowering stage, or to the fact that the multi-cut type had 

more leaflets per leaf, shorter internodes on the flowering sterns and 

therefore more leaves per unit length of stern. 
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Cooper (1972) compared growth and development of the one cut variety 

Eski,with the two cut variety Rernont, during their second season of growth. 

There was an initial period of leaf formation after which leaf area 

appeared to increase as a result of leaf expansion. This was 

followed by a period of stable leaf area index (LAI). Crop growth 

rate increasedwith increasing LAI, and was highest during the period 

of stable LAI. This period coincided with the time of most rapid 

increase in stern weight, and with the period of res~oration of root 

carbohydrate reserves used in spring growth. The later maturing Eski 

had a more rapid RGR than Remont as the season progrzssed. The higher 

growth rate of Eski was related to a signi~icar.tly higher LAR, and its 

yield advantage was thought to be primarily due to this,particularly 

as the amount of available radiant energy was increasing with increasing 

day length (Cooper, 1972). 

From the stand point of getting early grazing, Remont would have 

an advantage, because early on its yields were greater than those of 

Eski. Both varieties were found to recover rapidly following spring 

clipping, but the regrowth of Remont was more rapid following a hay 

harvest or late season clipping (Cooper, 1972). No data were given 

for regrowth following hay harvest, but it was reported that soil 

moisture was a major limiting factor to later growth. The ability of 

a two cut variety to produce a second hay crop would probably be 

negated to some extent under these conditions. 

Sainfoin tends to recover more slowly from defoliation than 

lucerne, and does not produce as much regrowth (Hanna et aZ. 1975). 

Sheehy & Harding (pers.comm.) compared the growth patterns of sainfoin and 

lucerne during a summer regrowth period of 48 days. At the end of 

48 days, the amount of herbage produced by sainfoin was approximately 

32% less than that produced by lucerne. The main difference was in 

weight of stem, with leaf weights being similar. LAI's however, were 

markedly different, with the final LAI of lucerne being over twice that 

of sainfoin. The higher LAI of lucerne was reflected in higher rates 

of canopy photosynthesis. The more rapid increase in LAI of lucerne 



was explained partly by the difference in rate of leaf appearance. 

Axillary leaves accounted for the higher rate of leaf appearance in 

lucerne. A contributory factor to the higher rate of leaf appearance 

was thought to be the greater number of nodes on lucerne plants (24) 

compared with sainfoin (6-7). Specific leaf area (SLA = leaf area 

f leaf dry weight) for sainfoin was less than half that for lucerne 

throughout the growing period. Rates of individual leaf photosynthesis 

per unit leaf area were similar for the two species, as were rates of 

dark respiration per unit leaf area and the conductance of leaves to 

water loss. Thus, it appears that the critical difference between the 

two species was one of leaf morphology. Lucerne, by using its 

assin,ilate to produce a greater leaf area instead of the thicker leaves 

produced by sainfoin, increased its i~terception of photosynthetically 

active radiation and hence its photosynthetic capacity. 

The best management for optimum yield of sainfoin seems to be to 

cut when flowering is well advanced (Spedding & Die~mahns, 1972). 

Frequent or early defoliation can adversely affect the productivity 

and stand persistence of sainfoin (Thomson, 1951a; Badoux, 1965; 

Carleton et al. 1968b; Jensen & Sharp 1968; Bland, 1971; Hassell, 1971). 

Hassell (1971) found that pre-bloom and mid-bloom cutting reduced 

competitiveness and allowed invasion of weeds. Jensen and Sharp (1968) 

found that weeds severely invaded frequently cut plots of sainfoin, with 

those most frequently cut having the most weeds. Carleton et al. 

(1968b) also reported loss of stand accompanied by weed invasion on 

frequently cut plots. However, if defoliation is delayed to the late 

bud or early flowering stage, regrowth of sainfoin is satisfactory, and 

stand longevity is not reduced (Spedding & Diekmahns, 1972; Hanna et al. 

1975). Hassell (1971) cut sainfoin at the prebloom, midbloom and early 

pod stages, and found yields to be significantly greater at the early 

pod stage. Carleton et al. (1968a) found that maximum accumulation of 

dry matter and crude protein in sainfoin occurred at 100% bloom, 

compared to 2-45% bloom for lucerne. 

Thomson (1951a) found that sainfoin yielded lower under frequent 

(monthly) defoliation, in comparison to less frequent defoliation, 

such as might be encountered under a hay cutting regime. In the 

second season of growth, the frequent defoliation regime reduced yields 

by 63% (multi-cut type) and SO% (one cut type), relative to infrequent 

defoliation. The difference in performance of the two types can be 

explained largely in terms of their growth behaviour (Thomson, 1951a). 

The multi-cut type exhibited a much greater propensity to flower than 
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the one cut type, and its propensity to flowering was modified under 

conditions of frequent defoliation much less than that of the one cut 

type. The multi- cut sainfoin produced abundant flowers even under 

frequent defoliation (Thomson, 1951a). It was thought that the lack 
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of flowering in the one cut type was related to its greater resistance 

to frequent defoliat i on and that it ut i lised relatively more of its root 

carbohydrate reserves in producing leaves, which yielded a return 

of carbohydrat es. In contrast, the flowers of the multi-cut type yielded 

no such return, and hence root reserves were more rapidly exhausted. 

Also a greater tendency to flower can result in fewer leaves at low 

levels on the plant, and hence destruction of a high proportion of 

the top when cut, resulting in slow r egrowth (Spedding & Diekmahns, 

1972) . 

Under a hay cutting regime, sainfoin seems to produce over half 

of its total annual production at the first cut (Piper, 1924; 

Thomson, 1951a; Evans 1961; Jensen & Sharp, 1968). The one cut type 

of sainfoin t end s to produce a greater proportion of its yield by the 

first cut than the ,11ul ti-cut type, which wil 1 undergo stern elongation 

and flower a second time (Thomson, 1951a). 

Regrowth of sainfoin after cutting i s slower than lucerne , and 

is more adversel y affected by frequency of cutting than lucerne 

(Carleton et al,. 1968b) . The slow regrowth of sainfoin relative to 

lucerne has been discussed previously in this section, in relation to 

the work of Sheehy & Harding (pers.comm.). This slow r egr owth and 

sensitivity to frequent cutting may be further explained by the 

results of Cooper and Watson (1968), who found that total available 

carbohydrate in the roots of sainfoin were lower .and showed less 

cyclic fluctuation with cutting than in lucerne. Total available 

carbohydrate remained at low levels until late summer or early autumn. 

It is hypothesised that, following the use of carbohydrate reserves in 

early spring growth, r egrowth of sainfoin depends primarily on carbohydrates 

synthesised in existing leaf area (Cooper & Watson, 1968). Sheehy & 
Harding (pers .comm . ) calculated that sainfoin , on average , translocated 9% 

of its photosynthate to the roots, compared to a figure of 3% for 

lucerne. They suggest that it is possible that the figure for lucerne 

could be an under estimate. However, if these figures are 

approximately correct, the additional photosynthate trans located to the 

roots of sainfoin is being used for some purpose other than building 

up root reserves . As discussed in section 1.3 it has been observed 

that sainfoin has a more highly developed root system than lucerne, and 



produces a greater weight of nodule tissue. It is also possible 

that its symbiotic nitrogen fixing system is biochemically less 

efficient, and thus more energy demanding, than that of lucerne. 

There appear to be some features of the morphology and growth 

pattern of sainfoin which contribute to its apparently poor performance 

in relation to the more productive forage legumes , particularly lucerne. 

Sainfoin has been found to have a lower SLA and LAR than lucerne , and 

hence a lesser ability to produce photosynthate. Also the lack of 

build up of carbohydrate reserves during regrowth cycles may well 

contribute to slow iriitial regrowth after defoliation. As discussed 

in section 1.5.2 , however, the low SLA and slow r a te of regrowth may 

be advantageous under very dry conditions. 

1.5 ECOLOGICAL NICHE 

The two types of sainfoin, the one cut and multi-cut t ypes are 

best suited to differing environmental conditions. The one cut 

type, because it produces a great er proportion of i ts seasonal herbage 

production at the first cut (e . g . Thomson, 1951a), is best adapted to 

an environment with a short growing season or a low mid season moisture 

supply (Murray & Slinkard, 1968 ; Cooper, 1972 , Carleton et a l . 1968b) . 

Its slow regrowth is thought to enhance its drought resistance 

(Koch et al . 1972) , making it suitable for r egions having very dry 

summers. The m~lti-cut type, because of its ability to produce two 

or more hay crops in a single year (e.g. Thomson, 1938) , appears 

best suited to environments with a longer growing season, where more 

than one cut (or grazing) is desired, and where there is adequate 

mid season moisture to support vigorous regrowth. 

1.5.1 SOILS 
Sainfoin is especially adapted to dry, well drained, calcareous 

soils, containing at l east0.3% Cao (Whyte et al . 1953; Spedding & 
Diekmahns, 1972). 

Historica lly the culture of sainfoin in Europe and Britain has been 

largely confined to chalky or other calcareous soils, particularly 

where these are subject to drought (Piper, 1924; Bland, 1971), and 

sainfoin has been found growing wild on the chalk soils of south-east 

England (Bland, 1971). Both low pH values, and high concentrations 

of Al have been found to markedly reduce the growth of sainfoin (and 

luccrne) in comparison to lupins (Lupinus species) , serradella 
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(Orni thopus sativus) and white clover (Rorison, 1957). Al toxicity was found 



to be most important in the early seedling stage of growth. 

It is felt that sainfoin is excluded from certain acid 

grasslands mainly because of the toxic effect of Al on the soil 

solution (Rorison, 1965). 

Traditionally, sainfoin has been grown on the dry calcareous soils 

of Russia and Eruope, and has shown promise as a hay and pasture crop 

in dry locations of USA, South America and South Africa (Whyte et al. 

1953; Andreev, 1963; Spedding & Diekmahns, 1972; Ditterline & Cooper, 

1975). Sainfoin is reported to have good persistence under dry land 

conditions, but may be less persistent (e.g. less than lucerne) under 

irrigation (Cooper et al. 1968a;Ditterline & Cooper, 1975; Chapman & 
Carter, 1976). Under dry conditions, sainfoin does respond to 

irrigation, but does not require it as frequently as, for example, 

lucerne (Hanna et al. 1977a). Sainfoin is found to have the poorest 

tolerance to flooding of a range of forage legumes, including lucerne 

(Heinrichs, 1970). The sensitivity of sainfoin to wet soil conditions 

is probably la.rgely explained by its susceptibHity to crown and 

root rot diseases (Ditterline & Cooper, 1975). Ditterline and Cooper 

(1975) cite the crown and root rot pathogenic complex as being the 

most limiting factor to sainfoin production. This problem has 

generally been associated with the fungus Fusariwn solani (Mathre, 

1968; Ditterline & Cooper, 1975; Auld et al. 1976). Gaudet et al. 

(1980), however, have evidence that the causal organisms may be one or 

more bacteria, rather than a fungal pathogen. Although crown and root 

rot is found under both dryland and irrigated conditions (Sears et al. 

1975), the problem seems to be more acute under wetter conditions. 

As would be expected from the previous discussion, sainfoin 

generally does not thrive on heavy clay soils (Spedding & Diekmahns, 

1972). However, Bland (1971) points out that establishment can be 

quite satisfactory on clay soils provided the pH is not low. The 

importance of moisture level is highlighted by Carleton et al. (1968b) 

who report more frequent loss of sainfoin stands on heavy soils, and 

particular problems following irrigation. The fact that sainfoin 

appears to perform best on well drained soils is supported by Kornilov 

and Verteleskaia (1952) who state that sainfoin is exceptionally 

resistant to unfavourable environment when grown on sandy soil, with 

good persistence being observed in the desert climate of Karastan, 

U.S.S,R. 
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Jensen and Sharp (1968), and Chapman and Carter (1976) state 

that sainfoin has considerable tolerance to salinity, whereas Hanna 

et ai. (1977a), state that it does not tolerate saline soils. Jensen 

and Sharp (1968) presented evidence indicating that sainfoin does have 

good salt tolerance, and the ability to persist in highly saline 

areas. The other authors did not substantiate their claims with 

evidence. 

Thus, it appears that a number of soil factors, including pH, 

Al level, moisture conditions and texture, in combination determine 

whether or not sainfoin will thrive on a particular soil. It appears 

that adverse soil moisture conditions have their effect via the 

crown-root rot complex. 

1. 5. 2 CLIMATE 

Schnieter et ai. (1969) stated that sainfoin is more drought hardy 

than lucerne. The deep root system of sainfoin has been cited as a 

reason for its drought resistance (Bland, 1971). It has also been 

suggested (Koch et ai. 1972) that the slow regrowth of sainfoin, 

particularly the one cut type, may contribute to its drought 

tolerance. This idea is supported by Shain (1959) who reports lower 

drought tolerance from multi-cut sainfoin types. Thus it appears that 

one cut types of sainfoin might be more suitable for areas with very 

limited supplies of mid season moisture. 

Sheehy et ai. (1978) found that values for leaf area index and 

leaf area per unit leaf weight of sainfoin were about half those of 

lucerne. In addition, as the crops grew, mean daily leaf water 

potentials were substantially less negative, and mean daily turgor 

potentials were substantially higher in sainfoin than lucerne. There 

were no significant differences between stornatal resistances of 

19 

the crops (Sheehy et ai. 1978), indicating that leaf area is probably 

the critical factor. Hence the low specific leaf area (SLA) of 

sainfoin may be a contributing factor to its ability to tolerate drought 

conditions and selection for increased SLA to improve photosynthetic 

performance, as suggested by Sheehy & Harding (pers.comm.) may have the 

effect of reducing drought tolerance. Percival and McQueen (1980) 

found that the regrowth after cutting, of sainfoin,appeared to be 

more adversely affected than that of lucerne by dry conditions. It is 

not however clear,whether the dry conditions were the cause of the 

slow regrowth,or whether regrowth was just inherently slow, and would 

have been slow regardless of soil moisture conditions because of the 
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cultivar under study being a one cut type. Poor regrowth of a one 

cut sainfoin cul ti var has been observed where seasonal rainfall was 

adequate (Meyer, 1975). Despite its reported draught tolerance, 

however, sainfoin has not been recommended for dryland areas in Montana 

or Western Canada where rainfall is less than 300 mm per year (Cooper 

et al. 1968b; Hanna et al. 1977a). 

Sainfoin is reported to be winter hardy and frost resistant 

(Schneiter et al. 1969; Chapman & Carter 1976) with seedlings and mature 

plants being highly tolerant of autumn and spring frosts (Hanna et al. 

1977a). It is thought, however, that sainfoin is less winter hardy 

than the lucerne varieties recommended for locations having severe 

winters (Hanna et al. 1977a), and Andreev (1963) states that sainfoin 

will stand heavy frost only if there is good snow cover. Sainfoin 

is found to have a wide range of winter hardiness according to area 

of origin (Cooper et ~l. 1968b). Introductions from Russia and 

Turkey (which would probably tend to be one cut t~es) had good and 

fair surviva1 respectively, while introduction3 from England (which 

would presumabl y include some multi-cut types, and would tend to be 

of Mediterranean origin) showed poor survival. Jensen & Sharp (1968) 

state that, at the succulent stage, sainfoin is more tolerant to 

frost than lucerne, and that this should enable it to maintain later 

growth in the autumn, and commence growth earlier in the spring than 

lucerne. During the autumn.plants develop a low rosette type of 

growth that may remain green under snow for most of the winter 

(Hanna et al. 1977a). 

Thus, the absolute frost tolerance of sainfoin appears to be lower 

than that of lucerne, but it is reportedly able to maintain growth 

under colder conditions than lucerne. 

1.5.3 CONCLUDING COMMENTS - ECOLOGY OF SAINFOIN 

Sainfoin appears to have some quite specific environmental 

requirements, particularly with regard to soil moisture and pH. Evans 

(1961) states that lucerne is better adapted to a wider range of 

environmental conditions than sainfoin. One cut sainfoin varieties 

appear to display better survival under dry mid season conditions, 

and may tend to be more winter hardy than multi-cut varieties. In 

New Zealand, with a relatively long growing season, and an absence of 

severe winter conditions, multi-cut sainfoin would likely be the more 

appropriate type. 



1.6 NITROGEN FIXATION OF SAINFOIN 

The nitrogen fixing ability of sainfoin is, in many instances, 

reported to be insufficient to provide for the total nitrogen 

requirement of the plant. 

Nitrogen deficiency symptoms have been observed on inoculated 

sainfoin at an early stage in crop development (Burton & Curley, 1968; 

Sims et aZ. 1968; Roath & Graham, 1968; Meyer, 1975; Smoliak & Hanna, 

1975). Cooper et aZ. (196~},growing sainfoin with grasses and other 

legumes under irrigated pasture conditions, found that sainfoin 

recovered very slowly following defoliation, and that plants were a 

light green to yellowish colour characteristic of nitrogen deficiency. 

Schneiter et aZ. (1969) also report the development of nitrogen 

deficiency symptoms in sainfoin, and state that this is a very unusual 

condition for a legume which indicates that the strain of nitrogen 

fixing bacteria present is inefficient or short li~ed. 

Nitrogen deficiency symptoms have been obse rved in sainfoin despite 

plants being abundantl y nodulated (Burton & Curley , 1968). The 
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nodules on healthy plants were observed to vary greatly in siz e and 

shape, with frequently only the small nodules containing the red pigment, 

leghaemoglobin, associated with nitrogen fixation. They state that 

this indicates a very delicate balance between the host plant and its 

microsymbiont, and dominance by the host. Nitrogen deficiency symptoms 

have been confirmed by low protein levels found on analysis of chlorotic 

plants (Sims et al. 1968). Growth responses of inoculated field grown 

sainfoin to added nitrogen have been observed by Sims et aZ. (1968), 

Jensen· and Sharp (1968) and Meyer (1975). On soils containing low 

levels of nitrate-N,Sims et aZ. (1968) reported yield responses to up 

to 336 kg per hectare of added N. On a site_ with higher levels of 

nitrate-N, the effect of added fertiliser N was less pronounced. 

Nitrogen deficiency symptoms were manifest early in the season, and then 

disappeared as the activity of nitrifying bacteria increased, and as 

the plant root systems developed (Sims et al. 1968). Jensen and Sharp 

(1968) observed responses to nitrogen fertiliser by inoculated sainfoin 

in central Nevada. Nat 112 kg per hectare substantially increased 

yields in the second year (first harvest year) of the crop. The 

response was diminished in the third year, and non significant in the 

fourth year of the crop (Jensen & Sharp, 1968). It was thought that 

the reduced benefits from nitrogen fertiliser in the third and fourth 
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ye_ars may have been related to increased nitrogen fixation by 

rhizobia in the more mature plants. Forage yields of sainfoin are 

frequently inferior to lucerne, where seasonal rainfall is adequate 

for two or more cuttings, because of sainfoin• s poor regrowth and 

vigour (Meyer, 1975). Inoculated sainfoin plants typically showed N 

deficiency symptoms at Fargo, North Dakota, and it was thought that 

inferior recoverability and stand persistence could be due in part 

to its inability to obtain sufficient nitrogen via symbiotic fixation 

(Meyer, 1975). Meyer (1975) applied N, P and K to a three year old 

inoculated sainfoin stand. N increased yields for each increment 

applied, up to 448 kg per hectare. The growth and vigour was 

enhanced by N fertilisation but stand persistence remained poor for all 

but the 448 kg per hectare treatment. Fourth and fifth year yields 

did not compare favourably with unfertilised, inoculated lucerne 

(Meyer, 1975). Tap roots of plants from 0, 224 anrl 448 kg N per 

hectare treatments were examined for nodules. Large pink nodules were 

observed on most plants. It was thought that the Rhizobiwn inoculant 

was ineffective, or that the nodules were short lived (Meyer, 1975). 

Babian & Karagulian (1959), on two soils, found that sainfoin 

responded more to added N than lucerne. Kater (1965a) grew sainfoin 

and red clover in pure sand and applied a range of N levels. The 

presence of combined Nin the medium accelerated the growth rate of 

both species in comparison to plants reliant solely on symbiotically 

fixed N2 • Larger responses to N addition were obtained with sainfoin 

than with red clover. At the highest rate of N, the amount of 

herbage produced by sainfoin was increased by 112% and that of red 

clover by 55% compared with plants supplied with no combined N. 

Sainfoin not supplied with combined N also flowered later than plants 

supplied with N. The introduction of N into the nutrient solution 

reduced the nodulation of both species (Koter, 1965a). The increase 

in yield of nitrogen, above the quantity fixed from the atmosphere by 

the zero N plants was greater for sainfoin (20 - 33%) than for red 

clover (7 - 15%). 

Koter (1965b) found that low levels of combined N stimulated 

nodulation and N2 fixation in sainfoin. N2 fixation was stimulated 

by 21 - 28%. High rates of combined N severely checked nodulation and 

nitrogen fixation, with most of the plant's nitrogen requirements being 

absorbed from the medium. 
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Major et al. (1979) measured N2[C2H2] fixing activity (N2 fixing 

activity as measured by the acetylene reduction technique) in seedlings 

of sainfoin, lucerne and cicer milkvetch. It was found that the 

amount of acetylene reduced by lucerne was not as closely related to 

shoot dry weight as it was for sainfoin and cicer milkvetch. The 

relationship between nodule weight and top weight was closer in sainfoin 

than it was for the other two plants (Major et al. 1979). This may 

indicate a more critical relationship between plant performance and N2 

fixing activity in sainfoin than in lucerne. Sainfoin had a greater 

weight of nodules and a greater N2[C 2H2] fixing activity per plant 

than the other two species, but a lower specific N2[C 2H2] fixing activity 

per nodule weight. Sainfoin had more noduJe tissue and a greater 

acetylene reducing activity per weight of shoot dry matter than lucerne 

(Major et al. 1979). Copley (1972) also reports higher N2[CiH2] fixing 

activity, on a per plant basis for sainfoin than lucerne. Although 

nodulation of sainf0jn aprears to be good (Karpov, 1957; Stergeeva, 1957; 

Burton & Curley , :!.968; Major et al. 1979) and a,:etylene reducing activity 

appears to be adequate (Copley, 1972; Major et al. 1979),there is very 

strong evidence (Kater, 1965a; Burton & Curley, 1968; Sims et al. 1968; 

Roath & Graham, 1968; Meyer, 1975) that sainfoin is less able to provide 

for its own nitrogen requirements via symbiotic fixation than other 

forage legumes such as lucerne and red clover. 

There is an apparent contradiction between the seemingly low quantity 

of N fixed, and relatively high N2[C 2H2] fixing activity per weight of 

plant compared with, for example, lucerne. It could be that the 

acetylene reduction technique over-estimates N2 fixing activity in 

sainfoin relative to lucerne, and that greater inefficiencies, or energy 

losses, perhaps in the form of H2 evolution (section 2. 2 .-2), are present 

in the nitrogen fixing system .of sainfoin. 

There are, however, contrasting reports which indicate that sainfoin 

can fix adequate amounts of N. Badoux (1965) reports that yields 

of sainfoin in pure stands were slightly reduced by the application of 

45 and 90 kg N per hectare, and that, in the glasshouse, added nitrate 

decreased top and root weights, and the number and size of nodules. 

There are two possible explanations for this result. It could indicate 

that symbiotic fixation of N was adequate to meet the requirements of 

the plant, or that the amount of N added was sufficient to inhibit N2 

fixing activity and partially replace N2 fixation, but not sufficient to 

give a growth response. Stergeeva (1957) reported that sainfoin was 
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found to have a greater soil enriching effect than lucerne. Crops 

were found to have greater yields and higher %N content following 

sainfoin. The greater nodule weights, and more highly developed 

root systems of sainfoin (section 1.3), and their subsequent decay 

on cultivation may contribute to this effect. An alternative 

explanation could be that there is leakage of N from living sainfoin 

plants into the soil. 

The information on N2 fixation in sainfoin can be summarised 

as follows: 

1. Many reports of N deficiency symptoms in sainfoin stands. 

2. Many reports of responses to added N. 

3. A lesser n~mber of reports comparing the response of sainfoin 

to added N with the response of other forage legumes, in which 

sainfoin is usually found to give a greater response than the 

better performing plants, such as lucerne or red clover. 

4. Nodulation generally appears to be adequate in terms of number and 

weight of pink nodules. Nodule weight on a plant weight basis 

appears to be greater than that of lucerne. 

5. From the little work that has been done, the N2[C2H2] fixing 

activity of sainfoin appears to be lower than that of lucerne on 

a weight of nodule basis, but higher on a per plant or weight of 

plant basis. 

Overall, the evidence appears to suggest that sainfoin, although 

it produces a proportionally greater weight of nodule tissue than 

for example lucerne, and may have a higher N2[C 2H2] fixing activity 

per weight of plant (thus using more energy), actually fixes, or 

utilises, less N2 than lucerne. 

Burton & Curley (1968) speculate that tannins contained in sainfoin 

would have an adverse effect on the symbiotic relationship between 

plant and bacteria. This could perhaps explain the relatively low 

N2[C2H2l fixing activity per weight of sainfoin nodule tissue. 

Because of the possibly higher energy demand of the symbiotic N2 

fixing system of sainfoin and the apparently lesser ability of sainfoin 

to utilise photosynthetically active radiation (section 1.4) relative 

to lucerne, it could be that the energy relationships of sainfoin are 

particularly critica~ and that relationships between such parameters 

as leaf area and nodule weight or N2[C 2 H2 ] fixing activity are more 

critical than in other legumes such as lucerne. 
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2 NITROGEN FIXATION 

2.1 INTRODUCTION 

2.1.1 THE IMPORTANCE OF BIOLOGICAL NITROGEN FIXATION 

The four most abundant elements present in plant tissues are usually 

carbon, hydrogen, oxygen and nitrogen (Stewart, 1966). Plants, like 

all organisms, require nitrogen (N) for their growth and reproduction. 

Nitrogen is a constituent of all proteins and enzymes, many metabolic 

intermediates involved in synthesis and energy transfer, the photo

synthetic pigment chlorophyll and the deoxyribonucleic acids which make 

up the genetic code (Viets, 1965; Bond, 1977). 

Nitrogen is the element which most frequently limits crop growth 

(Quispel, 1974; Yates, 1976; Fowden, 1979). CarLon, hydrogen and 

oxygen are available to the plant in ample supply from atmospheric and 

soil sources (Stewart, 1966). The situation regarding nitrogen is 

somewhat different in that while there are a.imndant amounts (unlike other 

growth limiting nutrients) much of it is inaccessible to most plants 

(Stewart, 1966; Quispel, 1974). Fertile soils may contain as much as 

6.7 tonnes of combined N per hectare, but only a few kg of this will be 

in plant available mineral forms (Stevenson, 1965). The atmosphere 

contains an abundant supply of gaseous nitrogen (N2); it has been 

calculated that the air over one hectare of land contains about 78,500 

tonnes of elemental N (Stevenson, 1965). However, the vast majority of 

plants cannot utilise atmospheric Nz, and are dependent on the relatively 

small quantities of mineral N present in the soil? largely in the form 

of nitrate and ammonium-N (Stewart, 1966). 

A small minority of plants can utilise gaseous nitrogen (N 2 ) as a 

source of N (Stewart, 1966). These plants assimilate, or fix, atmospheric 

N2 by reducing it to ammonia from which amino acids and amides (the basic 

material for synthesising proteins and other biological compounds) can 

be formed. 

A group of agriculturally very important N2 fixing plants are the 

legumes. Legumes belong to the family Fabacae which consists of 12,000 

tq 14,000 species (Burns & Hardy, 1975). Legumes account for almost 

half of the annual quantity of N fixed by biological systems (Evans & 
Barber, 1977). 

The causative agents of N2 fixation in the legumes are bacteria of 

the genus Rhizobiwn, which colonise the roots of legumes causing the 



formation of nodules, within _which they change to a non-reproductive form 

called bacteroids and fix N2 (Yates, 1976). 

Symbiotic N2 fixation is of great importance to agriculture because 

it enables access to the vast reserves of Nz in the atmosphere. Symbotic 

N2 fixation by plants, such as legumes, enhances the growth and 

productivity of the N2 fixers themselves, and may also make N available to 

successive plants or crops, via the death and decay of plant tissue 
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or the deposition of dung and urine by grazing animals, both of which tend 

to increase soil N levels (Ball, 1969). 

2.1.2 THE BIOLOGICAL NITROGEN FIXING REACTION 

The N2 molecule is normally very unreactive, because of the very 

stable triple bond which links the two atoms of the structure N=N 

(Postgate, 1978). Red hot magnesium or a catalyst at highly elevated 

temperatures and pressures, as in the Haber-Bosch process, are normally 

necessary to make N2 reactive~ Biological N2 fixation, which has an 

energy requirement of 355 KJ per mole of NH 4 +, is approximately twice 

as efficient as the industrial Haber-Bosch process which has an energy 

requirement of approximately 680 KJ per mole of NH 3 • Energy is 

required in both systems to overcome the activation energy for N2 

reduction and in the industrial process also for the production 

of hydrogen (Rawsthorne et aZ.. 1980). 

In biological nitrogen fixing systems the nitrogen fixing enzyme, 

nitrogenase, catalyses the conversion or reduction of atmospheric 

nitrogen (N 2 ) to ammonia (NH 3 ) a form of nitrogen which plants can 

assimilate (Stewart, 1966; Conn & Stumpf, 1972; Postgate, 1978) as 

follows: normal 
+ temperatures> 

N2 + 6H + 6e 1 atm. 2NH 3 
pressure 

Nitrogenase renders the N2 molecule reactive at normal temperatures and 

pressures and the biological reaction takes place in water, under an 

atmosphere of oxygen, both substances which would interfere with the 

two systems of chemical fixation mentioned (Postgate, 1978). 

Nitrogenase consists of two non-haem, iron sulphur proteins with 

molecular weights of approximately 220,000 and 60,000 respectively 

(Yates, 1976; Postgate, 1978). The larger protein contains two 

molybdenum atoms (Yates, 1976). 

A scheme for the action of nitrogenase is shown in fig.1. Apart 

from the two nitrogenase proteins, there are a number of requirements 
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for nitrogenase catalysis. Nitrogen fixation is a reductive process, 

and a reductant of low potential is required (Ljones,1974). The 

immediate donor of electrons to nitrogenase is thought to be ferredoxin 

(Ljones, 1974) . The free energy for reduction of N2 by ferredoxin 

is negative, but additional energy is required for nitrogenase activity. 

This energy is supplied by the hydrolysis of ATP to give ADP and 

orthophosphate (Ljones, 1974). ATP, which is present in all living 

tissue, is the principal molecule whereby chemical energy is mobilised 

for biological processes. The hydrolysis of ATP to ADP results in a 

net loss of chemical energy which can be used to support various 

biological processes (Postgate, 1978). In nitrogen fixation 12 to 15 

molecules of ATP are consumed in the conversion of one molecule of 

N2 to aw.rr.onia (Post gate, 1978). In physiological terms, N2 fixation 

is energy expensive because the synthesis of ATP and production of 

reductant require energy. This energy is provided by the oxidative 

degradation of carbon substrates, from photosynthesis, through a 

series of enzymes and coenzymes (Evans & Barber, 1977). Another 

essential ingredient in the nitrogenase reaction is the magnesium ion, 

Mg 2
+. The exact role of Mg is not understood, but ATP reacts with it to 

form a monomagnesium salt in order to perform its function with 

nitrogenase (Postgate, 1978). 

Thus, nitrogen fixation requires the two nitrogenase proteins 

in equimolar proportions, a r educing agent (ferredoxin), ATP and Mg 2+ 

(Postgate, 1978). A possible scheme of events (Postgate, 1978) is 

as follows (also see fig.1): 

ATP r eacts with magnesium ions to produce a compound which 

activates the reduced form of the small protein (altering its 

redox potential from -280 to -400 mV). Meanwhile, the large 

protein with a 'spare' electron among its iron atoms, has bound 

a reducible substrate , normally N2, at transition metal atoms 

which are probably molybdenum. The activated small protein 

joins the large protein carrying the substrate to form the 

'nitrogenase complex,' assisted by ATP-Mg, within which an electron 

from the iron atoms of the small protein is transferred to the 

iron atoms of the large protein, prior to reaching the bound 

substrate . After several such electron transfer events the 

product of the enzyme action, normally NH 3 is rel eased. Each 
' electron transfer requires a new electron from the small protein, 

and each time a transfer takes place, a molecule of ATP is 

hydrolysed to ATP and pyrophosphate. 



Nitrogenase has the ability to reduce several substrates in 

addition to N2. One of these which is of particular interest is 
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the reduction of acetylene (C2H2) to ethylene (C2H-), because C2H2 and 

C2Hq can be measured quantitatively using gas chromatography, and the reaction 

can be used as an assay for N2 fixing activity. 

In the absence of other substrates, the enzyme will react with 

water, forming gaseous H2. In fact, this reaction actually accompanies 

N2 fixation and a substantial proportion of the total reductant 
+ provided may be expended in the reduction of H to H2 (Hardy et al . 

1975; Evans & Barber, 1977; Postgate, 1978). This ATP dependent H2 

evolution represents an inefficiency in the N2 fixing system. Some 

N2 fixing systems, including some legume symbioses, have evolved 

mechanisms involving an 'uptake' hy~r~genase (an enzyme which takes 

up H2) whereby H2 from the nitrogenase reaction is recycled in the 

electron transport system (Schubert & Evans, 1976; Evans & Barber, 

1977; Peters et al . 1977). 

Nitrogenase activity can be regulated by such factors as 

photosynthate supply and the level of combined N. Photosynthate 

supply is thought to influence nitrogenase activity via the provision 

of energy and this is discussed in more detail in section 2.2 .1. 

Combined Nin the form of ammonia has been found to repress nitrogenase 

synthesis (Evans & Barber, 1977). This repression is thought to occur 

at the transcriptional level, and that ammonia acts indirectly by 

repressing the activity of glutamine synthetase in the cell (Yates, 

1976). This enzyme, which catalyses the formation of glutamine 

from gluta·mic acid and ammonia, is considered to be the activator of 

nitrogenase synthesis (Yates, 1976). 

2.1.3 NITROGEN FIXATION IN LEGUMES 

Nitrogen fixation in legumes occurs in root nodules. The legume 

root nodule is a highly developed plant organ that possesses several 

characteristics that appear to be particularly conducive to symbiotic 

N2 fixation (Evans & Barber, 1977). Bacteroids within the nodules 

are located, usually in groups of three or four, enclosed in a membrane 

of plant origin and surrounded by the cytoplasm of the host cell 

(Stewart, 1966; Evans & Barber, 1977). The mass of bacteroids enclosed 

in these membranes makes up about ?0% of the total nodule weight. 

The bacterial tissue is supplied with water and carbohydrate from the 

plant (Pate et al. 1969) and with atmospheric CO2 which serves as a 

substrate for carboxylation reactions (Evans & Barber, 1977). 
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Ammonia, the first product of nitrogenase is excreted from the 

bacteroids into the plant cytoplasm (cytosol) where it is converted 

into glutamine, asparagine and other amino acids (Pate et al . 1969) . 

A group of hi ghly specialised cells surround the xyl em elements 

of the root and function as secretory glands in the delivery of 

products of N2 fixation into the xylem elements (Pate et al . 1969) . 

The nitrogenase enzyme is very sensitive to oxygen, whi ch affects 

it in two ways (Burns & Hardy, 1975): 1) by irreversible non competitive 

inhibition of ATP hydrolysis and substrate reduction and 2) inactivation 

of the enzyme , which is generally consider ed to be irreversible . 

The mechanisms that nodulated legumes have evolved to protect 

nitrogenase from 02 damage are very speciali sed and effective. A barrier 

to free diffusion of 02 , near the periphery of nodules, has been demonstrated 

(Evans & Barber, 1977) . In addition the cytoplasm surrounding ' packets ' 

of bactcroids contains a pigment called leghaemoglobin. Leghaemoglobin 

participates on a facilitated diffusion pr ocess in which 02 from outside 

of the nodule is transferred to the bacteroids through oxyleghaemoglobin, 

in a way that continuous l y maintains an exceedingly low concentration 

of free 02 (Evans & Barber, 1977). Leghaemoglobin thus transports oxygen, 

but its affinity for oxygen is so high that i t delivers it to the baceteroids 

(which require it for metabolism).at a concentration which is harmless to 

their nitrogenase. Thus N2 fixation and 02 consumption are rendered 

physiologicall y compatable (Postgate , 1978). 

2.2 FACTORS INFLUENCING NITROGEN FIXATION 

Primary factors which could limit the nitrogen fixing r eaction are 

the concentration of nitrogenase; the degree of saturation of nitrogenase 

by the substrates of the reaction, ATP, reduced electron donor and NL; 

and the concentration of the product, ammonia (Hardy & Havelka, 1976). 

Nitrogenase concentration is probably not limi~ing above 20°c but 

may possibly be limiting at lower temperatures (Hardy et al. 1968; 

Gibson, 1971; Hardy & Havelka, 1976). The low km (high affinity) of 

0 . 02 to 0.05, of the enzyme for N2, eliminates the partial pressure of 

N2 as a practical limitation in the field. 

Biological N2 fixing sys tems have a high energy demand, and more 

energy is consumed in N2 fixation than would be consumed if the 

organisms concerned were assimilating ammonia (Burris, 1977 ; Postgate & 
Hill, 1979) or nitrate (Silsbury, 1977). Ryle et al. (1978) found 

that soybean (Glycine max L.) nodules exhibited rates of respiration 

three to four times that for an equivalent weight of root. Ryle et al. 



(1979b) working with white clover, soybean and cowpea (Vigna 

unguiculata L.) found that the rate of respiration of nodulated roots 

carrying out symbiotic nitrogen fixation was sometimes as much as twice 

that of equivalent root systems lacking nodules and taking up nitrate 
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N. In all three legumes, those plants dependent on symbiotic fixation 

for their supply of nitrogen respired 11 to 13% more of their fixed carbon 

- each day, than equivalent plants lacking nodules and supplied with 

abundant combined N. Higher rates of respiration in the nodulated 

root systems of the nitrogen fixing plants than on the root systems of 

the nitrate fed plants were largely responsible for this difference. 

The source of nitrogen was found to have little or no effect on the 

rate of photosynthesis or shoot respiration (Ryle et al . 1979b). 

Mahon (1977) found that the rate of root plus nodule respiration of 

pea (Piswn sativwn L.) plants decreased after addition of NH~N03 • 

Sim:lar photosynthetic rates suggested that the decreased respirat ion 

was not related to R decr0ase in assimilate supply. Using a method 

of CO2 exchange, Silsbury (1977) found that subterranean clover plants 

fixing N2 symbiotically from the air used 37.8% of the net daily CO 2 

uptake for synthesis of new material over 24 hours, whereas those 

assimilating mineral nitrogen used 27.4% over 24 hours . Silsbury (1977) 

concluded that the energy requirement for symbiotic fixation was 

substantially greater than that required for the assimilation of mineral 

nitrogen from the soil. In contrast, Gibson (1966) grew subterranean 

clover on agar slopes and compared relative growth rates (to minimise 

the effect of time, and initial difference in plant size). During the 

early stages of nodule initiation and development there was a carbohydrate 

requirement which was not attributed directly to nitrogen fixation but 

which caused nodulated plants to have lower weights,early on, than 

nitrogen fed control plants (even though the relative growth rates of 

the control and nodulated plants may thereafter be similar, there will 

be a small increase in absolute dry weight difference with time). 

