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ABSTRACT 

Responses of oversown lotus (Lotus pedunculatus cv. 

Grasslands Maku), white clover (Trifolium repens cv. Grass

lands Huia) and Trifolium ambiguum (cv. Prairie) to establish

ment and maintenance P were investigated in a field trial on 

a moderately acid (pH 5.25) high country (700 m a.s.l.) 

Yellow Brown Earth at Mesopotamia Station, South Canterbury. 

Results showed that lotus consistently outproduced white 

clover and T. ambiguum, especially at low and moderate P 

1 . . 1 d d' t ha- 1 yr-1 app 1cat1ons. Mean tota ry matter excee ing 5 

-1 -1 for the two Trifolium species and nearly 6 t ha yr for 

lotus were recorded in the fourth year after establishment. 

Poor establishment, low plant population and unresponsiveness 

to applied P have resulted in T. ambiguum giving lowest yields 

in all P treatments. 

The greater productivity of lotus was associated with 

higher recovery of applied P from the soil. In terms of 

total and legume dry matter per unit P applied, lotus was the 

most efficient of the legumes. Critical percentage P for 

lotus (0.25 ~ 0.30% Pl appeared to be lower than white clover 

suggesting a lower 'internal functional requirement' for pin 

lotus. 

Lotus appeared to be capable of fixing as much N as 

white clover, but N transfer from lotus to the associated 

grasses was lower than from white clover. Nitrogen transfer 

from T. ambiguum was also inferior to white clover. Thus, 

grass dry matter yields were always highest when associated 

with white clover. 



In another field trial, the distribution of root 

activities of the three legumes was investigated by place

ments of carrier-free 32P in the soil profile around two-

year-old spaced planted plants. Results showed that both 

lotus and white clover root activities (approximately 75% 

and 64% respectively) were concentrated largely within the 

top 5~7 cm from the soil surface., However, lotus root 

activities extended over a greater distance laterally (12 cm 

or more) lhan white clover, thereby exploring a larger soil 

volume. Less than 50% of T. ambiguum root activity was 

found in the surface horizon, and much of its root activ

ity (approximately 65-70%} was confined to a radius of 5 cm 

around the plant. Since most of the applied P accumulated 

in the surface horizon, more than 90% of the total P absorbed 

by each legume was derived from the surface soil horizon. 

The contribution of the.suosoil to the overall P nutrition of 

the legumes was ne9ligible. 

Phosphate responses and the efficiericy of roots ~n P 

uptake (? absorbed per unit wei9ht roots} in the legumes were 

also compared in solution culture experiments. Over a range 

of P concentrations (l-50 pM) lotus yields were significantly 

higher than the Trifolium species. Comparisons of the rate 

32 of P-labelled phosphate uptake· showed lotus roots to be more 

efficient especially from very dilute external P solutions. 

· Root length per unit root weight and percentage of absorbed 

p translocated to shoots did not differ significantly between 

lotus and white clover. Disruption of P supply (distilled 

water pretreatment) prior to uptake experiment stimulated a 

greater increase in the proportion of absorbed P transferred -

to lotus shoots. Root length per unit weight for T. ambiguum 



was significantly shorter and root diameter larger than the 

other legumes. Efficiency of P uptake by T. ambiguum roots 

and translocation of absorbed P to the shoot was also infer

ior. 

The possible reasons for the differential growth 

responses between the three legumes were discussed in terms 

of: 

a) the efficiency of P recovery (percentage applied P 

recovered in herbage) which is a function of root 

architecture, root morphology and root cellular uptake 

mechanisms: 

b} the transfer of absorbed P to shoots and its subsequent 

utilization (P utilization quotients) for dry matter 

production. 

The potential for improving the efficiency of fertiliser 

usage through selection of P-efficient plant characters was 

briefly discussed. Suggest.ions were made .. for- fur:ther research 

and assessment of lotus and T. ambiguum for hill country pas

ture development. 
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CHAPTER I 

INTRODUCTION 

The importance of legumes to pasture production in 

New Zealand is two-fold. Firstly, and most importantly,is 

the ability of the legume to fix atmospheric nitrogen (N), 

1 

. which., when ultimately made available to the associated 

grasses, eliminates the dependence of the system on cost 

prohibitive nitrogenous fertiliser. Secondly, the inclus

ion of legumes in pastures dramatically improves the quality 

of the herbage for livestock (Smetham, 1977). 

Fertiliser usage in New Zealand is therefore aimed at 

maximising legume vigour in a pasture sward and is almost 

entirely confined to non-nitrogenous fertilisers (mainly 

phosphates) and lime. However, the typically widespread 

ryegrass/white clover pasture association has an inherent 

inefficiency due to the high nutrient.requirerr.ents and pbor 

competitive ability of clovers for phosphate (P) and other 

nutrients. With the steadily increasing costs of phos-

phatic fertilisers and their application, and the eventual 

prospects of P resource depletion (Tinker, 1977), there is 

a growing emphasis on improving the efficiency of phospbatic 

fertiliser us~ge. Consequently, the possibility of reduced 

phosphatic fertiliser input into grassland farming without 

seriously affecting production has received considerable 

attention. In a grazed pasture system, improving the 

efficiency of dry matter production per unit P applied can 



, 

2 

mean either maintaining shoot yields with a decreased Pin

put or increasing yields while the rate of P input remains 

unchanged or ultimately increasing yields with a decrease in 

P input (Caradus, 1980). One way of achieving this is 

through the selection and use of pasture species and culti

vars with lower nutrient requirements, better competitive 

ability and a greater ability to recover and/or efficiently 

use the recovered P. 

Lotus pedunculatus (cv. 'Grasslands Maku') and Tri

folium ambiguum (cv. 'Prairie') are two legumes known to 

have adapted to low fertility conditions and have lower P 

requirement than white clover. Maku lotus has been shown to 

yield more than white clover under conditions of low avail

able P (Brock, 1973; Caradus, 1980) and on acidic low 

fertility soils (Scott and Mills, 1981). The latter 

is thought to be associated with its ability to tolerate high 

levels of aluminium (Al) in the soil (Nordmeyer and Davis, 

1977) . While lotus can tolerate and grow under low P 

levels, it is also very responsive to phosphatic fertilisers 

even at very low rates (Lowther, 1977, 1980). Several 

other attributes such as its non-bloating properties (Jones, 

Lyttelton and Clarke, 1970) and its resistance to_ grass grub 

(Farrell and Sweney, 1972) and porina (Farrell, Sweney and 

Jones, 1974) make Maku lotus a potentially valuable compon

ent for pastures especially in hill country pasture improve

ment (Anon., 1980). Trifolium ambiguum is a perennial plant 

and has a highly rhizomatous habit with a deep taproot system. 

Like lotus, it has been reported to grow in acidic conditions 

(e~~- pH 4.9) and.is-known to p~rsist ~ith restricted P leve~s 

(Barnard, 1972). Once established, T. ambiguum builds up 
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substantial root reserves (Spencer, Hely, Govaars, Zorin and 

Hamilton, 1975) which enable it to survive hard grazing and 

dry summers. Its rhizomatous and deep rooting habit may 

also confer an advantage on T. ambiguum in infertile soils. 

In view of the potential of these two legumes for 

improving the efficiency of phosphatic fertiliser usage, the 

present study was undertaken to evaluate the P respons& and 

productivity of Maku lotus and T. ambiguum in relation to 

white clover (Trifolium repens cv. 'Grasslands Huia'). 

This was done in a field trial on a moderately acidic Yellow 

Brown Earth (YBE) at Mesopotamia Station. The primary aim 

was to establish if lotus and T. ambiguum are indeed more 

productive than white clover over a range of establishment 

and maintenance P applications. 

Chapter III. 

Results are reported in 

The second major objective of the studywas to investi

gate and possibly identify some of the factors which have 

contributed to the differential growth responses between the 

three species. Under conditions where Pis limiting, variat

ions between the three species in growth responses and pro

ductivity can result from either differences in their ability 

to absorb P from the external medium and/or differences in 

their ability to utilise the recovered P for growth and de

velopment. 

Since root architecture directly influences the capacity 

of a plant to explore and exploit the soil mass for P, a field 

experiment was established to investigate the relative size 

and distribution of the root activities of the three legumes 

and the relative contribution of subsoil P, if any, to the 

total uptake by plants. Seedlings were spaced r,lanted in 
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plots fertilised with a range of establishment P so that 

individual plants could be easily identified. By injecting 

32
P-labelled phosphate into the soil profile, the distribut

ion of root activities and relative P uptake from various 

soil horizons can be estimated. Results are presented in 

Chapter IV. 