Otherwise the carbohydrate requirements for symbiotic nitrogen fixation 

were found to be similar or only slightly greater than requirements for 

the assimilation of combined N (Gibson, 1966). It was assumed in this 

work that a lower carbohydrate requirement for assimilation of combined 

N compared to the requirement for N2 fixation would make more 

carbohydrate available for the growth of plants taking up combined N, and 

thus lead to higher relative growth rates. Minchin and Pate (1973), 

working with pea plnnts, carried out direct measurements of respiration, 
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and carbon and nitrogen analyses on plants dependent on symbiotic nitrogen 

fixation and plants supplied with nitrate N. Nodule respiration was 

measured on detached nodules, but when expressed as a proportion of total 

root respiration 

et al. 1979a). 

was similar to values obtained elsewhere (e.g. Ryle 

It was found that the energy cost in terms of mgc per 

mg N acquired by the plant was similar for symbiotic N2 fixation and 

N0 3 assimilation. 

If nitrate is reduced in the root, or in the shoot in the dark, 

biochemical considerations suggest that the energy cost would be similar 

to that of reducing N2 to NH 3 in the root nodule (Bergersen, 1971). 

Ryle et aZ. (1979b) state that no such respiratory burdens were 

manifest in the nitrate fed legumes they examined. Alternatively 

nitrate may be reduced in the shoot ;.n the light period. Ryle et al. 

(1979b) observed no sign of this in terms of a reduced rate of photo

syn~hesis. However, Mahon (1977) did notice such a competitive effect 

at low light intensities. It is now thought that ·che entry of N into 

the organic form in the leaves of higher plants can occur in the 

chloroplast, and that ATP and reducing power generated during 

photosynthesis may participate directly in some of the reactions 

involved (Lea & Mifflin, 1974). Plants utilising only nitrate in 

bright light might benefit from such sources of energy if they are 

generated in excess of the requirements for the reduction of carbon, 

but no such advantage would be available to plants synthesising 

amino acids in root nodules (Ryle et al. 1979b). 

Thus, a conflict exists between evidence suggesting a similar 

energy demand for fixation of N2 and assimilation of nitrate, and evidence 

suggesting a greater energy requirement for N2 fixation. The work of 

Gibson (1966) can be criticised in that it did not directly measure 

physiological performance and Minchin & Pate (1973) state that their 

work was restricted to a relatively short time interval and looked at 

only a single species. Some of the other work cited, particularly 

that of Ryle et al. (1979b) is not so subject to these criticisms. 

Ryle et aZ. (1979a) point out that in some of the published data, 

including that of Minchin & Pate (1973), the efficiency of N2 fixation, 

in terms of CO 2 respired, is greater than the biochemical considerations 

would allow. Thus, there could be some doubt as to the accuracy of 

such data. The evidence appears to be somewhat in favour of symbiotic 

nitrogen fixation requiring more energy than nitrate assimilation, and 

it has been widely observed that legumes fed combined nitrogen often 



grow ~ore rapidly than when dependent solely on symbiotic nitrogen 
fixation (section 2. 2.3). 

There is a large ATP requirement for nitrogenase activity, with 

'in vitro' measurements indicating that about twelve molecules of ATP 

are used per molecule of N2 fixed (Dixon, 1975). ATP, whose production 

is dependent on reduced substrate and oxygen, may be a possible limiting 

factor in nitrogenase activity (Hardy & Havelka, 1976). The reduction 

of a molecule of N2 requires six electrons to be provided by electron 

donors, the reduction of which is dependent also on reduced substrate 

(Hardy & Havelka, 1976). As well as sub-optimal concentrations 

of substrates, product accumulation may limit N2 fixation. Ammonia 

is a repressor of nitrogenase synthesis, although not a feedback 

inhibitor of nitrogenase activity. Suitable carbon skeletons are 

necessary for ammonia incorporation prior to transfer to the aerial 

parts of the plant, mainly in the form of asparagine (Hardy & Havelka, 

1976). A limitation in ability to translocate N to the aerial parts 

of the plant could be a cause of low levels of plant N. 

The photosynthate available to the nodule is a secondary factor 

common to the above three possible primary limitations, since it 

provides the substrate for ATP generation, reduction of electron donors, 

and removal of ammonia. Factors which affect photosynthesis and 

protosynthate supply to N2 fixing nodules such as light (Lie, 1971), 

temperature (Gibson, 1971), moisture stress (Engin & Sprent, 1972; 

Sprent, 1976) and nitrate (Pate, 1977) may also have a direct effect 

on nodulation or nitrogen fixation. 

Thus, photosynthate may limit nitrogen fixing activity, and factors 

such as light, temperature, moisture stress and nitrate may also impose 

limitations, either directly or via photosynthate supply. The 

debate as to the relative efficiencies of symbiotic N2 fixation and 

nitrate assimilation is of considerable interest, but the key fact to 

be remembered is that the energy required for symbiotic N2 fixation is 

supplied by the sun, and does not involve the use of increasingly 

scarce and expensive fossil fuels, as does the chemical fixation of 

nitrogen by the Haber-Bosch process. 
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2.2.1 RELATIONSHIPS BETWEEN NITROGEN FIXATION AND CARBOIIYDRATE SUPPLY 

Changes in N2[C2H2] fixation have been found to be associated with 

parallel change.; in root respiration rate in nodulated pea plants 

(Mahon, 1977), thus linking N2 fixing activity with energy use. A 

link between symbiotic N2 fixation and energy supply was suggested by 

the work of Allison (1935), who found that relationships between nodule 

bacteria and their hosts were strongly dependent on carbohydrate 

supply. A link between N2 fixation and photosynthate supply is 

supported by the work of Ching et al. (1975) who found that a decrease 

in nitrogenase activity in the nodules of dark treated soybean plants 

was closely correlated with the decline in a number of energy 

parameters (ATP, sucrose, total adenosine phosphates and ATP/ADP ratio). 

Lawrie & ¼~1eeler (1975a) observed maximum accumulation of 14c assimilates 

in the root nodules of Vicia faba L. within 90 minutes of synthesis. 

This, together with the short term and diurnal fluctuations sometimes 

associated with irradiance (e.g. Ruegg & Alston, 1978) further 

supports the concept of a close relationship between symbiotic N2 

fixation and photosynthesis. Brun (1972) applied treatments to soybean 

plants designed to alter relationships between photosynthetic source 

and sink components of canopies. The treatments involved lighting, 

shading, partial leaf removal and partial pod removal. Treatments 

increasing the photosynthate supply increased nodule N2[C 2 H2] fixing 

activity, and those decreasing photosynthate supply decreased N2[C 2H2] 

fixing activity. N2[C2H2] fixation rates of detached nodules and 

decapitated root systems (of soybean plants) have been found to be less 

than those of attached nodules and complete plants respectively (Mague 

& Burris, 1972; Wych & Rains, 1978) indicating the dependence of 
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fixation rates on current translocate. Vance et al. (1979) observed that 

nodule activity of lucerne decreased sharply after harvesting, and 

consequent decrease in leaf area. Streeter (1973) increased photo

synthetic source size by grafting a second top onto a nodulated soybean 

root system and increased N2[C 2H2] fixing activity by up to 100% for a 

short time. 

Phillips et al. (1976) found short term CO 2 enrichment to promote 

symbiotic N2[C 2H2 ] fixation in pea plants by increasing total plant and 

root nodule development. CO2 enrichment was found to result in an 

integrated growth of the entire plant, with no unique promotion of 

nodule growth. There was, however, a short term increase in nitrogenase 

activity. This could have come about because of an increase in the 



level of reductant or ATP, or because an additional supply of 

photosynthetic products to the roots stimulated nitrogenase synthesis, 

perhaps by providing additional carbon skeletons enabling the removal 

of inhibitory levels of ammonia (Phillips et al. 1976). Havelka & 
Hardy (1976) observed a dramatic increase in N2[C 2H2] fixation by field 

gro¼n soybean plants enriched with CO 2 on open top enclosures. The 

increase was observed after one week of CO 2 enrichment, but in a 

separate experiment an increase was demonstrated after only six hours 

of CO 2 enrichment. The maximum rate of N2 fixation was over three 

times that of the controls, and total N2[C 2H2] fixed per enriched plant 

was five times that of the control plants. The increase in N2[C 2H2] 

fixation was a result of both an increase in specific nodule activity 

and an increase in nodule weight. Th3 short time (6 hours) for an 

increase of 70% in nitrogenase activity suggested that an excess of 

nitrogenase was present and that more complete saturation with one or 

more of the substrates obtained from photosynthate occurred (Havelka & 
Hirdy, 1976). The increased N2[C 2H2] fixation extended the exponential 

growth phase 0£ the plant, and resulted in a doubling of plant dry 

weight and a 56% increase in total plant Nat the end of the experiment. 

It appears that elevated pC0 2 increased net photosynthesis, thus making 

more photosynthate available for N2 fixation. Sheehy et a l. (1980a) 

working with lucerne and soybeans found that with younger plants 

(three to four weeks old) N2[C 2H2] reducing capacity was utilised fully 

at low CO2 exchange rates. However, with six weeks old lucerne, 

N2[C 2H2] reduction rates were found to increase linearly with CO 2 
exchange rate. With the younger plants it could have been that maximum 

N2[C2H2] reducing activity was being expressed, or, alternatively, that 

control of carbon partitioning was being mediated by the shoot, and 

that there was a potential advantage in utilising newly available 

carbohydrate to produce additional photosynthetic tissue (Sheehy et al. 

1980a). The fraction of current photosynthate allocated to root 

nodules in older plants appeared not large enough for them to make full 

use of their N2 fixation capacity (Sheehy et al. 1980a). 

Sheehy et al. (1980b) found that N2[C 2H2] fixing activity of lucerne 

was closely correlated with whole plant carbon exchange rate (CER) 

(r = 0.75) and leaf area (r = 0.80). (Sheehy et al. (1980b) found whole 

plant CER to be highly correlated with leaf area, and suggested that 

leaf area could consequently be used as an index for whole plant CER). 

Bethlenfalvay et al. (1978b), working with pea plants, also found N2 
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fixation ~stimated by measuring acetylene reduction and hydrogen 

evolution) to be closely related to whole plant CER. Atkins et al. 

(1978) found, similarly, that the rate of N2 fixation and the mass of 

nodules per root, of Lupinus albus L. and cowpea, increased in parallel 

with increases in leaf area and rate of production of net photosynthate. 

Thus, a strong measure of dependence between N2 fixing performance and 

photosynthetic activity is suggested. Sheehy et al. (1980b) found 

total plant N to be highly correlated to N2[C 2H2] fixing activity 

(r = 0.76), whole plant CER (r = 0.96), leaf area (r = 0.97) and plant 

dry weight (r = 0.99). Seetin and Barnes (1977) and Duhigg et al. 

(1978), also working with lucerne, found close relationships between 

top weight and N2[C 2H2] fixing activity. Sheehy et al. (1980b) found 

that the specific activity of nodules showed no relationship with plant 

dry weight and that average specific leaf weight was not correlated 

with leaf area or N2[C 2H2] fixing activity. Thus, there were good 

relationships between whole plant N2 fixation and t~ose factors such 

as leaf area and whole plant CER which are related to the photosynthetic 

potential of the whole plant and between the total amount of N fixed 

and total dry weight. Poor relationships existed between individual 

leaf characteristics and N2 fixing activity. Yield and growth rate of 

legumes are also found to be strongly related to indices of whole plant 

photosynthetic potential and poorly related to individual leaf 

morphological characteristics such as specific leaf weight or CER per 

unit leaf area (Kaplan & Koller, 1977; Hart et al. 1978). 

A key factor in determining the energy available foT N2 fixation 

is the manner in which legumes partition their carbohydrate supplies. 

Minchin & Pate (1973) drew up a budget of carbon and nitrogen in the 

root shoot and nodules of vegetatively growing pea plants. 

gained photosynthetically was distributed as follows: 

Top dry weight 26% + 15% from nodules 

Root growth 7% 

35% 1- growth 
32% respiration: 

returned to shoot 
as amino compounds: 15% 

Root respiration: 

Nodule 

5% 

12% 

The carbon 

Herridge & Pate (1977) working with vegetative cowpea, estimated that 
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14% of the total C gained is utilised by the nodules, and 28% by the 

supporting roots. Nodule respiration accounted for 5% and root+ nodule 

respiration for 19% of the total C gained by the plant. Haystead et al. 

(1979) found that in white clover 17% of the C assimilated by the plant 
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was lost via respiration of nodulated roots. A high proportion of the 

C allocated to the nodule, in the vicinity of 30 to 50%,may be returned 

to the plant top in the form of organic nitrogen compounds (Minchin & 
Pate, 1973; Herridge & Pate, 1977; Layzell et al. 1979). Although there 

are considerable differences between figures quoted for nodule and root 

plus nodule respiration, they serve to show that substantial amounts of 

carbon are utilised by nodulated N2 fixing root systems, and by the 

nodules themselves. 

Cassman et al. (1980), suggest that there are two functional equilibria 

operational in N2 fixing plants, namely the partitioning of dry matter 

between the shoot and the root, and between the root and the nodules. 

The way in which C is partitioned is found to change with mode of 

N nutrition, stage of plant development, and to vary between species. 

Atkins et al. (1980), working with nodulated and non-nodulated cowpea, 

found that greater proportions of photosynthate (37%) were translocated 

to the below ground pa-i:ts of nodulated plants than of N0 3 fed plants 

(23 to 26%). Herridge & Pate (1977), and Atkins et al. (1978) 

observed the utilisation and flow of G during the growth of nodulated 

cowpea and L. albus plants. In the vegetative stage of growth a high 

proportion of the net C of photosynthate was allocated to the leaves, 

and an even higher proportion to the nodulated root. About half of the 

C allocated to the root was lost in respiration. In the flowering 

and early fruiting stage there was a tendency, especially in cowpea, 

for a reduced allocation of C to the roots and nodules, and a 

consequent increase in the shoot:root ratio. The proportion of root C 

utilised in respiration increased possibly because of higher 

consumption in the maintenance of a larger root system. This trend 

continued into the seed filling stage, with reduced proportions of C 

being allocated to leaves, roots and nodules in cowpea and leaves and 

nodules in L. albus plants. the proportion of C allocated to the roots 

of lupin plants remained high throughout development. The percentage 

of net photosynthate utilised by lupin nodules was higher than that 

utilised by cowpea nodules (Atkins et al. 1978). This was because of 

a higher expenditure by lupin nodules in respiration and a greater 

requirement for C in the transport of fixation products from L. albus 

nodules. The efficiency of C use in cowpea nodules, in terms of C 

usage per unit of N2 fixed,was greater than in L. albus or pea 

(Atkins et al. 1978; Minchin & Pate, 1973) . The export of N from cowpea 

nodules in the form of ureides was thought to be a major factor in the 

better efficiency of c:m"?ea (Atkins et al. 1978), as ureidcs have a 



lower C:N ratio than the commonly exported amide, asparagine 

(Rawsthorne et al. 1980). In addition nodules of cowpea had a higher 

proportion of their volume as bacteroid containing tissue than nodules 

of pea or L. albus and this may have had some bearing on apparent 

differences in the respiratory efficiency, and on the higher specific 

N2[C 2H2 ] fixing activity of cowpea nodules. 
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The evidence points to a strong measure of dependence between nitrogen 

fixing performance and photosynthetic activity. There seems to be 

overall support for the idea that N2 fixation is 'source' rather than 

'sink' limi ted, at least in vegetatively growing plants. This 

support is provided by the direct relationships between several factors 

that influence the total production of photosynthate and N2 fixation, 

and also by the observation that treatments increasing the supply of 

photosynthate, such as CO 2 enrichment,result in rapid increases in N2 

fixation. There seen~s to be considerable scope for plant breeders 

to improve the symbiotic nitrogen fixing performan<:e of legumes by 

improving their photosynthetic characteristics . This could be 

especially true for plants which appear to have inherently poor 

photosynthetic characteristics, such as sainfoin, as discussed previously. 

A factor which could influence the directness of relationships between 

symbiotic N2 fixation and photosynthesis is the availability of stored 

energy for N2 fixation. 

Glycogen and poly-B-hydroxybutyric acid (PHB) have both been 

identified as storage compounds in bacteroids (Rawsthorne et al. 1980). 

PHB which can represent up to 50% of the dry weight of soybean nodules 

(Rawsthorne et al. 1980), may act as an insoluble carbon store which 

may be used to support N2 fixation during periods of darkness when 

photosynthate is less readily available (Bergersen, 1970). Kretovich 

et al. (1977) suggest that PHB is an energy source for dark N2 fixation 

in lupin nodules and demonstrated an inverse correlation between PHB 

concentration and energy demands in the nodule. They also suggest 

that PHB might be a source of C skeletons for ammonia assimilation. 

These findings have not been supported by other workers (Rawsthorne 

et al. 1980). 

Pate (1976) suggests that nodules in general maintain meagre reserves 

of readily utilisable carbohydrate relative to their requirements for N2 

fixation. Vance et al. (1979) found that the decline in N2 [ C2 H:J fixing 

activity of partially defoliated lucerne preceded the depletion of starch 

in roots, and concluded that starch granules in nodules and root non

structural carbohydrates were not readily available to sustain nodule 



activity in lucerne. Haystead et al,. (1979) found that white clover 

showed constant N2 [C 2 H2 ] fixing activity in 21.S hours continuous 

darkness, a result which was tentatively attributed to the buffering 

effect of carbohydrate reserve materials, probably located in the 

stolons. It is thought, however, that leguminous nodules often rely 

heavily for their growth and functioning on photosynthetic products 

currently translocated from leaves, or on carbohydrate mobilised from 

other iegions of the plant (Pate, 1976). 

Extracts of PhaseoZus vulgaris L. roots have been found to be 

capable of fixing large amounts of CO 2 through carboxylation of 

phosphoenolpyruvate (Jackson & Coleman, 1959), and the presence of CO 2 

in the vicinity of roots of red clover has been found to enhance 

nodulation and N;.i fixation (Mulder & Van Veen, 1960). In addition, 

Lawrie & Wheeler (1975b) have shown that suitable acceptor molecules 

derived from CO~ fixation by det~ched nodules of V. faba plants can 

provide carbon skeletons for .N2 fixation when the carbohydrate supply 

is removed. They state that further work is required however, to 

establish the importance of the pathway in nodules attached to the plant. 

There appears to be no real concensus of opinion as to the role 

of carbohydrate reserves or of root CO 2 fixation in supplying 

carbohydrate for N2 fixation when photosynthate supply is limited. 

The close links between N2 fixation and photosynthate supply discussed 

earlier in this section tend to support the view that carbohydrate 

reserves and root CO 2 fixation do not play a major role, although there 

are many examples (e.g. Haystead et ai. 1979) of N2 fixation being 

seemingly independent of current photosynthate supply. Plants, such 

as white clover, which can maintain N2 fixation independently of current 

photosynthate supply appear to have an advantage in terms of ability 

to fix N, and this could well be translated into increased yields. 

2.2.2 HYDROGEN EVOLUTION 

Hydrogen (H 2 ) evolution is a phenomenon associated with N2 fixation 

by many nodulated N2 fixing symbionts (Schubert & Evans, 1976). The 

significance of this phenomenon to N fixation by legumes is discussed, 

as follows, by Schubert & Evans (1976). An evaluation of the magnitude 

of energy loss in terms of the efficiency of electron transfer to 
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nitrogen via nitrogenase, in excised nodules, suggested that hydrogen (H2 ) 

production may severely reduce N2 fixation where photosynthate supply 

is a factor limiting fixation. In most symbionts, including soybeans, 

only 40 to 60% of the electron flow to nitrogenase was transferred to 



nitrogen, the remainder being lost because of Hz evolution. In situ 

measurements of H:.: and C ;-i z reduction by nodulated soybeans confirmed 

the results obtained with excised nodules. The extent of H evolution 
z 

is a major factor affecting the efficiency of Nz fixation by many 

agronomically important legumes, including lucerne, birdsfoot trefoil, 

a range of clovers, soybeans and peas (Hz evolution appeared to represent 

a substantial inefficiency in 17 of the 19 legumes tested). If 

photosynthesis limits N:.: fixation, then conservation of the energy lost 

in this way would theoretically increase Nz fixation (Schubert & Evans, 

1976). If some other factor limits Nz fixation, then reduction of H:.: 

evolution would presumably increase dry matter yield (Schubert & Evans, 

1976). 

Not all nitrogen fixing symbioses exhibit the degree of inefficiency 

discussed by Schubert & Evans (1976). Roelofsen and Akkermans (1979) 

report that most non legumes with actinomycetous nodules, and a few 

legumes e.g. cowpea were found to evolve very ljttle l~z· This is 

thought to be due to hydrogenase activity, in taki~g up evolved Hz. 

The Azolla - Anabaena az:Jllae relationship is another exhibiting little 

net Hz evolution (Peters et al. 1977) and work by Peters et al. (1976) 

implied the presence of an uptake hydrogenase. There are found to be two 

separate hydrogenase enzyme systems in the bacteroids of leguminous 

nodules, one evolving Hz, thought to be the nitrogen fixing enzyme 

nitrogenase, and another, at a separate site catalysing the uptake of Hz 

(Dixon, 1967; Dixon, 1978). Schubert et al. (1977) observed two 
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classes of legume - Rhizobiv.m combination in studies with soybeans and 

cowpeas. One group evolved Hz, the other did not exhibit net Hz evolution. 

The latter group metabolised Hz formed, within the nodule. The capacity 

to oxidise Hz was strongly linked to strain of Rhizobiwn. Bethlenfalvay 

et al. (1979) tested five strains of R. leguminosarum and found two to 

possess hydrogenase activity. Pea plants when infected with these had 

significantly higher rates of N
2 

fixation. Albrecht et al. (1979) and 

Ruiz-Argueso et al. (1979) describe strains of Rhizobiwn japonicwn that 

form nodules on soybean roots which evolve little or no Hz. More Nz was 

fixed and greater yields were produced compared with plants inoculated 

with strains lacking the H:,: uptake capacity (Albrecht et al. 1979). 

The H2 uptake capacity of bacteroids showing hydrogenase activity is 

estimated to far exceed the capacity of nitrogenase to evolve Hz 

(Ruiz-Argueso et al. 1979; Emerich et al. 1980). Plants nodulated with 

strains not exhibiting Hz uptake activity had greater nodule weights 
I 

(Albrecht et al. 1979), presumably to compensate for their less efficient 

N2 fixing ability. 



The probable rol e of the ' uptake' hydrogenase is to use H2 as 

a respirab le substrate, thus recouping some of the energy los t in its 

production (Dixon, 1978). In performing thi s rol e , a second role, 

that of maintaining low p02 in the nodule by using H2 as a substrate 

for respiratory protection of the nitrogenase, would be accomplished 
' (Dixon, 1978). 

Thus, the presence or absence of ' uptake ' hydrogenase activity in 
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N2 fixing bacteroids can have a strong infl uence on NL fixing efficiency 

and legume productivity. Schubert et al . (1978) found that the presence 

of uptake hydrogenase activity increased total dry matter yiel d and 

total N2 fixed by 24 and 31% in soybeans and by li and 15% in cowpea. 

Thus , the potential exists to substantially increase legume productivity 

by inoculating with str ains of Rhizobium having the ability to t ake up 

the H2 evolved in nitrogenase activity . 

2.2.3 EFFECTS OF COMBINED N 

I t has been found that combined N depresses nodulation on a wide 

range of l egumes including lucerne (Munns , 1968; heichel & Vance, 1979) , 

V. faba, P. vulgaris, peas (Dean & Clark, 1980) and lentils (Lens .esculenta 

Moench.) (Wong, 1980). Wong (1980) found that l entils growing in 15 mM 

nitrate had 84% fewer , and 71% less weight of nodules than plants growing 

in nitrate fee solution . Observations on young seedlings suggest that 

root hair curling and the formation of infection threads are more 

susceptible to injury than the later stages of nodulation, and that nitrate 

and nitrite are more potent suppressors of nodulation than ammoniacal 

forms of N (Munns, 1968; Pate, 1977). It has been proposed that nitrate 

acts externally through the catalytic action of its reduction product, 

nitrite, inthe destruction of indole acetic acid, th~ presumed agent of 

root hair curling (Tanner & Anderson, 1964) . It is generally agreed 

that, within limits, the effects of added Non nodulation are 

proportional to the amount of nitrogen supplied and its frequency of 

application. Certain species and varieties are more tolerant than others 

(Allos & Bartholomew, 1959; Pate, 1977). There is evidence that small, 

correctly timed additions of combined N can stimulate nodulation and 

N2 fixation (Pate, 1976). 

Combined N, particularly nitrate , is found to substantially reduce 

N2 fixing activity in legumes (Allos & Bartholomew, 1955; Allos & Bartholomew 

Bartholomew , 1959; Oghoghorie & Pate, 1971; Pate , 1977; Hojjati et ai . 

1978; Dean & Clark, 1980; Wong, 1980). Allos & Bartholomew (1955) 

working with a range of legumes including luccrne , birdsfoot trefoil, 



ladino clover (Trifo Uum repens L.) soybeans and peanuts (Arachis 

hypogaea) found that N2 fixation decreased, and combined N uptake 

increased with increase in quantity of available combined N. High 

increments of N had less influence than lower increments in increasing 

plant growth, but showed a greater tendency to replace fixed N2. 

In no instance was N2 fixation completely inhibited (N was applied 

as ammonium sulphate). Allos and Bartholomew (1959) found that a 

range of legumes, including lucerne, birdsfoot trefoil, sweet clover 

(Melilotus spp.), ladino clover and soybeans responded in terms of 

growth and N uptake to the addition of combined inorganic N. In some 

instances, increases in growth resulting from N fertilisation caused 

increases in N2 fixation. When appliGd N exceeded that necessary 

for increased growth it tended to replace N2 fixation (Allos & 
Bartholomew, 1959). nojjati et al. (1978) and Barta (1979) similarly 

found that combined N increased plant size, and decreased N~ fixation 

in red clover and big flower vetch (Vicia grandiflora) and birdsfoot 

trefoil resp8~tiveiy. Copeland and Pate (1969) grew white clover in 

sand culture with varying rates of nitrate N. Maximum dry matter was 

produced with a medium concentration of 140 ppm nitrate N. Higher levels 

of nitrate, up to 420 pprn,produced lower yields. A threefold stimulus 

to number and mass of leghaemoglobin pigmented nodules was observed 

at low levels of nitrate. Higher levels of nitrate only slightly 

reduced nodule member and weight below the levels encountered in control 

plants receiving no nitrate . Hoglund (1973) observed a bimodal 

response of lucerne to application of combined N, and attributed this to 

the tolerance of nodulation and nitrogen fixation to lower levels of 

nitrogen, and to the suppression of nodulation at higher levels. 

Bethlenfalvay et al. (1978a) found that ammonium N applied to peas 

increased growth and photosynthesis and when applied at low levels 

enhanced N2[C2H2] fixation. 

Generally, legumes grown on combined N produce higher yields and a 

higher proportion of soluble N. Allos and Bartholomew (1959) found 

that a range of legumes (see previously) exhibited an apparent capacity 

to supply by symbiotic fixation only about half to three-quarters 

of the total N which could potentially be used by the plant. Richards 

& Soper (1979) found that V. faba, n:odulated with an effective rhizobial 

strain, and receiving no N fertiliser fixed 87.1% of their total N. 

A high rate of N fertiliser increased yield by 13.2%. Thus, the plants 

were presumably fixing about 77% of the N which could potentially be 
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used by the plant. Hill-Cottingham & Lloyd-Jones (1980) found that 

V. faba on a low rate of nitrate fixed over 90% of its total N, and 

that the total N of low nitrate pl ants was about 90% of that of high 

nitrate plants. Thus, the plants were fixing approximately 81% of 

their potential N requirement . Ryle et al . (1979a) found that the 

\ nitrogen requirement of cowpea appeared to be almost fully met by 

symbiotic fixation, but that N assimilation in soybeans dependent on 

symbiotic fixation was only about one third of the N assimilation of 

equivalent plan~ provided with abundant combined N. Semu & Hume (1979) 

found that symbiotic N2 fixation can support maximum yields of soybeans 

in the fi eld, but they were presumably acquiring significant amounts of 

mineral N from the soil. 

There are two possible mechanisms by which nitrate could reduce 

symbiotic N2 fixation. It can have a secondary effect by reducing 

photosynthate to the root nodules, or alternatively it coulq have a 

direct effect on the nitrogenase system. If nitrate i s supplied in the 

rooting medium, some of this will be reduced in the roots, causing a 

substantial drain on the C reserves of the root (Pate , 1976) . If 

combined inorganic N reaches the shoot, the photosynthesis associated 

assimilation of this N may lead to a considerable reduction in the 

total amount of translocate available to the roots. It has been 

found that it is nodul es , and not roots, which suffer most from the 

shortage of trans locate (Pate, 1976) . Small & Leonard (1969) showed 

that the l eve l of 14C translocated to nodules of pea and subterranean 

clover plants (after exposure to 14 C0 2), which were provided with 200 ppm 

N as NaN03 for five days, was reduced by 55 to 75% relative to N-free 

controls . With increasing availability of combined N to the roots, 

competition between nodul es and roots for photosynthate changed in 

favour of the roots (Small & Leonard, 1969). Latimore et al . (1977), 

working with soybeans, also found combined N to decrease 14C accumulation 

in root nodule s as well as decreasing N2[C2 H2] reducing activity . 

Barta (1979) found reduced amounts of photosynthate in roots of birdsfoot 

trefoil when supplied combined N. In field pea (Piswn arv~nse L. ) 

l evels of combined N which severely suppress symbiot ic N2 fixation 

r educe downward translocation of photosynthate, lower the efficiency of 

N2 fixation per mass of nodules and generate a pattern of nitrate 

reduction in which the greater share of assimilation takes place in the 

shoot (Oghoghorie & Pate, 1971). Where plants are dependent solely 

on fixed N, N appears to be cycled to the roots via the shoot. Where 
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combined N is supplied the dependence of roots on cycled N will be 

circumvented (Pate, 1976). 

The time interval between nitrate addition or removal, and 

significant curtailment or restoration of N2 fixing activity is such 

(48 to 60 hours) as to suggest feedback control rather than any 

immediate effect operating for example, through nodule metabolism 

(Pate, 1976). The concept of the effect of nitrate on N2 fixing 

activity being mediated through photosynthate supply is supported by 

Wong (1980) who found that added sugars alleviated the inhibitory effects 

of nitrate, not only by increasing the carbohydrate supply to support 

both N2 fixation and nitrate reduction, but also by e l iminating the 

accumulation of nitrate and hence lowering nitrate reductase activity 

in the leaves. 

The more direct effect of nitrate within the nodules, however, is 

not preciuded. Trinchant & Rigaud (1980) found that nitrite strongly 

inhibited nitrogenase. 1t appeared to bind the Mo-Fe protein of 

nitrogenase without any effect on the Fe protein, and gave a completely 

reversible inhibition. The accumulation of nitrite in the vicinity 

of nitrogenase, however, could presumably be attributed to a lack of 

energy to compl ete the reduction to nitrate and a lack of C skeletons. 

Streeter (1980) observed that carbohydrate levels did decrease in 

nodules of nitrate fed soybean, but that this did not appear to be a 

causative factor in the lack of development and activity of nodules 

in the presence of nitrate. 

It is often desirable, in terms of yield, for legumes to be 

provided with N additional to what they can acquire via symbiotic 

fixation . However, if it is desired to maintain a maximum input of 

N from symbiotic fixation, the quantity and timing of inputs of combined 

N is critical. The quantity must be such as to supplement but not 

replace N2 fixation and such as not to inhibit nodulation. Addition of 

fertiliser N can sometimes be useful in the initial stages of growth, 

before plants have developed a N2 fixing system (e.g. Harper, 1974) . 

'The possibility also exists to supplement symbiotic fixation 

at other times when the symbiotic N2 fixing system is not meeting the 

potential requirements for N, e . g . during the seed fi l ling stage of 

soybeans. 
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2.2 .4 LI GHT AND TEMPERATURE 

Light and temperature have a very significant influence on the 

growth and development of plants . They influence the nitrogen fixing 

symbioses of legumes through the combined effect that they have on 

photosynthesis, and each may a lso have direct effects on the N2 fixing 

symbiosis. 

2.2.4.1 Temperature 

The t emperature at which a legume grows greatly affects the plant

rhizobium symbiosis (Dart & Day, 1971) . 
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The optimum root temperature for nodulat ion of a range of temperate 

legumes has been found to be in the range 20° to 30°c (Gibson, 1971). 

Optimurr, t:emperatures for nodule formation are usually similar to 

those for nodule development and N2 fixation; all are inhibited by 

extremes of heat and cold (Dart & Day, 1971). Lo·.,er than optimal root 

temperatures are found to retard root hair infection more than nodule 
initiation, nodule development or nitrogen fixation (Gibson, 1971) . 

Gibson (1963) found that symbiotic N2 · fixation of subterranean clover 

was reduced at root temperatures below 22°c, and in some host-rhizobial 

strain combinations, was reduced at 30°c. Possingham et al . (1965) 

also observed an apparent decrease in N2 fixation of subterranean 

clover plants at root temperatures of 30°c. Nodule development is 

influenced by t emperature . It was observed by Roughly (1970) that greater 

aaounts of bacteroid tissue were present at lower ternperatures (11° and 1s0 c 

compared to 19°C) and that there was an increasing proportion of degenerate 

tissue at 19°c. It was proposed that the larger amounts of nodule tissue 

noted at lower temperatures could be a form of compensation for reduced 

nitrogen fixation per unit of bacteroid tissue (Roughly 1970) . An increase in 

N2[ C2 H2 ] fixing activity of nodule tissue with increasing root temperature 

(from 5° to 25°C) has been observed in lucerne (Harding & Sheehy, 1980), 

which was suggested to be a result of increased enzyme activity. N2[C2H2] 

fixation and H2 evolution rates by root nodules of several legume species, 

including lucerne and subterranean clover, have been found to depend on 

incubation temperature (Dart & Day, 1971) . Maximum N2 [C2 H2 ] fixation 

rates usually occurred between 20° and 30°c . Nitrogenase has been found 

to function at temperatures which would limit other aspects of the N2 fixing 

symbiosis (Dart & Day, 1971). Barta (1978) found 30°c temperatures 

to reduce N2[ C2112] fixing activity in lucerne and birdsfoot trefoil . 
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The activities of lucerne, which were much higher than those of birdsfoot 

trefoil, were reduced by a larger proportion. Graham (1979) found that 

lower day/night temperatures (2S 0 /1s 0 c compared to 3S
0

/2s 0 c and 30°/20°c) 

gave increased maximum rates of N2[C 2H2] fixation in P. vuZgaris~ but 

that the timing of the diurnal peak of activity was delayed. Significant 

interactions between plant varieties and bacterial strains have been 

observed with respect to the optimum temperature for N2 fixation 

(Gibson, 1963). 

Possingham et aZ. (1965), found that high shoot temperatures 

had no inhibitory effect on nitrogen fixation in subterranean clover. 

Plant yield was, however, reduced, indicating that any effects of shoot 

temperature on N2 fixation would be mediated via plant growth. 

However, in the lower range (5° to 20°c shoot temperatures) increased 

N2 fixation has been observed with increase in shoot temperature 

(at root temperatures of 14° and 20°c) (Gibson, 1971). Although dry 

weight and N increased with increasing shoot tem~ P,ratur~s (in plants 

dependent on symbiotic N2 fixation), there wa3 a greater dry weight 

response by plants supplied with mineral N, especially at the lower end 

of the temperature range (Gibson, 1971). This was taken to indicate 

that the physiological processes in the shoot associated with the 

assimilation of mineral N, possibly the nitrate reductase enzymes, 

show a greater r esponse to increase in shoot temperature than those 

associated with symbiotic N2 fixation (Gibson, 1971). No response to 

increased shoot temperature was found at 10°c root temperature (Gibson, 

1971). 

The air temperature in which the shoot and leaves are growing has 

been found to be the dominant factor controlling the rate of development 

of leaf area in lucerne (Harding & Sheehy, 1980). The supply of 

assimilate to nodules is important for N2 fixation, and it is suggested 

that this i~ often a limiting factor in the rate of fixation (Havelka & 
Hardy, 1976). Thus, it could well be that shoot temperature influences 

symbiotic N2 fixation via photosynthate supply. The influence of root 

temperature on N2 fixation is probably more directly related to the 

biology and biochemistry of nodulation and N2 fixation, with reduced enzyme 

activity at low temperatures, and increased degeneration of nodule tissue 

at higher t emperatures. 

2.2A.2 Liqht 

It is sup;gested that the main effect of light on nodulation and N2 

fixation in legume s can be attributed to the effect of light on photo

synthesis and hence carbohydrate supply to the growing and functioning 

nodules (Masterson & Sherwood, 1969; Lie, 1971; Gibson, 1976). 
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Bergersen (1970) found N2[C2H2] fixation by nodulated soybean root 

systems to be related to light intensity preceeding sampling; activity 

of detached nodules was lower and less influenced by light. Mague 

& Burris (1972) found that soybean plants exhibited a diurnal cycle of 

N2[C2H2] reduction dependent on both light intensity and air ten~erature. 

There is evidence for an additional action of light, mediated by 

the phytochrome system, a photoreceptor system in plants controlled 

by red and for red light (Lie, 1971). Root nodule formation requires 

the activation of certain plant root cells to divide, in particular, 

those cells having a double number of chromosomes. It is thought that 

light could have a role in this stimulation, as apparently similar 

results have been obtained with far red light, as with cytokinins which 

are believed to have a role in activating cell division (Lie, 1971) . 

Abundant nodules have been produced in red light, and few, slow 

growing nodule s in blue light . Far red light (high under s_hady 

conditions) has the cffec·1.. of counteracting the red light effect (Lie, 

1971). SprP~t (~973) demonstrated the effect Jf shade in Lupinus 

arboreus. A linear relationship was shown between log of relative 

irradiance and N2[C 2H2] fixing activity per p l ant . Shading principally 

reduced nodule number and size, with only the deepest shade reducing 

activity per weight of nodule tissue. Gibson (1976) states that short 

term changes in light intensity can affect nitrogenase activity, and Ruegg 

& Alston (1978) state that short term fluctuations in N2[C2H2] fixation 

activity in Medicago truncatula Gaertn. were mainly associated with 

irradiance. This plant also showed marked diurnal fluctuation in 

N2[C2H2] fixing activity. However, not all plants seem to be this 

sensitive to light intensity and some plant s show no diurnal fluctuation in 

N2[C2H2] fixation activity (e.g. Haystead et al . 1979) . 

Minchin & Pate (1974) studied the diurnal functioning of legume 

root nodules. They imposed treatments of alternating light and dark 

at constant temperature of 18°c and at alternating light/ dark 

temperatures of 18° /12°C. Nodule starch and sugar levels increased 

during the photoperiod and decreased in the dark. At constant 

temperature , N2 fixation was slightly greater in the photopcriod, but 

at the alternating temperatures slightly less N2 was fixed during 

the photoperiod. This was thought to be linked to more efficient use 

of carbohydrate at lower temperatures (Minchin & Pate, 1974). Thus, 

it appears that periods of darkness can be times of high nodule activity 

provided sufficient carbohydrate i s available in, or to, the nodule. 

The ability of a legume to buffer it s N2 fixL,g syst em against short term 



and diurnal fluctuations in light intensity appears to depend on its 

ability to assimilate and store sufficient carbohydrate to carry it ~ver 

periods of low light intensity. The ability of legumes to store 

carbohydrate in the nodule or other plant organs has been discussed 

in section 2. 2.1, as has the ability of nodules to fix CO2, 

The l evel of irradiance, in addition to influencing its rate 

of production, can also influence the partitioning of photosynthate . 

Williams & Phillips (1980) state that at high levels of irradiance 

the partitioning of recent photosynthate may favour top growth 

relative to N2 fixation. 

There is little that- can be done to control t emperature in a field 

situation, so such things as sowing dates need to be decided on with 

temperature requirements for plant growth,nodulation and N2 fixation 

in mind. Light is also a seasonal factor and as such cannot be 

controlled in a field situation . Shading can be avoided, however, by 

manipulation of plant populations and spacings. 

2.2 .5 MOISTURE S7RESS AND WATERLOGGING 

2.2.5 . 1 Moisture stress 

The effect s of moisture stress and water logging have an adverse 

effect on N2 fixation in a wide range of legumes under both laboratory 

and field conditions (Sprent, 1976) . In the field N2 fixation is at its 

highest at or near field capacity. The legume nodule requires water for 

maintenance of the turgidity of it s tissues and for export in the xylem 

of the products of fixation (Pate, 1976) . Stress in nodul es occurs, 

according to Sprent (1976), when the root system cannot supply sufficient 

water to support these func tions and compensate for moisture losses from 

the nodule surface . The pattern of response appears to be similar in 

all species. It has been found that where nodules do not fall below 

about 60% of maximum fresh weight, nodule activity is restored on 
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watering within hours (Sprent, 1976). The ability of plants to recover, 

and the time taken for recovery are both related to the duration of the 

stress period (Engin & Sprent, 1973). Plants with meristematic nodules, 

such as white clover (Engin & Sprent, 1~73) and L. arboreus (Sprcnt, 1973), 

can recover from damaging stress by regrowth of existing nodules (Engin 

& Sprent, 1973). In plants with spherical nodules, such as soybeans, 

severe stress causes nodule shedding, and recovery is likely to be s lower , 

involving the formation of new nodules (Engin & Sprent, 1973; Sprent, 1976) . 



Wilting of the lower leaves is usually an indication that nodules 

are functioning at suboptimal rates, however, provided soil moisture is 

adequate, shoots may wilt without a noticable effect on N2 fixing 

activity (Sprent, 1976). In times of moisture stress, water may be 

transferred from a wet zone, to nodules on a dry zone (Sprent, 1972) . 

When N2[C 2 H2 ] fixing activity is reduced by moisture stress a 

concommitant r eduction in respiration has been observed in detached 

soybean nodules (Sprent, 1971). This observation along with examination 

of the histochemstry of respiratory enzymes in stressed nodules is a 

demonstration that water stress has a direct effect on bacteroids 

(Sprent, 1976). Pankhurst & Sprent (1975) showed that resistance 
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to oxygen diffusion increased in soybean nodules under water stress, which 

led to decreased nodule respiration . 

Ahmed & Quilt (1980), however, found nodulation and nitrogenase 

activity in the tropical forage legumes Macroptiliwn atropurpureum and 

Desmodium intortwn to be less effected by moisture st:.:es s than top 

weight. Huang et al. (1975a) found that the decrease in N2[ C2H2 ] fixing 

activity of Soy0ean ~oot nodules was more closely related to decreases 

in photosynthesis and transpiration than decrease in dark respiration, 

and concluded that photosynthesis, transpiration or some direct effect 

on the nodules , other than that caused by respiration, were most likely 

to account for the inhibition of acetylene reduction in moisture stressed 

plants . Huang et al. (1975b) found that the inhibition of N2[C 2 H2] 

fixation caused by low water potentials and their after effects could 

be reproduced by depriving shoots of atmospheric C0 2 , even though the 

soil remained at favourable water potentials . This is not conclusive 

evidence however, for a link between N2[C 2H2 ] reduction and photosynthesis. 

However, it was also found that the inhibition of N2[C2 H2 ] reducing 

activity at low water potentials could be partially reversed by exposing 

the shoots to high CO2 concentrations. Finn & Brun (1980), found that 

CO2 assimilation and specific nodule N2[C2 H2 ] fixing activity decreased and 

stomatal resistance increased with increasing water stress . There was 

a significant negative correlation (r = -0.71) between specific nodule 

activity and stomata! resistance. Dry weights of leaves, stems plus 

petioles, and nodules decreased under water stress, and root dry weights 

increased. There was a redistribution of 1-c, with a greater 

proportion allocated to the roots and nodules at the expense of leaves . 

A time course s tudy showed that carbon exchange rate (CER) decreased 

after the impos ition of abrupt water s tress, but total nodule activity 

was not affected (Finn & Brun, 1980). It was suggestPd that decreased nodul e 



activity under long term water stress is not caused solely by 

decreased CER, but also by changes in photosynthate pool sizes. 

The evidence seems generally to favour the proposition that the 

effect of moisture stress on N2 fixation is mediated via photosynthate 

supply, particularly since the key evidence for a direct effect, 

that of Sprent (1971) relating reduced N2[C 2H2] fixing activity to 

reduced respiration, was carried out on detached nodules. 

2.2.5.2 Water logging 

Depression of N2 fixation by waterlogging is thought to result largely 

from 0 2 deficiency (Schwinghamer et aZ. 1970; Mague & Burris, 1972; 

Sprent, 1976). Huang et aZ. (1975a) suggested that rates of gas 
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exchange between the nodules and the atmosphere are reduced at high soil water 

potentials, thus r educing N2[ C2H2] fixation. Nodules have been found 

to produce increased surface area under waterlogged conditions, and 

nodule number, size and N2 fixing activity have been found to decrease 

relative to non waterlogged controls (Sprent, 1976). Nodule initiation 

appears to be mono te>lerant to waterlogging than nodule functioning 

(Pate, 1976). 

The sensitivity of N2 fixation to water stress and waterlogging 

can no doubt affect the productivity of legumes in the field. Under 

irrigated conditions the opportunity would exist to optimize moisture 

levels for maximum crop photosynthesis and N2 fixation, and to avoid 

the adverse effects of waterlogging ; . 



3 THE ACETYLENE REDUCTION TECHNIQUE 

3.1 THE ACETYLENE REDUCTION REACTION 

The nitrogen fixing enzyme, nitrogenase, catalyses the conversion 

of the very stable N2 mo lecule to ammonia , a form of N which plants can 

assimilate (section 2. 1). Dilworth (1966) found that nitrogenase could 

r educe .acetylene (C2H2) to ethylene (C2H4), in a reaction analogous to 

the reduction of N2 to NH 3. Schellhorn & Burris (1967) , and Dilworth , 

independently observed inhibition of N2 fixation by C2H2 and SchJllhorn 

& Burris (19G7) established the competitive nature of thi s inhibition. 

The two reactions are as follows (Bergersen, 1970): 

Acetylene reduction: 
+ 3C2H2 + 6H + 6e + 3C2H4 

Nitrogen fixation: 
+ N2 + 6H + 6e + 2NH3 

The stoichiometric equivalence of C2H2 to N2 is 3:1, therefore, 

theoretically, if energy and reductant supply are not limiting the ratio 

of C2H2 to N2 reduced should be 3:1 . 

The first r eported application of acetylene reduction for the 

measurement of N2 fixation was by Koch & Evans (1966) who assayed 

detached soybean nodules. 

C2H2 is preferred as a substrate for the N2 fixation assay, over 
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other possibilities such as HCN because: 1) a relatively large amount of 

product is formed (the reduction of C2H2 to C2H4 requires only two electrons) 

2) the detection of C2114 by gas chromatography using flame ionisation 

detection is highly sensitive, 3) e thylene is the sole product 

of the reaction and 4) ethylene does not inhibit N2 fixation (Hardy 

et ai. 1968; Hardy et ai . 1973). 

The validity of the acetylene reduction assay for the measurement 

of N2 fixing activity depends on the similarity between the N2 and 

C2H2 r eduction reactions. Schellhorn & Burris (1967) state that C2H2 
is isoelcctronic and isosteric with N2 and should therefore fit into 

t he chemisorbing site of the enzyme . They further state that the 

ener gy dependence and competitive inhibition of N2 fixation suggest that 

the C2lh molecule is attached to and reduced at the same enzyme site 

as N2 . The inhibition by C2112 , of ATP dependent H2 evolution by 
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n:itrogenase, by an amount equivalent to the formation of ethylene, 

establishes the electron activating reaction of nitrogenase as the source 

of electrons for C2H2 reduction (Hardy, et al. 1968). The similar 

competitive inhibitions of N2 fixation and C2H2 reduction by CO provides 

indirect support for the role of the substrate complexing site of 

nitrogenase in both C2H2 and N2 reduction (Hardy et al. 1968). 

Koch & Evans (1966) found that the time course of C2H2 productioti by 

soybean nodules was similar to a reported time course for N2 fixation, 

and that conditions optimal for C2H2 reduction were similar to those 

optimal for N2 fixation, suggesting the same enzyme system was 

involved in both reactions. C2H2 and N2 have been found to evoke 

identical responses from nitrogenase (Hardy et al. 1968). The 

essential relationship between C2H2 reduction is supported very 

convincingly by studies involving cell free extracts, bacterial cultures 

and symbionts (Hardy et a!. 1968). Using Azotobacter preparations, 

close similarities have been observed between the N2 an1 C2H2 reduction 

reactions catalysed by nitrogenase with respect to the following 

(Hardy et al. 1968): 

(a) . Requirement for ATP and reductant. 

(b) Linear time course for the reactions. 

(c) Optimal pH. 

(d) Sigmoidal relationship between rate of reaction and enzyme 

concentration. 

(e) Competitive inhibition by CO. 

(f) Relative insensitivity to presence of NH~+. 

(g) Activation energies. 

(h) Lack of activity in urea grown cells . 

. (i) Similar distribution of activity during fractionation of N2 

fixing extracts. 

(j) Requirement for both the Mo-Fe and Fe protein fractions of 

nitrogenase. 

Whole cell experiments were completely consistent with the results 

obtained 'in vitro', and also demonstrate parallel C2H2-N2 relationships 

(Hardy et al. 1968). 

Experiments with N2 fixing symbionts demonstrate that parallel 

C2H2-N2 relationships are consistantly applicable to even the most complex 

natural N2 fixing systems (Hardy et al. 1968). Thus legumes also 

reduce C2H2 to C2H~ with characteristics similar to those of N2 fixation. 

These include an aerobic requirement, activity only in nodules containing 

leghaemoglobin, absence of activity in either the root or infecting bacteria 



and a similar rate of C2H2 or N2 reduction per season based on electron 

requirement (Hardy et al. 1968). 

The characteristics of nitrogenase activity, as exemplified by 

C2H2 reduction appear to be consistent through the entire range of 

organisation studied, and all systems are found to reduce C2H2 to a 

single significant product, C2H4 (Hardy et al . 1968). The C2H2 

reduction assay is thus a sensitive, universal and specific analysis for 

N2 fixing activity (Hardy et al . 1968) which has become widely used 

(Sinclair , 1973). 

Despite the similarities between the N2 fixation and C2H2 reduction 

reactions catalysed by nitrogenase, there are certain differences which 

should be considered. 

The enzyme is thought to have approximately a 2.5 times greater 

affinity for N2 than acetylene (Schollhorn & Burris, 1967), but because 

of the much greater solubility of C2H2 than N2 (65 times greater at 

1 atmosphere pressure 2nd 2s 0 c), the Michaelis constant is much 

lower for C2H2 than N2 (Schollhorn & Burris, 1967; Bergersen , 1970). 

This factor enables C2H2 reduction assays to be carried out in air 

(containing N2) with little (10-20% in soybean nodules) reduction in 
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C2H2 reducing activity (Hardy et al . 1968). Algal and non legume nodule 

fixation rates showed no advantage of air removal, possibly , in the 

case· of the algae, because of a high p C2H2 of 0.2 atmospheres (Hardy 

et al. 1973). Even at low concentrations, C2H2 is a powerful inhibitor 

of N2 fixation (Schollhorn & Burris, 1967). In view of this fact, 

and the fact that complete evacuation can present problems when using 

large incubation containers, Sinclair (1973) performed incubations in 

a C2H2-air mixture. Trinick et al. (1976) found no decrease in N2[C2H2] 

fixing activity when whole plants of Lupinus luteus were incubated in 

0.05 atm.C2H2 in air compared with 0.05 atm.C 2H2 in Ar and 02, or when 

nodulated root systems of Lupinus cosentinii were incubated in 0.1 atm. 

C2H2 in air compared with 0.1 atm.C 2H2 in Ar and 02- Differences were 

found at 0.025 and 0.02 atm.C 2H2 to L. luteus and L. cosentinii 

respectively. Mahon (1977) assayed nodulated root systems of intact pea 

plants in 0.02 atm.C2H2 and found no significant difference in acetylene 

reduction rate when air was replaced by Ar and 0 2 • 

In whole cell systems, the N from N2 fixation enters the N pool 

of the cells and contributes to protein systems, while acetylene 

reduction measures the activity of the nitrogenase system only, and makes 

no contribution to the metabolism of the cell (Bergersen, 1970). If 

there was a system of feedback inhibition of nitrogenase activity by 



combined forms of N, this could conceivably lead to increased rates 

of acetylene reduction because of depletion of Nin systems being 

assayed for N2 fixing activity. Hardy et al. (1973) state that no 

evidence has been found for feedback inhibition of nitrogenase activity 

by combined N, which is a desirable charateristic from the point of view 

of the acetylene reduction assay. Combined forms of N, however, do 

appear to control nitrogenase activity in living organisms by influencing 

nitrogenase synthesis (Hardy et al. 1973). 

This is potentially of great concern with respect to the 

acetylene reduction assay (Hardy et al. 1973), and may cause rates of 

C2H2 reducing activity to increase with time in lengthy incubations. 

This may have been the cause of an increase in N2[C 2 H2] reducing activity 

observed in subterranean clover over 24 hours by Eckart & Raguse (1980). 

Finally, the two substrates, N2 and C2H2, have differing 

abilities to enter living cells t~rough lipoprotein membranes (Bergersen, 

1970). 

3.2 THE RELATIONSHIP BETWEEN ACETYLENE REDUCTION AND 
NITROGEN FIXATION, 

If the acetylene reduction technique is to be used for measurement 

of the absolute amount of N2 fixed by fixing systems, the equivalence of 

measured acetylene reduction rates with N2 fixation, and factors affecting 

this, must be considered. 

Stoichiometrically the ratio of C2H2 to N2 reduced is 3:1 

(Bergersen, 1970). However, it has been found that the theoretical 

ratio often does not apply exactly in practice, and that the ratio found 

experimentally for a particular system is to some extent a characteristic 

of the test itself (Sinclair, 1973; Sinclair, 1975). Factors which may 

differentially affect N2 fixation and C2H2 reduction are discussed 

in the following paragraphs. 

(a) H2 Evolution 

In the acetylene reduction assay, C2H2 reduction replaces not 

only N2 fixation, but also H2 evolution. Because 40 to 60% of the 

reducing power may be lost via H2 evolution, the ratio of C2H2 reduced 

to N2 fixed may often be about 6:1 rather than the theoretical 3:1 

(Schubert & Evans, 1976). 

(b) p02 
C2H2 reduction may be more sensitive to pO2 (partial pressure of 

oxygen) than N2 fixation. Bergersen (1970) found that increased pO2 

decreased the ratio of C2H2 reduced to N2 fixed in soybean nodules. 
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It is thought that H2 evolution might have a function in providing 

reductant for 02 via hydrogenase and thereby decrease p02 in the 

vicinity of ni trogenase (Hardy et aZ. 1973). This function would 

cease, and nitrogenase activity may be reduced as a result, when 

H2 evolution ceased resulting from the use of C2 H2 as a substrate. 

(c) N2 

When N2 and C2H2 are 

tre ni trogenase reaction. 

inhibitor of N2 fixation 

both present 

Even though 

(Schollhorn & 

they compete for electrons in 

C2H2 is reported to be a strong 

Burris, 1967), the presence of 

N2 under some circumstances, has been found to cause a small reduction 

in C2H2 reducing activity (Hardy et al. 1968). 

(d) pC2H2 

At levels less than required to saturate the nitrogen fixing 

enzyme (nitrogenase), C2H2 reduction is proportional to pC 2H2 (partial 

pressure of acetylene), and will tend to underestimate NL [C 2H2] fixing 

activity (Hardy et al. 197~). Hardy et al. (i973) state that a C2H2 

partial pressure of 0.1 atmospheres of C2H2 should produce saturation 

of 'in vivo' nitrogenase comparable to 0.8 atmospheres of N2 . Burris 

(1974) states that 0.15 to 0.20 atmospheres of C2H 2 virtually saturates 

the nitrogenase enzyme system, but many authors report saturation at 

lower values than this, and most incubations seem to be carried out at 

a pC2H2 of 0.1 atmospheres, or less. 

Fishbeck et al. (1973), carrying out non destructive assays on 

soybeans, found that saturation of the nitrogenase enzyme occurred at 
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a pC2H2 of 0.1 atmospheres. Trinick et al. (1976) found the nitrogenase 

of nodulated root systems of L. consentinii to be saturated at a pC2H2 

of 0.1 atmospheres, and of whole L. luteus plants to be saturated at a 

pC2H2 of 0.05 atmospheres. Eckart & Raguse (1980), non destructively 

assaying subterranean clover plants growing in sand, found that C2H2 

reduction capacity was saturated by 0.03 atmospheres of C2H2 . It was 

thought that the large pore sizes of the rooting medium, together with 

the technique used, of forced reticulation of gases through the medium 

accounted for the low value. Partial pressures of C2H2 used in 

acetylene reduction assays by various workers include the following. 

Duhigg et al. (1978) with nodulated lucerne root systems, Barta (1978) 

with nodulated root systems of lucerne and birdsfoot trefoil, Bethlenfalvay 

& Phillips (1977) with nodulatcd pea root systems, Zaroug & Munns (1979) 

with nodulated root systems of Lab"lab purpureus and Major et al. (1979) 

with whole sainfoin plants used a pC2H2 of 0.1 atmospheres. Seetin & 
Barnes (1977) with nodulated lucerne root sy~tPrus used a pC2H2 of 0.7 



atmospheres. Cassman et al. (1980) with nodulated soybean root systems, 

and Harding & Sheehy (1980) with exposed root systems of intact lucerne 

plants used a pC 2H2 of 0.05 atmospheres. Sinclair (1973) and Sinclair 

et al. (1978) incubated undisturbed legume plants at a pC 2H2 of 

approximately 0.05 atmospheres. Hardy & Holsten (1977) suggest that 

acetylene should be added to give a definite final pC 2H2 of 0.05 to 

0.10 atmospheres, which will provide equivalent saturation of nitrogenase 

to 0.8 atmospheres of N2 . 

(e) Duration of Incubation 

Length of incubation time may also differentially affect N2 

fixation and C2H2 reduction. Lengthy incubations may lead to a 

depletion of combined N, which in turn may cause an increase in C2H2 

reducing activity with time (Hardy et al. 1973; Eckart & Raguse, 1Y80). 

However, Sinclair (1973) over a 30 hour incubation period observed 

no net effect of this lind in white clover plants. 

Where a plant-in-soil system is being assaye0 there may be an 

initial lag period in the production of C2H~ because of restriction of 

gaseous diffusion by the growth medium (Sinclair, 1973). Huang et al. 

(1975a), non~estructively assayed soybean plants growing in a soil/ 

peat/perlite mixture, and observed an initial lag in C2H4 production 

of 30 to 60 minutes. Hence, non-destructive acetylene reduction assays 

over short time periods may underestimate , N2 fixing activity (Sinclair 

1973). 

(f) Diurnal variation 

Diurnal variation in acetylene reducing activity has been widely 

observed in soybean nodules (Hardy et al. 1968; Bergersen, 1970; 

Mague & Burris, 1972). Specific C2H2 reducing activity (on a nodule 

weight basis) has been found to be maximal for samples collected over 

the period 12.00 noon to 8.00 p.m .. and minimal over the period 12.00 

midnight to 8.00 a.m. (Hardy et al. 1968). The effect of light, as 

distinct from temperature has been demonstrated (Hardy et al. 1968). 

Sinclair (1973) demonstrated diurnal variation in the C2H2 reducing 

activity of undisturbed white clover plants, and Ruegg & Alston (1978) 

found that short term fluctuations in the C2H2 reducing activity of 

Medicago truncatula Gaertn. were associated mainly with irradiance. It 

was found that C2H2 reduction rate; at 12.00 noon were 10 to 60% 

(average 33%) higher than mean daily rates. In contrast, Trinick et al. 

(1976) and Haystead et al. (1979) observed no diurnal variation in C2H2 

reducing activity of two Lupinus species, and white clover respectively. 
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Eckart & Raguse (1980) found that C2 H2 reducing activity in 

subterranean clover varied diurnally in relation to temperature, but 

not to light. The implication was that this species is buffered 

against short term fluctuations in photosynthate supply (Eckart & Raguse, 

1980). Presumably the low temperatures (13°C) reduced the activity 

of the N2 fixing enzyme. Gibson (1963) found N2 fixation of this 

species to decrease at root temperatures below 22°c. 

Thus, acetylene reduction assays carried out during the photo

period may tend to overestimate mean daily N2 fixing activity because 

of both greater photosynthate supply and higher temperatures during the 

photoperiod. In contrast, N2 fixation as derived from plant N 

analysis integrates N2 fixation over the entire experimental period, 

where plants are dependent solely on fixed N (Sinclair et al. 1978). 

(g) Growth conditions 

The day to day ch3.nges in nitrogena.se activity, depending on 

environmental conditions, can be a problem in obt~ining reliable 

estimates of 0verall N2 fixing activity using tl~ acetylene reduction 

technique (Sinclair, 1975). Moisture levels may have a small effect 

on the relationship between C2 H2 reduced and N2 fixed (Sinclair et al. 

1978). A tendency for moisture stress to increase the ratio of C2H2 

reduced to N2 fixed (the latter derived from N analysis) in non 

destructive assays was observed. More rapid diffusion of gases through 

a drier rooting medium, or N loss from noduleswere thought to be possible 

explanations of this effect. Ahmed & Quilt (1980) found that moisture 

stress had little effect on N2 [C 2 H2 ] fixing activity of the tropical 

legumes Macropti l ium atropurpureum or Desmodium intortum. In contrast, 

water stress has generally been found to decrease C2H2 reduction 

by detached nodules, and in soil samples containing nodules, C2H2 fixing 

activity was usually increased by increasing moisture supply (Hardy et al. 

1973). 

(h) Species 

Significant differences in the ratio of C2H2 reduced to N2 fixed 

have been observed between species (Sinclair et al. 1978). Lucerne 

and birdsfoot trefoil had higher ratios than clovers. It was pointed 

out, however, that this does not imply inherently different conversion 

factors for lucerne or birdsfoot trefoil. The effect could possibly 

arise from higher daykight differentials in N2[C 2 H2 ] fixing activity 

for lucerne and birdsfoot trefoil compared to the clovers, from nodule 

bacteroids being more readily accessible to gas exchange during 

incubation, or even from exudation of N from the nodules causing an 

57 



underestimate of N2 fixation by chemical analysis (Sincl ai r et aZ. 

1978). 
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Within species and growth conditions hmvever, the acet ylene r eduction as say 

has been found to be very closely related to N2 fixation (Si nclair et aZ . 1978) . 

(i) Ethylene 

The capacity of low concentrations of ethylene (C 2 H4 ) to inhibit 

nitrogenase activity may possibly affect results obtained by the 

acetylene reduction assay (Koch & Evans, 1966; Hardy et al . 1973; 

Goodlass & Smith, 1979). Goodlass & Smith (1979) state that the 

acetylene reduction technique is valid for comparative studies, but 

that the extent to which absolute nitrogenase activity may be reduced 

as a result of physiological activity of C2H2 and C2H4 merits 

investigation. 

3.3 THE ROLE OF THE ACETYLENE REDUCTION TECHNIQUE 

The three most used methods of estimating N2 fixation are 

probably measurement of total nitrogen using the Kjeldahl analysis, 

measurement of N2 fixation using the stable isotope 15 N, and 

measurement of nitrogenase activtty using the acetylene reduction 

technique. 

The measurement of total nitrogen using the Kjeldahl method is 

a destructive method and is useful for determining the total accumulated 

amount of Nat a particular point in time. 

The 15 N2 technique involves exposing the test material to N2 

enriched with the stable isotope 15N2 , after which the 15 N content of the 

material can be determined using a mass spectrometer (Stewart, 1966). 

From the original proportions of 15N2 and 14 N2 , total N uptake over the 

period of exposure of the material can be caiculated. The 15N2 technique 

enables measurement of N2 fixation over a specified time period. It is 

a much more sensitive method for measuring N2 fixation than the Kjeldahl

N method (Stewart, 1966). The 15N2 technique is fundamentally the 

most satisfactory method for measuring N2 fixation because it is an 

absolute method and not subject to the correction factors which must 

be applied to convert acetylene reduction to potential N2 fixation 

(Burris, 1974). The disadvantages of the method are that it is 

destructive, expensive and it is less sensitive than the acetylene 

reduction method. 

The acetylene reduction method is the most sensitive method of 

determining N2 fixing activity, and it is also simple , inexpensive 

and can be readily carried out in the field, where earlier methods 

limited experimentation to a few samples (Burris, 1974). The acetylene 



reduction technique is of particular use in making comparisons 

between N2 fixing systems, comparisonsbetween treatment effects on 

N2 fixation (Bergersen, 1970), or in monitoring changes in N2 fixing 

activity during the growth of a N2 fixing organism such as a legume 

(Sinclair et al. 1978). Acetylene reduction enables short term 

changes in nitrogenase activity to be followed and enables nitrogenase 

activity to be r e lated to growth or environmental parameters. 

Bergersen (1970) states that acetyl ene reduction is most useful where 

the absolute amount of N fixed is not required to be measured. It is 

suggested that the theoretical conversion factor between C2H2 reduced 

and N2 fixed should not be assumed, and that for quantitative estimates 

of N2 fixation, the particular acetylene reduction assay system should 

be cal iorated against a N based method to allow for different 

efficiencies of nitrogenase when reducing C2H2 compared with N2 

(Bergersen, 1970; Sinclair, 1973; Hudd et al. 1980). Sinclair et al. 

(1978), state that the C2H2 assay alone would be unsuitable as a basis 

for calculating N2 fixation in absolute terms. Eckart & Raguse (1980) 

support this vi ew , and suggest that estimates of absolute N2 fixation 

in the field should be obtained from some more rel i able method 

Within species and growth conditions, however, the acetylene 

reduction assay has been found to be very closely related to N2 fixation 

as measured by a micro-Kjeldahl technique (Sinclair et al. 1978). 

Hudd et al. (1980) measured N2 fixation of V. faba, grown at two rates 

of nitrate, using acetylene reduction and a 15N2 technique. A 

constant relationship between C2H2 reduced and N2 fixed was found 

regardless of the rate of nitrate application. Bergersen (1970) found 

a high correlation between C2H2 reducing activity of soybean nodules and 

total Nin the tops. 

Thus, it seems appropriate to use the acetylene reduction assay 

for comparative purposes, but where estimates of absolute rates of N2 

fixation are required, it should be calibrated against a N based method 

(Bergersen, 1970; Hudd et al. 1980). 

Sinclair (1975) listed criteria for the validity of the acetylene 

reduction assay: 

(a) There should be a close linear relationship between C2H4 production 

and N upt ake. 

(b) Ratios of C2H2 reduced : N2 fixed should be compatable with 
published experimental values. 

(c) There should be a logical explanation for differences between C2H2 

.reduction ar.d N2 fixation. 
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3.4 THE NOM DESTRUCTIVE ACETYLENE REDUCTION ASSAY 

The acetylene reduction technique which has most generally been 

applied to legumes, has involved the removal of the root nodules from 

the environment in which they were growing, and exposure either 

completely excised or attached to portions of root, to an atmosphere 

containing C2 H2 (Sinclair, 1973). This technique is rapid and 

sensitive, but has several disadvantages. Collecting nodules or nodule 

bearing roots can be time consuming, particularly with plants bearing 

many small nodules and growing in compacted soil. Also, it must be 

accomplished quickly, since nitrogenase activity starts to decline 

soon after nodules or roots are severed from the plant (Hardy et al. 
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1968; Moustafa et al. 1969). Excised nodules have been found to have 

reduced nitrogenase activity compared to nodules attached to root systems 

or intact plants (Hardy et al. 1968; Bergersen, 1970; Mague & Burris, 

1972; Fishbeck et al. 1973; Trinick et al. 1976; Hur-id et al . 1980). 

Decreases in C2 H2 reducing activity of 70 to 85%, about 67% and 77% have 

been observed in ex~ised nodules of Lupinus species (Trinick et al. 

1976), V. faba (Hudd et al. 1980) and soybeans (Mague & Burris, 1972) 

respectively. Hardy et al. (1973) recommended that assays be carried 

out on nodulated root systems and that comparisons with whole plants 

are needed. Fishbeck et al. (1973) and Trinick et al . (1976) found 

that decapitation of plants had little effect on acetylene reducing 

activity of soybeans and Lupinus species respectively. Mague & Burris 

(1972), however, found that activity in nodulated root systems of soybeans 

was only about 46% of that of intact plants. When nodules are 

removed from plants the environment of the nodules during the test bears 

little similarity to their environment when attached to actively growing 

plants (Sinclair, 1973). Bergersen (1970) pointed out that major 

errors are likely to result when conditions in acetylene reduction 

assays are not carefully matched with the conditions under which N2 

fixation is occurring. Acetylene reduction assays on detached nodules 

at best reflect the N2 fixing activity at the time of harvest. As this 

can fluctuate sharply with environmental conditions, a quantitative 

estimation of N fixed would require integration of results obtained at 

several harvest times each day (Bergersen, 1970). 

Hardy et al. (1968) described a technique in which cores were 

taken from around the tap root of decapitated soybean plants and used in 

acetylene reduction assays. The results from these assays were 

acceptable, without the removal of soil from the root system. Lie (1971) 



carried out acetylene reduction assays on pea plants growing in pots 

containing soil. Dobereiner et al. (1972) also described acetylene 

reduction assays on plant in soil samples. Sinclair (1973) carried 

out acetylene reduction assays in which white clover plants growing 

in pots containing sand or soil were placed, intact, in an C2H2 air 

atmosphere. It was found that production of C2 H4 began almost 

immediately, and continued for much longer than generally reported for 

experiments using detached nodules, or nodulated root systems. 

Sinclair (1973) evaluated C2H2 reduction by activ~ly growing plants as 

an index of N2 fixation, by comparing with the C2H2 reduction rate 

of nodulated roQt systems. It was found that rates of C2H2 reduction 

by the intact plant system was lower than for nodulated roots for 

the first two hours of incubation, but then higher than the nodulated 

root system. The lower C2H2 reduction of exposed roots after two 

hours was thought to be because of loss of nodules or other damage 

incurred during extraction and washing. Fishbeck et al. (1973) 

carried out the acetylene reduction assay on intact soybean plants 

growing in perlite or soil. For the assay they were exposed to C2 H2 

in large polyethylene containers with plexiglass lids. C2 H2 reduction 

rates were found to be similar to those of detached root systems. 

Sinclair (1973) states that the success of the plant-in-soil 

acetylene reduction assay depends on the rapid penetration of C2H2 
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through the growth medium to the root nodules and the rapid redistribution 

of C2 H4 between the soil and the surrounding atmosphere. A retardation 

of C2 H4 production occurred during the early stages of the plant-in-soil 

incubation of both Sinclair (1973) and Fishbeck et al. (1973). 

Sinclair (1973) states that the retardation was more pronounced in soil 

than sand. Eckart & Raguse (1980) observed no lag period when 

subterranean clover growing in sand was non-destructively assayed. 

Sinclair (1973) sugges~s that, because of the lag period which may occur 

at the start of plant-in-soil incubations, very short incubations 

should be avoided. Fishbeck et al. (1973) found that the application 

of the acetylene reduction tecnique to plants growing in soil was 

complicated by the water content of the soil. Soil water content 

greatly influences rates of gas diffusion, since higher moisture levels 

result in less available air space for gaseous diffusion. It was found 

that when plants were non destructively assayed, C2H 2 reducing activity 

increased with increasing soil water suction, and when they were 

removed from the growth medium (soil), C2H2 reducing activity increased 

as the soil water suction at which they had been grown decreased 



(Fishbeck et al. 1973). Thus, high soil moisture appeared to be 

favourable for the root nodules, but to restrict gaseous diffusion. 

Generally, for acetylene reduction assays of excised nodules and 

decapitated root systems, it has been found that the period during 

which C2 H4 production has been linear with respect to time has been 

relatively short,with declines in rate of C2I-I 4 production aft er 60 

minute s report ed by Hardy et al . (1968) and Koch & Evans (1966), and 
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after 30 minut es reported by Schwinghamer et al. (19 70) . Sinclair (1973) 

reported sustained C2 H4 production by white clover plants growing 

in soil, for periods of 30 hours. Root washed whole plants showed 

sustained production over the same period, being slightly above the 

plant-in-soil or sand samples for the first five to ten hours, and 

slightly below thereafter (Sinclair, 1973). Fishbeck et al. (19;3) 

found that soybeans undergoing 'in situ' acetylene reduction assay 

exhibited linear C2 P. 4 production with time over at least 90 minutes, 

and Eckart & Raguse (1980) found that 'in situ' a~~tylenc reduction by 

subterranean clover growing in sand was linear with r~spect to time 

for at least two hours. 

Provided acetylene reduction assays are not too frequent, 

successive assays may be made on individual samples without seriously 

impairing their N2 fixing activity (Sinclair, 1973). It has been found 

(Sinclair, 1978), that the acetylene reduction assay (one 1 hour 

incubation per week) had no effect on the dry matter yield or %N of 

a range of forage legumes. 

A high correlation (r = 0.976) has been obtained between N2 fixed 

and C2 H2 reduced in the non destructive acetylene reduction assay 

(Sinclair, 1973). 

Thus, the non-destructive or plant-in-soil acetylene reduction assay 

appears to provide a very simple, and apparently accurate, assay of 

N2 fixing activity when applied to plants growing in pots containing 

a relatively porous growth medium. The advantages of the technique are 

as follows (Sinclair, 1973). 

(a) It is non destructive. 

(b) It eliminates root washing and the risk of nodule damage or loss. 

(c) The nodules are operating under test conditions which are very 

similar to those under which N2 fixation normally occurs. 

(d) Acetylene reducing activity is sustained over relatively longer 

periods, compared to excised nodules or nodulated root systems, 

with the advantage that changes in N2 fixing activity over time 

can be traced using a single sample (e.g. Sinclair, 1973). 



CHAPTER II 
EXPERIMENTAL 
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1 OUTLINE OF EXPERIMENTS 

1.1 EXPERIMENT l(a) 

The objectives of experiment l(a) were to observe the early devel

opment of sainfoin (Onobrychis viciifolia Scop .) particularly that 

of its N2 fixing system, and to contrast the development of plants 

dependent on symbiotic fixation for their supply of nitrogen, with 

those provided with abundant combined nitrogen. 

All plants were inoculated, and up to day 50 supplied with a low 

rate of combined N (NL). At day 50, half the pots were supplied with 

no further combined N (treatment No), and half were provided with a 

high rate of combined N (treatment N1). Plant growth and development 

was monitored up to day 50, and after Jay 50 comparisons between 

treatments were made. 

1.2 EXPERIMENT l(b) 

The objectives of experiment l(b) were as follows: 

(i) To in,.resti~ate the effect of a low rate of combined N 

on plants previously completely dependent on symbiotic 

fixation for their supply of N. 

(ii) To investigate the ability of plants, previously suppl ied 

with abundant N to nodulate and commence symbiotic N2 

fixation, when reduced to a low rate of combined N. 

Plants were treated as for experiment l(a) up to day 80. On day 

80 additional rates of nitrogen were introduced as shown in section 

2 .1. 2. 

1.3 EXPERIMENT 2 

The objectives of experiment 2 were as follows: 

(i) To contrast the performance of plants dependent on symbiotic 

N2 fixation for their nitrogen supply with plants provided 

with abundant combined N. 

(ii) To isolate possible factors contributing to the relatively 

poor performance of sainfoin when dependent upon symbiotic 

fixation for its nitrogen supply. 

(iii) To observe any differences between inoculated and non-

inoculated plants , both supplied with combined N. 

Treatments were as follows: 

I1N 0 inoculated, zero nitrogen 

I1N1 inoculated, abundant nitrogen 
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I 0 N1 not inoculated, abundant nitrogen 

I0 f-.b not inoculated, zero nitrogen 

All pots were supplied with the low rate of N, as for experiment 

1 (a), up to day SO, when the N 1 and No treatments were applied. 

Destructive harvests commenced on day 84, 34 days after the nitrogen 

treatments, above, had been impos ed, and by which time their effects 

had presumably become established. 
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2 EXPERIMENTAL DESIGN 

2.1 TREATMENTS 

2.1.1 INOCULATION 

All pots in experiment 1 and I 1 pots in experiment 2 were 

inoculated on days 16, 31 and 109. It was planned that the third 

inoculation would coincide with the re-introduction of the low rate 

of Nin experiment l(b) on day 81. However, contamination problems 

with two successive rhizobial cultures caused a delay. 

Two inoculations were carried out early on in the experiments, 

to ensure that adequate numbers of rhizobia were present when the 

plants were susceptible to infection. The third inoculation was 

carried out, because it was thought that rhizobial populations may 

not have been adequately maintained in the sand culture environment 

with the regular flushing through of nutrient solution. It was 

important that adequate numbers of rhizobia be present especially in 

the Ni/NL treatment of experiment l(b), to ~;1able renodulation. 

2.1.2 RATES OF NITROGEN 
The concentrations of nitrogen in the nutrient solutions were as 

follows (Table 1): 

Table 1 Concentration of nitrogen in nutrient solutions 

* 

Treatment Concentration of N 

0 ppm 

35 ppm (as NH 4NO 3 or NaNO 3 *) 

210 ppm (as NaNO3*) 

In the early stages .of the experiments; N was added as 
NH4NO3 to reduce inhibition of nodulation by nitrate which 
is a more potent inhibitor than ammonium N (Chapter I, Section 
2.2.3.). After day SO, N was applied solely in the form of 
nitrate to avoid possible confusion over the differing effects 
nitrate and ammonium N may have had on N2 fixing activity. 

Up to day 50 the NL rate (as NH4NO3) was applied to all pots. 

From day 50 the N0 and N1 rates were introduced to both experiment 1 

and experiment 2. 

From day 81, the NL treatment was re-introduced to half of the pots 

from each of the No and N1 treatments (as NaNO 3). 
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The nitrogen treatments can be swnmarised as follows: 

Nitrogen Treatments - Experiments l(a & b) 

days 0-49 days 50-80 days 81-135 

--------N0 /No 
No 

~ ------No/NL 
NL 

~ ---------N 1 /NL 
N1 

------N1/N1 

Experiment 1 (a) · Experiment l(b) 

Ni trogcn Trca tr.1cnts - Expcrir.1ent 2 

days 0-49 days 50-143 

--------N1 

NL-------N 
0 

2.2 STATISTICAL DESIGN 

(zero N) 

(NL re-introduced to No) 

(NL re-introduced to N1 ) 

(high N) 

Both experiments were laid out in modified completely randomised 
designs. 