The capacity for P uptake by plants may also be re

lated to an inherently more efficient uptake mechanism at 

the cellular level in the roots. The subsequent translocat-

ion of absorbed P to the shoot and the efficiency by which P 

is metabolised in terms of dry matter production also in-

fluences the overall P efficiency of a plant. To avoid 

complications arising from soil acidity (e.g. aluminium 

toxicity), these aspects (efficiency of root uptake and 

translocation to shoots) were examined in nutrient culture 

experiments. Using young seedlings grown in nutrient 

solution, the efficiency of plant roots to absorb 32P

labelled phosphate from a wide range of concentrations WM 

compared. By using whole seedlings rather than excised 

roots, translocation of absorbed P to plant shoot could 

also be assessed. Relative growth rates, shoot P utilizat-

ion quotient and root measurements were made in an experiment 

comparing growth responses of the three species to increasing 

P concentrations in solutions. These results are presented 

in Chapter V. 

The discussion (Chapter VI) focusses on the possible 

reasons for the differences between the three legumes and 

the potential for improvement through selection for these 

plant characteristics. 
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CHAPTER II 

LITERATURE REVIEW 

2.1 Phosphorus in Plants 

Phosphorus is one of the four essential major nutrients 

occurring in both organic an"d inorganic forms which constit

ute a varied and complex_ group of compounds in plants (Arnon, 

1953) . The normal phosphorus concentration in plants 

ranges from 0.2 to 0.8% of the dry matter. over 60% of the 

phosphorus may be in a water soluble form and of this some 

is present as inorganic phosphates (Sauchelli, 1965). The 

proportion of organic and inorganic phosphates, like total 

phosphorus concentrations, varies widely depending on the 

plant part tested, age of the tissue and to some extent, the 

nature of the extractant. 

fhosphorus plays a key role in the ene!9Y metabolism 

and the structural make-up of plants. L~ght energy or 

ene!gy from respiratory metabolism is trapped in phosphate 

compounds, the physiologically useful ene!gy bei~g stored as 

high energy phosphate bonds such as found in ATP and reduced 

coenzymes, NADPH (Gauch, 1972). These compounds provide the 

energy for the _assimilation of co2 into carbohydrates, the 

reduction of N03 and No2- to form the amino_ group of amino 

acids, the synthesis of fat and protein and virtually all 

other cellular functions. 

Phosphates also occur in sugar phosphates, various 

nucleotides, phospholipids, nucleoproteins, nucleic acids 



and coenzymes. Phosphorus occurring as nicotinamide 

adenindinucleotide (NAD) and NAD-phosphate is concerned 

with H+ transfer that occurs as steps in the Kreb cycle, 

glycolysis, pentose cycle and many other metabolic path

ways (Arnon, 1953; Gauch, 1972; Hewitt and Smith, 1975). 

As a constituent of nucleoproteins, phosphorus is 

vitally needed .in cell division and the transfer of genetic 

information via the chromosomes. Phosphorus is an import-

ant component of phospholipids, the structural basis for 

all cell membranes. 

Of all plant organs, seeds are probably the strongest 

phosphate sink and phosphates are accumulated in high con-

centrations in seeds. Most of the phosphorus is stored in 

seeds as phytic acid or its calcium (Ca), or magnesium (Mg) 

salts, phytin (Epstein, 1972). At germination, the enzyme 

6 

phytase releases the phosphorus from these organic compounds. 

The role of phosphorus in metabolism of plants and animals 

is comprehensively covered by McElroy and Glass (1951, 1952) 

and Arnon (1953). 

2. 2 Phosphorus Deficiency - Sympto·ms and Effects 

Like all other major nutrients, phosphorus deficiency 

is marked by stunted growth, suppression of elongation, ex

pansion, lateral bud development or tillering and delayed 

flowering leading to poor yields {Arnon, 1953). The first 

symptom of deficiency often appears on plants as a deep 

green sometimes blue-green colouration on the leaves (Ep-

stein., 1972; Hewitt and Smith, 1975). Increasing phos-~ 

phorus deficiency induces, in many plant species, the format-
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ion of anthocynin pigments resulting in a red-purple 

colouration on the leaves and/or sterns (Gauch, 1972). In 

both white clover and T. ambiguum, severe phosphorus 

deficiency shows up as purpling of the older leaf margins 

and petioles and in white clover, the stolons as well. In 

lotus, purpling is often more pronounced in the stems than 

leaves. Purpling, however, is not indicative solely of 

phosphorus deficiency since this symptom is also associated 

with B deficiency in clovers, Mg deficiency in cotton 

(Gauch, 1972) and K deficiencies in some plants (Jarvis, 

pers. comm.) . 
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Since P has a vital role in the energetics of metabol

ism and biosynthetic processes in plants, its deficiency 

would cause immediate and severe disruptions of metabolism 

and development (Reid and Bieleski, 1970). Morphological 

changes in intracellular structures have also been noted 

(Hewitt and Smith, 1975). In P-deficient plants, accumulat

ion of soluble nitrogenous compounds such as soluble amino 

acids and their amides have been reported by several workers 

(Freiberg and Steward, 1960; Rajan, Pandey, Srinvastava 

and Laloraya, 1962; Nowakowski, Mattingly and Lazarus, 

1977). This has been attributed to lack of protein syn-

thesis. Although there are significant changes in the free 

amino acid composition, the amino acid composition of plant 

proteins does not appear to be affected (Nowakowski et al., 

1977). 

2.3 Phosphorus and New Zealand Pastoral Agriculture 

Many New Zealand soils are naturally infertile, .and 



plant and animal production on most New Zealand soils is 

restricted by one or more nutrient deficiencies, mainly N, 

P, Sand/or certain micronutrients (Saunders, 1980). 

In New Zealand pastures, reliance is placed on the 

legumecomponent (usually white clover) of a grass-legume 

association to fix atmospheric N to meet the N requirements 
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of the system (During, 1972; Cooper and Morris, 1977). To 

this end, fertiliser and management practice aims to stimu

late and encourage maximum legume growth and vigour (Smeth

am, 1977; Brougham, Ball and Williams, 1978), and con

sequently maximum N fixation. The fixed N eventually be

comes available to the associated grasses through various 

N-transfer processes (Scott, W.R., 1977; Vallis, 1978) and the 

fertility and productivity of the soil is increased. Hence 

each year fertiliser elements such as P, Sand other neces

sary nutrients are applied liberally on pastures to ensure 

good legume growth. This basic principle of the introduct

ion of high-producing legumes after the correction of nut

rient deficiencies applies for pasture establishment and im

provement on both flat lands (During, 1972) and hill country 

(White , 19 7 7 ) . 

After N, Pis the next most widespread deficient nut

rient in New Zealand (Scott, W.R., 1977) and the heavy reliance 

on P is evident by the fact. that after oil and its products, 

Pis New Zealand's biggest raw material import (McMillan, 

1980). Although comprising only 0.3% of the world's land 

area, this country uses 2% of the world's fertiliser product

ion (New Zealand Year Book, 1980). This represents about 

1.2 million tonnes of phosphate a year, worth more than 

$100 million (McMillan, 1980), and this figure is likely to 
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increase annually given current trends. 

2. 4 The Grass-White CloveY As·sc·ciation 

The pastures of New Zealand are typically ry~grass-

white clover associations. The following survey examines 

the role of white clover in this system and the potentials 

of other legumes, namely Maku lotus and T. ambiguum in such 

a role. 

The role of white clover in grass-legume associations 

has been well documented by Bro~gham and Jackman (1974), Scott, 

W.R., (1977), Smetham (1977), Brougham et al. (1978) and 

Newbould and Haystead (1978). 

Nodulation of white clover after establishment is not 

normally a problem in moist temperate environments. Seed 

inoculation and pel,leti!)-9 have helped overcome white clover 
1probl.~jt:$.I 

nodulation and survivalAin more difficult environments 

(White, 1977). Once established," white-·clover is a very 

effective provider of N, capable of very high N-fixi~g rates. 

-1 -1 · . · 
Rates of up to 68-0 kg N ha yr have been reported during 

the early phases of pasture development (Sears, Goodall, Jack-

man and Robinson, 1965). On relatively developed pastures, 

data collected from a. grazing trial sites throughout New Zea-

-1 -1 
land showed rates rangi~g from 107 to 392 ~g ha yr depend-

i~g on soil moisture and temperature (Hoglund, Crush, Brock, 

Ball and Carran, 1979). 