2.2.1 EXPERIMENT l(a & b) 

The 96 pots in experiments l(a) and l(b) were randomly distributed 

over four t ables A to D (24 pots each), and randomly allocated to 

positions within the tables, which were arranged in six rows of four. 

the four tables were arranged end to end, running north-south. 

Tables were moved and reorientated to minimise table and block 

effects, and pots were moved within tables to minimise pot effects. 

On a weekly basis, tables were randomly reassigned to one of the four 

possible positions, reorientated north-south or south-north and pots 

on the edges of tables were exchanged with those inside them. 

Zero (N0 ) and high (N 1 ) rate of nitrogen treatments were introduced, 

on day SO, to two tables each. N0 was applied to tables A and D, N1 

to Band C. From this point on, re-randomisation of tables was done 

in such a way as to ensure that one table of each treatment was in 

each half of the row of four tables. 

On day 81 half of the pots on each table (randomly chosen) were re

introduced to the low rate of nitrogen (NL). 
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Experiments l(a & b) were not completely randomised in that N 
0 

and N1 treatments were on separate tables, and then later the N0 /N0 

and N0 /NL treatments r espectively, and the N i/N 1 and Ni/NL treat111ents 

respectively were at separate ends of tables. These constraints 

were placed on the randomisation to simplify and thus reduce the chance 

of errors in,nutrient application. 

2.2.2 EXPERIMENT 2 

.In experiment 2 there were 48 pots in each of treatments I1N0 , I1N1 

and IoN 1, and 16 pots in treatment I 0 N0 . 

As in experiments l(a & b) certain restraints, for practical 

reasons, were placed on randomisation. To minimise the risk of cross 

infection inoculated (11) and uninoculated (10 ) treatments were kept 

on separate tables. To facilitate nutrient application zero nitrogen 

(No) and high nitrogen (N1) treatments were kept in separate rows 

within tables. Twenty-four pots (6 rows of 4) were randomly allocated 

to each of four '11' tables and 16 (4 rows of 4) to each of four 'Io' 

tables. The pots on each table were randomly allo~ated to positions 

within the table. On each '11' table, No and N1 treatments were 

randomly allocated to three rows each, and on each 'Io' table N0 and 

N1 treatments were randomly allocated to one and three rows respectively. 

On the 'Io' tables, with only 16 pots, the spacing between rows was 

kept the same as for the '11' tables. Each treatment was spread over 

four tables, there being eight tables altogether. 

The glasshouse space allocated to this experiment was divided into 

quarters, and one 1 11' and one 'Io' table always occupied each quarter. 

As for experiments l(a & b), tables were moved and reorientated to 

minimise block and table effects, and pots were moved within tables to 

minimise pot effects. Rerandomisation was carried out on a weekly basis, 

as follows: 

(i) Each '11 ' and 'Io' table was randomly allocated to a quarter, 

and to one of the two positions within a quarter. 

Tables were randomly orientated north-south or south-north. 

(ii) Each pot on the end of a row was exchanged with the pot 

inside it to minimise edge effects. 

A view of experiDcnt 2 in the glasshouse is shown in plate 1. 
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Plate 1 View of experiment 2 in glasshouse on day 51. 

Plate 2 Acetylene reduction technique in progress, showing incubation 
containers, gas chromatograph and samples awaiting analysis. 
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3 EXPERI MENTAL CONDITIONS 

3.1 NUTRIENT APPLICATION 
The nutrient solutions were as described in section 4.3 . 

It was intended that the frequency and quantity of nutrient 

application would be such as to provide the f astest growing plants with 

more nutrients than they actually required. Assumptions were made 

regarding the chemical composition of sainfoin based on Baker et aZ . 

(1952), Thomas e t aZ . (1952), Whitehead and Jones (1969) and Smith et aZ. 

(1974) . The information on chemical composition together with dry 

matter production measurements enabled calculation of the probable 

nutri er,t requirement for the various nutrient elements . Based on 

estimated requirements, the frequency 0f nutrient application was such 

as to provide approximately twice as much nutrient as the fastest growing 

plants wo~ld require. 

The volume of application .was generally such (350 ml) as to exceed 

the container capacity of the pots . Thus salt solution remaining in 

the pots was flushed through, or at least greatly diluted . Up to day 

108 pots were flushed with 350 ml of nutrient solution on a weekly basis. 

From day 108 pots were flush ed with 350 ml of nutrient solution twice 

weekly. Nutrient solutions were spread evenly onto the pots using a 

hand sprinkler. 

The adequacy of nutrient supply was tested by carrying out analyses 

of herbage coll ected at regular intervals throughout the experiments . 

The l eve ls of nutrients in the herbage were compared to levels quoted 

by the authors cited above. Analyses were carried out on N1 plants 

only, as it was assumed that these, because they were the fastest 

growing, were the most likely to encounter nutrient shortage . 

At the end of Experiment 2, th e total amount of soluble nutrients 

present in the pots at the end of an interval between nutrient application 

was estimated . The herbage of several remaining pots was removed and 

their contents were immersed in 4875 ml of distilled water and stirred 

for two hours. The resulting solution was analysed for P, K, Mg and 

Ca. 

Pots were periodically flushed with distilled water to ensure that 

no buildup of salts was occurring in the growth medium. 
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3.2 WATERING 

3.2.1 OBJECTIVES OF WATERING 

The objectives of the watering regime were as follows: 

(i) To provide sufficient water for vigorous plant growth . 

(ii) To ensure that water was not lost, along with nutrients, from 

the bottom of pots, between nutrient applications. 

(iii) To avoid water logging in the bottoms of pots and allow adequate 

aeration of roots and nodules by not over watering. 

3.2.2 WATERING REGIME 

Pots were observed every cay, and a few pots were check weighed 

every t wo days to ensure that the plants had an adequate supply of 

water. If plants were showing signs of moisture stress they were 

watered . If the sand in the pots appeared dry on the surface, they 

were check weighed. When pots fell below dry weight plus 100 g they 

were watered up to within 100 g of container capacity. It was found that 

if sufficient wate= was added to bring the pots right up to conta iner 

capacity , significant quantities of solution were lost from the bottoms 

of the pots , and also air space was reduced to a low level. 

As the plants became larger, and the days became longer and. warmer, 

water use increas ed . From about day 100 (1st November) pots were 

check weighed daily and water ~as applied as necessary . 

Larger volumes of water were applied to treatments which were 

using water more r apidly. Even so, the water content of the faster 

growing 'N1' pots often became lower than the slower gro·11ing ' No' pots 

during the interval between waterings. However, since 90% of the water 

held at container capacity was easily available (at< 100 cm H20, see 

Fig.2) plants should have been able to use most of the water in the pots 

before suffering mo isture stress . Hence, provided water in the 'Ni' 

pots was not allowed to ·become too depleted, the fact that the 'No' pots 

contained more water towards the end of intervals between waterings, 

should not have had a significantly unfavourable effect on the N1 relat

ive to the N0 treatments . 

3.2 .3 ACETYLENE RE DUCTION ASSAY 

Care was tak en to ensure that plants were not suffering from 

moisture stress during acetylene reduction assays. Pots were check 

weighed before incubation . If watering was necessary, pots were 

watered up to approximately 50% of container capacity. They were not 

watered up to containe r capacity,to facilitate <liffusjon of 0 2 , C2H2 

and C2 H4 through the sand . 
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3 . 3 I NOCULATION 

At each of the two initial inoculations (days 16 and 31) 12.5 ml 

of rhizobia l suspension was trickled around the base of the stem of 

each plant , using a pipette. Since the cultures contained at least 

1.5x10 7 bact eria per ml, there should have been at least 18.8x10 7 

bacteria in the vicinity of each root system. 

For the third inoculation, on day 109, rhizobial cultures (contain

ing l.5x10 7 bacteria per ml) were diluted 7:9 with distilled water. 

100 ml of the diluted culture was sprinkled onto the surface of each 

' I1' pot. Thus each pot should have contained in excess of 117x10 7 

rhi zobial bacteria. 

T~e day before each inoculation, pots were flushed with nutrient 

solution. For the fi rs t two inoculatjo~s , care was t aken in the two 

weeks follo~in g the inocul ation not to add water or nutrient solution 

in quantjties sufficient to cause loss of solution and possibly 

rhizobia from the pots. For the third inoculation c&re was taken for 

the week foll owing inoculation not to cause loss of solution from the 

pots. 

3. 4 GROWTH TEMPERATURES 

The plants were grown in glasshouses with thermostaticall y controlled 

heating and cooling systems, at Soil Bureau, DSIR, Lower Hutt . 

Glasshouse temperatures were controlled as in Table 2. 

Table 2 Gl h (oC) ass ouse tempe ratures 

Time period 
(days from sowing) 

3 - 83 

83 - 108 

108 - 143 

min 

17 

23 

23 

Air Tempe ratures 
Day 

max 

23 

28 

28 

(approx.) 
Night 

min max 

13 15 

16 18 

14 17 

Temperatures were raised on day 83 (15 October) to s i mulate spring

time conditions of temperature increasine with day length. The slight 

change in tempcr-atures on day 108 was because the experiments were 

moved to another glasshouse . 

During October over-heating of the glasshouse became a problem. 

On very sunny days the temperature sometimes reached 30°c (on about 10 

occasions for short periods) . On day 78 (mid October) the glasshouse 

was coated with whitewash to help control daytime temperature. This 

helped , but overheating was sti ll a problem. it was felt that the 
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temperatures being experienced on hot days could be harmful to the 

plants (loss of l eaflets on some lower ]eaves was observed on many 

plants) and they were moved on day 108 to a glasshouse with a more 

effective cooling system. This resulted in slightly better temperature 

control on very hot days. 
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4 MATERIALS 

4. 1 PLANTS 

Onobrychis vici-ifolia Scop. cv. Fakir was chosen because it is 

an erect growing multi-cut type of sainfoin, which flowers during its 

first growing season, and under New Zealand conditions is relatively 

high yielding compared to other varieties (J.Lancashire pers. comm.). 

The seed, Grasslands no. AZ 1278 was harvested in 1977 /78 and had a 

germination of 95% in July 1978. A further germination test was 

carri ed out before sowing in July 1979. Germination after six days 
0 on moi3t filter paper at 20 C was fotmd to be 95%. 

4.2 RHIZOBIUM 

The rhizobial str2in used was 3157 (NZP 5301) supplied by 

Applied Biochemistry Division, D.S.I.R. Cultures were made up containing 

at least l.Sxl0 7 rhiz0Lia per ~l. 

4. 3 NUTR I t:HT SOLUTIONS 

The nutrient solutions used were based on those of Small & 

Leonard (1969). Composition of the zero nitrogen solution was as shown 

in Table 3. 

Table 3 Chemica l composition of zero N nutrient solution 

Compound, and concentration 
in stock solution 

~1acroe l ements 

1 M MgS0 4 • 7Hz0 
1 M KH2P01+ 
0.5 M K2SOt+ 
0.5 M CaCl2 

Microelements 

H2Mo01+.H20(0.09 g/litre) 
ZnS0 4 (0.22 g/litre) 
CuS04. 5H20(0.79 g/litre) 
H3B0 3 (2.86 g/ litre) 
MnS0 4. 4H2 0 (2.03 g/litre) 
Co (N03 ) 2 . 2611 20 (0. 056 g/litre) 
EDTA - Ferric monosodium 
salt (27.5 g/litre) 

ml stock solution 
per litre nutrient 

solution 

1.0 
0.5 
5.0 
5.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

2.0 

Concentration of 
element in nutrient 

solution (ppm) 

Mg= 24.31, S = 32.06 
K = 19.55, P = 15.485 
K = 195.5, S = 80.15 
Ca= 100.2, Cl= 177.25 

Mo = 0.053 
Zn = 0.050, s = 0.025 
Cu = 0.201, s = 0.101 
B = 0.500 
Mn = 0.500, s = 0.292 
Co = 0.011 

Fe = 8.37 

Elemental composition of the zero nitrogen nutrient solution was as 

sho1v11 in Table 4 . 



Table 4 Elemental compos ition of zero N nutrient soluti on 

Element Concentration 
(ppm of nutrient so lution) 

p 15.48 
K 215 . 05 
Mg 24 . 31 
s 112 . 63 
Ca 100 . 2 
Mo 0. 053 
Zn 0.050 
Cu 0 . 201 
B 0.500 
Mn 0 . 500 
Co 0.011 
Fe 8.37 
Cl 177 . 25 

Up to day 50 , N was added to all pots as Nl--lt;N03 at a concentration 

of 35 ppm N. 

When r ate of N treatments were applied , from day 50, N was added 

in the form of NaN03 . 

The high l ow and zero rates of N used in the experiments were 

designated N1, NL and N0 and were 210 , 35 and O ppm (15, 2 . 5 and Om~!) N 

respective l y . 

4. 4 GROWTH MEDIUM 
4.4.1 CHOICE AND PREPARATION 

Sand was used as the growth medium , to enable root systems and 

nodules to be easily and cl eanly extracted . Because sainfoin is 

susceptible to crown and root rot diseases (Ditterline & Cooper , 1975) , 

a coarse sand was chosen to avoid any prob l ems which may have been 

caused by having high moisture levels and poor ae r a tion in the pots . 

A sand with re l ative l y h igh pH was thought t o be desirable because 

sai nfoin has historically thrived on dry calcareous soi l s (e . g . Piper, 

1924) . 

A range of sands available in the Wellington region was obtained. 

A Wa i nui omata beach sand , taken from the vicinity of the Orongor ongo 

river mouth was chosen for use in the experiment because it was a coarse 

sand with reasonabl y uniform particle size, and relat ively high pH. 

Before use it was thorough l y washed t o r emove soluble salt s and fine 

material. 

4.4. 2 PROPERTIES OF SAND 

The properties of the Wainuiomata sand , derived as in appendix 1, 

were as i n Table 5. 
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Table 5 Propert ies of Wainuiomata sand 

Container capacity 

Moisture cont ent at container 
capacity 

Eas ily avai l ab l e water 
( <100 cm H2 0) 

Amount of easily available ,vater 
at container capacity 

Air space at container capacity 

Water buffering capacity 

346 ml 

30 . 3% (by volume) 

27.2% ( by volume ) 

311 ml 

7 .1% 

3.06% by volume= 35 ml 

The moisture release curve of the sand is shown in Fig.2, and 

reinforces the data in the above t ab l e , indicating that most of the water 

contained in the sand at container capacity was easily available and 

that the water buffering capacity wa s l ow . 

Particl e si ze ara l ysis indicated tha t the Wainuiomat a sand was a 

coarse sand with a quite narrow range of particl e size , and very little 

material finer th an 0.25 mm . The particle size analysis is shown in 

appendix 1. 

4 . 5 POTS 

Pl ants were grown in plastic pots of approximatel y 1.38 1 volume. 

The dimensions of the pots were as follows : 

hei ght= 12 cm, t op = 13.5 cm diameter , base = 10.5 cm di ameter. 

For drainage there were four basal holes of 12 mm diame ter. Discs of 

fibre gl ass insect screen with a mesh size of 1.2xl.8 mm were placed in 

the bottoms of the pots to prevent loss of sand . 
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5 SETTING UP OF EXP ERIMENTS 

5.1 PACKING POTS AND SOWING 
The appropriate amount of moist sand, equivalent to 1950 g of oven 

dry sand, was pre-weighed and stored in plastic bags. All but 265 g of 

· the sand was packed into the pots and levelled. Two seeds were sown at 

each of five (experiments l(a & b)) or two (experiment 2) uniformly 

spaced positions on top of the sand . The remaining 265 g of sand was 

then placed on top of the seeds and l evel led to give a sowing depth 

of 1 cm (sewing depth derived from J ensen & Sharp 1968; Hanna et al ., 

1977a). 

Immediately after sowing, 100 n::. water was added to the surface of 

each pot . The pots were then covered with heavy paper to reduce moi~ture 

loss and left at a temperature of approximately 20°c until the seedlings 

began to emerge . The surfaces of the pots were sprayed daily with deion

ised water to prevent the sand from drying out. 

5.2 EMERGENCE 
On day 3 after sowing , the seedlings began to emerge . The paper was 

removed and the pots were transferred to a glasshouse. At day 15, 

emerg ence was 93%. At this stage, thinning and transplantatj_on, where 

necessary, were carried out to give the required number of plants per 

pot (five for experiments 1 (a & b) , two for experiment 2) . When 

thinning, plants which were non-uniform, or out 0f position , were 

selectively remov ed . 

There were three types of first true leaf . No attempt was made to 

select for a particular type of first true leaf . It would have been 

impossible to achieve uniformity in this regard without a great deal of 

transplanting. The significance of first true leaf type is discussed 

in Chapter III, 1.1 . 
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6 DESTRUCTIVE HARVESTS 

6.1 SCHEDULE OF HARVESTS 

6.1.1 EXPERI MENT l(a) 

Preliminary harvests were carried out on days 10 and 24. Detailed 

destructive harvests were carried out twice weekly from day 30 to day 52 

and once weekly from day 52 to day 80. 

The pots on each of tables A to D were numbered 1 to 24. Using a 

tabl e of random numbers, one pot was selected from each table at each 

harvest. This means that up to day 50, four NL pots were being harvested 

at each harvest date . From day 50 to day 80, two pots from each of the 

treatments N0 and N1 were being harvested at each date. 

6.1.2 EXPERI MENT l(b) 

Three destructive harvests were conducted, on days 121, 128 and 135. 

Pots for destructive harvest were chosen from each treatn~nt using a 

table of randon: numbers. The harvest on clay 121 \•'a s 1:reated as a 

preliminary harvest, and only t wo pots per treatment were harvested . 

On day 128 six pots per treatment were harvested, and on day 135 all 

remining pots were harvested (six each from treatments N0 /N0 and N1/N1, 

and four each from treatments N0 /NL and N1/NL). 

6.1.3 EXPERI MENT 2 

Destructive harvest s were carried out twice weekly from day 84 to 

day 143. Two pots from each of the treatments I1N
0

, I1N1 and I 0 N1 were 

harvested t wice week l y . At the first of the twice weekly harvests, two 

pots (from each of the three treatments above) were chosen, one each 

from two randoml y selected tables, by drawing numbers. At the second 

twice weekly harvest, two further pots from a particular treatment were 

chosen from the two tables containing that treatment not selected at 

the beginning of the week . Thus, each week one pot of each treatment 

was chosen from each 'quarter ' of the glasshouse, or from each of the 

four tables over which a particular treatment was spread. I 0 N0 pots 

were harvested at approximately 14 day intervals, and chosen in a 

similar manner to that described for the other treatments. 

6.2 EXTRACTION OF ROOTS 
Pots were tipped upside-down on a stiff 13 cm diameter plastic disc 

with radial slots cut in it to allow the stems to come through . The 

pots were lifted off and the roots di sentangled from the fibreglass 

gau ze from the bottoms of the pots . The root systems plus sand were then 
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immersed in water enabling the root systems to be floated clear of the 

sand, and disentangled from one another. 

6 . 3 DATA RECORDED 
6.3.1 ~XPERIMENT l(a) 

Data were recorded on an individual plant basis as follows: 

Height of plant from base of crown, to nearest 0.5 cm. 

No. of leaves 

No. of leaflets on leaves 

Petiole length, to nearest 0.5 cm (days 30 and 34 only) 

Leaf area 

Dry weight of top 

Overall length of root system from bottom of crown, to nearest 0.5 cm 
(up to day 59) 

No. of lateral roots (up to day 59) 

Position of lateral roots; distance from bottom of crown, to nearest 
0.5 cm (days 30 and 34) 

Length of lateral roots, to nearest 0.5 cm (days 30 and 34) 

Dry weight of root system 

No. of nodules 

No. of pink nodules (containing leghaemoglobin) 

Position of nodules; position on lateral and position of lateral 
(days 30 to 42) 

Fresh weight of nodules (started day 45) 

Dry wei ght of nodules (started day 45) 

Presence or absence of root hairs and whether or not their region of 
greatest abundance corresponded to the region of greatest abundance 
of nodules (up to day 49) 

6.3.2 EXPERIMENT l(b) 

Data were recorded on a per pot basis as follows: 

Top weight 

Root weight 

Nodule weight } 

Nodule number 
All plants on days 121 and 128, 
selected plants on day 135 

6.3.3 EXPERIMENT 2 

Data were recorded on an individual plant basis, as follows: 

Plant height to nearest 0.5 cm 

Number of leaves 

Leaf area 

Number of growth po i nts 

Number of stems elongated 
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Number of buds 

Number of flowers 

Top dry weight 

Root dry weight 

Number of nodules 

Fresh weight of nodules 

Dry weight of nodules 

6.4 MEASUREMENT OF DATA 

6.4 .1 LEAF AREA 

(a) Experiment l(a) 

011 days 30 to 49, leaf areas of al 1 plants were traced onto graph 

paper. The traced areas were cut out s.r;d weighed, enabling calculation 

of leaf area based on the area to weight ratio of the paper . 

On days 52 to 80, the leaf area of one plant from each pot was 
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traced as above, and the leaves of each plant were weighed separately from 

the stems . A mean specific leaf area was established for a particular 

harvest, and leaf area was calculated on the basis of leaf weight. 

(b) Experiment 2 

Leaf areas were measured using an electronic leaf area measuring 

machine. The machine gave values to 0.01 cm2
, but reliable accuracy was 

to the nearest 1 cm2
• 

6.4.2 PLANT AND NODULE DRY WEIGHTS 

Dry weights were measured after oven drying at 70°c for 48 hours. 

Tops and roots from experiment l(a) were weighed in tared containers 

on a Mettler HS4AR balance which had an accuracy of 0.00001 g . Fresh 

and dried nodules from all experiments were weighed in a similar manner. 

Tops and roots from experiments l(b) and 2 were weighed on a Mettler 

P1210 top loading balance, to an accuracy of 0.01 g. Weighings were 

done in the paper bags in which they were dri ed . A standard weight was 

subtracted for the bags, which were found to have a mean weight of 2 . 50 g 

(standard error= 0.02 g). The error in bag weight was small in 

comparison to the weight of plant material . 

6.4.3 NODULE NUMBER, CLASSIFICATION AND FRESH WEIGHT 
Nodules often appeared as clusters (Plate 9). The clusters of 

nodules, or branched nodules arising from a s i ngle point on a root 

were counted as one nodule. Nodules with a clearly visible pink or red 

area when sectioned were classed as 'pink' . Where there was any doubt, 

they were classed as not pink . 



Nodules were removed fo r weighing us i ng a pair of fine forceps 

and a scalpel. They were p l a ced in s ea l ed pl a stic containers lined 

with mo i s t filt er paper and s tored in a refri gerator until fresh 

~eights were measure d. 

6.4.4. SAND IN RO OTS AND NODULES 

Problems were encountered with sand in dried roots and nodules, 

even though careful washing had been carried out. Particular problems 

occurred with large branched nodules. These often had sand occluded 

within them which only became apparent on drying. To obtain reliable 

dry weights, sand was manually remove d from all root systems, and from 

nodul es coll ected after day 80 . Thi s ma t eria l was then redried and 

r eweighed . 
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7 ACETYLENE REDUCTION 

7.1 ACETYLENE REDUCTION ASSAYS 

7.1.1 SELECTION OF POTS FOR ACETYLENE REDUCTION ASSAY 

(a) Experimen t l(b) 
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Two pots from each of the N0 , N0 /N0 , N0 /NL and Ni/NL treatments were 

assayed on a weekly basis from day 65 to day 135. The N1 and N1/N1 treat

ments,which exhib ited no measurable N2[C2H2] reducing activity,were 

assayed less frequently . 

Up to day 80 one pot was chosen from each table using random numbers, 

and the pots as sayed were also destructively harvested. From day 81, 

one pot was chosen from each half table (2 pots from each treatment), also 

using random numbers . 

(b) Experiment 2 

Four pots from the I1N0 t~eatment were assayed twice weekly. The 

pots chosen were those chosen for destructive harvest plus one pot 

(randoml y chosen) fro~ each of the two 'I1' tables from which pots for 

the current destructive harvest were not cho sen . Two randomly chosen 

I 0 N0 pots were routinely includ ed as checks for background Nz fixation, 

by for example, any bJue-green algae on the sand. 

7.1.2 INCU BATION AND GAS SAMPLING 

A non-d?structive acetylene reduction assay was used, similar to that 

of Sinclair (1973). An acetylene reduction assay in progress is shown 1n 

plate 2 . 

Plant s were incubated in 4.5 litre, opaque , white polyethylene boxes with 

blue snap on lids, similar to those used by Sinclair (1973). Rubber 

septa were fitted in the lids to allow for sampling of gases. 

To allow for any lag period before acetylene reduction became linear 

with time , a period of pre-incubation was included before the initial gas 

sampling. Two sets of gas samples were taken, the initial sampling at 

the end of the pre-incubation period, and a final sampling two hours 

later at the end of the incubation period . A pre-incubation period of 

approximately 1.5 hours (longer than reported lag periods associated with 

acetylene r eduction of plant-in-soil samples) was necessary to enable 

C2H4 to reach concentrations that were reliably measurable a t the first 

s amp ling time . Thi s technique also enabl ed assays to be conducted over a 

more exactly comparable time period than would otherwise have been the 

case, as some times up to twenty minutes elapsed between the introduction 

of C2H2 to the first and last incubation containers. 



Tests showed that C2H2 production continued in a linear fashion for 

at least five hours. 

Intact plants in pots were placed in tlie containers, and lids fitted 

at 10.00 to 10.30a.m. 250 ml of air was removed from each of the 

containers by syringe and immediately replaced by 250 ml of commercial 

grade acetylene to give a pC2H2 of 0.07 to 0.08 atm. depending on the 

moisture content of the sand , and plant size. At 12.00 noon, and again 

at 2.00 p.m. three 1 ml gas samples were taken using 1 ml disposable 

plas tic syringes. The samples were stored for the short period prior 

to analysis by plunging the syringe needles into a rubber bung. 

Incubation temperatures were maintained at between 20° and 24°c. 

7.1.3 GAS ANALYSIS 

Gas samp les were analysed using a Varian Aerograph series 1700 gas 

chromatograph fitted with a flame ionisation detector. Attached to this 

was an Autolab Minigrator which printed out peak areas and retention 

times (Plate 2). The column, which was made for these experiments,was 

1 rn long, made from 1/8 inch internal diameter stainless steel tubing, 

and packed with Porapak T 80-100 mesh. · The carrier gas was N2 . 

Conditions for the analysis of gas samples were as follows: 

Temperature program 

Oven (column) temperature 

Injector temperature 

Detector temperature 

Carrier gas flow rate 

isothermal 

100°C 

175°c 

155°C 

20 ml.min- 1 

Before the samples were analysed a duplicate set of gas mixture 

standards, to cover the expected range of C2H2 and C2H4 concentrations 

in the samples, were analysed. At the end of the sample analysis one of 

the standards was again analysed (in duplicate). If agreement with 

the previous analysis was good (within 5%) no further standards were run. 

If agreement was poor , all standards were analysed again~ and the mean 

peak area ratio of the beginning and end standards used in the calculation 

of C2H 4 produced. Agreement was usually considerably better than 5%. 

7.2 GAS MIXTURE STANDARDS 

7.2.1 PREPARATION OF STANDARDS 
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A set of s t andard gas mixture s (containing air plus C2H2 and C2H4 ) was 

made up. The concentrations of C2H2 and C2H4 in the standards were such as 

to approximate the concentrations in the incubation containers. 

The standard s \v ere made up in 100 ml conical flasks as fol lows: 



(i) The flasks were sealed using Gallenk amp suba seals. 

1.5 ml of mer cury (enough to cover the neck of the flasks) 

was placed in each,using a syringe. 

(ii) The flasks were allowed to equilibrate to atmospheric pressure 

by inserting a syringe needle through the suba seal . 

(iii) Air, equivalent in volume to the amount of C2H2 + C2H4 to be 

added, was removed from the flasks using gas ti ght syringes. 

(iv) 5 ml of C2H2 (commercial grade) was injected into each flask 

using a high precision 5 ml gas ti ght syringe. 

(v) Various amounts of C2H4 (C . P. grade), were injected into the 

flasks using high precision gas tight syringes. The quantities 

of C2H4 were 1, 2.5, 5, 12.5, 25, 50, 125 and 250 microlitres 

(µt). 

The standards were analysed prior to use to ensure that they lay on 

a smooth curve when peak area ratio was plotted against ethylene 

concentration. This was done to ensure that no major errors had occurred 

in making up the standards. 
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The set of standards made initially were used from day 65 to day 115. 

A new set of standards was made up, and on days 118 and 121, these were 

analysed alongside th e old standards. The peak area ratios of the new 

standards were found to be lower than those of the old standards by a 

constant proportion (approximately 14%) . A new syringe had been used 

to deliver the 5 ml of C2H 2 in making up the new standards. It was found 

that the old syringe was delivering lower volumes than it should have bee~, 

thus causing the C2H4 :C 2H2 peak area ratios of the old standards to be 

greater than they should have been. On the basis of the comparative 

analyses on days 118 and 121 the peak area ratios of the old standards 

were reduced by a constant proportion to make them correspond to the 

new standards. Calculation of C2H4 production prior to day 118 was then 

done on the basis of the adjusted standard peak area ratios . 

7.2.2 CALCULATION OF ETHYLENE PRODUCTION 

Ethylene production (equivalent to acetylene reduction) was calculated 

by comparjng the C2H4:C2H 2 peak area ratios of the gas samples with the peak 

area r a t ios of standard gas mixtures, as follows (based on formul a tion by 

Plant Physiology Division, DSIR): 

Standard 
Samp le 

X 

u 
y 
z 

Volwnc of C21--1 2 inj ected for incubation = X 
Gas mixture ratio x gives peak area ratio A 

G 
. . y 

as nnxturc ratio u gives peak area ratio B 
z 

Peak area ratio 

A 
B 



The curve of peak area ratio against the ratio of the concentrations 

of C2H4 and C2 H2 in the standards was found in most cases to be very 

sl ight ly convex upwards through the origin. The curve was approximated 

by the equation -

A = a (~) 2 + a 1 (~) 
0 y y 

The co efficients a and a 1 were fitted by l east squares. 
0 

Now given an observed value , B, for the sa mp le peak area ratio , we 
can write -

The appropriate solution for L is L where 
z 

L = 

lhus u ;::: Lz 

Also u = X-z 

Eliminatin~ z ~~ get 

u = LX 
l+L 

2a 
0 

This gives u in ml C2H4 at the temperature r0 c and pressure, P 

atmosphere s, at which C2H2 is measured into the incubation vessel . 
0 

Using the relationship that 1 µmole of gas= 22 . 4/1000 ml at O C and 1 

atmosphere pressure , we have 

u in µmo le 

273 

= FLX 
l+L 

where F = 
(273+T) X 

= 
µmoles C2Hti 

produced 

1000 P ----
22.4 

= 
µmoles C2H2 

r educed 
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8 LABORATORY ANALYSES 

8.1 TOTAL N 
Selected plant samples were analysed for total N using a micro 

Kjeldahl method as described by Metson (1972). 

The samples analysed were as follO\vs: 

(i) Experiment l(a): all pots of one harvest per week . 

(ii) Experiment l(b): all pots from the harvest of day 128, 

most pots from day 135. 

(iii) Experiment 2: al 1 pots from treatments I 1N0 and I 0 N0 • 

Every second harvest from treatments I 1N1 and I 0 N1. 

The plant samples were bulked on a per pot basis for analysis. 

Tops and roots (including nodules) were analysed separately. 

8.2 X-RAY FLUORESCENCE ANALY SIS 
Selected herbage samples from the ' N1 ' treatments of experiment 2 

were ana lysed for major and micronutrients as a check on the adequacy 

of nutrient supply. 

8.3 ANALYSIS OF NUTRIENT FROM POTS 
As outlined in section 3.1, the soluble salts contained in a number 

of pots, at the end of an interval between nutrient app licat ions , were 

dissolved in distilled water . Analysis was carried out as follows , 

according to the methods of Blakemore et al . (1977). 

(a) Phos;Jhorus 

Analysis of P was a colorimetric procedure involving reduction 

of a phospho-rnolybdatc complex by ascorbic acid in a reaction 

catalysed by antimony, and was carried out in an automated 

analyser. 

(b) Magnesium 
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Analysis of Mg was carried out using atomic absorption spectrometry. 

(c) K, Ca and Na 

Analysis of K, Ca and Na was carried out using flame emission 

spectrometry . 



9 ANALYSIS OF RESULTS 
Statistica l analyses were carri ed out using the Genstat statistical 

package , prepared by La1ves Agricu ltural Trust, Rothamsted Experimental 
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Station. Becaus e of the hi gh degree of vari ab ility between individua l plants, 

stati stica l analyses were carried out on per pot data. 

9.1 ANALYSI S OF VARIANCE 

Standard tre atment by harvest analyses of variance were carri ed out 

where it was desirable to compare mean values of particular variables 

be twe en t reatments, or to make comparisons at particul ar points in time. 

Where variabi lity increased with time, anal ysis of variance was conducted 

on the logged variates. Differences between i ndividual means were eval uated 

using standard errors of di f ferences . 

9.2 ____ COR RELATIO N AND RE GRESSION ANALYSIS 

9. 2 .1 CORRELATIO NS M'.D REGRES SIONS BEHJEEN P,ll.IRS OF VARIABLE S 

Correlations or regressions of pairs of variable3 agai nst one ano ther, 

where both are changing with time, contain a time component ;,,hich may 

resu l t in spurious values for the correlation or regression coeffi cients 
'.) 

(e.g. Kendall & Stewart , 1967).· It was desired to quan~ify relationships 

between sets of variables with the influence of time removed . This 

was done by regressing the l ogged (because growth was generally 

exponential) variables against time, and stor i ng the residuals from the 

regre ssion lines. The sets of residuals corresponding to particular 

variables were then correlated with one another to give a measure of 

the relationships between pairs of variables, which was independent of 

time . The sets of residua ls were also regressed agains t one another as a 

check that straight line relationship s did exist between sets of 

residua ls. 

9.2.2 PARTIAL CORRELATIONS 

Where it was desired to make compar isons of the relationships between 

pairs of variab les, wi th one anoth er, partial correlations were calculated 

as descr ibed by Stee l & Torrie (1960) and Nie et al . (1975). First order 

partial correlation coefficients were calculated between pairs of 

variabl es whi le holding the effe ct of a third variable constant. Second 

order partial correl ation coefficients were calculated between pairs of 

variabl es with the effect of a th ird and fourth variable held constant. 

First and second order partia l correla t ion coefficients were diagrammed 

as follO\vS : 



Diagrams of first order partia l correlations 

V1, V2 and V3 represent variables 1, 2 and 3. 

r 12 .
3 

is the , first order partial correlation coefficient (rp) 

between variable s 1 and 2, with the effect of variable 3 

held constant. 

r 23 _1 and r 13 . 2 are, similarly , the first order partial correlation 

coefficients between variables 2 and 3, and 1 and 3, with the 

effect of variables 1 and 2 respectively, held constant. 

Diagrams of second order partia l correlations 

(Effect of variable 4 
also held constant) 

As previously V1, V2 and V3 repres ent v~riables 1,2 and 3. 

A fourth variable being held constant for all three second order 

partial correlations is indicated in brackets on the righthand side 

of th e diagram. 
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r12- 34 is the second order partial correlation coefficient r2p bet\\·een 

vari ables 1 and 2, with the effect of variables 3 and 4 

held constant. 

r23-14 and r13.z4 are, similarly, second order partial correlation 

coeffici ents between variables 2 and 3, and 1 and 3 with the 

effects of variables 1 and 4 , and 2 and 4 respectively held 

constant. 

9.2.3 PATH COEFFICIENTS 

In Figs. 33 and 34 diagrams were constructed using path coefficients as 

described by Nie e t al. (1975). Arrows indicate the assumed direction 

of influence of one variable on another . The numbers, or path coefficients, 

associated with the arrows are standardised regression coefficients. 

Each variable was regressed on all of the variables which were assumed 

to have a direct i11fluencc on it. The coeffic1eGts were standardised to 



correct for the different variances of the variabl es concerned . 

Arrows conrl ng f rom outside the diagram, and their associ at ed coef f icients , 

r epresent external sources of variat ion . 

9. 3 RELATIVE GROWTH RATES 
The r e l ative growth rat es for parti cul a r var iab l es wer e ca lculat ed 

as by Raper et al . (1977), by regressing the l ogged variabl es agains t time . 

The coeffici ent of t i me i s t hen t he esti mated r e l ative gr owth r ate , as 

fo llows : 

By definition, relative growth r at e , RGR = 
1 
w 

dw 
dt 

If log W 

Then W 

1 
w 

=at+ b 
at+ b 

= e 

dw 
= dt 

at+ b ae 
at + b 

e 

9. 4 NET ASSI MILATIO N RATE 

= a _ coeffi c i ent of time 

Overal l net assimilation rates for parti~ular ciQe periods were 

calculated using the overall total plant relative growth rate (RGRp) , 

and the mean l eaf area ratio for t he period . 
. N . . . RGRp i . e . et Assimilation Rate = LAR 

90 



CHAPTER III 

RES ULTS AND DISCUSSION 
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1 EXPERI MENT l(a) 

1.1 EARLY GROWTH AND DEVELOPMENT 

Emergence began on day 3 . At day 10 the first true leaf had 

recently unfolded , or was in the proce ss of unfo l ding . It was noted 

that plant s vari ed in the type of first true leaf t hey produced . The 

frequency of first true l eaf type was observed over 442 plants, and 

was as shown in t ab le 6 . 

Tabl e 6. Frequency of fir st true leaf type 

Type of first t rue leaf 

unifoliate or spade leaf 

trifoliate l eaf 

bi foliate leaf 

Proportion of t otal pla nt s 

61% 

29% 

10% 

Compared to the seedlings described by Thomson (19:SS), and most of the 

accessions listed. by Cooper (1974), the seedlings of sainfoin var . Fakir 

had a substantially l ower pToportion of unifoliate first lea\·es, and a 

corresponding l y higher proportion of trifoliate and bifoliate first 

]caves. This fact may have some importance because Cooper (1974) 
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found that tTifoliate first leaves had greater area than uni:foJ.iate 

leaves , and that seed lings with trifoliate first leaves had higher rat es 

of net carbon exchange , and grew more rapidly during the early seedling 

growth period . At eight weeks of age, however, the forage yields 

of seedlings with unifoliate or trifoli ate first l eaves were found to 

be similar (Cooper , 1974) . 

Root l ength on day 10 was on average 8 . 2 cm. The root systems 

had an average of approx imately three laterals, ancl approximately 50% 

of th e roo t systems had root hairs. 

At day 24 , plant height 111as 8 . 4 cm and mos t plant s had three 

true leaves , or two , 1vi th th e t hird unfolding . Root systems were on 

average 15 cm in l ength, and had an average of 12 l atera l s . Root 

hairs were evident on most r oot systems. Root hairs occurred on both 

the lateral and tap root s , but appeared to be more abundant on the 

l atera l roots, particularly on those closer to the surface . No 

noLlul cs were in evidence at th is time, dcspi tc inoculation having occur !'Cd 

at day 16 . 



1.2 GROWT H AND DEVELOPMENT ~ DAY 30 TO DAY 50. 

At day 30, the time of the first full scale harvest , the pl ants 

were at th e three (true) leaf stage . Root sys t ems , which had 

reach ed the bottoms of the pots , had an average of 16 . 3 l at era l s , 

of which over 30% were at least S cm in l engtl1 . Abundant root hairs 

were observed on the root systems of most plants . Root h::i.irs t ende<l 

to be most abundant on the l atera l roots, particular l y the upper 

laterals , being most apparent close to the root t ips , start ing about 

S mm back from the tip . 

Th e early deve l opment of the plant (up to day SO) was similar to 

t hat described by Thomson (1938) . In terms of the r ate at which 

successive leaves unfolded and expanded , th e deve lopment of sai.nfoin 

under the conditions of this experiment was similar to tha t of the 

greenhouse grown sainfoin described by Cooper (1974) , and more r api d 

than in the sainfoin described by Thomson (1938) whi ch 1.1•as grown in 

the open . 

1.2.1 TOTAL DRY WEIGHT 

Tot a l dry weight increased exponentially with time over the period 

day 30 to day SO, with the plot of loge [total dry weight ] ag&inst 

time appearing to be linear , and the regression of lo ge [tota l dry 

weight] on time having a percentage variance accounted for (R2
) of 

90 . 3% (fig . 3 , table 7). Who l e plant relativt' growth rate (RGR.p) 

from day 30 to day SO 111as 0 . 0510 g . g- 1 . day- 1 (table 7) . This 

r e l ative gro~th rate was very similar to the value of 0 . 0496 for the 

sainfoin variety ~lel rose , over an almost identica l age period , derived 

from the data of Smoliak et al . (1972) . It was also simi lar to 

relative growth rate s of 0.054 and 0 .047 for the fie ld grown sainfoin 

varietjes Eski and Remont respectively, in their first spring regrowth 

cyc l e (Cooper , 1972). 

The RGRp (day 30 to day SO) of sainfoin in this experiment , of 

0.051 g . g- 1 .day - 1
, was substantially less than the value of 0 . 073 

for lucernc of s imil ar age , derived from the data of Smoliak et al . 
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(1972), and the mean value of 0 . 089 for 35-G3 day old lucerne derived from 

the data of T1n & Tan (19S1) . 

1.2.2 TOP AND R00T WEIGHT 
Top an<l root + nodule dry weight a l so sho,ved exponent ial gro1vth ,vi th 

tl1 e rcgr~ssions of l oge [ top <lry welght ] and l oge [ root+ nodul e dry 

] 
- 2 weight on time , havjng R va lues of 87 . 3 ancl 89 .7% respective l y 



Ta.ble 7 Re lative growth rates - Exper iment l(a ) 

RGPp RGRT RGRR + Nod RGRR RGRNocl RARNP RARNT RARNR + Nod RLAGR Treatment, 
Time period - l - l - - --------------- g . g . day ------------------- (cm2 crn - 2 day- 1 ) 

Trt ' l 

' 'L' 
Days RGR 0 . 0510 0 . 0461 0 . 0557 0 . 0601 0 . 0608 0 . 0592 0 . 0442 

30 - 50 S. E. 0 . 0035 0 . 0037 0 . 0039 0 . 0050 0 . 0060 0 . 0044 0 . 0036 

Res id . d.f . 22 22 22 13 13 13 22 

iF (%) 90 . 3 87.3 89 . 7 91. 0 87 . 8 92 . 8 86 . 8 

Trt N0 , 

Days RGR 0 . 0374 0.0343 0.0401 0 . 0342 0 . 0723 0 . 0314 0 . 0263 0 . 0397 0 . 0229 

50 - 80 S.E . 0 . 0026 0 . 0025 0 . 0029 0 . 0030 0. 0069 0 . 0038 0 . 0039 0 . 0041 0 . 0025 

Resid . d .f . 8 8 8 8 8 8 8 8 8 

iF (%) 95 . 7 95.5 95 . 5 93 . 6 92.3 88 . 2 83 . 1 91. 2 . 90.5 

Trt Ni , 

Days RGR 0 . 0475 0 . 0548 0 . 0384 0 . 0406 - 0.0197 0 .0548 0 . 0571 0 . 0495 0 . 0433 

50 -80 S. E. 0 . 0032 0 . 003 1 0 . 0044 0 . 0047 0 . 012 0 0 . 0047 0.0049 0.0051 0 . 0035 

Resid .d.f. 8 8 8 8 8 8 8 8 8 

rP (\\:1 0 , 
96 . 0 97.1 89. 3 89 . 0 15.8 93 .9 93 . 7 91.1 94 .3 

~ 2 is the percentage variance accounted for from the regressions of the logged vari2b l es agains t t ime . The 
standard error of the difference between pairs of relative growth r ates ca11 be calculated using their r espect i ve 
standard errors (S.E.) and res idual degrees of freedom . \0 

.;:,. 



(fi gs . 4 and 5, t able 7). The relatjve growth rate of root+ nodule 

(RGRR Nd)' of 0 . 0557 g . g- 1 .day - 1
, was si gni fican tl y greater (P< 0 . 05) 

l + 0 

than the r e lative growth ra t e of top s (RGRT) of 0.0461 g . g- 1 . day- 1 • 

The mean top to root+ nodul e dry weight rati? over this period was 

0.98 . The higher RGRR+ Nod compared to RGRT a l ong with the top : root + 

nodul e r atio of less than unity hi gh U ght the emphasis which was being 

pl aced on the 1 be low ground 1 developrnent of the plant. Th e top:root 

+ nodule dry we ight ratio obs erved was great er than that of four week 

old sainfojn (mean over t wo years= 0 . 75 ) but l ess than that of six 

week old sainfoin (mean over two years =1. 41) dependent for its 

N supp l y on symbiotic fixation (Kat er , 1965a). The top root+ 

nodu l e dry we i ght ratio observed over t he period day 30 to day SO was 

substar.t_;_ a lly 101.ver than th at of 4 . 30 observed by Smo liak et al. (197 2) . 

Thi s ,vas perhaps a result of a higher rat e of N supplied to the l atter 

plan ts (the r ate of N was not gi ven) . Top:root + nodul e r at io s of 

oth er species appeareci to be higher than was that of sa i nfoin i n thi s 

expcriml?:nt over the period day 30 to day 50. Sheehy et aZ. (l980a ) 

observed ratjo s of 1.51 and 1 . 57 respective l y for fou r and six week 

old lucernc, and 1. 95 for three and four week old soybeans dependent 

on symbioti c N2 fixation for their supply of N. Koter (1 965a) 

observed ratios (means over two years) of 2 . 35 and 2 . 07 r espectively 

for 4 and 6 week old red cl over . 

The RGRT (day 30 to day 50) of sainfoin in this experimen t 

of 0.046 1 g . g- 1 .day - 1
, was substanti :.1 1ly l ess than the values r ang ing 

from 0.057 to 0 . 132 for 25 to 42 day olJ (appr oximately) field grown 

soybe2ns (Buttery & Buzzel 1, J 972). The above dat a may , ho1vcver, not 

be strictly comparable with that of t his experiment in that the pl ants 

may have had access to gr eater amounts of comb ined N. 

1.2 . 3 LEAF AR EA 

Lea f area showed exponential growt h over the period day 30 to day 

50 with the r egression of lo ~ [ leaf area] on time having an 11 2 value 

of 86 . 8% (fig . 7 , t ab l e 7). The rel ative l eaf area growth rate 

(RLAGR ) of 0.0~42 (tab le 7) was simi l ar t o RGRT' but significantly l ess 

th an RGRR +Nod (P< 0.01). The RLAGR of sainfoin over the period 

day 30 to day SO was l ower (simi l ar l y to RGRT)' than the RLAGR ' s of 

soybc.:ms, ranging f rom 0.047 to 0.141, observed by Buttery E, 13uzzell 

(1972). Th e mea n l eaf area r atio (LAR = l eaf area-,- total dry we ight) 

over the, day 30 to day 50 period, of ]03 c.m 2 / g, was lower t han the mea n 

value of 172 cm 2 / g , f or a simil~r a ge period , derived from the data of 
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SmoJiak et al-. (1972) , but very similar to the 'J3 hies of 102 and 94 cm 2 

for field grown Eski and Remont sainfoin respectively (Cooper , 1972). 

The L/\R of sainfoin (day 30 to d::i.y SO) ,~a s 10\~er than the v;1 luc of 
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o·- l 
c-

149 cm 2 . g- 1 reported by Smoliak et al. (1972) and the mean value of l::!O cn:z/ g 

d eri ved from the data of Tan & Tan (1981) for lucerne . The higher LAR of 

sainfoin relative to luccrnc reported by Smoliak e-t al. (1972) is not 

consistent with other reports (e. g. Sheehy & liarding, pers . comm . ) which indica t ~ 

that the specific leaf area and leaf area index of sai11foin is substantially 

lm:er than that of luccrne . 

1.2.4 NET ASSIMILATION RATE 
The net assimilation rate (NAR) of sainfoln over the period day 30 to 

day SO of 0 . 00050 g.cm - 2 . day - 1 was greater th an the mean value for sainfo i n, 

of 0 . 00028 g.cm- 2 .day- 1 , derived from the data of Smoliak et al. (19n) , b ut 

very similar to the values of 0 . 000S3 and 0.00050 for tl1e sainfoin varieties 

Eski and Remont respectively, grown in the fi e ld (Cooper, 1972) . It may be 

that the low value of Smoliak et al-. (1972) is a result of their very J-,:i gh L. R 

values (discussed in sectio11 1 .2.3) compared to those in this experi~ent, and 

those of Cooper (1972), &s relative growth rates were simi lar in all tl1rcc 

cases . 

The NAR of sainfoin over the d:1)' 30 to cl c-~ Y SO period \\':-l.S !::j milar to the 

value for lucerne of 0.00051 g . cm- 2 .day .. 1 derived £:tom the data c_)f SinoEak 

et al . (1972) , indicating that in terms of l eaf area, sainfoin ::_n this 

experiment had a similar abi lity to produce dry matter to that of lucerne . 

Lucerne , according to the data of S,noliak et ed . (1972) had a }1igher Li\n. t!,an 

did s ainfoin in this experime nt ( section 1.2.3). This cor,1b ined \·Ji th a 

similar ;-(J\R ,wuld exp] ain the hi gher relative groh'th rate of Jucerne d'!..scussed 

in section 1 . 2.1. However Tan & Tan (1 981) r e ported a higher mean NAR of 

0 . 00076 g . cm- 2 . clay- 1 for lu·cerne . For soybe,L11s , Kaplan & l'~o ller (197 7) 

observed a mean NAR of 0.00107 g.cm- 2 . day- 1 with potted plants over the age 

period 22 to 29 days, and Buttery and BuzzelJ (1972) ob s erved mean v 2. J ues of 

NAR for slightly older (approx:imately 25 to 42 day old) field gr0\-'11 soybeans 

ranging from 0.000-+8 to 0 . 00100 g . cm- 2 . day- 1 • Thus soybeans and perhaps 

lucerne have a relatively gTeater abi lity , tha n the sainfoin in this expE-rirnent , 

to produce dry matter from a given l ea f area . This combined ,,ith their 

slightly gTeater Li\R values (section 1 . 2 . 3) \~·ould accom1t for their hi ghe r 

relative p;ro\'/th rates tsections 1.2.1 and 1 . 2 . 2) . 

1.2 .5 PLANT NITROGEN 
Over the period day 30 to day 50 , t h e increase i n tota l N appeared to 

be exponential , with the plot of loge [ total plant N] against t ime appearin g 

to be Jincar and the regression of loge l total p l ant N] on time having an 

R2 valUl' of 91,0?o (tabl e 7) . The rcl:ltlve ncct'n1t1l ation rate of total p l ant !'-!, 



(RARNP) of 0 . 060 1 g . g- 1 .<lay- 1 was simj lar to RGRR + Nod ' but ,vas 

sjgnifjcant Jy hi ghe r than the tot a l pJant rc Jatjve growth rate, 

RGRp (P <0.05) and the relative grO\·rth rate of tops, RGRT (P <0 . 01) . 

The sirnilari t y between R/\R Np ancl RGRR + . nod means that total 

plant N and root+ nodule dry weight were increasing in proportion to 

one another , suggesting a possible link bet,vcen root + nodule growth 

an<l N assimilation . 

The fact that RARNp was hi gher than RGRp svggcsts that the 

proport ion of total plant I was increasing , ,,•hich ,ms the case (f ig .1 1) . 

The mean herbage N concentration over the day 30 to day 50 period 

of 3 . 0%, was comparable to mean values of 3.0996 and 2.87%, obtained by Baker 

et al. (1952), and Whitehead & Jones (1969) respectively , indicating th;:it th e 

p l ants were not suffering from severe deficiency over that of thi s period . 

As for RGRp, RARNp of sainfoin appeared lower than for lucernc, with a mean \ 

RARNp for 35-63 day old lucernc of 0 . 085 reported by Tan & Tan (1 981) . 
1. 2.6 NODULATION 

1.2. 6.1 Genera l 
On day 30 (14 days 3fter inoculation), smal J swellings which were 

thought to be future nodules were observed on 7 of the 20 p l an ts 

harvested . On <lay 34 (18 days after i1ioculation) fully formed nodules 

were first observed, some of ,11hich appeared pink \\'hen sectioned , 

indicatjng the presence of leghaemogJolJin and N2 fixing activity . 

i s in accord with other observations (Grcem:ood, pers. comm . ) that 

This 

sainfoin is relatively slow to nodulate. Alternatively , there could be 

a de l ay before sainfoin becomes susceptible to infection . By day 45 , 

90 % of plants 1-:ere no<lulatecl, and most nodules contR.ined l eghaemoglobin 

( fig .1 2) . TI1 e position of nodules was recorded up to day 38 . 

It was found that nodules occurred almost exclusively on the latera l 

roots, as descrjbed by Speddlng & Diekmahns (1972), and tended to be 

more abundant on the upper laterals. The region of greatest abundance 

of nodul es tended to coincide: in a general way , with the region of 

greatest abundance of root hairs , which is consi stent with th e belief 

that rhizobial infection tak es place via root ha i.rs in a l arge number of 

l egume species (Dart , 1974) . Nodules of sainfoin have been found to 

contain infection threads (D,rn geard , J 926) 

Th e presenc e of root hairs was observed on day 10, so presumab ly it 

was not a l ack of infection sites that caused t he delay in no<lu l ation. 

Th e morphology of the noduJes was similar to that described by Wittmann 

(1 968) , Spedding fr Diekrnahns (19 72 ) and Schrevcn (1972), with nodul es 

po ssessing a subterminal meristem, being branched, and giving the appearance 

of be ing formed in c lu ste r s (pl ate 9) . The l obed, or branched nodules 

genera lly appeared to arjsc from a si 11 gle polnt on the root , rath er than 



being several, originally separate nodules , which had merged together. 

1. 2.6.2 Numbe r and weight of nodu l es 

Tota l nodule number arpeared to incn:asc approxim;:i.tely l inearly 

with time over the period day 30 to day 50 (fi g.p ) . The number of 

pink (and presumably l egha emog l obin containing) nodu l es increased i n a 

similar manner (fi g .12). 

Nodule weight was record ed separatel y from root weight starting on 

day 45 . At day 50, nodule dry weight made up approximately 4.2% of 

total dry weight. This compares with proportions of 3 .1 and 2 . 8% 

respectively for 28 and 42 day old lucernc and 6.2 and 6 . 5% for 21 and 28 

day old soybeans (Sheehy et al. 1980a), 1. 9 and 9. 2g~ for 4 2 day ol d 

lucerne and cicer rnilkvetch respectively (~lajor et al. 1979) , 3 . 7% for 

28 day old peas (Phillips et al . 1976), all fed zero N nutrient solution; 

and gg,; and 2% re spective ly for 35 day old soybeans fed O m~1 and 5 mM N 

(Cassman et al . 1980) . Thus nodui.'.; dry ,ve ight of sainfoin fed 2.5 m~l N, 

in this experiment at day 50, expressed as a propor~jon o~ total plant 

dry weight appea1·ed to be 2.rcatcr than t11at of 1 ucerne, similar to that of 

peas and less than that of soybeans and cicer mi lkvetch of a~1p1·oximately 

similar age . 
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1 .3 EFFECT OF THE N0 AND N1 TREATMENTS 

1.3.1 PLANT GROWTH 

1. 3 . 1.1 Total dry v~e i ght 

Total dry weight increased exponentially wit~ time in treatments N0 

and N1 over the period day 50 to day 80 (fig. 3). Plots of l oge [ total 

dry 1,·eight] against t i me 1vere l inear , and the regressions of l oge [ total 

dry 1ic i ght] on time had iF va l ue s of 95 . 7 and 96 . 0% for t reatments N
0 

and N1 respectively (table 7) . 
- 1 - 1 The RGRp in the N1 treatment (day 50 to day 80), of 0 . 0475 g . g .day 

(tabl e 7) was similar to that prior to day 50 (0 . 0510 g . g- 1 .day- 1 ) and was 

slightly higher than the RGRp of O. 04 39 , observed in sainfoin over a 

similar age period by Smolia k et a'l. (1972) . In the N0 treatment RGRp 
- 1 dropped s i gnifi cantly (P <0 . 001) (compared to before day 50) t o 0 . 0374 g . g 

. day- 1 (table 7) . As a r esult, t otal plant dry weight in the N0 treat ment 
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f e ll s ignificantly (P <0 . 05) below that in the N 1 treatment by day 66, 16 days 

after the introduction of the N0 ,:ind N1 treatments (f.i.g.~) . Thus plants 

dependent on symbiotic fixation as their source of:~ w~re unable to maintain th ,:, 

level of gro,,th of plants supplied with abundant con1binccl '.\ . 

Tan and Tan (1981) found 35-63 day olrl Juccrnc, solely dependent on 

symbiotic N2 fixation , to hc1ve a mean RGRp of 0 . 089 g . g- 1 .day- 1 , indicoting 

its superior growth potential . 

1.3.1.2 Jcp and root dry we i gh t 

Top dry weight shoh·cd exponential growth 1vi.t h the regressions of 

l oge f top dry 1ve i gh t] on time havj ng iF va lues of 95 . 5 2nd 97 . 1% for 

treatments N0 and N1 respectively (table 7) . After day 50 RGRT in the N1 
. - l - l t r ,eatmcnt J ncreascd s.i.gnificant ly (P <O . 05) t o O. 0548 g . g . day , and 

that in the N0 treatment decreased significantly (P <0 . 0J) to 0 . 0343 g . g- 1 • 

Significant 

differences in top weigh t bet,veen the N
0 

and N1 treatments had developed 

by day 59 , 9 days after introduction of the treatments (fig . 4) . 

Root and root+ nodul e dry weight s howed exponential gr owtl1 after day 

50, wit h r egress i ons of loge [ r oot + nodul e Jry wei ght] on time having 

~
2 

value s of 95 . 5 and 89 . 3% for t reatments N
0 

and N1 respectively (tabl e 7) . 

RGRR + Nod , in both the N0 and N1 treatments decreased significantly 

(P <0.001) from 0.05 57 g . g- 1 .day- 1 before day 50 to 0 . 0401 and 0 . 0384g . g- 1 • 

day-
1 

r espect ive l y (table 7) . In terms of RGRR + Noel ' the two treatment s 

N0 and N1 wer e not s i gn ificant l y different . In terms of RGRR the N1 

treatment appeared hi gher than N but the di ffcrence 1vas not s i gnificant 
0 

(table 7) . By day 66 root we i ght in the N
0 

trea tment was s i gnifi ca ntly 

l ower (P <0.05) than i n the N1 treatment , but when nodu l e we i ght was 

MASSEY Ul'.n':.:~Sli'i' 
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incluJed the difference tended to disappear (fig.~) . 

In the N1 trcntn,ent, RGRT was significantly higher (P <O . 01 ond 

0 . 001 respectively) than RGRR or RGRR + Nod (table 7) . I n con t rast , 

in the N
0 

treatment RGRT was ident i ca l to RGRR 3;nd significantly l ess 

(P <0 . 05) thHn RGRR + Nod' 

Top : root + nodu Je dry \\·eight ratio in the N0 treatment (mean= 0 . 91) 

decreased slightly, and that in the N 1 treatment (me:rn = 1. 26) increased 

markedly (both signific~nt at P <0 . 05) relative to the mean value of 

0. 98 i n the NL treatment, before day 50 . Top : root + nodu l e ratio was 

significantly lo,vcr in treatment N
0 

than jn treatment N1 from day 59 , 

9 days after introduction of the N
0 

and N1 treatments (fig .6 ). 

Thus, in addi tion to influencing the r ates of total dry matter 

produ ction (discussed in section 1 . 3.1 . 1) the mode of N nutrition has 

been found to exert a strong influence on the pattern of dry matter 

distribution in sai nfoin. It ,va s found th::it much greater emphasis ,vas 

placed on ' below ground ' development, relative to over ,tll gro1vth, in 

plants dependent on :,ymbiotic N2 fixation, co,11pared to plants supplied 

with abundant cornbincd N. Kater (19 65a & b) also observed a change in 

dry matter <listributjon of sainfoin depcnrlent on the mode of N nutrition , 

with pL1nts provided with combined N, as in this experj rncnt , having a 

higher top : root. + nodule dry v.:eight ratio than plants dependent for their 

supply of N on symbiotic N2 fixation . The same effect \135 not 

observed in red clover (Kot.er, J 965a). Cassman et al. (1980) suggest 

that t\\'O functioncil equilibria operate in the N2 fixj ng pJant, name ly 

the partjti oning of dry matte;r between the underground portion of the pla;1t 

and the top, and bet\\'cen the root and the nodules . Cassman et al-. (1980) 

found that at intermediate levels of P, the mode of N nutrition of 

soybeamhad l ittle effect on the top : root + nodule ratio . At high levels 

lC l 

of P, when total yiel els 1vere substantially higher i n soybeans fed combined N, 

t han in soyheans dependent on sy1nbiotic N2 fixation, the top : root + nodule 

ratio ,,as only slightly higher in the soybeans feel combined N th:in in 

those dependent. for thei-r N supply on symbiotic fixation (Cassman et al. 

1980) . The data of Summerfield et al. (1977) showed that the top :root 

+ nodule dry wcj ght ratio in COl\'pca ,vas smaller in nodulatcd plants 

provideJ 1vith 0, 30 or GO ppm of combjned . 1, than in non-nodulatcd pl ants 

supplied with an adequate l eve l (120 ppm) of combined N. Atkins e t al . 

(1980) , also workjng with cowpea, found that a greater proportion of net 

photosyn th;-,te was utilised for gr01~· th and respiration by be l oh' ground 

org:rns in nodulatcd pl;rnt s (299<;) tk1n in pl,111ts feel 10 mM (2 1%) or 20 111~! 
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ni tratc (1 8%). Barta (1979) observed r. difference in photo synthatc 

pa rt itj oning in bjrdsfoot trefoj l, which was depende nt on the mode of N 

nutrition . As in this experiment, the top : r oot + nodule r atio was 

observed t o be h i.ghcr j n pl ants supplied \vi th combined N than in pl ants 

dependent for their N supply on symbiotic fixat ion. The d ifference 

in top : root + nodule \vc ight ratio bc l\-:ccn the N0 and N1 treatments was 

similar to the effect observed by Turner (1922 ) and Brouwer (1 962 ), in 

which plants deficient in N accumulated relative l y more dry matter i11 

their roots than plants Khich ~ere adequate l y supplied . 

1.3.1. 3 Lea f area 
Leaf area shoh'e<l exponent Jal groh1th jn trea tments N0 and N1, with 

r egressions of loge [ leaf a r c~ on t ime giv ing ~2 values of 90 .5 and 

94 . 3% respectively (table 7) . 

I n the N1 treatr.ient the relative l eaf area gro,-:th rate (RLAGR) , of 

0.0433 cm 2 . cm- 2 . day- 1 , was vi rtual ly unchanged botl1 i~ abso lute terms , and 

r e l atjve to RGRp (table 7) , c ompared to that in the NL t reatment prior 

to da y 50 . Jn the N1 treatment RLJ\GR h·as sjmi.lar to RGRR anc\ R(;RR + Nod 

but sj gnj ficantly less (P <0 . 01) thon RGRT . J. n t he ;~0 trc atri'c,1t , t h~ 

RLAGR , of 0 . 0229 cn? . cm- 2 . day- 1 , was s:i.gnificantly lov.-er (P <0 . 001) than 

103 

in the ~L treat1i1cnt , prior to day 50 (0.0'1 4)cm 2 . cm- 2 . day- 1
) ar.cl was 

significantly 101,er (P <0 . 001) than the relative grol':t h rate of all compc:1~cnts 

of p l ant dry 1-:ej ght measured , being lo1ver in comparj son to RGRp than befo;·e 

day 50 (table 7). Leaf area in the N0 treatment had become sjgnifican tly 

l oh·cr than that in tlte ~~ 1 treatment by day 6G , 16 cbys after the 

jntroduction of the N0 an<l N1 treatment s (fig . 7) . Lmver J caf number 1,as 

a contributing factor to the l ower l eaf aren in the N0 treatment (fi gs . 7 6 S) . 

Leaf area ratio (LAR) declined with time in both the N0 and :,.; 1 treatments 

(fig.9 ). Ho1;•evcr, mean LAR was signi ficantl y h igher (P <0 . 0S) in the N1 

t reatrnent (mean= 109 crn2 /g) ancl l ower (P <0.05) in the N0 treatment 

(mean = 93 cm 2 / g) than in the NL t reatment (mean = 103 cm2 
/ g) . LAR was 

significantly l o\\·er in the N
0 

relative to t he N 1 treatme nt from about 

day 59 (fig . ru. LAR values i n the N1 treatment ~ere compar ab l e to 

those ·for sainfoi.n reported by Cooper ( 1972) but J ess than th ose r eport ed for 

sain fo:in of simi l :1r age hy Smo li :ik e t, al . (1972) . LJ\R values :in the N1 t rc- :1 t

ment. were comparable to values reported for lucerne of s imilar a ge (Smoli ak et a : . 

1972) , hut l ess th:-rn the mc;rn of valucsreport c cl by Tan f1 Tan (]981) for ]ucerne 

cu l ti,·:irs supplied with N-free nutrient so lution. 

l t appC':ir~ that "·he n s ;ij nfo in a lt ers jts dry matter Jj st r ·ibution 

in c1 ccord:1nce with its mode of N nutr it.i.on , thi s has :in influe nce on l e.if Drca , 

whic h in tu1·n 1vjJl dctcr111inc the ahi.lity of the p lant t o assjm i lnte carbon, 
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and hence grow . Sheehy et al . (1980b) h.ivc found l eaf area to be 

highly correlated with 1d10)e plnnt c:irbrrn exchnn~e rate in 

l ucerne, with r = 0 . 94 . Kaplan f, l~o l l cr (1977) h:1.v0 found soybean 

growth rate to be positively corrcla t.cd with leaf area growtl1 r ntc , with 

r == 0. 85 . Thus a close relationship between le.if area and plant growth 

i s i ndicatecl . 

Sainfoin plants depenclcnt on S)111biotic fjxation for their N supply 

arc found to have a 10\ver top : root n odule 1veight ratio , LJ\R and 1 eaf area 

t han plants provicled 1\li th combined N. Thus they can be expected to have 

a reduced capncity to assimilate carbon , and therefore to grow more 

slowly than plants provided hith adequate combined N. 

1.3 .1 .4 Net assimilati on rate 
Net assimilation rate (NAR) appeared to decrease in both the N1 

and N0 treatments compared 1dth the '.\L treatment (table S) . 

Table 8 Net assimilation rates - Experinent l( a ) 
------------------------------------------

N L 
days 30-50 

N.A. R. 0.00050b* 
-2 - l ( g . crn . day ) 

I 

I 
1 

! 
' 

Treatment 
--·--------··---:-------

t~o I N 1 

days 50-SO_J_~ars SO- so ____ _ 

0 . 00039a i 0 . 00044ab 

I 

lOG 

* l·igures follm-:ccl by different letters djffc1, .it the 5°., lC'\el of significnnc-c 

It appears that a greater proportion of the aC(llli red photo:::ynth:-itc (,d1cre 

photosynthate accp.d1·ed js assumed to be proport.j0nal to l eaf a r ea , sec 

section l . 3 . 1 . 3) 1,·as being used to produce ad<ljtional dry 11wtter in the 

N 1 treatment, than in the N0 treatment, ,,•here presumably energy was being 

con sumed in symbiotic N2 fixation. (altl1ough the difference in NAR values 

betwee n tre::itments N 1 and N0 was not staU s tj cal l)' significant) . 

Tan and T::in (1981) found n mean KAR for 35-63 day o l d lucerne 

d ependent on srmbiotic N2 fixation of 0 .00076 g . c-m- 2 . clay- 1
, indicat ing 

that lucerne i s more photosynthetically cffjcient on a unit leaf area basis 

t han s :.iinfoin . 

1. 3.2 PLANT NITROGEN 
Over the period cl:-iy :,0 to <lay SO , the plot of l og l total N] a~a i11 ~t 

e 
U me for the N0 treatment appc3rcd 1 in car and tl.c regress i on of loge I tot.a l 

N] on time lwd :111 iF v:-iluc of 88 . 2°0 . The equ i vo l ent p lot for the N1 



trc~trnent , however, appeared slight l y curved, but tl1 c regression of lo o ,.. ,, oe 

[ totaJ N] on time , still h;:icl an 1~
2 va l ue of 93. 9% (table 7) . The 

inc rease in total N appeared approx i mately l inear in both cases (fi g . 10), 

in contrast to the increase in tot a l dry we i ght which appe ared to be 

exponential (fi g . 3 , table 7) . This effect was }Jrobablr cau sed , in th e N
0 

treatment by a decreasing percentage N from day 50, and i n th e N1 

tre atment by a sudden increase in percentage N immediately after day 50, 

ivhich then appe ared to l eve l off (fi g .1 1) . 

Re l at ive accumulation rates of N were s till derived from t he 

r egression of l oge [ total J] against time , even though , in treatment Ni 

there was a suspicion tha t the l og p l ot was not linear, a s it can sti ll 

be vali<l t o fit the linear model in order to gain a single value of 

rel ative growth rate for comparative purposes (Hunt, 1978 ) . 

The relative accumulation rate of t ota 1 pla1tt l, (RJ\RNp ) in the N 1 

treatment of 0.0548 g . g- 1 .day- 1 was not significantly di ffe rent from the 

value of O. 0601 g - i . day - 1 in tlie N
1 

tr eatment (before ,:J.ay 50) and ,vas 

identical to RGRr , J\s before day 50 , RARN p was higher than RGRp (a l though 

non significantly so) ::ind \\·a s significantly hi ghe r (P <0 . 01) than 

RGRR + ~od (table 7) . Thus, t ota l plant N was increasing at a faster 

re l ative rate than total p l ant rlry weight, and th i s is confinjed by 

the fact that percentage is increasing wi t h time (fig. 11) . 

appeared higl~rthan RARNR + Nod ' (table 7) probab l y as a result of the 

high RGRT relative to RGRR + Nod in this treatment, but the difference 

was not stati s tica li y significant . 

The introduction of the N
0 

treatment on day 50 re;su l ted i n a 
• r- . - l - 1 significant decrease (P <0 . 001) in RAR\p :i:rom 0 . 0601 g . g .day t o 0 . 031 4 

- 1 - 1 g . g .day . RARNp was l oiver (non - significantl y) than RGRp , i n cont ras t 

to the situation before day 50 , \I/here RARNp was s i gnificantly higher than 

RGRp (section 1.2.5, table 7). Thi s imp lj cs that N as a proportion of 

total dry weight is decreasin g , and this is supported by the decreas ing 

percen t age Nin the N
0 

treatment (fi g .1 1) . RARNy was significantly lower 

(P <0 . 05) than RGRr, but RARNR + Nod was the s ame as RGRR + Nod· As was 

the pattern for RGRr and RGRR + Nod, RJ\RNr wa s significantly lowe r (P <0 . 01) 

than R..\RNR + Nod . 

Tan & Tan (1981) found 35 to 63 cJa~, old lucc~·n c , depend ent on 

symbiotic N2 fixation , t o have a mean RAR NP of 0 . 085 g . g- 1 . day - 1
, indicating 

a greater capacity for symbiotic N2 fixat ion of this species. 

Tota l pl ant N., and total plant percentage N 1,ere significantly lowe r 

in the 1~
0 

than in the N1 treatment at day 59 , 9 day s aft e r introduction 

of the N
0 

and N1 treatments (f i gs 10 & 11) . 

10 7 
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l~ARNp in the N0 tJ"eatment \vas l011'Cr (albeit non -s ignif·i c:mt ly) 

than RGRp , and t ota l plant N in the N
0 

trea t ment becmne s ignificantly 

lower than that in the N1 treatment earlier (day 59) than totc1.l plant 

dry weight in the No treotment became signifi cant l y lower th an that in 

the Ni treatment (clay 66) (figs .:i [~ 10). This suggests that the 

declin e in RG~p of the N0 treatment may have been the result of a shortage 

of N. Gib s on (1 966) working with sub-clover, and ~linchin & Pa t e (19 73 ) 

work ing \vith peas, found tl1at in the early stages of nodule development, 

energy and N utilisation by deve l oping nodules may retard plant 

development . 

1.3.3 NODULATION 
After day 50 , nodule number continued to increase in th e N0 

treatment but t ended to decrease in the N1 treat ment (fig .1 2). 

Nodule number t end ed to be very variable. This appe2red to be caused 

mainly by var;ahility in nodule size as nodule weight was much les s 

vari able (fi gs . 12 & 13) . The number of pink, and j,1Tesu,1iably actively 

N2 fixing nodul ~s in the N
0 

t reatment was ve~)- si~il~r to the total 

nodule number, ,d1ereas the number of pink noGules in the N1 treat ment 

had fallen to zero by day 66 . Nodule number had become signific antl y 

l ess in the N1 than in the N treatment by day 80 , but the number of 
0 

pink nodu l es in the N1 treatment had become significantly les s than in 

the N0 treatment by day 59, 9 days after the ap11lication of the N0 and N 1 

treatments (fi g . 12) . 

Nodul e dry \'eight was recorded separate l y from root \Wigh t f rom 

day 45. After introduction of the N0 and N1 treatments on day 50, 

nodule dry weight incre ased rapidly in the N0 treatment , but slowly 

decreased in the N1 treatment (fi g .13), as nodul es senesced. By day 

59, 9 days after the introdu ction of the N
0 

and N1 treatments nodule 

dry weight in the N1 treatmen t was significantl y l ess than that in the 

N0 treatment (fi g . 13). 

Nodu l e dry weight in the N0 treatment was found to increase 

expon entially , with the regres sion of loge [ nodule dry wei ght ] on time 

havin g an ~2 valu e of 92 . 3% (table 7) . Relative nodule growt h rate 

(RCRNod) in the N
0 

treatment was 0 . 0723 g . g. - 1day - 1 , significantly 

hi gher (P <0 . 001) than the RGRP of 0 . 0374 g . g- 1 .day- 1 and the RGRs of all 

other plant components (table 7) . In the N
0 

treatment , nodule dry 

weigh~ a s a proportion of total plant dry weight increased from 4.3% at 

<l ay 50 to 12 . 4% at day 80 (es timated from relative gro~th r3t e curves). 
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Over the period clay SO to day 80 , average nodule sjze increased 

approximately four fold in the N
0 

treatment (based on mean values of 

nodule number at days 52 and 80 , 3nd values for nodule weight derived 

from the rel a ti vc gro1·:th r ate equation) . Thus , the increase in nodule 

dry w0ight ~as a result of increases in both s J zc and number of nodules . 

The deprcs~i on of nocluJ at ion in the pre scnce of combined N (cli scussed 

jn chapter J, section 2.2.3) , as in the N treatment, is a phenomenon 
l 

wh i cl, is obsencd in a wiclc range of l egumes (e . g . . ~lunns , 1968 ; l!eichcl & 

\l c:11 ,cc , 1979; Dean & Cl,irk, 1980; 1\'ong , 1980). lt is suggested that root 

hair curU llf ancl the fonnat'ion of infectj on threads arc more suscptiblc 

to injury than the l ater stages of nodulation, and that nitrate is a more 

potent. suprcssor of nodulation than ammoniacal f orms of N (t,,unns. 1968; 

Pa1 c , 1977) . Iligh rates of combined N, particularly nitrate, arc also 

fo,.mcl to substar t i c1 l ly re(1uce fixing activity in 1 cgumcs 1;he:rc a 

symbiotic N2 fixjng system i s establi sited (Allos & Bartholomc1.;, 1955 & 

195~) ; Copeland f1 Pat~, 1969; Latimore et o.7,,. 1977 ; lJcan f. Cl::irk , 1980 ; 

Wong, 1930) . The high P.GR, .. relatj ve to other pJ a 11'.._ components in the 
l\Od 

N treatment 1:as an i ndic:ltion of the urgency with which s,, j nfoin 
0 

clcpc1,clent on symbiotic ?\ 2 fixation 1:as seeking to increase the capad ty 

of its K2 fi~in g system. 

1 14 CONCLUDING COMMENTS - EXPERIMENT l(a) 

Sainfoin in the \l and ~o treat me nt::; of t his experiment appc~rcd to be 

~cJl nodulatccl in comparison to other legumes . Despite this, however, 

sainfoin depend ent on s~nbiotic N2 fixation for its supply o{ N produc~J 

subsuinti al l)' J css dry mnt ter than 1,lien suppl icd 1d th abun<lc1nt comhinccl N 

and exhibited a decreasing percentage N. Thus, the N2 fixing system 

appeared unabl c to meet the N rcqui 1·emcnts of the; plant . Dry matter 

partitioning in plants dependent on symb:iotic N;, fixation fav0ure:<l the 

unclergrouncl portion of the plant, particularly the nodules , in comparison 

to plants supplied with abundant comb:ined N. As part of the decreased 

111 

emphasis on top growth in plants dependent on syrnbictic N2 fixation , there 

was a substantially lower RLAGR ~hich resulted in lower lea f area and 

presumnb]y a dccrcasccl ability to assimi l ate c:1rbon , in comj)arison to pi.ants 

supplied with abundant conbinc<l N. This , in turn , would l ead to a 

decrN1secl supply of energy for noJul ntion anti i'h fixation . 



2 EXP[RIMENT 2 

2 . 1 INTRODUCTION 

Harvests were carried out twice week l y , from day 84 to day 143 . At 

each hurves t, two repl icFl t e pots from each treatment were chosen, as out

lined jn Chapter IJ, Section 6 .1 . 3, and destructjvely harvest cJ. 

Acetyl ene reduction 8ssays \vc-re also carried out twice \veckl y , 

on four replica t e I1N0 pot s cho sen a s out l i ned in Chapter II, Section 

7. 1.1. Acetyl ene reduction assays \'Jere a l so carried out on the other 

t reatments, at regular intervals, to ch eck that no N2[C2H2J fixation was 

occurring . Two JoNo pots \verc included in each set of assays to check 

fo:r background N2 f ixat ion by, for example~ blue- gr een a l gae , and to check 

for cross jnfertion . This was the main function of the Io No treatment 

and it is not discussed at any length in this chapter . From day 50, 

pl ant weight in the Io No trea t ment remained approxi mat ely static, with a 

slow change i n dry matte1: dis tributi on from the above to the belm1 ground 

portion of the pl ant. The dec l i ne in the above ground portion appear~d 

to be a result of leaf senescence . 