Nitrogen transfer from white clover to the associated 

grasses is superior to that from other legumes (Sears, Lam

bert and Thurston, 1953; Brock, 1973; Hoglund et al., 

19 79) • This has,been attributed to the more rapid turnover 
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of roots and root growth (Butler, Greenwood and Soper, 

1959; Evans, 1977), although the greatest transfer of fixed 

Nin grazed pastures occurs through the grazing animal via 

dung and urine {Newbould and Haystead, 1978). 

White clover is also a preferred and highly nutritious 

herbage for livestock. Compared to grasses, white clover 

has higher crude protein content, higher levels of digest

ible energy and higher mineral content of Mg, Ca and Fe. 

Voluntary intake by animals of all feed is increased if 

white clover is a component of the diet (Thomson and Raymond, 

1970). 

White clover is therefore widely used in pastures 

wherever climate and soil conditions allow good survival and 

under close continuous grazing it is the most productive and 

persistant legume (Smetham, 1977). 

2.5 Limitations of White Clover as a Pasture Legume 

It is well established that white clover, and in fact 

most pasture legumes, are poor competitors for nutrients and 

water when grown in mixtures with grasses (Donald, 1963). 

This poor competitive ability has been demonstrated for S 

(Walker and Adams, 1958), N (Walker, Adams and Orchiston, 

1956), K (Blaser and Brady, 1950) and P (Mouat and Walker, 

1959; Ja~kman and Mouat, 1970, 1972a, 1972b; Barrow, 

1975; Metherell, 1979). Yield suppression of clover 

growth depends on the aggressiveness of the companion grass. 

For example, browntop (Agrostis tenuis) is more aggressive 

than ryegrass (Lolium spp.)_ or cocksfoot (Dactylis glomerata) 

as a competitor for P (Mouat and Walker, 1959). Browntop 
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also accelerates soil moisture loss and reduces P availability 

to white clover by increasing soil moisture tension (Jackman 

and Mouat, 1972b). 

The poor competitive ability of white clover for nut

rients may be partially explained by its root reorphology. 

Evans (1977) has shown that legumes in general have a lesser 

proportion of total plant we~ght in the feeding roots. Their 

roots are shorter and thicker with fewer and shorter root hairs 

compared with grasses. Grasses are therefore several times 

more effective in e~ploring the soil for nutrients (Evans, 

1977; Barrow, 1975). Therefore, unless given favourable 

management, grasses become dominant and suppress clover growth 

leading to declining dry matter production as a result of lower 

N-fixation by clovers. The poorer competitive ability of 

clovers also means lower efficiency of phosphatic fertiliser 

usage since large quantities are needed in order that demands 

of grasses be satisfied with ample supply left over for clover 

growth. 

Obviously, the better the legume is in competing for 

nutrients, notably P, the more efficient th~ system would be 

since the amount of N fixed per unit P applied would increase 

with increasing competitive ability of the legume component. 

Consequently, breeding programmes and large-scale screening of 

white clover plants are being carried out to find plants that 

will compete more effectively for P and other nutrients (Cara

dus and Dunlop, 1978; Caradus, 1980; Caradus, Dunlop and 

Williams, 1980) . 

In very dry environments, survival of white clover in 

summer is poor. Under such conditions, annual clovers or 
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medics usually replace it as the sown legume. Its relatively 

high demand for soil nutrients and its preference for moderate 

soil acidity and high exchangeable Ca levels (Levy, 1970) pre

cludes white clover as a pioneer legume on low fertility 

highly acidic soils and this is particularly so where aluminium 

(Al) and other toxicity problems are present (Davis, 1974; 

Nordmeyer and Davis, 1977) •. Other less obvious but important 

problems associated with white clover-grass pastures are bloat 

and insect pests. In spring, even small proportions of white 

clover in pastures can cause bloat which in New Zealand is 

responsible for the death ot approximately 0.75% of the total 

dairy stock annually (Clarke and Reid, 1974). Bloat, however, 

is not a major problem in hill country farming. White clover 

is also particularly susceptible to grass grub (Costelytra 

zeal~ndica White.} damage, which is often so severe that the 

clover is eliminated and the sward rapidly regresses to low 

fertility grasses and weeds (Kain, Atkinson and Douglas, 1975}. 

Despite these limitations, white clover is still a high-~ 

producin9 legume, well adapted for close and continuous graz

ing in environments where annual rainfall is over about 650 mm 

with no prolonged summer drought and where soils are relatively 

;fertile or only moderately acidic (Smetham, 1977). Under 

these conditions, such as in the plains and lowlands, a sub

stitute for white clover is hard to tind. However, in environ

ments that could not support white clover or in conditions 

where it is both difficult and expensive to establish and main

tain white clover, the feasibility of using other legumes must 

be examined. 

T, ·~mbi:guum. 

Two of these legumes are L_otus pedunculatus and 
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2.6 Lotus pedunculatus as a Pasture Legume 

Among the Lotus species, Lotus pedunculatus is the most 

abundant in New Zealand, and is found in wet, poorly drained, 

low fertility soils throughout both islands (Healy, 1976; 

Levy, 1970). Although adapted to such conditions, it is 

relatively low producing in these conditions and will respond 

well to fertiliser applications, notably P (Smetham, 1977). 

Breeding and selection by the Grasslands Division of 

D.S.I.R. for improved seedling v~gour and establishment and 

for extended seasonal production has led to the release in 

1973 of the tetraploid cultivar 'Grasslands Maku' (Armstrong, 

1974). It was the result of hybridization of New Zealand 

and Portuguese lines and has a seed size and weight almost 

double that of the old diploid lines. Increased seedling 

vigour (Armstrong, 1974) and improved establishment of Maku 

in the field.(Lambert, Boyd and Brock, 1974) has been noted. 

The_ growth habit of Maku lotus and its performance.under defol

iation regimes have been reported (Sheath, 1978, 1980a, 1980b). 

Numerous other studies evaluating the potentials of lotus, 

especially Maku, as a pasture legume have also been reported 

(Brock, 1973; Lowther, 1977, 1980; Metherell, 1979; Scott 

and Mills, 1981). 

The growth and N-fixing capacity of pure stands of white 

clover and Maku lotus was compared in a field trial (Brock, 

1973) on a recent alluvial soil, pH 6.1 but low in available 

nutrients. Lotus was slower to nodulate during establishment 

but once established it was capable o·f N-fixation rates similar 

to if not better than white.clover. Annual N-fixation rates 

ranging from 410-590 ~9 N ha-l (herbage+ soil) for lotus and 
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400-570 kg N ha-l for white clover were recorded depending on· 

the amount of P applied. In terms of dry matter production 

lotus outyielded white clover by 24% and 43% in the second and 

-1 
third years after establishment with 250 kg superphosphate ha • 

-1 
However, when established with 1250 kg superphosphate ha , 

white clover yielded 10% and 13% more than lotus in the respect-

ive years. The higher dry matter production by lotus at the 

low P treatment was attributed to its greater ability to take 

up P from the soil. 

On an acidic (pH 4.6) upland Yellow Brown Earth, estab

lishment of lotus was poorer than white clover with or without 

added lime (Lowther, 1975, 1977) and it was during the third 

year before its full potential became obvious. Despite earl-

ier poorer establishment, lotus then outyielded white clover 

-1 -1 
by 2-4 times with 300 kg superphosphate ha yr This ad-

vantage of lotus was maintained even with 600 kg superphosphate 

ha-l yr-l 

Liming increased the establishment of both white clover 

and lotus (Lowther, 1977). It also increased white clover· 

yields but not lotus yields or total yields of lotus-white 

clover mixtures. In the mixed sward, liming increased white 

clover yields at the expense of lotus by lowering the contribut-

ion of lotus to total dry matter from 35% to 14%. At both 

high and low P applications, yields from lotus grown alone was 

better than lotus-white clover mixtures, which in turn was 
' 

better than white clover alone especially in the absence of 

added lime (Lowther, 1977). When white clover is present, it 

appears to compete for P, which would otherwise be available to 

the more productive lotus, thus reduci~g lotus yield. Under 



conditions which favour white clover growth (e.g. high pH 

soils, lime and P applications), competition from the clover 

markedlyreduced lotus production (Brock and Charlton, 1978). 
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In another field trial, lime was added to raise the pH 

from 4.2 to 4.5 on a podzol (Lambert et al., 1974). The 

growth of five varieties of lotus was be~ter than white clover 

but grass production associated with white clover was higher. 

Harris, Brown, Turner, Johnston, Ryan and Hickey (1973) also 

found that the yields of lotus were significantly better than 

white clover after the first year but grass yields associated 

with white clover were greater, so that total yields of the 

swards associated with the two species were not significantly 

different. 