For co0vcnic:1ce treatments I1N1 and IoN1 arc often col l ect i vely 

referred t o as the N1 treatments . Treatments I1N1 and IoN 1 were in many 

re spects very s i milar , but there were certain diffe r ences as discussed 

in section 2 .2 .5 . \\'here t reatments I1!~1 and IoN1 do substantiall y differ, 

t reatment I1 No will be discussed in relation to treatment I1N1 with which 

it is more directl y comparable t han treatment Io N1 . 

As a check on the adequacy of nutrient supp ly, foliar samp l es from 

experi ment 2 were ana l ysed for major and micro nutrjents . Leve l s of 

nutrj e;nts we re genera l J.y f ound to be simi Jar to , or greater than those 

repor ted in the l iterature (Append ix 2) . Nutrient l evels in pots at 

t he end of an interval between nutrient app lications were also checked 

and the indications were that ample nutr i ents rema ined at the end of an 

intcn r:i. l bet\\ een nutri ent apµl icat.ions (Appendix 2) . The exponential 

growt h ol> ~;erved over the entj re experimenta l period is a furthe r i 11dication 

tha t nutrient s upply was not seriousl y limiting . 

A probl rm encount c:red jn thi s experiment was the high degree of 

varia hi J::. ty iJ> grohth ,111d development bet1-1ecn plants, particularly in th e: 

I 1N0 t reatment. The 101,·e r iF vn l ues from t he regress.ions of ' grO\~th' 

v:1riablcs ag,d nst t ime j n the I 1N0 trC'atment compared with the N 1 

trca t m<' nts, was n re~ult of this variability. A wide vari et y in growth 

form w;-is observed within trc;11111cnts, h'ith some p l.111ts procludng ci r osette 

of 1 caves cl osc to the surfocc of the pot , and some forming e l ongat ed 

11 2 



stems c:nly on and having fC\,; leaves at a low ] evcl. A contrast in 

gr owth form is iJlustrated in p l a te 3 . 

2 . 2 THE EFFECT OF MODE OF NITROGEN NUT RI TI ON ON PLANT 
GROWTH AND DEVELOPMENT 

2.2.1 PLANT DEVELOPMENT 

The mode of N nutrition was found to have a substantial influence on 

the deve l opn.cnt of sa info in. 

The number of regrO\vth points and overall mean plant heigh t were 

significautly higher (P < 0. 05) in the N1 trec1tments, than in the 1 1N0 

treatment (according to t reatment by harvest ana l ysis of variance) . 

St em elongation began to occur in the two N1 t reatments from day 87 , 

but not in the I1N0 treatment until day 11 5 . 

The f1rst buds appeared in the N1 treatments on day 108 and in the 

I 1N0 treatment on day :!.15 . First flowers appeared on days 108 and 133 in 

the Ii No and N1 t reatments r espective l y . 

On day 106 , a compDrison of stage of development l>etween treatments 

was made . This cc111pd1 i s·.J,1 is summarised j n Table 9. 

Table 9 Pl ant developllle:nt at clay 106 

Treatment Percentage of plants ha\·ing: 
El ongated stems Buds Flo~ers 

* 

l1 No* 

I1N1 

IoN1 

IoNo 

3 . 6 

71 

57 

0 

0 

38 

30 

0 

56 plants observed in each treatment 

2.2.2 PLANT WEIGHT AND TOTAL PLANT NIT ROG[N 

0 

18 

14 

0 

r or the period day 84 t o day 143, t ot al dry weight was found to 

increase in an exponential manner with time , wi th regressions of l og 
e 

[total dry we i ght] on tj me having ~2 va l ues of 79.2 , 97 . 2 and 96 . 2% 

r espectively for treatments 11N0 , I 1N1 and 10 ~ 1 (Fig . 1,1, table 10). 

The rc ]ntive growth r ates of plants supplfrd wi th adequate l eve l s 

of combined N, 0.031 S and 0 . 0~95 g g -i da)' - i for treatments I 1N1 and 

J0 N1 respectively , were signHicantly hi gher (P~ 0.05) thnn that of 

0 . 0250 g g -i day- 1 for plants dependent on !:iymbiotical l y fixed N 

(trc:.i t mcnt J 1N0 ) (Table 10). 

lJ 3 
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Plate 3 A contrast in growth forms. Two I1 N1 plants at day 105 . 

Plate 4 Top growth in experiment 2 at day 136 
(left to right, treatments I

0
N

0
, I 1N

0
, I

0
N1 , I1N1) 
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Tab l e 10 Relu.tive grovJt h rates - Experi me nt 2 

s . e . * 
% varlance accounted for 

0. 0250 
0.0022 

= R2 
79.2 

RGRT 0 . 0300 
(g g -1 day·· l) 0. 00~0 

s . e . 
R2 74.4 

( g g 
s . e . 

- 2 
R 

- 1 - 1 
day ) 

RGRR + Nod. 
(g g- 1 day - 1) 

s. (;!. 

R 2 

RLAGR 
(cm2 cm- 2day- 1 ) 

s. c . 
- 2 
R 

RGRNod 
( g g - 1 day - 1) 

s. e . 

iF 

RF/\ 

(moles mo l e- 1 day- 1 ) 

s . e . 

iF 

RARNp 
(gg-lday-1) 

s . e . 
ii 2 

( g g-1 day-1 ) 
s . c . 

iF 

R,\RNR + Nod . 

* 

(g g-1 day-1) 
s.c . 

s . c . = stand.:ird error 

0.01 78 
0.0018 

75.6 

0. 0207 
0 . 0019 

77. 7 

0.0291 
0.0036 

66.6 

0 . 0386 
0.0064 

51. 8 

0 . 01~34 
0 . 0047 

71. 5 

0. 0294 
0 . 0033 

69.7 

0.0324 
0.0036 

71. 0 

0.0254 
0.0032 

64.8 

Treatrn(mt 
I1N1 

0.0318 
0.0009 

97.2 

0.0 346 
0 . 0012 

95 . 9 

0. 0274 
0.0010 

96 .0 

0 . 029S 
0 . 0014 

92.6 

0.0264 
0. 0010 

97 . 3 

0 . 0281 
0. 0014 

95 . 8 

0 . 0230 
0. 00 17 

9 1.1 

0.0295 
0.0010 

96 . 2 

0.0 343 
0.0011 

96 .6 

0.0223 
0.0014 

87 . 5 

0.0 '.Sl3 
0. 00 14 

93 .2 
-·----·-- ----------

-------- ----

0.0251 
0.0016 

93.6 

0.0273 
0.001 8 

93.0 

0.0204 
0. 0021 

84 . 8 
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Overall mean dry weights of the N1 treatments were significantly 

(P < O. OS) higher than that of the I 1N0 tTeatment ctncl indiv i dua l harvest 

means were also significantly higher in the N1 treatments than in the 

117 

I 1N
0 

tr eatment throughout the period day 84 to Jay 143 (according to treat ment 

by harves t analysis of variance) . At the end of the experimen t , day 

143, pl ant weights in the N1 treatmen t s \'ere approximately 2 . 2 times 

hi gher thc1.n in the I 1N
0 

treatment (Fi g . 14). Top dry weigh ts we re als o 

greater in the plants provided with combined N, with top dry weight in 

the N1 treatments being approximately 3 .0 times higher than in the 

I 1N
0 

tr eatment at day 143 (Fig . 19) . 

Tota l pJant N increased in an exponentjal manner with t ime (Fig .15, 

Tabl e 10) Nith the r egressions of loge [ tota l plant N] on time having iF 

value s of 69 . 7, 97.3 and 93.6% for treatments I1No, I1 N1 and IoN1 

re spe ctive ly . 

Rel ative accumulation rate of total plant N (RARNp) in the I1 No 

treatment appeared to be higher than in the N1 treatments, but the 

differences were non significant. However total N was significantly 

hi gher (P <0.05) in the N1 treatments than in the I1N0 treatment throughcut 

the whole experiment al period (day 84-143) according to treatment by harvest 

?na l ysis of variance) . 

RA.RNp in the I1>i 0 treatment Kas hi ghe r than RGRp , and although the 

djfference was non significant it was still refl e cted in an increasing 

percentage N (Fig . 16) . RARNp in both the N1 treatments 111as s i gnifi cantly 

lower (P <0.001) than RGRp , suggesting that N as a proportion of to ta l 

dry Neight was decreasing . This was reflected in a decreas i ng percentoge 

N in these treatments (Fig . 16) . The possibJ y lower Rf\Ri\J p in the N1 

treatments relative to the I
1

N0 treatment , and the decreas ing total percent

age N in th e N
1 

treatments is probably explained by th e onse t of stem 

elongation in the N1 t reatments (which appeared to re sult in a decreasing 

proport ion of l eaf material) fro m about day 87 . However , the decrease 

in total percent Nin the N1 treatments was a result of decreas ing 

percentage N in both roots an d tops (F igs 17 and 18), and thus canno t be 

entirely explained by an i ncreasing proportion of stem in the tops . 

Ilowever , the decline in percent Nin the tops was greater than that in 

the roots a11d this combined with the fact that at the end of the experiment 

top weight was approximately 2 . 2 times grea t er than r oo t weight ( in the 

N1 t rcatments)suggests that the decline in percentage Nin the t ops was 

the main contributor to t he decline in percc11tage N of the 1vhole plant . 

At day 143 total plant Nin the N1 treatments w<1s approximately 2 . 4 

times greater th :1n in the I 1N0 treatment (Fig .15) . 

In summary , RGRp , totnl dry ll' eight, total top 1,·cight and total plant 

N were all substantially (and sjgnificant ly) h1gh~r jn pl ·nts provjded 
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with abundant comoinc d N colllparcd to plonts depcnclen~ 011 symbioti c 

fixation for their supply of N. Plants dependent on symbiotic N2 

fi xation produced approximately 45% of the total dry matter , 33% of 

the total forage (total top) and 43~6 of the total N of plants supplied 

with abundant combined (nitrate ) N. Koter (1965b) found that sainfoin 

(at the flowering stage) solely dependent on symbjotic N2 fixation had 

accumulated 50% of the total dry matter, 43~6 of the forage and 55% of 

the total N of plants supplied with high ratE.:s of combined N. Thus 

s ainfoin in the experiment of Koter (1965b) appeared to perform 

relatively better than it did in this experiment . It may have been, 

however, that the highest rate of N supplied , in the work of Kote r, was 

not sufficient to allow the sainfoin to grow to its full potential, 

especially since it \vas not sufficient to fully suppress noclulation 

as the high rate of N did in this experiment . It is difficult to compare 

the rates of N between the two experiments , beca11sc in the experiment of 

Kater (1965b) the N was added in one applicatjon. 

The performance of sainfoin , in terms of its growth ancl N assimilatio!1 

when dependent on symbiotic N2 fixation, is cor.iparecl, in Table 11, with other 

l egumes also dependent on symbiotjc fixation for tl1eir supply of N. 

Ta ble 11 N2 fixing performance - comparison bet~een species 
(percentage of total wt, top wt and total Nin plants 
dependent on symbiotic N2 fi xa tion,compared to plants 
supplied with a high rate of combined N) 

Plant 
(age in days) 

Sainfoin ( 143) 

Sainfoin (f101,cring) 

Sainfoin (flowering) 

Lucerne (70) 

Birdsfoot trefoil (70) 

Total 
dry wt 

45 

45 

50 

47 

56 

Red clover (flowering) 61 

\'lhite clover 'v 38 

Sweet clover (70) 30 

Ladino clover (70) 31 

Soybean (70) 

Soybean 

Vic1'.a faba 

Vici a faba 

CO\vpca 

48 

'v31 

70 

Total 
top 1vt 

33 

44 

43 

61 

41 

'v 32 

73 

'v70 

Total N Reference 

43 This experiment 

Kot er (1965a) 

55 Koter (19 65b) 

55 

45 

44 

33 

79 

77 

81 

'\, J 00 

Allos & Bartholomew 
(1959) 

If If 

Koter ( 1965a) 

Ryl e et al. (1 979b) 

Allo s & Bartholomew 
II ( ]959) If 

11 I ! 

Ryl e et. al. (1979a ) 

Richards 6 Soper ( 1979) 

Hill - Cottingham & 
Lloyd-Jones (1980) 

Summerfie ld et al. 
( 1977) 

Ryl e et al. ( 1979a) 
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Sainfoin dependent on N2 fixation for its N supply appears to fix a 

similar proportion of N, relative to the amount accumu lated by plants 

suppljed with abundant combined N, as several of the other legumes in 

Table 11. In terms of N accumulation, dry matter accumulation and dry 

matter Jjstributjon, however, there were large differences be tween species . 

In t he work of All os & Bartho l omew (1959), for example , it was found that 

although lucerne and birds foot trefoil fixed reasonably similar 

proportions of their own potential N requirements (Table 11), lucerne 

produced approximate ly 2 . 5 times as much dry mat ter as birds foot trefoil 

,vhen both were dependent on symbiotically fixed N. In the \vork of 

Koter (1965a) total dry matter production of sainfoin was only slightly 

less than that of r ed clover , but the top:root + nodule ratio was m~ch 

lower in sainfoin (Sect ion 2.2 . 3) . 

Thus , the symbiotic N2 fixing sys tem of sainfoin appears to have a 

similar ability to meet the N needs of th e plant, to the N2 fixing 

systems of birdsfoot trefoi l, lucerne, l a.dine clov er and sweet clover . 

Red clover, cowpea, V.faba and perhaps soybeans, appeared to have a greater 

ability to meet their own N requirements via s~nbiotic fixation. 

The fact th a t sainfoin appea rs to be able to fix a similar proportion 

of its own N requirements to lucerne, but that the latter is generally 

higher yi e lding (e.g. Spedding & Diekmahns, 197 2) , suggests tha t perhaps 

there is a plant factor, other than N2 fixation, ~hicl1 limits the overall 

performance of sainfojn , includjng that of its N2 fjxing symbiosis . 

2.2.3 PARTITIONI NG OF DRY MATTER AND N BETWEEN TO P AND ROOT+ NOOULE 

/\s in experiment 1 (a) the mode of N nutrition ,vas found to have a 

substantial influence on dry matter distribution within the plant . 

Top dry weight showed exponential growth in all treatments over the 

period day 84 to day 143 , with the regre ss ions of loge [top dry weight] 

against time having R. 2 values of 74.4, 95 . 9 and 96 .6% respectively for 

treatments I1No, I1N 1 and IoN1 (Fi g . 19, Table 10) . 

The relative growth rate of tops (RGI½,) in the I 1 N1 treatment , of 

0.0346 g g -i day- 1 , was significantly higher (P< 0 . 05) than the 

value of 0.0'.)UO g c- 1 day- 1 jn the I 1No treatment (Tab le 10). However, 

RGRT in the IoN1 treatment was signific ;-i ntly highe r tlrnn in the I 1N0 

treatment only at the lO go level . l{GRT ,vas significantl y greater (Pf. 0 . 001) 

than RGRR+Nod (=RGRR i n the N1 treatments) in all treatments . This means 

that there was an jncreasing proportion of top weight with time in all 

treatments. As discussed in section 2.2.2 top weights were significantly 

higher in the N1 treatments than in the T1N0 t reatment . The effect of 

the treatments on top growth .i.s illus Lr,.11.cd in plate 4. 
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Root dry weight also increased exponentially over the period day 

84 to day 143 with regressions of lo ge [root dry weight] against time 

h:1Vjngf~2 values of 75.6, 96 .0 and 87.5% respectively in treatments I 1N0 , 

I1I1 and IoN1 (Fig.20, T;ible 10). 

The r elative growth rate of roots (RGRR) w,1s significantly higher 
- 1 - 1 

(P <O . 001) in treatment I 1N i (0 . 0274 g g day ) than RGRR or RGRR+Nod 

(relative growth rate of roots+nodules) in the I1No treatment (0 . 0178 

and 0.0 207 g g- 1 day- 1 re spectively). RGRR in the I 0 N1 treatment was 

significant ly less than in the I 1N1 treatment and this is discussed 

in Section 2.2.5 . 

Root weights in the N1 treatments were significantly greater than 

root or root+nodule weights in the I1N0 treatment (according to treatment 

by harvest analyses of variance) from approximately day 112 . However 

root growth in the I 1No trea tment gave tl1e appearance of being more 

vigorous than in the N1 treatments, with a greate r nwnber of more healthy 

l ooking rcots at the bottoms of the pots (plate 5) . At day 143 root 

weight of the I 1N 1 tr eatment was approximately 2 . 2 tinies the root weight, 

and approximately 1. 6 times the root+nodu le weight in the I1N0 treatment 

(Fig.20) . 

The relative magnitudes of RGRT and RGRR+lfod appeared to be reasonably 

similar between treatments , with RGR.
1
, being greater than RGRR ,

1 
, 

,+J' OQ. 

This is in contrast to experiment l(a), where in treatments NL and N0 

RGRT was significant ly l ower than RGRR+Nod and in the N1 treatment RGR1 
was significantly higher than RGRR similarly to this experiment . 

However top : root+nodule ratios in the N 1 treatnents (mean = 1. 78) \\'e re 

significantly higher (P <O. 05) than in the I 1N0 t reatment (mean = 0 . 882) 

by a factor of approximate ly two (Fi g .21, plate 6) . Top:root+nodule 

(root+nodu l e = root, in the N1 treatments) ratio increased significantly 

(P <0 . 05) with time in all treatments (according to treatment by harvest 

analysis of variance), 1vhich is to be e:x-pectecl, since RGRT was greater 

than RGRR+Nod in all cases. The trend towards a lower top:root+nodule 

wei ght ratio in plants dependent upon symbiotic N2 fixatjon relative to 

those supplied with abundant combin ed N, first observed in experiment l(a), 

has been extended to this experiment , with the difference in ratio 

between the tr eatments t ending to become slightly larger with time . 

The relative gro111th rates of the ' above ' and ' belo1v ground ' portions of 

salnfoin, re];itive to one another , were reason ably similar between 

treatments . Thjs and the fact that the ratio of top:root+noclule weight 

in the N1 trea tments was hjgher than in the I1No treatment suggests that 

tl1 e!';e cli ffcrcnces developed when the N2 fixing symbiosis was deve loping 
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Plate 5 A contrast in root growth 
(left to right, treatments I

0
N1, I 1N

0
, I1 N

0
) 

Plate 6 A contrast in top:root + nodule ratio at day 101 
(left to right, treatments I1N0, I1N 1) 
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in t.h0. latter treatment. Thi s i s consistent with the fact that 

RGR
0 

N 
1 

1-ms higher relative to RGR in treatments NL a nd N0 in 
,,+ Ol p 

experiment l(a ) than in treatment IiN0 in experiment 2 . 

The relative accumu latior: rate of N in tops and roots+nodules 

(RARNT and RARNR+Nod) foll01~ed a simj l ar patte:rn to that for tota l N 

(Scctio11 2 . 2 . 2) in terms of differences between treatments (Table 10). 

RARN,r was sjgnificantJy higher (P < 0.05) than RAR.i'!r ,. d in the three 
l'\+t~O 

treatments I 1 No , J 1 N1 and IoN 1 , as would be expected since RGRr was 

higher than RGRR+Nod in the three treatment s . The increase in tota l N 

with tii,1c, especially in the N1 treatments, was largely a result o f 

increase in top N (Figs 22 and 23) . RARi'\ and R/\RNR+Nod in rel at.ion 

to RGRr and RGRR+ Nod dj ffcred between treatments . RARN was non-

significantly higher than RGR in both tops an<l roots+nodules in the 

I 1N0 treatment . Jn the N1 tre::itme nt!:- RGllT 1rns significantly higher 

(P<O . 001) than RARNT , supporting the suggestion made in Section 2. 2 .2. , 

that the decline overall percentage N was primarily caused by a de:.:iine 

in tl1e percentage N of the t~~s . 

significantly higher (P <O. 01) than RAR.;-.:R, but the corresponding 

difference 1vas not significant in either tJ1c J 1 N0 
or J 

0
N 1 treQtm::nts 

(Table 10). 

2. 2 . 4 LEAF AREA 

Leaf area , as for plant weight, increas(.>d in an exponential 1r:mner 

with time in a ll treatments with regressjons of l og [ leaf area] on t i me 
e 

- 2 
havin g R v alues of 66.6 , 92 . 9 and 93 . 2~, , for treatments I1 No , I ~. 1

1 

and I 0 N1 respectively (Fig . 24 , Table 10). 

In absolute t erms , leaf area in the N1 treat~ents was generally 

signifj cant] y greater (P < 0. OS) than in the I 1N0 treatment from 

about day 119 (see Fi g . 24 ) . J\t day 143, l eaf area in the 

N1 treatments was approximn tely 2 .1 tjmcs greater than in the I1N0 

treatment . There was very l ittle difference between trPatments, however, 

in t cri~ of relative l eaf area growth r ate (RLAGR) (Tab le 10), s uggesting 

pcrhnps that reduced l eaf area in t he I 1N0 treatment at the enJ of the 

experiment was due to even t s , such as noclul atjon, whi.ch took place early 

j n the deve lopmen t of the ' I 1N0 ' plants. Ho,~cver the RGRT ,ws higher j n 

the Ni treatments th:111 in t he l 1N0 rrc.i t ment. ·rhi.s , Logethcr wi th the 

similar RLJ\CR ' s sugt~csts ;1 difference jn dry mattc•1· partitioning, wi thin 

the top, beth'ccn Sl)l'C' i cs . Rela tjve to !{GRT in the re s pectiv e treatments , 

RI.A.GI{ ,,ns higher jn the 11~0 tr0atment tlwn jn the N1 treutmcnts 

(Tabl e 10) . Jn t he IiN0 treatme nt RL/\r.R was VC'J'Y s imilnr to 
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RGRT, whereas in the I 1 11 and IoN 1 treatments RLAGR was significantly 

less (P<0.001 and 0.05 respectively) than RGRT, probably reflecting an 

increasing proportion of stern as stem elongation and flowering took 

pl ace . 

RLAGR was non -- significant ly higher than RGR in treatment I 1No, 
p 

in contrast to the situation in treatment N
0

, experiment l(a), where 

RLAGR ,vas significantly lower than RGRP. This may wel 1 be the r esult of 

the respective stages of development of the N2 fixing symbiosis in 

exper iments l(a) and 2, with nodulation influencing dry matter 

partitioning to a greater extent early in the development of the p l ant . 
-1 -1 

In the I1No treatmen t RGRNod (0.039 g g day ) was hi gher than RGRP 

(0.0 25 g g- 1 day- 1
), but was not relatively as high as in the N

0 
t:i:-eatrnent 

of experjmenr. l(a) (where RG¾od = 0.072 g g- 1 day- 1, and RGRP -- 0.037 g 

g- 1 day- 1
). This indicates that the N2 fixing symbiosis is utilising a 

les ser proportion of the resources available to the plant in experiment 2, 

where RG¾od is more in line with RGRP, than in experime nt l(a) when the 

symbiosis was becoming established , and the plant was attempting to 

increase its capacity to assimilate atmos pheric N2 . 

There was a reasonably good relationship between leaf area and leaf 

number (correlation coefficients, r = 0.81, 0 . 89 and 0.88 for treatments 

I1N0 , I1 N1 and I 0 N1 respectively). However, data for l e af number was 

much more variable than that for leaf area (Figs 24 and 25), indicating 

that leaf size was also influencing leaf area . 

Overall mean ]caf area ratio (LAR = leaf area. -c- total dry wejght) was 

significantly higher in trea tment IiN 1 than in treatment I1N0 (Table 12). 

Table 12 

* 

LAR 
cm2 / g 

Mean leaf area ratio - Experi men t 2 

53. 7 a 

Treatment 
I 1N 1 

59.0 b 53.9 a 

Figures followed by different letters differ at the 5% l eve l 
of signific:=n cc (according to standard errors of differences) . 

This implies a grea ter capacity on the part of I1N1 plants to 

assimi late carbon and may explain the higher RGR value of this treatment 
p 

rel ative to that of the I1N0 treatment. 

Overa ll net assimilation rates for the period day 84 to day 143 were 

0.00054 g cm- 2 day- 1 for the two Ni treatments and 0.0047 g cm- 2 day- 1 

for th e I1 N0 treatment . The differences in N/\R between treatments were non-
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significant (P <0 . 05) . This possibly l esser capacity of plants with 

a given leaf ar ea to produce dry matter, in the I1N 0 treatment, may be 

an ind ication that the s~1biotic N2 fixing system is making energy demands 

on the pl ant over and above those made by the N assimilation system of 

plants with acces s to nitrate N. 

2.2.5 COMPARISON BETWEEN THE I 1 N1 AND IoN 1 TREATMENTS 
The I 1N1 treatment was inoculated as 1vas treatment I1 No , and the 

plants presumab ly formed nodules and fixed N2 prior to day 50 when the 

hi gh (N1 ) r ate of coniliined N was app lied . In contrast the plants of 

treatment I oN 1 were not inoculated and consequently neve r formed nodules 

or carried out symbiotic N2 fixation. Certain differences betl'1cen I 1N 1 

and IoN1 t r eat ment s were observed . 
- 1 - 1 

RGRP in the I 1N1 treatment (0.0318 g g day ) was significan~ly 

greater (P <O OS) than in the I 0 N1 treatment (0.0295 g g- 1 day - 1) (Tab le 10) . 

Total dry weight was l ower in the I1N 1 treatment at day 84 and higher at 

day 143 than in the IoN 1 t reatment (not significantly so in e ither case 

accordin g to treat men t by harvest analysis of variance) (Fi g . 14) . 

RGRR (relative growth r ate of root) was also significantly greater 

(P <0 . 001) i n t he I1N1 (0 . 0274 g g- 1 day- 1) than in the I 0 N1treatment 

(0.0 223 g g- 1 day- 1
), with root wei ght, as for total 1-.1e i ght, tending to be 

lower in t he I1N1 treatment at day 84 and higher at day 143, than in the 

IoN 1 treatment (not si gnificantly so in either case, according to treatment 

by harvest ana l ysis of variance) (Fig . 20) . RGRT , RARNP and RLAGR were not 

significandy different between the IiN1 and I0 N1 treatments . Ho,vever 

leaf area in the I 1N 1 treatment was high er than in the Io N 1 treatment 

over the period day 84 to day 143 with a treatment by harvest analysis of 

variance on treatments I1N1 and IoN1 having an F value for the t reatme11t 

effect significant at the 5% l evel . Leaf area in the I1N1treatment was 

approxim:::.tely 16% higher at day 84 and 4 . 5% higher at day 143 than in the 

I
0

N1 tr eatment (taken from the RLAGR equations , Fig . 24) . Leaf area ratio 

(LAR) was also higher in the I1N1 than in the I
0

N1 tre a tment, with a 

treatment by harvest ana l ysis of var i ance on treatments I1N1 and I 0 N1 

havin g an F va lue for the treatment effect significant at t he 1% l eve l 

(see also Table 12) . LAR appeared t o be hi gher at the beginn ing of the 

day 84 to day 143 period in the l1N1treatment , but simi l ar in both 

treatments at the encl (Fig . 26) . Differences bet1-1ecn treatment s at indivj cl-

w1 l ha rvcsts were ge nera lly not signi ficmt (;;ccordi ng to standnrd errors 

of differences ). ·1·op:root wci cht ratios were not significant l y different 

between the two treatme nts . 

Thus, ut day 84, 34 clays after the introduction of the N1 treatment, 

plants in the I 1N1 tr c:itment appeared to have a slightly lower total dry 

\veight :ind root wC'j ght but 1vere growing faster, parb culur l y i n terms of 
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root weight , than in the I 0 N1 treo..tmen t. Up to day SO, a proportion 

of the photosynthate availab l e to r oots in the I1N1 treatment was 

presumably being channelled into the production of nodul es . ThHs root 

weight, excludjng nodules , may we ll have been higher in the IoN1 

treatment, but this 1vas not measured . When the N1 r at e of nitrogen 

was applied, t he nodules on the roots of the I1N1 plant s \·JOuld have been 

lost (as in experiment l(a)) . The change of emphasis to producing roots 

only under conditions of abundant N supply , as opposed to r oots and 

nodules when N was l imiting , appears to have resulted in an increase 

in RGRR in t he I1 N1 relative to the I 0 N1 treatment. The slight ly lower 

to tal plant weights in the I 1N1 r e l ative to the I 0 N1 treatment a t day 84 

may be a result of the photosynthate 1vhich was channe lled into nodule 

production prior to day 50 in the former treatment, presumably at ~he 

expen se of the rest of the plant (see Section 3 . 1). This effect 

appears to have outweighed any advantage gained f rom the I1N1 plants 

in t e r ms of improved N status as a result of symbiotic fixation . 

It may be that the N2 fixing symb iosis had not been established l ong 

enough for the amount of N2 fixed to offset the energy cost of est ablish i ng 

the s ymbiosis . The higher relative grO\~th rates in the I1 N1 treatment, 

which appeared to enable it to catch up wi th the I 1ti0 treatment in terms 

of p1 ant weight,appeared to be the result of significantly higher leaf 

area and , in particular , LAR. It may be that l eaf area, or particularly 

LAR, \-Jas hi gher in the I 1N1 than in the I 0 N1 treatmen t a t day SO (as 

indicated at day 84 ), and t hat this enabled a higher RGR thereafter . 
p 

It coul d be argued t ha t thi s was a result of improved N nutri tion. The 

effect could possibly have been cyclical , with increased leaf area , in 

turn , providing additional carbohydrate for further nodulat ion and N2. 

fixation . If the greate r l eaf area in the l1 N1 r e l ative to the I 0 N1 

treatment did r esult from super ior N nutrition a lone , it could a lso be 

expe cted that plant dry weight woul d increase , rel ative ly, in treatment 

I1N1. The reverse, in fact, appeared t o happen with plant dry we ight 

being greater in trea tment IoN1 than I1 N1 . 1~e effect of nodul a tion 

appeared to be a change in the growth form of the plant, with an increase 

in l eaf area despi t e s li ght ly decieased total dry weight in the I 1N1 

treatment. This l atter hypot hesis receives some support from the wo r k of 

llcicheJ & V;,.mce (1979) , who found t hat leaf development was great er in 

inocu l ated lucerne plants th.-1n in non-inoculated controls at n r ange of 

N l eve ls up to 50 pg/ml (SO ppm) . They state that this may hi.Ive r e flect ed 

a l imitation of growth by N. Also, however, lucerne an <l pea nod ul es l1 ave been 

fo und to produce hormones or hormone precursors in abundance, and possibly 

the nodule s , ;ip;nt from fj xing molecular N2 , produce other s ub s tances that 



are important in grm·1th or nutrient utiU sat.ion (llcichel & Vance , 1979) . 

The fact that leaf area wis significantly correlated with top growth in the 

I 1N1 treatment (r= 0.68) and not in the J 0 N1 treatment (r=0 . 26) (Table 17) 

may provide some evidence for addi tiona l growth regulation i n treatment 

I1N 1 r elative to I 0 N1 . 

2.2 .6 DISCUSSION OF GROvJTH DATA 

It was found that plant development and plant gr01vth were retarded 

in plants dependent on symbiotic fixation for their N supply, re l ative 

to those supp lied ,,,.i.th abundant combined N. In addition the d ifferent 

modes of N nutrition resulted in differences in dry matter distribution 

as discussed in Sections 2.2 . 3 and 1 . 3.1.2. 

The fact that RGR and possibly NAR were lo\\·er in the I1No treatr.1ent 
p 

than in the N 1 treatments suggests that ~;rnbiotic fixation placed a 

continuing energy burden on sainfoin in addition to th a t inposcd by 

nitrat e a s simil ati on and also tha t th e en ergy supply for \ fixa tion 

may have been limitin g . This is in contrast to the vi2w of Gibson (1966), 

Bergerson (1971) ?.nd Min chin and Pate (19'/3) that similar encrcries 

are involved in the fi xation of N2 a11d the assimilation of nitra te, and 

that it is during the actual period of growth and deve lopment of nodules 

that the growth and deve lopment of the N2 fixing plant is retarded. The 

results obtained in this experiment appear to be more in accord \~i th 

the findi ngs of Silsbury (1977), Mahon (1977), and Ryle et e, 7.,. (1978, 1979b) 

which suggest that a symbiotic N2 fixing system does make energy demands 

on a plant greater than those associated with the assimilation of combined 

N. If, however, NAR i s not lower in the I 1 N
0 

than in the N1 tre atments , 

the lower RGRP in the I 11 
0 

treatment could be simply exp l a ined by an 

inefficient symbi otic N2 fixin g system. 

2. 3 NODULATION AND NITROGEN FIXATION 

2.3. 1 NODULATION 

A typically well nodulated root system from the I 1N
0 

treatment is 

shown in plate 7. 

By day 84 there were no effective nodules on the N1 plants, and none 

were found throughout the period day 84 to day 143 . Thus the N1 r ate of 

nitrogen was such as to suppress nodulation and N2 fi xation . 

Nodule number in the I 1 N0 treatment was very vari ab le, but there 

did seem to be a general increase in nodu l e number with time (F ig .27) . 

Re-inocul ation was carried out on day 109, and this may have influenced 

nodule number by about clay 130 (based on the re-inoculation in experiment 

l(b), Fig . 35) . 
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In some plants , for no apparent r easo n, nodulation did not occur . 

There were a numb er of pots where one plant wa s foun cl to have abunclmrt 

nodul es and the other none at a ll (plate 8) . Thus there were extremes 

~1erc plants were well nodulated , or possessed no nodules, but there was 

also a whole ran ge in between. This ob served variability in the ability 

of sainfoin pl ants to nodul ate is seen in the variability which exists 

in nodule numbers and nodule weights per pot (Figs 27 & 28), and is 

manifest in the lo1v iF value of the regression of lo g (nodule dry e 
weight) on time, of 51. 8% (Table 10). This variability in ability 

to f orm nodules is very l ikely the cause of the vari ability which is 

seen in the growth and N accw11ulation of sainfoin dependent on symbiotic 

N2 fixation, compared to sainfoin suppli ed 1vi th combined N (Figs 14 & 15. 

Table 10). The fact that this variabi lity exists be t ween individual 

plants in their ability to nodulate sug~es~that a plant host factor is 

involved in de t ermining the r e l ative success or f ailure of the N2 

fixing symbiosis . 

Nodule weight appeared to be le ss variable over time than nodule 

number (Figs 27 & 28) . The increase in nodule weight over time appeared 

to be exponential . The plot of log [nodule dry weight] against time 
e 

was linear in nature even though , because of the variability in the data, 

~
2 for the r egression of log [nodule dry weight] on time was only 

C . 

51. 8% (Table 10). The relative nodule growth rate (RGRNod ) of 0.03 86 g 

g- 1 day- 1 was significantly higher (P<0 . 01) than RGR (0 . 0250 g g- 1 day - 1
) 

p 
over the period day 84 to day 143, but was not rel at ively as high as in 

the N
0 

t reat ment of e:>..-perirnent 1 (a) . As discuss ed in Section 2. 2 . 3, 

the reason for this may be that the N2 fixing symbiosis was to a greater 

extent a t equilibrium with the r est of the pl ant and utilising a lower 

proportion of the photosynthate available to the plant than a t the earlier 

stage when the symbiosis was still becoming estab l ished and the plant was 

attempting to i ncrease its capacity to assimilate atmospheric N2. 

Over the period day 84 t o day 143, nodule dry wei~1t as a proportion of 

tot al clry weight did not show a significant increase , and had a mean 

va lue of 11.0%. Koter (1 965b) found sainfoin to have a lower proportion 

of its dry weight as nodule ti ssue (than in this experime nt), with nodul e 

t issue making up 1.9 and 7. 8 percent of tot a l dry weight at 28 days 

and ut the flowering stage respect ively , when totally dependent on 

137 

symbiotic fixation for its supp l y of N. Much of the data in the lite r a ture , 

relating nodule weight to tota l dry wei ght, r e f ers to younger plants 

than those in this experiment , but comparisons with this data indicate 

that sa infoin in t his series of exper ime nts hnd higher proport io ns of 

nodule we i ght than lucerne throughout deve lop 1cnt (see Secti ons 1 . 2 . 6.2 

and 1. 3 . 3) . 
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Plate 8 Well and non nodulated plants from the same l 1N0 po t, day 85. 



Average nodule size increased \vith time and became relatively 

l arge in some pots, but others maintai.ncd a ]ow overage nodu l e size 

(Fi g . 29). Overall there \vas not a significant trend 1vi th time (the F 

ratio for the effect of time from the treatment by harves t ana l ysis of 

variance of nodule s ize was non-si gnificant ), an d aver2-ge nodule size 

varied greatly betKeen individual pots (Fj.g . 29) . 

The nodules formed on the root s of sainfoin in t his experiment 

were similar to those described hy Wittman (1968), Sredding and Diekmahns 

(1972) and Schreven (1972) , being branched and gi ving the appearance 

of being formed in clusters (see al so Section 1. 2 . 6. 1) . Plate 9 

illus t rates a range of the shapes and sizes of nodules found in this 

experi ment . Some of the l arger nodules when sectioned were very dark in 

colour, but pink or r ed close to the periphery of the nodul e , indicating 

perhaps that the older centra l tissue was no longer f ixing N2 (plate 10). 

If l arge nodul es do contain a zone of inactive tissue this may affect 

specific nodu l e activity (~2[C 2H 2 ] fixing act ivity on a nodule dry weight 

basis ) as discusse d in Section 2 . 3 . 2 . It may be that gaseou s di ffusion 

int o these noduJ cs is restri ct0d, as discussed by 1'rinick et al . (1976) 

in relation to Lup1:n;,~s nodules . 

2.3.2 NITROGEN FIXING ACTIVITY 

The increase in N2[C2H2 ] fixing activity (N2 fi .xing activity as 

measured by the acetylene r eduction technique), shown in Fig . 30 , arpeared 

to be exponential in nature, with the plot of l og [C2H4 production] against 
e 

time being Jinear and the regression of log [G2H4 productjonJ agains t ti me 
e 

having an R 2 
value of 71 . 5°0 (Table 10) . 

No N2 [C 2H2] fixing activity was detected in the treatments othe r 

than I1 N0 , and no background activity 1vas detected in the I 0 N0 pots usetl as 

blanks . 
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The relative increase in l\2[C 2H2] fixing activity (RFA) (a concept a l so 

used by Hoglund, 1973) was 0 . 0434 moles.mole - 1 day- 1, which was non

sign ificantly hi gher than RGRNod ' but significantly higher than RGRP 

(P<0 . 001) and RARN (P<0 . 01) . This indicates that N2[C 2H2] fixing activity 
p 

is j ncrca sing with time i n proportion to nodule dry weight , but at a 

proportionote l y greater rate than total dry WC'ight or total plant N. 

~'his s11 ;·.r:c-sts th:1t the slwrt ;igc of n for plant grm,th (in pl..111ts clcpcnJc-nt 

on symbiotic N2 fixatjon) may decrease wjt h plant age . A reasonnb ly clo se 

J inear relationship w~1s obscrvc<l bcth'ccn N2fC-!1 2 ] fixing activj ty ::ind. 

nodule Jry weight, with r = 0 . 71. The relationship between N2 [C 2!1 2 J 
fixin g ~1ctiv .ity .-incl nodule number \\'as rcL:itiveJv weaker with r"' 0 . 50 , 

which j s consistent 1,ith the fjndings of Chen & Thornton (19.-10) , that th e 

vo1u111c of N2 fixin g 1 issue ,,,as a m(ir': important c J:itcri:1 in JS'.;c'.;s.ing 

nodult~ f1111ction, tli:lll 11oduJ<~ nu;nhc r . 
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Plate 9 A range of nodule sizes and shapes (collected day 139). 