Several pot trials compari~g P responses of white clover 

and lotus (Meares, 1975; Gibson, Hayes and Laidlaw, 1975; 

Davis, 1974; Nordmeyer and Davis, 1977; Metherell, 1979) 

have shown that lotus is very.responsive to P applications and 

produces more than white clover in acidic soils low in P avail-

ability. On a moderately acid soil (pH 5.4), Maku lotus was 

superior to white clover at all rates of applied P ranging from 

-1 0-80 ~g P ha (Meares, 1975). This has been attributed to 

the ability of lotus to form large numbers of fully effective 

nodules especially at low Prates. 

The advantage of lotus on acidic subsoils where Al 

toxicity and P deficiency are factors limiting plant. growth 

was clearly demonstrated by Nordmeyer, Lang and Roberts (1974), 

Davis (1974) and Nordmeyer and Davis (1977). They found in a 

pot trial that white clover requires twice as much Pas lotus 

for maximum growth and in the field, lotus yielded 3-10 times 
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more dry matter than white clover in the third year after es

tablishment. Aluminium concentrations in white clover shoots 

were much higher than lotus especially at low rates of added 

P. Total Al uptake was lower in lotus and of the total, lotus 

transported only half as much as clover to the shoots. Lower 

Al concentrations in lotus tops have also been reported in 

field experiments (Lowther, 1980; Scott and Lowther, 1980; 

Morton, 1981). The N:P ratio was consistently higher for lotus 

than white clover, suggesting that P was used more efficiently 

than clover for fixing N (Nordmeyer and Davis, 1977). How

ever, despite the greater total N fixed, more grass grew in 

association with white clover which suggests that N-transfer 

by lotus to grasses is poorer. Thus, the better growth of 

lotus on low fertility acid soils has been attributed to its 

ability to tolerate high levels of available Al and an ability 

to make relatively efficient use of P for N-fixation and growth 

(Nordmeyer and Davis, 1977; Scott and Lowther, 1980). 

Unlike most other legumes, lotus has not been known to 

cause bloat in grazing animals (Jones, Lyttelton and Clarke, 

1970) . Bloating is mainly caused by the formation of a 

stable protein foam in the rumen of_ grazing animals (Ulyatt, 

Lancas~ire and Jones, 1977). Feeding trials have shown that 

lotus and sainfoin can prevent bloat because of the presence 

of condensed tannins or flavanol polymers in the plants. 

These compounds prevent foaming of soluble plant proteins by 

forming insoluble complexes with the proteins in the rumen 

(Ulyatt et al., 1977; Jones and Lyttelton, 1971; Ross and 

Jones, 1974). These complexes also increased the nutritive 

potential of the legume by reducing deamination of proteins in 
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the rumen by bacteria therefore reducing ammonia loss. 

Maximum binding of tannin with plant proteins occurs at pH 

5-7 in the rumen but the proteins are released from the com

plexes at pH 2-3 in the duodenum, therefore becoming available 

for digestion again (Ulyatt et al., 1977). Feeding a mixture 

of lotus with other bloat-causing l~gumes will greatly reduce 

foam production in the rumen. Although-lotus is a very 

palatable plant with in vitro digestibility of 83% relative to 

85% in white clover (John and Lancashire, 1981), the nutritive 

value of lotus is lower than white clover. Live-weight gains 

of lambs on white clover was 23% h~gher than on lotus (Ulyatt 

et al., 1977). John and Lancashire (1981) rep~rted feeding 

values of 87 for lotus to 100 in white clover. 

Laboratory studies have shown that lotus was more resist

ant to grass grub attack (Farrell and Sweney, 1972, 1974) and 

subsequent studies in the field confirmed this (Kain et al., 

1975; Kain and Atkinson, 1977). ~ower grub numbers were 

found under lotus swardsand resistance to grass_ grub attack 

appears to be by the inhibition of larval feeding as well ·as 

direct toxic effects of the roots on the grubs (Sutherland and 

Greenfield, 1976). Lotus is also found to be resistant to 

porina (Wiseana cervinata Walker) (Farrell et al., 1974.) and 

to black beetle (Heteronychus arator F) (Sutherland, 1976; 

Sutherland and Greenfield, 1978). 

Lotus confers some degree of protection on the associated 

plants in the sward. Kain's work (cited by Gooding, 1977) 

indicated that mixed swards with as little as 12% lotus still 

actively repelled grass grub •. East (1978) estimated that 

every 10% (up to 40% of the total sward) increase in lotus con-
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tent reduced grass grub damage by 20%. Further work showed 

that lotus must comprise at least 30% of the total production 

in autumn to reduce grub dam~ge to a tolerable level (East, 

Kain and Douglas, 1980). With appropriate manipulation of 

the botanical composition of mixed swards by grazing or 

selective herbicides, some control of grass grub damage is 

possible and losses can be minimised. 

Lotus is not without its limitations. In very dry 

conditions, the production and persistence of lotus were poor 

relative to other clovers and lucerne (Scott, Stringer, 

O'Connor and Clifford, 1974; Mu~grave, 1977) •. on high 

fertility soils, lotus cannot compete well with vigorously 

growing grasses and/or white clover (Brock and Charlton, 

1977; Sheath, Galletly and Greenwood, 1977). Frequent or 

severe defoliations weaken the plants and further reduce 

their competitive ability. The lower transfer of fixed N 

to grasses is thought to be due tq the higher lignin and 

tannin content so that bacterial decompos.ition is much slower 

(Vallis, 1978). Lotus may also be a great user of N so that 

less N is available to grasses. 

In summary, Lotus pedunculatus is a very promising past

ure legume capable of high dry matter yields especially where 

white clover growth is limited by low pH, low P supply and/or 

toxic levels of .Al in the soil. Under these conditions, 

lotus can out-yield white clover by up to 10 times and this ad

vant~ge is maintained even at relatively h~gh rates of applied 

P. However, under moderate to high fertility soil conditions 

and intensive farmi~g systems, lotus has no real advant~ge over 

white clover in terms of dry matter production. ~gronomic 



limitations such as competition from grasses and clovers and 

the poor persistence of lotus under hard grazing precludes 

lotus from being widely used in mixed pastures under these 
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circumstances. Despite this, lotus can still have a special 

role in well-managed high productivity mixed pastures for the 

control of bloat and insect pests. 

In New Zealand, the potential of lotus may best be fully 

exploited in the revegetation of alpine and sub-alpine areas 

for slope stabilization and erosion control (Nordmeyer et al., 

1974) and in building up soil fertility in pasture improvement 

programmes on low fertility acid tussock grasslands (Scott and 

Mills, 1981). 

2.7 Trifolium ambiguum Bieb. as a Pasture Legume 

Trifolium ambiguum, commonly known as Caucasian clover, 

is a native of the Caucasus region and Armenia. In its 

original habitat, T. ambiguum has an ecoio~ical ra~ge from river 

valleys to alpine and sub-alpine regions of 3000 m a.s.l. It 

is a hardy drought resistant plant with a long-lived deep root

ing habit and spreads extensively by rhizomes (Barnard, 1972). 

Its other attributes are the ability to grow in low pH soils 

(e~g. 4.9) where other Trifolium species fail and its persist

ence in harsh edaphi_c sites, especially those with restricted 

P levels. It is also highly regarded in its natural habitat 

for its persistence under hard grazing (Bryant, 1974). 

Following its introduction into Australia in 1931, con

·siderable breeding and selection work has been done (Hely, 

1.972) and it was introduced into New Zealand as a promising 

plant for re-clothing eroded slopes, for scree stabilization 



and for pasture improvement on high altitude sub-alpine 

country (Paljor, 1973). 

There are three ploidy levels within the species and 

they have overlapping but distinct ranges of altitudinal 
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adaptation. The diploids are best adapted to high altitudes 

and the hexaploids to low altitudes (Bryant, 1974). Developed 

over a number of years from hexaploid materials from Russia, 

the cultivar 'Prairie' is an ecotype from lower 'medium elevat

ions (1000 m) in the northern Caucasus region (The R~gister of 

- Australian Herb~ge Plant Cultivars, 1977). 

There has only been limited work in assessing the 

agronomic potential of T. ambiguum as a pasture legume. The 

N-fixing ability of T. ambiguum has not been measured or 

estimated. Due to its apparent inability to form effective 

nodules (Bryant, 1974), much of the early research was assoc

iated with finding suitable rhizobium strains to form effective 

nodules and breeding for more respo~sive varieties of:T. 

ambiguum. Although breeding and selection of rhizobium and 

plant has improved nodulation in T. ambiguum, the promptness 

of nodulation and nodule mass per plant are still poor compared 

to other domesticated Trifolium species such as white clover. 

Thus, N-fixation capacity would be expected to be correspond-

ingly lower for T. ambiguum. In its natural habitat, T. 

ambiguum is a near climax species. High levels of N-fixation 

could well be a disadvantage for the plant since improved soil 

N status would favour the ingress of higher producing grasses 

and herbs thus increasi~g the competition with T. ambiguum for 

nutrients. Per~aps a reflection of its adaptation to sub

alpine conditions, T. ambiguum ('Prairie') has been reported to 



form more nodules than white clover at lower temperature 

regimes (Paljor, 1973) and root nodules can persist from one 

season to another (Barnard, 1972). 
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Agronomically, T. ambiguum does not appear to be a very 

productive plant. In a pot trial on an extremely infertile 

acidic high country YBE, Paljor (1973) found that T. ambiguum 

was more productive than white clover only at low tew.perature 

regimes (10/3°c day/night temperatures). Liming significantly 

increased the percentage nodulation and nodule number per 

plant, but did not increase dry matter production or N uptake. 

P applications, however, increased both dry matter and N up

take significantly. 

Although T. ambiguum is responsive to P applications 

(Barnard, 1972; Bryant, 1974), it is not as responsive as 

white clover or lotus. Paljor (1973) found a linear response 

-1 up to 80 kg P ha by T. ambiguum, but the response_ gradient 

was low. Similarly, poor response to added P was reported by 

Davis (cited by Meares, 1975). Both lotus and white clover 

in the same trial showed_ greater response and outyielded T. 

ambiguum considerably before levelling off at high Prate~. 

Results from pot trials by Meares (1975) on another P-deficient 

acidic upland soil were also in agreement with earlier find-

ings. With no added P, T. ambiguum, as well as white clover 

and lotus, showed n~gligible growth suggesting that T. ambiguum 

was no more efficient than the other legumes in extracting P 

from.the soil. The lower P requirement or demand reported in 

the field is probably due to the more extensive root system of 

T. ambiguum and its slow growth rate rather than some inherent 

physiological root properties • 

. I 
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Although few field assessments of the relative product

ivity of T. ambiguum have been done, field ·trials by Spencer 

et al. (1975) and Stewart (1979) have confirmed the observat

ions from pot trials. In an alpine environment, Spencer et 

al. (1975) found that in terms of above-ground yield, white 

clover produced 10 times as much as T. ambiguum duri~g the 

firs.t. year after establishment. By the second year, white 

clover still produced 4 times as much as T. ambiguum shoot dry 

matter. However, because of its growth habit, much of the 

dry matter accumulated by T. ambiguum was in the form of 

underground rhizomes and roots. Thus at 17 months, T. 

ambiguum root dry matter was 2~3 times the shoot yield, but 

white clover had produced 6 times as much shoot as root dry 

matter. Therefore, in terms of total (root+ shoot) dry 

matter production, T. ambiguum was comparable to white clover 

after the second year. 

In another field trial,. Stewart ( 1979) ,. by means of 

soil transplants, compared the_ growth of lotus, white clover 

and T. ambiguum at 3 altitudes _(12 m,· 800 m and 1200 m) on 2 

soils of contrasting fertility levels. The harsher the en-

vironment (both in terms of fertility and altitude), the better 

T. amb!guum performed relative to white clover and lotus, al

tho~gh the best T. ambiguum yield was only 37% of the white 

clover yield. In terms of total yield (shoot+ root and 

rhizomes), white clover and lotus produced more than T. ambiguum 

at all sites except in the most extreme environment where the 

difference was not s~gnificant. Unfortunately, this trial was 

conducted over one_ growing season only and the potential of T. 

ambiguum once the rhizome and root reserves had been built up 

-was.not assessed. 
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T. ambiguum as a species was adapted to climatic and 

edaphic extremes probably by having a low productive potential. 

Thus even when all factors are optimum, its productivity could 

be expected to be low. Short-term pot trials by Paljor 

(1973) showed that T. ambiguum has low relative growth rates 

and low net assimilation rates. The high root/shoot ratio 

means that photosynthetic area relative to plant mass is small. 

Much of the research on T. ambiguum, both pot and field 

trials, have been over relatively short terms and there is 

some evidence to suggest that if allowed to be established 

over a number of seasons in a suitable environment, with its 

underground reserves built up, T. ambiguum can be as high 

yielding as white clover and lotus. For example, on a dense 

4 year old T. ambiguum sward established on a fertile lowland 

soil, Stewart (1979) imposed 2 cutting frequencies of 4 or 8 

weeks interval. In contrast to earlier findings, he obtained 

-1 -1 
shoot dry matter yields of 10,000 and 13,000 kg ha year 

dry matter respectively. These figures- compared favourably 

if not better than white clover. Cutting every 4 weeks gave 

lower yields probably due to depletion of root reserves. 

However, cutting every 8 weeks may also be drawing on reserves 

and it is not known if the observed yields could be maintained 

over several years. It does seem that before the T. ambiguum 

sward is firmly established, the rhizome system acts as a 

photosynthetic sink, to the detriment of the above-ground 

herbage production. Thus yields recorded in the first few 

years after establishment can be expected to be relatively 

poorer and this is, in fact, consistently observed in the field. 

However, if the sward is allowed to be fully established or 

become 'rhizome bound', there is great potential for good dry 
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matter yields. 

The high root/shoot ratio and rhizomatous habit confer a 

degree of drought and cold tolerance on T. ambiguum (Bryant, 

1974). These factors also help the plant withstand hard graz

ing. Another advantage of T. ambiguum is that it is a non

oestrogenic legume and therefore a desirable characteristic as a 

pasture legume since it does not interfere with the ovulation 

and reproduction of the grazing animal (Register of Australian 

Plant Herbage Cultivars, 1977). T. ambiguum is, however, 

markedly winter dormant (Bryant, 1974) and this is a decided dis

advantage since in most New Zealand pasture situations dormancy 

is not necessary for survival. 

To summarise, short-term pot and field trials s~ggest that 

T. ambiguum is of limited use ~gronomically as a pasture legume. 

It is slow to establish and early production is low relative to 

white clover. However, its lo~g-term productivity may be satis-

factory and should be investigated.further. In the harsh high 

altitude environments it appears to be a well-suited plant, be

cause of its rhizomatous habit, for erosion control and rev~ge

tation purposes (Stewart, 1979). 

2 • 8. Phosphate· Uptake 

It is_ generally accepted that plants absorb most of their 

phosphorus as the primary orthophosphate in H2Po4 and smaller 

amounts of the secondary ion HPo4 2- (Tisdale and Nelson, 1975). 

Other forms of P such as pyro- and metaphosphates are also readily 

absorbed (Sutton and Larsen, 1964; Raweiny, Simpson, Crooks and 

McIntosh, 1976). Pyrophosphates have been reported to be as ef-. 
fective as orthophosphate in supplying phosphorus to P-defici€nt 

plants (Gilliam, 1970; Surgucheva, Kaptsynel, Popazova and 
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Kazantseva, 1974). Plant roots can absorb pyrophosphate ions 

per se but under most natural conditions, their absorption is 

limited because pyrophosphates in aqueous solutions are rapidly 

hydrolysed by phosphatase produced by plant roots. 

Soluble organic phosphates such as nucleic acids and phytin 

are also known to be readily available sources of phosphates for 

plants. McKercher and Tollefson (1978) found that there was 

little difference in effectiveness of P_ given as DNA or KH 2Po4 in 

increasing dry matter and P content of barley seedli~gs on a P-

deficient soil. Both nucleic acids and phytin are degradation 

products of decomposition of soil organic matter (Halstead and 

McKercher, 1975), and are rapidly synthesized and degraded by 

soil micro-organisms. This rapid turnover or high J,abili ty in 

soil could present significant quantities of phosphorus to plant 

roots for possible uptake. 

In soil solutions, the P concentrations seldom exceed 10 J1M 

and are usually in the order of 1. 5 )lM in non-deficient soils 

{Bieleski, 1973). Phosphate must be conce'ntrated · to 5-20 mM in 

the plant. The absorption of P by plants can be represented 

schematically as shown (Fried and Shapiro, 1960): 

I Mineral P I ~dsorbed P I 
. J t ~ t 
· 1 Soil Solution P I 
diffusion 

movement 

and bulk 

in solution 

Passive/active 

uptake 

[Pin plant shoot I 

Phloem Xylem 

Pat solution/root 

interface -----------.1 P- in plant root 
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Plant growth requires a continuous release of P from 

the solid phase into the soil solution, a continuous metabolic 

removal of P from the soil solution by the plant and a sub

sequent transport and incorporation of Pin the plant system. 