(Approximately 2.5 ti mes magnification) 
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Plate 10 A large branched nodule,sectioned to show dark col oured central 
tissue, and pale red tissue towards its extremities 
(collected day 122) . 



Specific nodul e actJvity (N 2[C 2 11 2] fixing activing + nodule dry 

weight) increased significantly with till\e (the F ratio for the effect 

of d n1e from th(' sj ngle trc-a tment '1by ha1·ve.s t, analysis of vari;rnce wa:s -

si gn j ficnnt at thf" 5°~ level), (Fig. 31). The overalJ mean specific nodule 

activity was 7:, )lmolcs C2 !-1t1 pro<luced (or C2H2 r educed) per 2 hours per g 

of nodu J e dry ivej gh t . Specj fie nodule activity varied widely t etween 

pot s however, and no doubt this was one of the reasons why the correlntion 

be t1vecn N 2[C 2H 2 ] fixing activity and nodule weight ,,as not higher than it 

was . N 2[C 2!! 2] fixing activity per t otal dry weight of plant a l so 

increc1 secl si gni fi c::rnt ly Kj th time (th e F r atio for the ef feet uf time 

fr om the single treatmcnt~by harvest,analysis of variance was sjgnjficant 

at the 0 . 1% level) (Fig . 32). 

plant wejght basis was 7 . 91 µmoles C2H4 produced per g of tota l plant 

dry weight per two hours . 

The mean specific nodule activity and N2[C2 H2] fixing activity per 

unit total plunt wc-,ight of sainfoin in this exper imen t is compared ,vith 

val ues obtained by othe r ~orkers for sainfoin and a range of other legumes , 

i n Table 13 . In a ll of the examples quoted, the pl ants were supplied 

wjth ze ro or very l ow r a tes of combi ned N. 

Tab l e 13 N2[C2H2J fixing activity - compar i son between species 

Pl ant Age 

Sainfoin 84-143 

Sainfoin 70 days 

Lucerne 4~ days 

Lucerne >28 days 

days 

µmole s C2H4 µmoles C2H4 
nodule dwt . - 1 plant dwt . - 1 

2 hrs- 1 2 hrs- 1 

73 7 . 91 

27.4 1. 71 

4 7 . 0 0.64 

216 6 . 47 

Reference 

This c:>..rperiment 

Hanna et al . ( 1978) 

" " II 

Sheehy et al . (1 980b) 
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Lucerne >49 days 68 . 4 Harding & Sheehy (19 80) 

Lucerne 49 days 116 . S " " ( 1980) 

Lucerne vegetative 7. 52 Barta (1978) 

Birdsfoot 
trcfo i 1 vegetative 1. 4 3 " 11 

Lucerne fl owering 6. 58 II " 
Bird sfo ot 

trefoil flo\Jeri ng 2 . 21 II I I 

Cicer milk -
vetch 49 days 51.4 3. 46 Hanna e-/; al. (1 978) 

Subterranean 
clover 30 d::tys 333 Eckart & Raguse ( 1980) 

Soybc;:ins 35 days 21 7 18.S Cassman et al. ( 1980) 

Peas 28 d:1.ys 228 16 . 9 Phillips et a l. (19 76 ) 

Peas 30 duvs 144 4 . 81 Bcth lcnfa 1 vay & 
Phi 11 ips (1977) 
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Sa info i n appears to have a lower specific nodul e activi ty than mo s t 

of the ot her legumes 4uotcd. In the experiments of Hanna et al. (197 8) 

the spe cific nodule activity of sainfoin wa s lower t han tha t of the other 

two l egumes t ested . TI1e specific nodule activity of sa jnfo i n obtai ne d by 

Hann a et al . (1 978) \vas substantia lly l m'.'er t han that obtaine d in t h i s 

e)-.1)e r iment , and that obtained for 1 ucerne was l ower t han that ob t a ined 

by ot her wo r kers . The mean specific nodule activi ty of sainfoin in th is 

exper i ment 1vas similar to , or substantia ] ly lower t han fo r lucerne , (apart 

from t he val ue of Ifanna et al. (1978)) and appeare d to be s ubstanti a lly 

lower t hon for subterranean c l over, soybeans and peas . In t erms o f 

N2[ C2 H2] f ixing activity on a t otal plant dry weight basis , however, 

s a i nfo in compare cl more favourably with other l egumes . In the experiments 

of Hanna et al. (1 978) sainfoin was founcl to have a h igher N2 [ C2H2 ] 

fi xing activi ty on a total plant we i ght basis t han l ucerne , but w~s lower 

than ci cer milkvet ch. The mean N2 [ C2H2J fixing act i.v jty per unit p l ant dry 

wei ght in t his eXJ_)erimcnt appeared to be gr eat er than th a t of bi rcls foot 

trefoil, s imi l ar t o that of lucerne (apar t from the ·;alue of Hanna et al . 

(19 78)) an d l es.:; than that of soybeans and p0s sib1 ~, v~r.s . Sainfoin 

appears to have a high proportion of its dry weight as nodu l e t issue 

compared to other legumes (Section 2.3 . 1) . This appears to enable i t 

to have a N2 [ C2H2] fixing activity on a total dry weight bas i s compar abl e 

wit h l ucerne , which has a relatively low propor t ion of nodule we i ght 

compare d t o other l egumes, despite its apparently lower specific nodu l e 

activity . Soybeans and peas appear to have a proport i on of nodu l e 
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we i ght approaching that of sainfoin (Se ction 2 . 3 . 1), and hence appear t o have 

a hi gher N2[C2H 2] fixing activity on a total plant dry weight bas is . 

Al t hough us eful , the above compari sons should be treated with some caut ion , 

as they are made on plants of various ages growjng under different se t s of 

encir onmenta l condi t ions . 

It was f requent l y observed that the l arger branched no dul e s of sainf oin 

contained a zone of ver y dark , almost b lack , col oured ti ssue in t he centre , 

wi t h pa l e r ed t owards the extremities (Pl ate 10). I f the dark col our ed 

t issue was not active l y fixing N2, t his ,vou Jd t end to r e duce the N2 [C 2H2J 

fi xing activ ity on a nodule dry weight ba sis and may be a r eason f or the 

l ow N2[C2H2 J f i xing activity per unit nodule dry we i ght . A non- significant 

corre l a t ion of -0 .1 2 was observed between mean nodule size per po t and 

~can spec i f i c nodul e activity per pot . 1~us t here was no cl ear cut 

decrease in specific nodul e activity with nodule s i ze . 
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2. 3.3 MOLAR RATIO OF C2H2 REDUCED : N2 rIXED 

The molar ratio of C211 2 reduced : N2 fj xed over the period day 84 

t o day 14 :-, 1vas calculated . The quantity of N2 fj xed over t he period \vas 

derived from the RARNp (relatjvc accumulation rate of tota l p l ant NJ curve, 

by suhtncting the quantity of l\ at cl.-iy 8,1 from that ~1t day 143, and 

convertjng moles of N to moles of N2 The quantjty of C211 2 reduced 

,-:as estjnutecl by i11tcgrating the RFA (relative increase in N2r C2 ll2 ] 

fixing activity) curve over the period day 84 to day 1'13. 

The calculated molar ratio of C2 H2 reduced to N2 fixed was 3 . 9 : 1. 

The theoretical rno!3r ratio (chapter J, Section 3 . 2) is 3 :l . T~o possible 

reasons for a rabo ll'hich is hi gher than 3 : 1 are cliurna l variation i n 

N2 [ C2 !-l 2 ] fixing activity, and l1yclrogen cvoluUon by the N2 fixin g en::yme , 

nitrogenasc (Chapter I, Section 3 . 2) . Diurnal variation in N2 [C2 112 ] fixing 

activity has been obsc:rved in soybean (llarJy et al . 1968; Bcrgersen, 1970 ; 

Mague & Burris, 1972), white clover (Sinclair , 1973) ancl Mcdicago truncatula 

Gaertn . (Ruegg & Alston , 1978) . Diurnal variation in N2 [ C2 112 ] fixing 

activity, where act ivity was hi ghe r durinz the photoperioJ, ll'ould result 

in the measurement of N2 [ C2 !12 ] fixing actj vi ty over the period 12 . 00 noon 

to 2 . 00 p.m., as in this cxperimcnt,over estirnaUng average daily N2 

fixing activity . llo,~ever , Tri nick et al . (1976), c1nd llaystca:.l et al . 

( 1979) observed no cliurnal fluctuation jn the N2 [ C2 1l2 ] reducing act ivity 

of two Lupim,s speC'.ies , and whHe clover respectively. Eckart & Raguse 

( 1980) found that \2[C2ll2] fixin g activity in subterranea n clover varied 

diurna lly j n r e ] at ion to temperature but not to light . It is t l1ought 

t hat l ow ni ght time temperatures may reduce enzyme acti~ity . I n this 

experiment , ni ght time temperatures were lower than daytime temperatures , 

perhaps increasing the likelihood of diurnal variation in N2 fixing 

activity. It was not possible to accurately determine the extent of 

diurnal variation in N2 [ C2 1~] fixing activity in this experiment . Maxima l 

N2 [ C2 112 ] fixing activity is reported to occur around midday (ll <1rcly ct al . 

1973) . However, in this experiment acetylene incubations were carried 

out at a constant room ternperalure, regard l ess of the g lasshouse 

temperature . 1~is may have tended to reduce the influence of diurnal 

variation, ;-,$ room temperature 1v<1s usually cooler than glasshouse: temperature. 

~lost authors clo not. record the time at whj ch acetylene j ncub:itions are 

carried out, but prc~.11mnhl y they nre during the photoperi od and could tend 

to over-estimate ovcral 1 N2 [ C2 l1 2 ] fixation as discussed for t h:i s 

expcdmcnt . 

The other possihJ e r eason for a <liscrcp3ncy bctwcC'n the mcnsured and 

theoretic.ii C2 ll;: :N2 r:-itios, :is that \\'hen th e symbiotic N2 f:ix.in g sys tem 

is redu-:ing ~2 , ;1 •: i1~11i fi,a11t proportio11 of the electron flO\v to the N2 
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fixing enzyme, nitrogcnase, may be lost through hydrogen evolution 

(Schubert & Evans, 1976; Chapter I , Section 2.2 .2). llowevcr , in the 

acetylene r educt ion assay , r eduction of C2112 repl aces not only the reduction 

of th , but al so the evolution of 1-12 (Chapter I, Section 3 . 2). Thus, 1-12 

evolution would have the effect of increasing the ratio of C2ll 2 re<luction : N2 

fixation . It was not possible to make a choice between these two alternative 

reasons for the C2112:N2 ratio not being closer to 3:1 because the extent of 

djurna l variation in N2[C2l-12] fix·ing activity was not known , and 112 evolution 

was not measured . 

Sinclair et al . (1 978) ca l culated r a tj os of C2H2 reduced :N2 fixed for a 

number of clovers , lucernc and Lotus peduncu l atus . Ti1c ratios calculated f or 

the clovers were l ess than 3:1, lucernc was 3 .02 :1 and Lotus padunculatus 

was 3 . 88 :1, simi l ar to that calculat ed for sainfoj n in this experiment . 

The plants were all incubat ed with C2Ih for 2 hours , starting 2 . 5 hours after 

the beginning of t he photoperiod (Sinclair ct al . 1978) . 

The f act that t he ca 1 cula tcd C2Ih : N2 r atio for sa i nfoin in th is 

experiment and that of Lotus pedwwulatus calcul ated by Sinclair et al . 

(1978) were s imilar ] y high, indicates that the N2 f:i.xi11g systems of t he t1~0 

species are s imilarly inefficient . This may be a r c!sul t of their exhibiting 

H2 evol11tion or a relatively hjgh degree of diurna l variation in N2[C2H2] 

fi xing activity , or a combination of both, as discus sed earlier in this 

section . The expression of hyclrogcnase (H2 uptake) activity is found 

t o be primari l y un<ler the contro l of the r hi:obial strain (Dixon , 1978) , 
which suggests the possibility of improving N2 fixing eff.id ency by 

appropriate choice of rhizobia l strain . The host ~an , however, exert a 

modifying influence (Dhon , 1978). Evid ence for a pl ant host jnfluence 

on nodulation Kas djscusscd in Section 2 . 3.1. One host p l ant factoT which sainfoj1, 

and Lotus spp . have in common is that both contain high l evels of t annins 

(Chapter I, Section 1 . 1.2) . It has been suggested (Burton & Curley , 1968) 

that tannins may have an adverse effect on the symbiotic N2 fixing 

system . This may account for the apparently l ow C2H2 :N2 r at io discussed 

above . There appears to be very little publi shed data giving C2!1 2: 12 

ratio s , which ma kes compari sons between species difficult . 



2. 4 RELATIONSHIPS BETWEEN NlTROGEN FIXATION, PLANT 
GROWTH, AND LEAF AREA , 

In this section the relationships bet1-.·ecn pairs of variab l es is 

discussed , and an att empt is made using partial correlations to assess 

the re l ative importance of some of these relationships. I n a ll cases 

1<'17 

con-elations have had the time component r emoved as dj scussed in chapter Jl, 

section 9 . 2.1 . /\n explanation of the first and secon<l order partial 

correlatjon diagrams is gjven in chapter I I, section 9 . 2 . 2 . 

2.4 .1 THE INFLU ENCE OF NITROGEN FIXATION ON PLANT GROWTH 

Tota l pl ant dry we i ght and top dry weight were significant l y 

correlated wich both nodule dry weight (r = 0.69 in both cases) and 

N2l C2H2 ] fixing activity (r = 0 . 62 and 0.68 respectivel y) but were less 

well correlated Hith nodule number (r = 0.39 and 0.46 respectively) 

(tabl e 14) . 

activity have a gre::itcr influence on plant weight than nodule number . 

Parti a l correlation coefficients , (r p) involvjng nodul e dry weight , 

N2 [ C2!12 ] fixing activi ty and total dry ,~cjght, where correlation 

coefficients were calcul ated for pairs of varjables with the effect of 

a third variable hcl<l constant ( sec chapter II , section 9 . 2 . 2) indicate 

that nodule dry weight is more closely related to total dry weight than 

N2[C 211 2 ) fixing activity, a s fo ll ows : 

Nodule dry wejght 
0

_
45 

0 . 50 :?Total dry weight 

Nl CH f . . -- 0.26 
2[ 'J 2 ] -ixrng 

acUvj ty 

The correlations of plant wei ght with nodul e weight and Nd C2 112 ] fixing 

activity were similar to tho se of Major et al . (1979), who observed 

correlation coefficients of 0 . 71, 0 . 60 and 0 . 65 bet,veen top dry weight 

an<l nodul e dry weight jn sainfoin , lucerne and cicer milkvetch respectively. 

Poorer relntionships were observed bct,~een top dry \\°eir,ht and N2 [ C2 1l 2 ] 

fixing activity, with correlation coefficients of 0.44, 0 . 18 and 0.45 

being observed fo r sain fo in, 1 ucerne and ci cer milkvetch respectively 

(~laj or e t al. 1979) . Duhigr, et al. (1 978), working with lucerne , 

observed correJnt ions of s jmilar magnitude to those in this experiment, 

wJth correlation coefficients of 0 . 73 and 0 . 68 between top wei ght a nd 

nodule score,and top \\'C'i ght and r--b l c,.1 1, l fixing ac ti vj t y , respectively. 



Tabl e 14 Correlations between plant growth variables 
and i nd ices of N2 fixing capacity 

Plant growth variable Index of N2 fixing capacity: 
Nodule dry weight Nodule number Acetylene reduction 

Total dry weight 0. 69**'k 0.30* 0. 62*** 

Top dry weight 0 . 69*** 0 . 46** 0 . 68*** 

Root dry ,veight 0. 38* 0.07 0 . 31 

Leaf ar('a 0 . 79~'** 0.60*·H 0 . 74*H· 

Tot al N 0 . 83*** 0 . 58*** 0.77·H* 

Top N 0.75*** 0.53*'k 0 , 75·H* 

Root+nodule N 0. 88*** 0. 62*'k* 0 . 75*** 

Plant height 0 . 38* 0 . 44** 0.53** 

Number of growth points 0 . 4 7** 0.24 0.34 

*,**,*** indicate correlations significant at the 5% , 1% and 0.1% levc~ 
respectively 

Table 15 Correlations between plant growth variables and tota l N 

Plant growth variable 

Total dry weiiht Q, 90 *H 

Top dry weight 0. 95 *** 

Root dry weight 0 . 50 ** 

Root+nodule dry weight 0 . 72 *** 

Top:root+nodule ratio 0 . 69 *** 

Leaf area 0.94 *** 

Leaf area ratio 0.74 *** 

Plant height 0. 66 *** 

Number of growth points 0.62 *** 

Treatment 
JiN1 

0.78 *** 

0 . 82 *** 

0 . 37 

0.23 

0. 64 ** 

0.40 

-0 . 17 

0.47 * 

0 . 90 -,'(** 

0 . 67 *** 

0 . 88 **-1: 

-0.14 

0 . 61 ** 

-0 . 44 * 

0. 21 

0 . 26 

* ** , *"* indicate corre l ations significant at the 5% , 1% and 0 . 1% 

1 eve ls rcspecti vc- l y 
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Relationships between plant N, anJ nodule weight or N2 [ C2H2] 

fixing activity appeared t o be closer than between plant dry weight, and 

nodul e weight or N2[ C2H2] fixi ng activity (table 14). Total p l ant N, 

top N and root N were all significant l y correlated wi th nodul e dry weight 

(r = 0. 83 , 0 . 75 and 0 . 88 r espectivel y) and N2[ C211 2] fjxing activity 

(r = 0.77, 0 . 75 and 0 . 75 respectively), bu t as for pl ant dry weight, were 

l ess well correlated witl1 nodule number (r = 0.58 , 0 . 53 and 0 . 62 r espectively) . 

The correlation between tota l pl ant N and N2[ C2H2] fixing activity was 

simil ar to that of 0 . 76 observed by Sheehy et al . (1 980b) working with 

l uccrne . Duhigg et al. (1 978) , also worki ng with lucerne, obt ained 

correlation coefficients of 0 . 68 and 0 . 69 between top N and nodule score, and 

top N and \ 2{ C2ll2] fixing activity respective l y. Par tia l corrcJ at ion 

coefficient ~ i1n·ol ving nodule Jry weight , N2{ C2l 12 ] fj xing activity and t ot a l 

plant , showed total plant~ to be more closely related to 11odu l e dry weight 

than to N2[ C2H 2] fixing activity , as follows : 

Nodule dry weight 

~ 
0. 20 Total plant N 

... /4 
N2 [ C2 H2 ] fixrng 

activity 

I n the I1 N0 t reatment, there was a very c l ose relation ship between 

t otal plant N and t otal dry weight with r = 0 . 90 (table 15) . In 

compari son , Sheehy e t a7- . (1 980b) observed an equiva l ent correlation of 

0 . 99 for lucerne . Tota l N was a l so c l ose l y correlated wi th top dry 

weight (r = 0 . 95), but to a l esser extent wi th root+ nodul e dry weight 

(r = 0.72) . Treatments I 1N1 and I 0 N1, where plants were provid ed with 

combined N, t cnd0d to display slight ly weaker relationships between 

p l ant N content and pl ant weight , having correlation coeffi c i ents between 

total plant N and total plant dry weight of 0.78 and 0 . 90 for treatment s 

I 1N1 and I 0 N1 r espective l y (tabl e 15) . Thus , it appears that t otal 

plant N plays an i mportant r o] e in influencing total plant wej ght, 

particul arly in the I
1

N0 treatment . Partia l corr e l ation coefficients 

involving nodule dry weight or N2 [ C21!:J fixing act ivity , total p l ant N 

and total pl c:nt dry ,,eight indi cate that both nodu l e d:-y weight and 

N2[ C2 ll2] fi xing activity influence total dry weight via tota l N, as foll ows : 



Nodu:\\"ei~ 
Total N---- Total dry weight 

0 . 81 

Total N-------Total dry we i ght 
0 . 84 

Two sets of secrn1d order partial correlation coefficients (r2p) were 

calcul ated to enable the effects of both nodule i1°eight and N2[ C2H2] 

fix i ng activity to be removed (see chapter II, section 9 . 2 . 2) as 

follows: 

Tot a l N 

N2[ C2H2] fixing 
activity 

0.44\ 

-0 . 19 

0 . 80 

(effect of N2[C2H2] 
fixing activity held 
constant ) 

Total dry weight 

(effect of nodule 
dry weight held 
constant) 

Total N------Total dry weight 
0 . 81 

The effect observed with first ord er corre l ations was enhanced, wjth the 

direct link between total dry weight and nodule dry weight or Nd C2JI2 ] 

fixing activity assuming even less import ance . This confirms that 

nodul e weight and N2[ C21!2] fixing activity in sainfoin sole l y dependent 

on symbiotic fjx at jon for its N s0pply are linked to total dry wei ght via 

total N. 

In the I 1N0 trc8tment , there were significant corre latio11 s between 

tota l N and s uch characteristics as number of growth po.ints (r = 0.62) 

and plnnt hc:ight (r = 0.66), whereas jn the N1 treatments these re l ation--
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ships were poorer or non-signifjcant (table 15). Thi s indicates that the 

deve lopmC'nt of the ' I 1 N0 ' plants was more strong] y influenced by the level 

of pLlnt N than tk1t of th e ' N1 ' plants, sugges ting that in the 1 1 N0 

treatment the lcvC;J of plant N ,vas limi tinr, pl ant (1cvclopment . 

I 

I 

- I 

I 



The relationships between percent N in the plants and the various 

growth variablcs,were general ly weaker than for the absolute quantities 

of N (t able 16) . I-iowevcr , these relationship , similarly to those for 

quantity of plant N, were stronger in the I 1N
0 

than in the N1 treatments, 

indicating the critical nat ure of N levels in the 1 1 1 N0
1 plants . 

Thus, it \\'as found that dry weight and development of sainfoin in 

thi s experiment were clo se ly linked to the indices of N2 fixing activity, 
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nodule dry weight and N:.J C2 H2 ] fixjng activity. These indices of symbiotic 

N2 fixing activity appeared to influence plant dry weight via t ota l 

plant N. 

2.4.2 THE ROLE OF LEAF AREA 
Sheehy e-t al. (1980b) found \vhole plant carbon exchange rate to be 

highl y correlated with leaf area (r = 0.94) in lucerne, and stated that , 

consequently, leaf area can be used as an index for whole plant carbon 

exchange rate. 

In this experiment , in treatment I 1N0 , leaf area was hi ghly 

correlated with total dry weight, with r = 0 . 88 (t able 17) . In treatments 

I 1 N1 and I 0 N1 , the equivalent correlation coefficients were 0.64 and 0 . 42 

re spectively . The correlations bct\veen leaf area and top dry 1·1e j ght 

were also higher in the J1 N0 treatment (r = 0.92) than in the I 1 N1 

and I 0 N1 treatments (r = 0 . 68 and 0 . 26 respectively). This suggests 

that leaf area , and hence capacity to produce photosynthate, was more 

closely linked to tot a l plant dry weight of sainfoin when it was dependent 

for its N supply on symbiotic fj xation. Close relationships between 

leaf area and the growth of legumes have a l so been observed elsewhere . 

Foutz e-t al . (1 976) , observed a correlation of 0.90 between yield 

(top \ve ight) and leaf area in field planted luccrnc , and Hart e-t al. (19 78 ) 

observed corre l ations between yield and es timated leaf area of 0 . 87 and 

0 . 91 in field grown luccrne . 

Close relationships were also found between leaf area and nodule dry 

weight , and leaf area and N2 [ C21! 2] fixing activity , with r = 0 . 79 and 0 . 74 

rc spec tivcJy (t:-i.blc l!J) . Partia l . correlation coefficients invo]ving nodule dry 

\~eight, N:d C2ll2] fixing activity and l eaf area indicate th at lcnf area h D.s 

slightly more closely linked to noduk clry wci ght than to N:d C2 1-12 ] fi_xj ng 

activity a s follows : 

Leaf 

~ Nodule dTy weight 

area 0 . 30 

~N2[ C2 I-12]_ ~ixing 
actJ_v1 t y 



Tabl e 16 Correlations bet\-1e en pl ant gro\'1th vari ables and tota l %N 

Plant growth vari able Treatment 
I1 N0 I1N1 I 0 N1 

Total <lry weight 0 . 46 ** -0 . 38 0.0 2 

Top dry weight 0.63 -/: -1.·* -0.16 - 0 . 24 

Root dry ,veight -0 . 02 - 0 . 51 * 0 . 31 

Root+nodulc dry weight 0 . 23 

Top: root+nodule ratio 0.80 *** 0.19 0 . 22 

Leaf area 0.73 *''* -0 . 08 0 . 19 

Leaf ;:;.rea ratio 0. 71 *** 0. 28 -0 . 52 * 

Plant height 0 . 60 *** -0 . 51 * 0.36 

Number of growth points 0 . 43 * 0 . 31 -0 . 23 

* ** *** ind icate corre l at ions significant at the 5~ 1% and 0 . 1% 
' 0 ' 

levels respective l y 

Table 17 Co rre: l ations of leaf area with total and top dry weight 

Treatment 
I1N0 I 1N1 I 0 N1 

Tota l d r y wei ght 0.86 *** 0.64 *''* 0.42 * 

Top dr y weight 0.92 *** 0.68 * k,,. 0. 26 

*, **, *** indicate corre lat ions si gnificant at the 590 , 1% and 0 . H, 
l evels respective l y 
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Sheehy et al. (1980b) workj ng ,vi th luccrne observed a corre l ation of 

0 . 80 bet,~een N2 [ C2 ll 2 ] fixing activity and leaf area , which was 

similar to that observed in this experiment . 

The re l ationship between total plant N and leaf area in the I
1

N
0 

treatment ¼'as p~rticularly close, with r = 0.94, and appeared to be 

closer than the equivale11t relationships in the I 1 N1 nnd I 0 N1 treatments , 

where correlation coefficients were 0.64 and 0.61 respectively (table 15) . 

Thus, it appears that leaf area is more closely linked with total N, as 

it was with tota l dry weight, where plants 1vere dependent on symbiotic 

fixation for their supply of N. Sheehy et al. (1980b) observed 

a correlation of 0 . 97 between total plant N and leaf area, simi l ar to 

that observed in this experiment. The relationship between LAR and 

total N was al so closer in the I 1 N0 treatment than in the N1 treatments. 

Correlations between LAR and total N were 0.74 , 0.40 and -0 . 44 in 

treatments I1N0 , I 1 N1 and I 0 N1 respective ly (table 15) . Similarl y , i n 

the J 1 N0 treatment, top:root + nodule ratio was significant l y corre l ated 

1·1i th total N (r = 0 . 69), whereas in the N1 treat ments , the equivalent 

correlat ion s were non- significant (table 15 ) . ·rota! percent N was also 

hi ghly correlated with leaf area , I.AR and top:root + nodule r atio in the 
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I 1 N0 treatment (the l ast of the three correlations being higher than with total 

N), whereas in the N1 treatments the equivalent correlations were either 

non- significant or negative (tab l e 16). Thus, in sainfoin dependent on 

symbiotic 1 2 fixation, both t ot a 1 N and the proportion of i\ in the plant are 

close l y l inked to l eaf area , and dry matter partitioning as expressed in LAR 

and top:root + nodule r atio. 

Close rel ationships 1.,rere found bet,vecn total plant N, and total 

dry we ight (section 2 . 4.1) on the one hand, and leaf area on the other . 

Thi s , and particularly the fact that these relationsl1ips appear to be 

closer in plants dependent on symbiotjc fixation for their N supply 

than in plants supp l ied with abundant combined N, suggest ti-JO possible 

hypotheses . The first is that N content is critical to the growth of 

sainfoin dependent on symbiotic N2 fixat ion, and that the supply of carbon 

(or energy) from J eaf photosynthesis has a critical influence on N2 

fixation and hence tota l N. An alternative hypothesis is that plant N, 

and therefore Ni fixation, was 1 i mi ting the production of both total 

dry 1.;e:ight and l('af area . Portial correlatjons invo l ving leaf area, 

tota] N and total dry 1\'cjght for the I 1 N0 treatment , indicate that l eaf 

area is linked to total dry weight via total N and that total His 

limiting plant gTowth nther than photosynthate s upply direc t l y a s 

fol) O \vS : 



Lclaf area....__..______ 
0

. 
09 

0.75 ---.....____... 
.....__ 

Tota l N--------- Tot a l dry we i ght 
0.53 

The part i a l corre l a tions tend to support the firs t hypothe s i s1 above , 

r ather than the l att er, becau se if th e l i mited s uppl y of N was not i n any 

way l inked to ener gy supp l y , it could be expected tha t t h e link between 

t otal N and to ta l dry we i ght would be a t l ea s t as strong as t hat b et ween 

t ot a l N and l eaf a r ea , a s tot a l pl ant we ight is probab l y a bett er 

indicator of N util isation , or demand for N, than l eaf area . Simi l a r 

s ets o f par t i a l cor re l at i ons wer e ca lculated for th e two N1 t r eatments , 

as follows: 

Le a f 

0 . 29 

area--....._____ 

' "-.....__~ 

Tota l N---
~ 

--- --Tot a l 

Trea t men t I oN 1 

Le af area 

0 . 63 

0 . 89 

dry 1veight 

1S4 

These parti a l corre l ations showed a stronger direct l i nk between l e af ar ea 

and tot a l dry weight and a weaker direct l i nk be t ween l eaf area and t ot a l N 

i n sain f o in supp l ied with combin ed N, compared with sainfoin dep ~n<lent on 

symbiotic N2 fi xa tion , in which t he l eaf a r ea - tota l N - tot a l dr y we i ght 

pathway dominated. Also , t h e l ink between t otal N and t ota l dry weight 

became stronger re l ative to t ha t between leaf area and tota l N (compared 

to treatment I 1 N0 ) wh i ch is consis t ent with a de creased influence (v i a the 

pr ov is i on of enerp.y) of l ec1 f a r ea on . accumul ation. l-l0\,1eve r, ener gy i s 

st i ll required fo r the as s imi l a tion of combined N. In the N1 treatments 

it is like ly that gr ow t h is l i mi t ed by factors other t han N, s uch a s 

environmenta l cond it i ons or th e phy s iologi ca l capac i ty of the plant to 

as s imilate ca rbon . 

Pa rt ia l corre lc1 t ions wer e ca lcul at ed involving leaf area , ro<lu l e 

dry weight or N2 [C 2 1l2 ] fix in g ac tivity, and total pbnt N, as fol l O\vs: 



Leaf :irca 

0.0; \z83 
Nodule dry weight--- Tota l N 

0 .42 

Leaf area 

0.07 

N2( C2ll2] fixing-------Tota l N 
activity 0. 32 

Superficially , this could suggest a weak direct link between 

leaf area m1d noclul c weight or Nd C2 11 2] fixing activj ty, ancl tha t leaf area 

j nfluences nodule weight via demand for N . I t was th ought that top 1l'ei.ght 

would better r epresent a deMand for N, so sets of partial corr e latjon 

coefficients 1·:ere calculated j iwo l vi ng top dry 1,·eight, nodule dry h'C'i ght or 

N2 ( C2 11 2 ] fixjng activity , and total N, as follmvs. (It could be :ngued., 

however , tl1at leaf area is a good indicator of accumulated N because of the 

hi gh concentration of N in the l eaves) : 

-O.s/op dry weig~-
93 

No<lu l e dry wei ght----Tota l N 
0. 77 

-0.)op dry weight 

~-9 1 

N2 [ C2ll2] fixing Total N 
activity 0.54 

The pnrtj c11 correlations between top 11eight and nodule wei ght or N2 [ C2 H2 ] 

fixing :ictivi ty became negatj vc , ancl those bct1veen to t al N ancl top weight 

becnmc rel:nivcly hi gher 1,hcn top dry 1,cight was includ ed in stcaJ of l eaf 

area. Th i_s suggests that the relationship beth·ccn leaf area and nodul e 
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dry wei ght involves something other than sjmp l y a demand for N for l ea f 

groh·th ;md th:-tt top h'e j ght docs better represent der1.ancl for ~ th m1 l eaf c1rea . 

Jn deed from t he hjo l ogic~1l stand point, lenf ur ea mu s t ,1 lmos t certa inly 

have a l ink to toi.:al N via N2 f.ixjng activity (as estimated by 

I 



nodule dry weight or N2[C 2H2] fixing activity), given that . the l i nk 

between leaf area and total dry we ight appears to be large l y indirect , 

via total N, as discussed prevj.ously . A set of second order partia l 

correlation coefficients was calculated including leaf area, nodu le 

dry \veight or Nd C 211 2] fixing activity, and tota l N, with the effect of 

top dry ,11eigh t (and hopefully its demand for ) removed, as follows : 

Leaf area 

o;/ ~ .31 

Nodule dry weight-------Total N 

0 . 67 

0

;/af area~-
47 

fixing--------Total N 
activity 

0 . 41 

(Effect of top dry 
\veight also he l d 
constant) 

(Effect of top dry 
weight also hel d 
const.arit) 

This had the effect of relatively increasing th e partial correlations 

between l eaf area and nodule dry \veight or N2[ C2J12l fixj1,g activity and 

decreasing those bet~een leaf area and total N, furth e r indicat ing that 

the relationship between leaf area and tot a l N involves more than merely 

a demand for N by the leaves . 
The seemingly poor link between leaf area and total N via nodu l e 

dry we ight or N2[C2H2] fixing activity could result from the fact that 

both nodule wei ght and N2[C2ll2] fixing activity are merely indices of 

symbiotic N2 fixing activity . Variability in specific nodule activity 

may reduce the accuracy of nodule weight as an index of N2 fixing 

activity,and the acetylene reduction technique as used in this experiment 

estimates rather than measures total N2 fixing activity . As indices of 

N2 fixing activity , ho,11ever, nodule weight and N2[ C2II 2] fixing activi ty 

were consistent with one another, being interchangeable with similar 

results (as i n this section and sectjon 2.4 . l) and having a corre l ation 

with one another of 0.71 . The second order partial correlation 

coefficient bct1vcen nodule dry weight and Nd C2 11 2] fixing activity , 

where the effects of both total plant N and tota l dry weight were held 

constant \vas , however, low (r 2p = 0 . 15) suggesting a weak direct l i nk 

between the two. In contras t the othe r measurements seem inherent l y 

more reliable , with total plant N providing a reasonably accurate 

156 



integration of N accum11lation , and hence N2 fixation (in the I 1N0 

treatment) over time, and leaf area reportedly (Sheehy et al. 1980b) 

being a good index of total plant carbon exchange rate. 

Thus , in sainfojn dependent on symbiotic N2 fixation , l eaf ar ea 

appe ar ed to be Jinked to total plant weight via total N rather than 

directly via carbohydrate supply. Although partia l correlations betwee11 

l eaf area and nodule weig11t or N2 [ C2ll2 ] fixing activity were l ow , t here 

was evjdence that the relatjonship bet\\1een leaf area and total 1 was not 

merely one of demand for N by the leaves , indicatjng that there must 

be a link bctl',r ccn leaf area and tota l 1 v j a N2 fixation. Tota l N, in 

turn , may limit the production of leaf area and total dry weight . 

2. 4.3 SUGGESTED LINKS BETWEEN LEAF AREA,NITROGEN FIXATION, TOTAL 
PLANT NITROGEN AND TOTAL PLANf-~TE°IGHT 

In sainfoin dep~nclen t on a s~nbiotically fixed N (I 1N0 trea tmen t ), 

t otal plant N appears to be a key factor controlling plant growth . This 

is to be expected in µlants whose growth \vas restricted by a shortage 

of N (section 2.2 . 2) . N2 fixing activity, as weasured hy nodul e dry 

weight or N2[ C2H2] fixing activity , appeared to be linked to t ot::11 dry 

weight via t otal plant N (section 2.4.1) . Leaf area a lso appeared to 

be linked to tota l dry wei ght via total plant N (section 2 . 4 . 2), i n 

contrast to the situation in the N 1 treatments \vherc th ere was ci 

substantial direct link between leaf area and total plant weight (section 

2 . 4. 2) . Assuming that leaf area is ac t ing mainly as an energy source 

rather than as a sink for N, as discussed in section 2 . 4 . 2 , the link 

between leaf area and total N must be via s ymbiot ic nitrogen fixation, 

since I1N0 plants were solely dependent on s~iliiotic N2 fixation for 

their supply of N. Evidence was found for a direct l ink between l eaf 

area and N2 fixing activity (as measured by nodule dry weight or 

N2 [ C2H2 ] fixin g activity) despite the low partial correlations between 

l eaf area and nodule dry weight or N2 [ C2H2 ] fixing activity (section 

2 .4.2) . Two possible sch emes of relationships, consistent wit h t he 

correlations and partia l correlations discussed in sections 2 . 4 .1 and 

2 . '1 . 2 , \vere envisaged (figs . 33 and 34) . Path coefficients were 

calculated ~s described in chapter II , sectjon 9 . 2 . 3 and these nre i ncluded 

in the schemes . 

In the fjrst scheme (fig.3~) NJ C2ll2 ] fixjng activity was :inc l uded 

rather th;:m nodule dry weight, as it was thought that N2 [ C21·l2) fixi ng 

actjvity may he a better index of current N2 f ix ing activity . 
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Fig. 33 Simplified path diagram for sainfoin dependent on symbiotic N2 fixation. 

*0 . 73 

Leaf area 
{',:--. 

\ 
\ 0.94 \ 

\ ** 
\ 

\ 

[ ] It O 76 \ 0. 65 ~ 
N2 C2 H2 f ixing----'--)Tot a l plant-----~ Total plant dry 

activr 69 N 10. 68 wt ·1 0. 4S 

* Path coefficients were calcu lated as exp lained in chapter I I , 
section 9 . 2 . 3. 

** The dotted arrow indicates the uncer t a~ 11 na ture of the direct l ink 
bet1veen tot al plant 1 and l eaf area . 

Th e r e l ative similarity of th e path coefficients between l eaf area 

and N2 [ C2 H2 ] fixing activity , N2 [ C2 J-!2 ] fixing activity and total pl ant '.'\, 

and total pl ant N and t otal p l ant dry weight is perhaps an indication 

of the simi l ar importance of each of these l inks and of the i mportance 

of this pathway. The weakness of the direct link between l eaf area 

and tota l dry weir;ht is again apparellt . 

Th e rel ative m3.gnitudes of th e path coeffi cients between l eaf arect 

and N2 [ C2ll2 ] f jxing activit y , NdC 2H2 ] fixing activity and tot a l plant 

N, and tota l plant N and l eaf area differ somewhat from the r elative 

magnitudes of the equivalent parti a l correl ations (section 2 . 4 . 2) . Thi s 

appears to be a result of the different procedures for calcu l atjng partial 

corre lation and path coefficients . 

A second more compl ete scheme, inc luding both nodul e dry weight 

and N2 [C 2 H2 ] fjxing activit~ was envisaged (fig.34). 



Fig . 34 Path diagram for sainfoin dependent on symbiot i c N2 fixat ion . 