The overall process may be limiting at any stage and differ

ences between plants in their ability to recover P from the 

soil or to tolerate low P levels are governed by their ability 

to overcome or to increase the rate-limiting steps. Some 

factors affecti!}g the uptake of P by plants will be considered 

briefly in 2.11. 

2. 9 Kinetics of Ion Uptake -(Uptake I sothenr.s) 

Based on ideas first proposed by Van den Honert (1937) 

and Hoagland (1944), Epstein (1953) and co-workers (Epstein 

and Hagen, 1952) formulated the enzyme kinetic hypothesis to 

describe the passage of mineral ions from the external soil 

solution across cell membranes into roots. -·: · The basic assumpt

ion of the hypothesis is that cellular membranes are diffus-

ivelyimpermeable and are not traversed by ions per se, but 

require their combination with "carriers" or "transport agents" 

responsible for moving ions across the membranes. Energy is 

required and the term 'active uptake' or 'active transport' is 

sometimes used to refer to this process. It is now generally 

accepted that 'active uptake' is specifically defined as trans

port against an electrochemical potential gradient (Hodges, 

1973; Wyn Jones, 1975; Bowling, 1976) and not to be confused 

with energy-dependent uptake or uptake dependent on metabolism. 

This carrier-mediated transport process is likened to 

the process of enzyme mediated catalysis of a substrate and 
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therefore kinetically would follow Michaelis-~enten kinetics 

as described by Neame and Richards (1972). The velocity of 

the transport process vis_ given by equation 2.1: 

V = 
V . max 
K + 

m 

C 
s 

C 
s 

. . . . . . . . . . . • . . . 2 . 1 

where V = maximal rate of transport, max 

C = concentration of ions in external medium, 
s 

K = Michaelis-~enten Constant, the substrate ion m 

concentration at~ V 
max 

According to Michaelis-Menten kinetics, if v the rate 

of ion uptake is plotted as a function of the external con

centrations of that ion, C, a rectangular hyperbola is ex-s . 

pected. However, when experimental data from uptake over a 

wide range of external concentrations are plotted in this way, 

two distinct phases could be distinguished. In recent years, 

numerous reviews have extensively and conipr'ehensively dis

cussed the two phases or 'dual pattern' of ion uptake and its 

interpretation (Epstein, 1972, 1973, 1976; Higinbotham, 1973; 

Hodges, 1973; Clarkson, 1974; Nissen, 1974;. Laties, 1975; 

Wyn Jones, 1975; Pitman, 1976; Bowling, 1976; Luttge and 

Higinbotham, 1979). The two phas_es of ion uptake occur. over 

two distinct concentration ranges. Over the range of low ex-

ternal concentrations (up to approximately 1 mM), the rate of 

absorption of ions shows the characteristic features of 

Michaelis-Menten kinetics and is commonly referred to as 

Mechanism I (Epstein, 1973). Above concentrations of 1-2 mM 

and ranging up to 50 mM or more, the rate of uptake increases 

with external concentrations but does not always obey simple 
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Michaelis-Menten kinetics. Instead of a simple system resemb-

ling Mechanism I, it may show a complex ser·ies of increments 

and is referred to as Mechanism II. This 'dual pattern' of 

uptake and the complexity of Mechanism II have been shown to 

apply to numerous mineral ions and for a diverse variety of 

plant tissues and species (Epstein, 1972, 1973). 

The two mechanisms can be characterised not only quan-

titatively by the kinetic parameters K and V values, but 
m max 

also qualitatively. Epstein and Hagen (1952) found that up-

take mechanisms exhibited specificity for ions as well as com-

petitive inhibition between similar ions. This was thought to 

reflect the specificity of the carrier sites for different 

ions.and ions having different affinities for identical carrier· 

sites (mutual competition) • - - -Another general observation was 

that although the maximal rate can differ more or less depend

ing on the tissue and the ionic species, the saturation con

centration and the critical concentrations where the isotherms 

have inflections are very similar {Luttg~, 1969; Epstein, 

1972). 

Although the basic observations on the complexity of 

ion uptake kinetics have been clearly established, there is 

much disagreement over their interpretation. Several "ion 

carrier" models have been proposed.to account for the 'dual 

pattern' of ion uptake. Some .of these models __ are the 

"parallel carrier model" (Welch and Epstein, 1969; Epstein, 

1973, 1976), the "series carrier model" (Torii and Laties, 1966; 

Luttge and Laties, 1966, 196_7) and the "single multiphasic 

carrier model 11 (Nissen, _1971, 1973, 1974, 1977) • 

Although evidence for the assumption that free ions can

not diffuse through the cell membrane of higher plants has been 
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cited by Epstein (1973, 1976), Bowling (1976) pointed out that 

this view seems untenable in view of the extensive electrical 

data on plant and animal cells alike. Instead of being car-

rier-mediated, active ionic pumps are envisaged and at the same 

time passive ion. diffusion goes on across the membrane, usually 

in the opposite direction to active transport. Although the 

presence of influx and efflux pumps are now widely accepted, 

the nature of these 'pumps' remained largely unexplained. 

Epstein (1976), however, pointed out that one cannot presume 

that a given process (i.e. diffusion or efflux) occurs spon

taneously at appreciable rates merely because the existing 

thermodynamic gradient favours its occurrence and also that 

effluxes observed in electrochemical studies may be 'carrier

mediated' rather than simple diffusion. Several workers 

(Gerson and Poole, 1971; Thellier, 1970, 1973) have proposed 

models to reconcile evidence from membrane potential studies 

and enzyme kinetics. A model which could account for both 

cation and anion uptake and at the same time unify the evidence 

from electrophysiological and enzyme kinetic studies is that 

proposed by Hodges (1973). ' 

2. 9 .1 Cri·ticisms of the Enzyme Kineti·cs of Ion Uptake 

Several workers have questioned the reliability of 

the enzyme kinetic approach to ion uptake and the validity of 

its mechanistic interpretation -(Cram,· 1974; . Wyn Jones, 1975; 

Bowling, 1976; Pitman, 1976; Luttge and Higinbotham, 1979). 

For example, Wyn Jones (1975) questioned the reproducibility of 

absorption isotherms since it was well established that the 

precise isotherm observed depends on several ··factors, among them 
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the uptake and desorption period employed, the internal salt 

status of the tissue and probably the total ionic stre~gth of 

the external salt medium. Also, the conventional_ graphical 

presentation of the results especially the Lineweaver-Burke 

plot of 1/v versus 1/ C is statistically unsatisfactory. 
s 

Another criticism is directed at the mechanistic interpretation 

of the absorption isotherms. Cram (1974) and Lut~ge and 

H~ginbotham (1979) both pointed out that such "mechanistic 

extrapolation" invoking 'carrier entities' cannot be totally 

justified since su~h absorption isotherms are also identical 

to the Langmuir isotherms which describe purely physical ad-

sorption processes. However, Wyn Jones (1975) concluded in 

his review that "the isotherms nonetheless have a descriptive 

and comparative value and the use of kinetic constants as a 

short hand to describe the shape etc. of isotherms appear to 

be valuable but must not be confused with a mechanistic extra-

polation". 

2 .10 Kinetics of Pho·sphate Uptake 

The uptake of P by excised and intact roots as well as 

by plant tissues has been reviewed by Bieleski (1973). In 

most P uptake studies (e.g. Noggle and Fried, 1960; Andrew, 

1966; Cartwright, 1972), external P concentrations exceeding 

1.0 mM (where accordi~g to Epstein (1976) Mechanism II is op-

erative) were not used. Nevertheless, the characteristic 

'dual pattern' for ion uptake (see 2.9) has been demonstrated 

for P uptake by several workers using excised or intact roots 

(H~gen and Hopkins,1955; Noggle and Fried, 1960; Le9gett, 

Galloway and Gauch, 1965; Andrew., 1966; Carter and Lathwell, 
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1967; Edwards, 1968a, 1970; Cartwright, 1972; Fageria, 1974; 

Temple-Smith and Menary, 1974). Like all other major nut-

rients examined, the P uptake isotherm for a wide range of 

plant species can be resolved into two components or phases. 

Thus, these dual uptake mechanisms have been referred to by 

Edwards (1970) as Mechanisms IA and IB (rather than Mechanisms 

I and II) since both occurred for uptake from solution less 

than 1 mM. Kinetic analysis of these two isotherms has 

yielded useful kinetic parameters V and K values and has 
max m 

provided a means of comparing the differential abilities of 

p1ant species to absorb P (Noggle and Fried, 1960; Andrew, 

1966; Temple-Smith and Menary, 1974). 

Hagen and Hopkins (1955) interpreted the duallisotherm 

of P uptake in terms of the uptake of two anionic forms H2Po4 
2-and HP04 through two sites of different affinities. This 

interpretation remained unchallenged by subsequent studies of 

P uptake at pH 4.0 (Hagen and Hendri9ks, 1958; Noggle and 

Fried, 1960; Andrew·, 1966). However, at pH 4.0, 98.6% of 

the total Pin solution is present as H2Po4 (Hagen and Hopkins, 

1955) and other workers (Carter and Lathwell, 1967; Edwards, 

1968a,1970) have suggested that the dual isotherm is a reflect

ion of the absorption of only one ionic species, the monovalent 

ion H2Po4 mediated by two carrier systems of differing affin-

ity for the ion (Edwards, 1970). The first mechan~sm IA, of 

high affinity (i.e. low K values) and low capacity (small 
m 

V values) is operationally saturated at approximately max 

0.05-0.07 mM external P concentrations, and the second mechan-

ism IB of low affinity and high capacity is saturated when the 

external P concentration is approximately 1.0 mM. Barber and 
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Frankenburg (1971) have suggested that mechanism IA may be of 

microbial origin. Subsequent experiments by Barber (1972) 

and Cartwright (1972), however, showed that the dual uptake 

isotherm occurred in sterile roots with P concentrations of 

up to 1.0 rnM. 

In view of the extensive ion uptake studies by Epstein 

and others using external salt concentrations of up to 50 rnM 

or more, Edwards (1970) and Barber (1972) examined the uptake 

of phosphate over a concentration range of 0.001-50 rnM to see 

if Mechanism II as described by Epstein (1972) for ion uptake 

is applicable for P. Over the concentration of 1.0 rnM up to 

50 rnM, Barber (1972) observed an absorption isotherm analogous 

with Mechanism II described by Epstein (1972). This is in 

contrast to results obtained by Edwards (1970) who found that 

over the same concentration range (1-50 rnM) P absorption in-

creased linearly with external concentrations. Reasons for 

these two contrasting results are not known, but in both in

stances, Edwards (1970) and Barber (1972)" have attributed the 

absorption isotherm observed to passive diffusive uptake by 

the roots. Evidence from metabolic inhibitors and temperature 

studies (Barber, 1972) have suggested that Mechanism II as en

visaged by Epstein (1972) for the uptake does not apply to P. 

Edwards (1970) also concluded that there is no observable 

metabolically mediated Mechanism II for P absorption-at high 

external concentrations. Nissen (1973), however, after ex-

haustive re-analysis of published data, concluded that P uptake 

is mediated bya single multiphasic mechanism operative over the 

whole concentration range discussed (0.001-50 rnM) rather than 

by the 'dual' mechanism of Epstein (1972) or Edwards (1970). 
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The exact nature of the uptake mechanism whether dual or roulti

phasic remained unclear, and is discussed in Section 2.9. 

2.11 Factors Affecting Phosphate and Other Nutrient Uptake 

2.11.1 Soil Factors 

Shapiro, Armiger and Fried (1960) have shown 

that roots have the potential to take up P faster than it can 

be supplied to the roots by soil solution. Therefore, in 

relatively infertile soils low in P, uptake may be limited by 

slow diffusion of P to the root surface (Nye, 1966; Powell, 

1974, 1977) rather than the rate of absorption of the ion by 

roots. It is now well established that where diffusion of the 

ions to roots is limiting uptake, P depletion zones will be 

formed around the roots (Olsen and Wanatabe, 1970; Bhat and 

Nye, 1973) and the diameter of this zone is related to the 

diffusion coefficient and P adsorptive a"biiity°of the soil. 

Other factors such as root hairs (Lewis and Quirk, 1967a) and 

soil micro-organisms (Barber and Ozanne, 1970) are also import

ant in influencing this depletion zone and will be discussed 

later. 

Temple-Smith and Menary (1977) studied the P 

depletion zones around roots of two plant species in two soils 

of differing P sorption capacity. They found that depletion 

zones appeared to be primarily controlled by the soil factor. 

Root and root hair measurements were similar in the two soils 

but depletion zones were 4-5 times greater and diffusion co

efficient 10 _times larger in the soil with lower sorption 

capacity. They suggested that in the soil with lower P sorpt-
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ion capacity, most of the P present is in the 'readily avail

able form' (adsorbed on the soil particles and in quasi

equilibrium with the solution (Barrow, 1978a)) but in the soil 

with high sorption capacity, most of the Pis in the 'fixed' 

or non-labile form which is not in direct equilibrium 

with the solution. Over short uptake periods, these forms of 

Pare not readily available to plants (Nye and Drew, 1970) al

though these may be important as a source over the long-term. 

An important consequence of the formation of 

depletion zones around a root is that beyond a certain point, 

there should be no advantage in a plant having a more efficient 

P accumulation mechanism at the root/soil inferface than another 

plant unless roots are competing directly. Since these zones 

are relatively narrow, roots must be very close together so that 

depletion zones overlap before direct competition between roots 

occur. 

Other soil factors af.fecting nutrient uptake such 
. . . .,-

as temperature·, aeration - and mechanical impedence have been 

reviewed by Drew (1979). 

2.11.2 Root Factors 

Root development and morphology are important 

factors affecting nutrient uptake by plants (Barley, 1970). 

The capacity of a plant to recover nutrients from the growing 

medium, that is the soil solution, is dependent on (i) the 

total amount of absorbing root surface, (ii) the absorbing 
( 

"power" per unit of active root surface area or weight or 

volume, and (iii) the rate of expansion into previously un-

exploited soil, i.e. the plant's foraging ability. Con-



sequently, parameters such as root length, surface area, 

volume fresh weight, rooting depth and density have been in

vestigated in relation to nutrient uptake. 
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Of these, root surface area has commonly been 

assumed to be the most relevant since the root surface pres

ents the primary barrier between root and the external solut-

ion. Russell (1977) cited data which indicated that when the 

external nutrient concentration was similar over the entire 

root surface (e.g. solution cultures), the ability of different 

parts of the root system of cereals to absorb nutrients was 

related to the volume of the root tissues rather than their 

length or surface area. This relationship is_ greatly modified 

in the soil situation, especially for slow-moving ions such as 

P where the major limitation may be diffusion of ions to roots 

rather than absorption by roots (see 2.11.1). Under these 

circumstances, the amount of nutrient ion recovered by a plant 

root system is dependent on the effective soil.volume explored. 

This in turn is determined by the volume of soil encompassed 

by the root system and the rooting density or. degree of root 
i. 

ramification within this volume. Estimates of effective soil 

volumes (Wiersum, 19E2) showed that with the exception of grasses 

where the contact volume with roots in the surface horizons was 

often close to 100%, the soil volume in contact with roots and 

root hairs of most species varied between 0.1% and 5%. It 

appears therefore that the more roots the plant has the more 

adapted it is to nutrient uptake. This is not true for all 

nutrient ions. Newman and Andrew (1973) pointed out that 

where the ion mobility (diffusive coefficient) is high, such as 

with nitrate, uptake is relatively unaffected by root density 
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since roots can absorb ions as rapidly as these arrive at the 

root. A possible limitation is when the 1 reservoir' of nut-

rient supply is restricted (·e.g. in a pot trial) and continuous 

supply to the roots cannot be maintained. Where ion mobility 

is low as with P, effective soil volume becomes increasingly 

more important since each root can only extract from a narrow 

zone around itself. The_ greater the root density, the greater 

the effective soil volume and subsequent uptake. This relat-

ionship is true as long as depletion zones between roots do not 

overlap. 

(a) "Root ha·i·rs: the importance of root hairs to P 

uptake was thought to be the_ greatly increased votume of soil 

explored by roots havi~g root hairs (Bieleski, 1976). Based 

on a theoretical root model, Lewis and Quirk (1967a) have 

calculated that root hairs can increase soil volume explored 

by a root by up to 13 times and can contribute up to 85% of 

the total P absorbed (Lewis.and Quirk; 1967b). 