0 . 45 

*and** 

* 

_ _ __ Leaf area 

0 . 89 
~, 

0 . 94 \. 
\ 

\ ** 
\. 

Nodule dry \. 

0.14 

weight \.\. 

j \ 0. 65 \ 
0 . 32 _ Total pl ant-------~Total dry 

1 0 . 76 ~ N i 
N 2 [ C2 H2 ] fixing ~ /~ 

activity I 0 . 68 0 . 45 
Al, 

0 . 67 

see fig . 33. 

This scheme enPbles a comparison of th e relative influences of leaf area 

directly, and nodule weight on N2 [ C2 H2 ] fixing activity . It appears 

that availability of ener gy has slightly more influence on N2 [C~H 2 ] 

fixing activity than nodul e dry weight. A direct link between nodule 

weight and plant N was not drawn because nodule wei ght .,wi thout N2 fixin g 

activity~cannot influence total N. 

In this experiment it has been found that total plant N is more 

c l osely linked to leaf area, and possibly total plant dry wei ght, in 

sainfoin dependent on symbiotic N2 f ixation than in sa:info in supp.lied 

with abundant combined N. The two hypotheses , suggested in section 2 . 4 . 2 , 

to explain the poor N2 fixing performance of sainfoin in this experiment 

are related to these findings . The first of these , that leaf area 

limits total plant N by limiting the energy available for N2 fixation 

is supported by the work of Sheehy & Hard ing (pers . cornm.) , who compared 

t he growth patterns of sainfoin and l ucerne over a summer regrowth 

period of 48 days . Sainfoin was found to produce approx imat e ly 32% 

less herbage than Jucerne . Leaf area indices of the two crops we r e 

markedly different , with that of lucerne being over two times great er 

than tha t of sainfoin . This high er l eaf area index of luccrne was 

reflect ed in higher rates of canopy photosynth es is. Total leaf we i ghts 

were similar in the two plnnt s , but specific l eaf area i n sainfoin 

was Jess than h.'.l l f of that in lucern e . Lucerne, because of its greater 
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l eaf area, appe ared to J1ave a greater capacity to intercept photosynthetically 

active radJation and assimilate carbon (Sh eehy et aZ . (1980b) found 

a very cl ose relationship bet\-,cen leaf area and total carbon exchange 

rate in l ucerne) than sainfoin, and this 1vas thought to result in the 

better perfor mance of luccrne and its syrnLiotic N2 fi xing system, 

con~ared to saJnfoin. Alt ernatively, however , it could be suggested 

that the better pei-formance of 1 ucernc resulted 1 at least in part 'i 

directly from a more efficient N2 fixing system . 

Thus, sainfoin is a plant which has a relatively low l eaf area in 

comparison to its total dry wci~1t. In a situation where it is dependent 

on symbiotic N2 fixat ion, N2 fixing activity may we ll be limited by 

the relatively poor (compared with lucerne) ability of the plant to 

assimilate carbon and provide energy for the process . Thus tot a l 

plant N would be l imited , which in turn would limit tot a l dry wei ght 

and f urth er l eaf area production. The weak direct link between l eaf area 

and tetal dry weight suggests that N i s limitjng growth rather th an 

carbohydrate supply directly. The schemes diagrammed in figs . 33 and 3~ 

are in accord with fi nd in gs indicatin g tha t s ymbiotic ~2 fixa tion is 

linked with energy use (e . g . ~b hon, 1977) and th at increases or 

decreases in photosynthate supply increase or decrease symbiotic N2 

fix ation (Brun, 1972 ; Streeter , 1973; Havel ka & Hardy, 1976 ; Phillips et al . 

1976; Sheehy e t al. 1980a; Vance, 1979)\.as discussed in chapter I, 

section 2 . 2 .1 . 

An alternative expl anation for the poor performance of sainfoin 

dependent on symbiotic N2 fixation could be tl1c:.t i t ha s a relatively 

ineffici ent N2 fixing system . Evid ence for this view was provid ed 

by experiment l(b) (section 3 . 1) and by the fac t that the molar ratio 

of C2H 2 fixed : N2 r educed , for sainfoin, is hi gher than the theoret ical 

r at io of 3 . 0 (section 2 .3.3). 

The findin gs of thi s experiment suggest that both of the above 

expl anations i. e . a relative ly poor capacity to assimilate carbon 

an<l a re l at i ve ly inefficien t symbiotic N2 fixing system, m:iy contribut e 

to the poor perfornwnce of scJinfoi n dependent on symbiotic N2 fixation. 

A ba l anced int erdepend ence between the photo syntlrnte supplying function 

of the l eaves and th e nitrogen supp l yin g function of the roots, as 

propo sed by Raper et: a l. (1 977) for soybeans and cotton, is indica t ed . 



3 EXPERIMENT l(b ) 

At day 80, t reatment 1~ 0 from experiment 1 (a) was divided into 

treatments N0 and NL (denoted N0 / N0 and N0 / NL r espective ly), and treatment 

N1 wa s divid ed into treatments Nr, and Nt (denoted N1/NL and Ni/N1 

respectively), as described in chapter II , section 2 .1 . 2 . N2[ C2H 2_] 

f ixing ac tivity was monitored regularly throu ghout the period day 80 to 

day 135 (fig . 35), and destructive harvests were carried out on days 121 , 128 

and BS. 

3 . 1 TREATMENTS No /No AND N0 / NL 

The effect of a low rate of combined Non symbiotic N2 fixation and 

growt h of sainfoin, previously dependent so ] e ly on symbiotic fixat ion for its 

N supply, was invest i gated by making comparisons between treatment s N~ / N
0 

and 

N0 /N r,. 
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The i ntroduction of a low rate of nitrate N (2. 5 m~l or 35 ppm) i n 

t reatment N0 / NL re su lted in an i mmediate decr ease in the l eve l of N2 [C2H 2] 

fixin g act i vity in plants previously dependent so l ely on symbiotjc \ 2 fixation 

for their N supply (fig. 35) . N2 [ C2H2 ] fixing act i vity in the N0 / NL trea t rient 

appeared to be l ower t han tha t in N0 / N0 treatment throughout the period day 80 

t o day 135 . Treatment by harves t ana lysis of variance (append i x 3) 

indi cated a si gnifjc ant treatment effect (F was significant 

a t t he 0 . 1% l evel) and th a t the overall n,ean N2 [ C2l-h ] fixi ng activ i ty in 

the N0 /N0 treatment was significantly higher (P <0 . 05) than that tn the N0 /~ L 

treatment . At individual assay times , treatment means were usua Jl y not 

si gn ificant ly different . This reduction in N2 [C 2H2 ] fixing activity 

occurred, even th ough there was a great deal of po t entia l for increased 

growtl1 in p l ants dependent on symbiotic N2 fixation in compari son to plants 

supp li ed with aJ equate combined (i.e . t reatment N1 / N1 plants) (table 18) . 

Ta bl e 18 Tota l dry we i ght (g per pot ) - Trea tment by harvest means 

Treatment --· 
Day Overa ll 121 128 135 means 

No/No 6.36a* 8 . 16a 9 . 75a 8 . 58a 

No/ 11 L 6.88a 8 . 64a 10.70a 9 . 03a 

N1 / NL 10.08b 12 . 30b 15 . 39b 12 . 96b 

Ni/ N1 10.04b 13 . 89c 18 . 79c 15 . 44c 

* r:i~:ures (h'ith i n h::nvcsts) fol 1 o;:ed by different l et ters <l i ffcr at the 
S~.; l cvc 1 of si gni fic:rnce (accord ing to standard error s of di ffere nces) . 
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Mean nodule numbers per pot are given in tab l e 19 . Over t he three 

harvests, nodule number in treatments N0 /N0 and N0 /Ni, were not sign:ificant l y 

different. However, ovcral 1 , and at each of the three dcstructj_ve harvests , 

nodule \,·eight in the N
0

/N0 treatment 1·:as signi fj cantiy higher t han in t he 

N0 /N1, treatment (t::=1ble 20) . Nodu l e weight :in both treatme nts i ncreased 

qui te rapidly over the final t1vo 1veeks of the experiment . Nodu l e dry 

,wight as a proportion of total dry weight , and as a proportion of root 

dry weight , was significantl)· higher in the N0 /N0 treatment than in t he 

N0 /NL treatment (table 21) . N2 [ C2H2) f:ixin g activity on a noclde dry 

1veight basis ,~as not significantly different bct1,·een treatments (tab l e ~J) 

and consequently . 12[ C2!1z) fixing activity pE'r t:ni t plant d1·y height 

,~as sig11ificantl)' higher in the N
0

/N
0 

treatment than in the K0 /:--!L treatment 

(t able 22) . The r atios involving nodule dry ~eight were calculaTed for 

day 128 because the most complete nodu l e weight data was collected at 

this harvest (chapter II , sections 6 .1. 2 , 6 . 3 . 2) 

Table 19 NodL•le r.L1mber ~rer pot ) - Treatment.. by hc.rvest means . 

Treatment 
Day 

121 12 8 
-

No/No 89a* 216c 

No/NL 58a 272d 

Ni/NL Oa B2b 

Ni/N1 I Oa Oa 

I 135 

229bc 

nob 

258c 

I Oa 
I 

1--
I 

I 
l 
I 

OvC'r a. 11 
means 

203c 

202c 

152b 

Oa 

* Fi gures (within harvests) follo~ed by different letters differ at the 
5% l evel of signifi cance ( according to standard errors of differences) . 

Tahle 20 Nodule dry weight (g per pot) - Treatment by harvest means 

Treatment 
Day Overal l 

121 128 135 means 

No/No 1 . 0lOc* 1 . 112c 1. 363d 1. 205d 

No/NL 0 . 472b 0 . 855b 0 . 808c 0 . 775c 

N 1 /~~ L 0 a 0 .048a 0. 373b 0 . 1'18b 

l\1/N1 0 a 0 a 0 a 0 a 
-

* Fi.gures (within h:nvests) followed by c.li.ffcrcn t J ettcrs dj ffcr a t the 
5~.; lc:vel of si.gnif icnnce (according to standard errors of differen ce :. ) . 



Table 21 Proportion of nodule weight and specific nodu l e activity 

Rati os , at Treatment means 
day 128 

No/No No/NL Ni/NJ. Ni/N 1 
-

Nodule dry wt: 0 .134d·-\· 0.099c 0 . 004b Oa Total dry wt. 

Nodule dry wt : 
Root Jry wt . 0.35 2d 0 . 263c 0 . 010b Oa 

Acety l ene reduction: 
Nodule dry 1,t . I 92.3 b 89.lb 81.4b Oa 

figures fol101vcd by different letters differ at the 5% l evel cf 
significance (according to standard errors of differences) . 

Table 22 N2 [ C2H2] fixing activity ( µM C2fl 2 per 2 hours ) 
per unit plant dry weight (g) . 

Day 
Treatment 

121 128 135 

No/No 8 .1 6c * 12 .62d . 10 . 56c 

No/NL 3 .69b 8.39c 8 . 26c 

N1/NL Oa 0.32b 4 . 56b 

N1/ N1 Oa Oa Oa 

Overall 
means 

11. lOd 

7 .57c 

1.68b 

Oa 
' . * Figures (~ithin l1 arvests) followed by different l etters differ a~ 
the Sgo l eve l of significance (according to standard errors of differences) . 
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Alth ough total plant dry weight in the N0/NL treatment was consistentl)· 

higher than in the N0/ N0 treatment at a ll three harvests , and in terms of 

overal l mean, the differenc es ,~(TC not statistically si gnificant (table 18) . 

Tota] dry weight in the N0 /N0 and N0 /NL treatments was significantly lower 

th an in the N1/N 1 and Ni/N L treatments. 

The introduction of a 10\v rate of combined N in the N0 / 'L treatment 

did appear to influence dry matter distribution in comparison to tl1e N0 /N0 

tr eatment . Overall mean top dry weight was significantly higher in th e 

N0 /NL than in th e 1''. 0 /N0 treatment (table 23) , and overal 1 mean root + nodu1 e 

dry i-·eight in the N0 /NL treatment was non-significantly lower than in the 

N0 /N0 treatment (table 24). Consequcmtly the top : root + nodule c.lry weight 

ratio jn the N0 /NL treatment 1,·as signj ficantly greater than in the N0 /N0 
treatment (table 2S ) . 



Tabl e 23 Top dry weight (g per pot) - Treatment by harvest means 

--
Day Overall Treatment 

121 128 135 means 

No / No 2 . 96a* 3.91a 4.88a 4.19a 

No/ NL 3 . 40a 4.49a 5 . 78b 4 . 74b 

Ni/NL 5. 68b 7 . 39b 8.85c 7 . 59c 

Ni/N1 6 . 30b 9.47c 12.85d 10 . 46d 

* 
.,. 
fi gures (1n tlnn harves t s) f ol l owed by di ffere nt letter s differ at the 
5% l evel of si gnificance (accordin g to s ta ndard errors of differences). 

Tabl e 24 Root+ Nodule dry weight (g per pot) - Treatment by harvest 
mea ns 

Day Overall Treatment 121 128 135 me an s 
-

I No/No 3.40 a* 4.24a 4 . 87a 4 . 39a 

No/NL 3 . 48 a 4 .15 a 4 . SJ2a 4.30a 

N1/NL 4. 41b 4 . 91b G. 54b 5 . 37c 

Ni/N1 :s . 7Sab 4 . 43 ab 5 . 95b 4 . 98b 

* Fi res 1, i t hi n harvests followed b ' di fferen t gu l ) ) l etters c i ff':' r a t the 
5% l eveJ of sign jficance (accor ding t o st andard errors of differences) . 

Table 25 To p: root + nodule ratio - Means at day 128 

Trea t ment 

No/ No No/N L N1/NL Ni/ N1 

Ratio of 
top dry wei ght: 
root + nodule dry 0 . 95a* 1.10b 1. 42 c 2 . 10d 
weight 

* Figures follo wed by diffe r ent l etters diffe r at the 5% level of 
significance (acco rding to standard errors of differences) 

Total plant N l evel s did not differ si gnificantl y between the N0 / N0 

and N0 / N1, treatments (t able 26), and neither did top or root N (N analyses 

were carr i ed out on day 128 and 135 harves t s only) . Tot a l percentage N 

also did not differ s i gnific antly between th e N0 /N
0 

and N0 /NL treatments 

(t able 27), and this was true al so fo r perccn toge N in t l1c t ops and roots + 

nodul e s . 

Th e r eduction in N2 [ C2 !! ? ] fixing activity, decrease in nodu l e weights 

and lack of si gni fi cant r e spons e in t e rms of tota l plant dry weight or 

total N on aclditi o1 1 of a lo1v r ate of N in th e N0 / NL trecitmcnt, sugges ts that 



the nitrate N supp lied was tending to replace rather th~1 supplement 

symbiotic N2 fixation in sainfoin. The main effect of the N0 /NL treatment 

appeared to be on dry matter distribution, with added combined N resulting 

in higher top weights, reduced nodule weights, similar root+ nodule weights 

and an increa sed top:root + nodule ratio. It coul<l be suggested that the 

higher top 1vcights , and thus presumably higher leaf areas (leaf areas 

were not measured , but were found to be reasonably hi ghly correlated with 

top ,~eight in experiment 2, see t able 17) j n the N
0

/ 1L treatment 

would benefit N2 fixation relative to that in the N0 /N
0 

treatment . 

However , no s11ch effect was apparent up to day 135, 55 days after the 

introduction of the N0 / NL treatment . Perhaps the time period was not long 

enough for the probably improved photosynthetic capaci ty of the plant to 

have an influen c e on the N2 fixing system . 

Tabl e 26 Tota l plant N (g per pot ) - Treatment by harvest means 

Day Overall Treatmen t 
128 135 means 

No/No 0 . 183a* 0.216a 0.199a 

No/NL 0.190a 0.218a 0 . 202a 

Ni/NL 0 . 227b 0.253a 0.237b 

Ni/N1 0 . 413c 0. 491b 0 . 444c 

* rigures (w1th1n harvests) followed by different l etters differ at 
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the 5% level of significance (according to standard errors of differences) . 

Table 27 Total % N - Treatmen t by harvest means 

Day Overall 
Treatment 128 135 means 

No/No 2 . 232b* 2. 203b 2 . 217b 

No/ NL 2. 221b 2 . 040b 2 . 146b 

Ni/NL 1. 853a 1.642a 1 . 754a 

Ni/N1 2.976c 2.660c 2 . 834c -

* fjgures (within harv es t s ) followed by different letters differ at 
the S~o level of significance (ac cording to standard errors of differences). 

The re sponse of sc1infoin, partjcularly thnt of its symbiotic N2 

f ixing system to a low rate of combined N is similar to that observed 

in birdsfoot trefoil (Allos & Bartholomew, 1959) . It was found that even 

at the lowest rate (80 mi per pot during 10 weeks growtl1) , application of 

combin ed N r esulted in c1 decrease in N2 fixation. Tl1e birdsfoot trefo i l, 

like sainfoin in this experiment, had ample potential for increased 

growth, with plunts supplied 1,ith a h -i gh rJ-te of combined N producing 



approximat e l y 1. 8 t i me s as rnuch dr y weight and 2.1 times as much N as 

plant s s ol e l y dep endent on symbiotic N2 fi xation for their N supply (Allos 

& Barth olomew , 1959) . 

Combined N, particu lar l y i n th e f or m of nitrate , has be en f ound to 

r educe N2 f ixing activity i n a wi de range of l egumes , a t l evels r angin g 
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f rom simi l ar to that in th e NL treatment of t his expe r iment, to consid e r ab l y 

h igher than t hi s (A ll os & Bartho l omew , 1955 ; Oghoghorie & Pa t e , 1971; 

Pate , 1977 ; 1-l oj j ati et a l. J. 978 ; Dean & Cl ark, 198 0; Won g , 1980). 

However, it has also been found t hat additions of N (ran ging f rom levels 

simil ar to th e NL leve l i n tl1is exper i ment to l evel s whi ch wou l d 

probably be suffi c ient t o t otall y suppress symb i otic N2 fi xation in 

s a i nfoin) can s t i mul a t e N2 fixati on in l egumes (Allos & Barthol omew, 1955 ; 

Allo s & Bar t hol omew, 1959 ; Cope l and & Pat e, 196 9; Hog lund, 197 3 ; Pate, 1976; 

Beth l cnfa l vay e t c l. 1978a). The benefi t of combined N to a N2 fixin g 

S)1nb i osi s i s t hou ght t o be j ndirect, coming via the gener a l stimu lus 

which added N may give t o p l ant growth (Pa t e , 197 6) . 

Thus , sainfoin c,ppe ar s t o behave di fferent l y to mos t other l egume s, 

in that N2[ C2HJ f::.:-:j ng activity \\'a s decreased b/ even a l o¼' r at e of 

combined N, s imil arly to the effect on birds f oo t t refoil obser ved by 

Allos & Bartholomew (1959). 

Thi s r espon s e to combin ed :J t ends t o support the hypothesis 

( section 2 . 4 . 2) that the symbiotic N2 fi xin g system of sainfo i n 

i s i n some way ineffj c ient and th at when c ombined N is supp lied it i s 

advan tage ous t o the p lant to subs titute t he co~bined :J for symbi otically 

fi xed N. Both sainfo i n and bird s fo ot t r efoi l ar e non bloa t in g J egumes 

cont aining tannins. It col\ld be t hat the relat i vely 1:. igh l ev e ls of 

t annins Khi ch they cont ain may have an adv er se eff ec t on the s ymb iotic 

N2 f ixing r e l ation ship, as speculated by Burt on & Cur l ey (1 968 ). 

Alternat i vely it could be argued that, because 6f it s 

r e l ative ly l ow LAR, it i s ad vant a geous for sain f oin to channe l ener gy i nto 

inc r ea s ing i ts l eaf area . The f ac t t hat combined N ,-.ras app li ed may have 

enabled p l ants in t he N0 / NL treat ment t o channe l carbon, norma ll y con s umed 

i n th e N2 f ixing proces s , in to product ion of l eaves, with no decl i ne in 

N status . 



The introduction of the N1 /N L t reatment, i n which p l ants formeTly 

supplied ,,·ith a hj gh rate of comb ined N (as nit r ate) ,,1ere intr oduced t o 

a low r a t e , rcsul ted in no<lulntion and the ini ti a t ion of N2 f C2 1! 2] fix i ng 

activhy (t11ble 19 , f i g .35) . 

fixatjon in the Ni/NL treatment may h,wc been de l ayed by the de lay in 

re-inocul atj on discussed in chapter II, sectj o n 2 . 1. 1. I n any event , 
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evjdence of nodul:1tion and N2[ C2H2) fix i ng activity was not observe d unt i l 

day 127 , 18 clays after re-inocu l a t ion . This i nt erva.1 between r e - inocul~1 tion 

and nodulation was s i milar to that observed bet~een i n it i a l inocul at i on 

and nodulation (chapter II I , 1 .2 . 6 .1). Once nodu l a tic n had occurr ed , 

nodu l e numbers increased very rap i d l y , and within a shcrt t i me the leve l 

of N2 [ C2!-!2 ] fixi ng activity \l'as approaching t hat of t h e N
0

/NL t r e:itmen t 

( f i g . 3 5). As part of the treatmeri.t by harves t analys i s r,f vari anc e 

conducted on data frow t h e destruc t ive harves t s on days 1 21 , 128 and 135 

Kas an analysis of varinnce of acety l ene r eduction data for the po t s 

destructively harvested on those days (table 28). At t he time of t he 

f i nal destructive harvest , N2 [ C21!2] fixing activi t y i n the N1/N L t r eatment 

was not significc1ntly lo11·er than t hat in the N
0

/:S:L t r eat mcnc . 

Table 28 N2[ C2H2 ] fixing 
harvest means 

dCti vi ty ( \ t~'! C2II2 per 2 hours) - Tr~a tment by 

Day I Oveyal l Treatment I 
1 21 1 28 t2:_I means 

No/No Sl. 6b* 10S.4c i 96 . 8d 

No/NL 25 . 4ab 72.~J 88.6bc 69. 8c 

N1/N L O. Oa 4. 0a 68 . l b 24 . 9b 

Ni/N1 O. Oa O. Oa O. Oa O. Oa 

* Figures (1~ithin harvests) follo1,:ed by different l etters diffe!' at the 
5% l eve l of significance (accordj ng to standard e rrors of differences) . 

Nodu l e number increased very rapid l y i n the N1/NL t rea tment dur i n g 

t he two ,;e eks over which <lestruc t i ve harves t s were conducted , to r each 

a level s j mi1nr to t hat in the N0 /N0 and N0 /N L t r eatment s by day 135 

(tab l e 1 9) . No nodu l es were found jn t he N1/N 1 treat men t . At day 135, 

nodu l e 1,•ei.ght jn the N1/NL t r eatment was st ill s j gnif i c;in t l y l ower ( P <0 . 05) 

than in treatment N1 /N L (table 20 ) . 

Th e total dry we i ght in t he Ni/NL t reatment was s i gnifi cantl y l owe r 

t han t hat in the Ni/N 1 trC'atment afte r day 1 2J (tab J e 18), inclicaU ng t hat 

t he NL r ate of N was insuffjci e nt to s ustain maximum growth o f sa in f oin 



under the condjtions of this experiment . To ta l dr y weight in bot h t he 

Ni/N1 and Ni/NL treatments \,as significantly higher t han on the N0 / N0 

and N0 /N L treatments . 

The red uction in l eve l of N supp l y i n t he l'.: 1 /NL r e l at i ve to the 

N1 /N 1 treat ment, as we ll as reducing t otal yi el d, also in fl uenced dry 

matter distri bution . In th e N1/N1 t reatncn t top dry weight was 

s i gnificant l y lo~er t han i n t he N1/N 1 t reatment (t ab l e 23 ) , but r oot+ 

nodule 1·:eight (in terms of overa ll mean) was significant l y h igher than in 

t he N1/N 1 treatment (tab l e 24) . Consequent l y top :root + nodul e we i ght 

r ati o was sign ificantly higher in the N1 /N 1 th~n i n t he Ni/h\ , t reatment 

(t ab l e 25 ) . Top dry weight i n both the N1 / N1 and N1/ N1 treatment s 

\,;ere signifi cant l y higher than in the N
0

/N0 or N0 /N1 treatment s (table 23) , 

as were over all rnean root + nodule weights (root + nodule \,eight = root 

weight i n the Ni/N 1 treatment) (table 24) . At two of the t hr ee individua l 

harves t s , hO\vevei· , root weight in the Ni/N 1 treatment was not s i gnific ant l y 

great er than r oot + nodule weight in the .1
0 / 1

0 and N0 /N1 treat men t s . 

Comparative t op growtL of tlie four treatments is sho1m in pl ate 11 . 

1~e total p!a~! N l eve l in the N1 /NL treatnent was signifi cantly 

and substantially, Jower than that in the N1/N 1 treatment , and 1-;as 

significantly hj ghcr than in the N0 /NL and 1
0 /t\ 0 treatments (table 26) . 

The l evel of top Nin the four treatments folloKcd a pattern very s i mi lar 

t o that of total plant N (table 29). 

we r e significru1tly lower than in treatment N1/N 1 and simi l ar t o tho se in 

treatments N0 /N0 and N0 /N L (table 30) . 

Ta bl e 29 Top N (g per pot ) - treatment by harvest mear.s 

day Over a ll 
Treat ment 128 135 means 

No/No O. l Ola* 0 . 120a 0.11 2a 

No/ NL 0.1 07a 0 . 128a 0 .11 6a 

N1/NL 0 . 148b 0 . 155a 0 .1 51b 

Ni/N1 0 . 284c 0.349b 0. 315c 

* Figures (withjn harvests) followed by different le t ters cl iffcr at t he 
5% l eve l o f significance (according t o standar d er r ors of diffe ren c e s ) . 
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Plate 11 Top growth in experi ment l( b) at day 122 
(left to r ight treatments N0 / N0 , N0 /N L, Ni /NL, N1/N 1) . 



Table 30 Root N (g per pot) - Treatment by harvest means 

Day Overall 
Treatment 128 135 means 

I-

No/No 0.082a* 0.096a 0.089a 

No/NL 0.083a 0.091a 0.086a 

N1/NL 0.079a 0.097a 0.086a 

N1/N1 0 .129b 0. 14 lb 0.136b 

* Pigures (within harvests) followed by different letters differ at the 
5% leve l of significance (according to standard errors cf diffeTences). 

Treatment by harvest, and treatment meru1s for total percent N are 

given in table 27. Percent Nin t he N1/NL treatment was significantly 

lower than :in all other treatments, and percent N in the Ni/N 1 treatment 

was significantly higher than in all other treatmen-l-s . Percent Nin both 
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tops and ro~ts + nodules followed patterns similar to tha t foT tota l peTcent 

N. 

The reduction of the rate of combined J\J app l1r_a.tion, from a rate which 

should have been fully adequate to meet the requiHments of the plant, 

to a low rate insufficient to sustain maximum growth of sainfoin, resulted 

in decreased plant dry weight, decreased total plant N and the initiation 

of nodul ation ancl symbiotic N2 fixation. There was also a marked change 

in dry matter distribution, with the top:root + nodule dry weight ratio 

decreasing in the N1/NL relative to the Ni/N 1 treatment . The decrease 

in total plant N in treatment Ni/NL relative to Ni/N1 was proportiona lly 

greater than the decrease in total dry weight in treatment N1/NL relative 

to N1/N1. This, and the fact that tota l percentage N was lower in the 

Ni/NL treatment than in any other treatment indicates that it was a 

shortage of N that resulted in the change in dry matter distribution and 

the init iation of nodul ation and N2[C2ll 2] fixation in the N1/NL treatment. 

The inf] uence of mode of N nutrition on the dry matter distribution of 

sainfoin has been discussed in r e lation to other legumes in chapter III, 

1.3 . 1.2 . A reduced top:root dry weight ratio in sainfoin dependent on 

symbiotic N2 fixation compared with sainfoin supplied with high rates of 

combine(I N has also been observed by Koter (1965a & b) . Similar effects 

have been observed Jn birdsfoot trefoil (Barta, 1979) and cowpea (Summerfield 

et aZ . 1977; Atkins et aZ . 1980) . In other legumes , however, such as 

red clover (Kotor , 1965a ) and s oybeans (Cassman et aZ . 1980), the mode of 

N nutrition was found t o have a relatively small effect on dry matter 

distribution. The effect of a re<luction in the supply of N to sainfoin 



in this experiment appeared to have a similar effect to that of the 

withdrawal of the supply of nitrate to nitrate fed Lupinus albus , which 

resulted in substantial changes in assimilate partitioning between top 

and root (Pate et al . 1979). 

3.3 CONCLUD ING COM MENTS - EXPERIMENT l(b) 

In section 2.4.2 it was hypothesised that the growth of sainfoin, 

dependent on symbiotic fixation for its supp l y of N, could be limited 

directly by an inefficient N2 fixing system, or indirectly, by a poor 

photosynthetic capacity which limits energy availability for symbiotic N2 

fixation. Experiment l(b) tends to support the formei- hypothesis 

although it by no means rules out the latter, as discussed in section 3 .1. 

M1en experiment l(b) is viewed in conjunction with experiments l(a) and 2, 

it seems likely that cl C'Jmbination of an inefficient symbiotic N2 fixing 

system and a poor photosynthetic capacity limit the growth and developme~t 

of sainfoin dependent en syn1biotic N2 fixation. 
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4 CONCLUSIONS - EXPERIMENT 1 (A & B), EXPERIMENT 2 

(a) The symbiotic N2 fixing system of sainfoin in these experiments was 

fotmd to be capable of fixing only approximately 43% of the amount 

of N which could potentially be used by the plant. This is a lower 

proportion than for many other le gumes . 

(b) Sainfoin was found to form abundant nodules, and nodule dry weight 

a proportion of total dry weight was equal to or greater than that 

reported for most other legumes . 

as 

(c) The specific activity of sainfoin nodules was found to be lower than 

that reported for most other legumes. It was observed that the 

central region of some large branched nodules was very dark red 

(almost black) rn colour with the more normal lighter red or pink 

coloured tissue towards their extremities. It may well be that this 

dark coloured tissue \·ras not actively fixing N2, and that where a 

lot of l arge nodules were present, a significant proportion of 

nodule tissue was not actively fixin g N2. 

(d) The growth of sainfoin entirely dependent on~ from symbiotic 

fixation was closely linked to indices of its capacity to fix 

atmo spheric N7 , namely nodule weight, N2 [C2H2] fixing activity and 

particularly total plant N. Indices of the N2 fixing capacity of 

sninfoin, particularly total plant N, were also closely linked to 

l eaf area. The -quantity of N2 be ing fixed appeared to be limiting 

plant growth, and leaf area appeared to be limiting symbiotic N2 

fixation. There appeared to be a close mutual dependence between 

the ability of the root nodules to provide N, and the leaves to 

provide energy. 
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(e) Evidence was found suggesting that the symbiotic N2 fixing system of 

sainfoin is inefficient compared with the better performed forage 

legumes such as lucernc and the clovers. Sainfoin was found to have a 

ratio of C2H2 reduced:N 2 fixed higher than reported ratios for l ucernc 

and clovers, but simiJar to Lotus nedunculatus . Causes of this 

rel atively high ratio in sainfoin could be net evolution of lh by 

nitrogcnasc or diurna l fluctuation in N2 fixing activity. A low rate 

of combined N was found to depress rather than stimulate N2[C2H2J 

fi xing activity in sa infoi n (similarly to Lot:1s corniculatus) and 



appeared to replace rather than supplement symbiotic N fixation. 

This further suggests tha t the symbiotic N2 fixing system of sainfoin 

is in some way inefficient. 

A conmmn factor between sainfoin and Lotus species is their 

relatively high t annin content. This perhaps contributes to 

inefficiencies in their symbiotic N2 fixing systems . 

(f) Sainfoin in these experiments tended to have lower values for LAR 

and top:root+nodulc dry weight ratio than those reported for other 

N2 fixing legumes. Thus, the ability of sainfoin to intercept 

photosynthetically active radiation, as expressed in leaf area, 

appears to be less than for some other legumes . 

(g) The mode of N nutrition influenceci the dry matter di~;tribution 

between top and root+nodule of sainfoin in these experiments more 

than reported for most other l egume s. Plants dependent on symbiotic 

N2 fixation for their supply of N s1.1bstantially :..ncreased the 

proportion of dry matte r allocated to root+nodul.e compared to 

plants supp:ied d _th abundant combined N. 

(h) In sainfoin dependent on symbiotically fixed N, there was 

a substantial amount of variability in total dry weight and the 

variables thought to influence it, namely leaf area, nodule 

dry weight, N2[C 2H2 ] fixing activity and total N. Thus, it should 

be possible, via plant breeding, to improve the N2 fixing and 

overall performance of sainfoin. 
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APPENDIX 1. PROPERTIES OF SAND 

(a) Container Capacity 

1950 g dry weight of sand, occupying 1140 cm 3 was packed into four 

pots. The container capacity , i.e. the amount of water held against 

gravity by the sand in the pots after saturation, was measured as follows: 

(i) Pots were saturated by immersing in water overnight. 

(ii) They were then covered with polythene sheets to prevent 

evaporative loss of water, and allowed to drain for 24 hours. 

(iii) The· amount of water retained by the sand in the pots was then 

determined by oven drying the sand from each pot to constant 

weight at 1os0 c. 
(iv) Container capacity, and moisture content at container capacity 

were calculated: 

Container capacity= 346 ml S = 2 , X 

Moisture content at container capacity= ~:.8%, S 
X 

(b) Bulk Density (pb) 

Pot bulk density= 1.71 g. cm- 3 

:::: 3G. 390, S 
X 

= 0.1 (by weight) 

= 0.2 (by volume) 

Pb for the determination of the moisture release curve and other 
- : properties was 1.80 g.cm S = 0. 04. 

X 

(c) Particle Density (pp) 
-3 p = 2.73 g.cm (Determined by the methods of Gradwell, 1971) 

p 

(d) Total porosity (Calculated from pb and pp) 

Tota l porosity in pots= 37.4% by volume 

Calculated total porosity of sand packed for determination of moisture 

release curve= 34 .0 7% by volume (S = 1.34). 
X 

The discrepancy is caused by the slight difference in bulk densities. 

(e) Air Space at Container Capacity 

Air space in the pots at container capacity was 37.4-30.3 = 7.1% by 

volume . This represents a volume of approximately 80 ml. \\Then pots 

were watered to 100 ml short of container capacity, air space was 16% 

(approx .) by volume. 

(f) Moisture Release Curve 

The moisture release curve (see Fig.2) was determined using the methods 

of Gradwe ll (1971). 



(g) Water Buffering Capacity 

The water buffering capacity of the sand was very l ow, at 3.06% by 

volume or 1. 71% by weight (Fig. 2). This means that plants could rapidly 

begin to suffer fr om moisture s tress when easily available water became 

exhausted. 

(h) Particle Size Analysis 
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Particle s i ze analysis was carried out by dry sieving through a stack 

of sieves on a shaker. The particle size distribution of the sand was 

as follows: 

- Particle Size Distribution of Wainuiomata Sand 

International USDA Size % by weight 
classification classification (mm) (air dry) 

Gravel Gravel >2 9.9 

{ 
Very coarse sand 1- 2 27 . 1 

Coarse sand Coarse sand 0. 5-1 37.9 

Medium sand 0 .25--0 .S 24.1 

Fine sand { Fine sand 0.1-0 . 25 1.0 

Very fine sand 0.06-0.1 trace 

Silt and clay < 0 . 06 trace 



APPENDIX 2. CHEMICAL ANALYSIS OF HERBAGE 
AND POT EXTRACT 
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The nutrient levels in sainfoin herbage did not change 

substantially over the period during which experiment 2 was harvested 

Mean values of herbage nutrient levels are given in table 2 .1 along 

with mean value s derived from analyses quoted by Baker et a"l. (1952), 

Thomas et al. (1952), Whitehead & Jones (1969), and Smith et al. (1974). 

The nutrient levels observed in sainfoin in this experiment were 

similar, or slightly higher in some instances than levels found by other 

workers. The levels of P in this experiment ,vere at the low end of 

the range values reported in the literature. There were, however, 

no obvious P deficiency symptoms i:1 the plants, and the levels of P 

remaining in solution at the end of an interval between nutrient 

applications appeared to be adequate (see table 2.2). 

The levels of s~me of the macro nutrients extracted from pots at 

the end of an inte-rval between nutrient applicztions is given in table 

2.2. At the end of the interval, levels of all nutrients appeared 

to be adequate and levels of some nutrients were higher than in 

the original nutrient solution, indicating that they were accumulating. 

The levels were not excessively high, although they would undoubtedly 

have been higher at the beginning of an interval between nutrient 

applications. 
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Table 2.1 Chemical composition of herbage 

Element Expt.2 Mean of l iterature Range of mean 
(N1 treatments) values literature values 

K (%) 2.56 1.62 1.08 - 2.1 

Mg (%) 0.37 0.32 0.17 - 0.54 

Ca (%) 0.78 1.06 0.9 - 1.48 

p (%) 0.22 0.25 0.22 - 0.28 

s (%) 0.36 0.26 0.24 - 0.28 

Cl (%) 1. 15 0.24 0.10 - 0.38 

Si (%) 0.11 

Al (%) 0.03 0.0102 0.0102 

Na (%) 0.62 0.03 0.01 - 0 .05 

Mn (ppm) 29.5 47.2 27.5 - 62 

Fe (ppm) 299.8 127 93 158 

Cu (ppm) 29.3 6.3 5 - 7 

Zn (ppm) 45.8 27 26 - 28 
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Table 2.2 Chemical analysis of pot extract 

Element Treatment m,g contained in pot Concentration at 
container capacity 

(ppm in solution) 

p I1N0 (S.E.) t 2.8 (0.8) 8.1 (2.4) 

N1 * (S . E.) 3.0 (0.6) 8.8 (1.8) 

IoNo (S. E.) 

K I1N0 (S. E.) 110 (20) 317 (57) 

N1 (S. E.) 86 (13) 248 (38) 

IoNo (S. E.) 93 ( 4) 269 (11) 

Mg I1N0 (S. E.) 7.37 (1.13) 21. 3 (3. 3) 

N1 (S.E.) 5.22 (0.92) 15.06 (2.7) 

IoNo (S.E.) 6 .93 (0.42) 20.05 (1.2) 

Ca I1N0 (S.E.) 52.6 lb.l) 151 (17) 

N1 (S. E.) 80 . 3 (15.9) 232 ( 46) 

IoNo (S. E. ) 58.8 (1. 9) 170 ( 6) 

* N1 represents both treatments I 1 N 1 and I 0 N 1 

t S . E. = standard error . 



APPENDIX 3 ANALYSIS OF VARIANCE OF 
ACETYLENE REDUCING ACTIVITY - EXPT l(b) 

SOURCE OF VARIATION DF ss SS% 

Treatment 1 3170.2 4.69 
Day no . 9 55884 . 1 82.68 
Treatment.day no. 9 2920 . 1 4.32 
Residual 20 5615.7 8.31 

Total 39 67590.0 100.00 

Grand total 39 67590 . 0 100 .00 

Grand mean 48.1 

Total number of observations 40 

* Variance ratio= F ratio 
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MS VR* 

3170.2 11. 290 
6209 . 3 22 . 114 

324.5 1.156 
280.8 

1733.1 