By sl~ghtly altering the mechanical state of a 

clay soil, Barley and Rovira (1970}_ grew pea seedlings either 

with or without root hairs penetrating into the clay. Despite 

32 higher diffusive flow of P-labelled phosphate in the denser 

clay, roots in the less dense clay (root hairs penetrated the 

clay) absorbed 80% more labelled P. The advant~ges _of ryegrass 

over subterranean clover in competition for P was also partly 

attributed to the greater volume of soil explored by ryegrass 

root hairs (Barrow, 1975). Root hairs can therefore enhance 

uptake of nutrients especially of slow diffusing ions such as I 

take. 

However, root hairs are not essential for Pup

Barley and Rovira (1970) examined the uptake of 32P 
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from stirred solutions by hairless and hair-bearing zones 

along individual roots of wheat and barley seedlings. Since 

uptake time was short (2 mins), radioactivity along the root 

corresponded to uptake zones. Radioactive scans showed peaks 

independent of root hair zones suggesting that root hairs are 

not advantageous where supply of P to the root surface is not 

limited by diffusion. Bole (197.3) however could not detect 

any differences in P uptake between wheat genotypes, with and 

without root hairs, growing in a soil medium where ion diffus

ion is likely to be important for P uptake. In contrast, rape 

and flax roots which are nearly devoid of root hairs were found 

to take up 2-6 times more P per unit length of root compared 

to wheat roots with root hairs. 

(b) Variation a·long the root: the root itself varies 

in its ability to absorb nutrients. It does not absorb ions 

with equal efficiency along the entire length. The ability of 

different zones of wheat roots to take up·and translocate P to 

the shoot was reported by Bowen and Rovira in several papers. 

Along the unbranched seminal roots of young seedlings, high 

uptake occurs at the apical 3 cm and also at the basal regions 

with lateral root primordia (Bowen and Rovira, 1967) although 

appreciable uptake also occurs along the whole 7 cm behind the 

apex (Rovira and Bowen, 1968, 1970). Uptake by all r~gions 

of the root was significantly reduced following excision (Bowen 

and Rovira (1967), probably· due to the cessation of sugar trans-

location to the roots. Usi~g older seedlings where lateral 

roots were present, Bowen and Rovira (1971) reported that lat

erql roots of the seminal root system accounted for more than_ 

80% of the total uptake of radioactive P and proportionally 
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more is translocated to the shoot from this zone. Low soil 

temperature drastically reduced the length and number of lateral 

·roots produced as well as the translocation of 32P to tops. 

(c) Root responses to nutrient ·supply: Roots have 

the ability to develop in response to the distribution of 

minerals and water in the soil. Jungk and Barber (1974) 

modified the amount of root exposed to P by either trimming 

the roots or by a split root system where only part of the root 

was exposed to P. Over a period of four days, they found that 

P uptake per unit root weight was stimulated by 20-40% in the 

trimmed roots. Roots also tend to proliferate in the zones of 

more favourable nutrient supply. A strictly localised pro-

liferation of lateral roots can occur if one part of the root 

system is supplied with a more favourable supply of Nor P 

(Russell, 1977) and this has been demonstrated by Drew and 

Saker (1977) with barley seedling roots. Restricting P supply 

to a 4 cm root segment, they found inc'reased rate of P uptake 

and transport from the P-enriched zone compared. to the control. 

There was also a local stimulation of the number and subsequent 

extension of lateral roots in that zone. These responses were 

further enhanced if P was restricted to only 2 cm s~gments of 

the root. Similar root responses specific to P were reported 

by De Jager (1979) using a split root technique. He suggested 

that the regulation of P uptake by roots was exerted by the 

inorganic P concentration of the root cells especially the 

cytoplasm and that this in turn is controlled by the process of 

P redistribution within the pl~nt reflecting the P status of 

the shoot. Thus the P status of the shoot exerts an influence. 

on the rate of P uptake by the roots. Low levels of phosphate 
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in the shoot indirectly stimulated increased absorption and 

transport of P from enriched zones of the root system as well 

as the localised promotion of lateral root growth which com

pensate for the deficient supply of P by the rest of the root 

system. The P concentration of the shoot and the relative 

growth rate are restored to levels similar to those in plants 

receiving uniform supply of P to its entire root system (Rus-

sell, 1977; Drew, 1979). The magnitude of these compensat-

ory responses can vary depending on the environment. 

2 .11. 3 Ionic Interactions· a·n"d Phosphate Uptake ---------- -

The absorption and metabolism of a nutrient such as 

Pis markedly influenced by the presence of other ions. The 

phenomenon of ionic interactions and antagonisms had been re

viewed by Hiatt and Leggett (1974). 

Phosphate absorption by both excised and intact 

roots was found to be enhanced by the presence of ca2+ (Leggett 

et al., 1965; Hyde, 1966). Kinetic analysis of the uptake pro-

cess suggested that the activation of P uptake was by an in-

crease in the V of the uptake mechanism (Leggett et al., max 

1965). Edwards (1968};)) confirmed the synergistic role of ca
2+ 

in the absorption of P but also showed that Mg 2+ was an effect-

. t' ' h b f 2+ ive ac ivator int ea sence o Ca . It was thought that 

2+ 2+ . both Ca and Mg act through the same mechanism although the 

mechanism itself remained unclear. Pretreatment with differ-

ent ca 2+ levels did not affect P uptake but increases were 

obtained when plants were transferred to solutions of different 

ca 2+ concentrations and the effects were greater at low than at_ 

high P concentrations (Robson, Edwards and Loneragan, 1970). 
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d . t' h 2+ ' ' 1 f 1 In con 1 ions were Ca 1s marg1na or pant 

growth, P application can alleviate Ca def1ciency (Jakobsen, 

1979). It was suggested that Hco
3 

ions produced by root 

respiration have a high affinity for ca 2+ and tend to keep 

ca
2+ from the growing points. Application of P can overcome 

this since the affinity of ca 2+ to Pis greater than HC0
3 

and 

the uptake and translocation of Palso secures the uptake and 

supply of Ca. 

Pettersson (1975) found that P uptake can be 

stimulated by increasing the total salt concentrations of the 

uptake solution. Independent of the rate of active uptake 

the ~mount of P present in the free space of the roots increased 

as the salt concentration was raised and it was suggested that 

at low ionic strength of the nutrient, the initial passive 

step of ion transport through the root-free space can limit 

the overall uptake rate. Stimulation of P uptake by NH 4+ 

ions (Riley and Barber, 1971; Cox and Reisenauer, 1973; 

Miller, 1974; Rayer and Hai, 1977) has been reported, while 

the presence of NaHco 3 (Miller and Russell, 1962) and high con

centrations of SO 2- (Pettersson, 1975) markedly depress Pup-
4 

take. 

2.11.4 Effects of Aluminium on Phosphate Uptake 

In acid soils, the presence of high concentrations 

of Al is known to affect the P nutrition of plants growing in 

them (Clarkson, 1969). Aluminium affects the availability of 

Pin the soil by 'fixing' Pin the form of Al and Fe complexes, 

rendering the P unavailable to plants (Rajan, 1976; Holford, 

1976). Aluminium also affects the uptake and transport pro-
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cesses of Pinto the plant as well as the subsequent P metabolism 

within the plant (Clarkson, 1969; Foy, Chaney and White, 1978). 

High levels of Al also inhibit root growth directly (Foy, 1974; 

Matsumoto and Hirasawa, 1979), thus decreasing the ability of 

plants to explore the soil for nutrients and reducing the num-

ber of absorption sites -for uptake. Aluminium toxicity is 

therefore often characterised by symptoms resembling that of P 
! 

deficiency (Foy, 1974; 'Foy et al., 1978)\ 

Aluminium-induced disturbances in P metabolism 

can be observed at two levels: firstly, at the root surfaces, 

cell walls in the free spaces of roots where Al (adsorbed by 

pectin) 'fixes' P (Clarkson, 1969; McCormick and Borden, 

1972) making Pless available to metabolic sites within the 

cell; and secondly, within the cell where the distribution of 

phosphorylated interm~diates is altered leading to depressed 

respiratory metabolism (Foy, 1974}, DNA synthesis and cellular 

division (Clarkson, 1969). 

The problems associated with high concentration of 

Al in the soil can be alleviated in many cases by P or lime 

applications (White, 1976; Awad, Edwards and Milham, 1976; 

McLachlan, 1980). Phosphate applications can precipitate and 

detoxify Al in the growing medium as well as increase the 

supply of P, leading to improved uptake by plants. Liming is 

thought to have the same effect of reducing the concentration 

of Al in the soil solution. Increased soil pH and exchange-

2+ able Ca have been shown to decrease Cacl 2-extractable Al 

significantly (McLachlan, 1980). 

White (1976), however, suggested that by increas

ing the pH from 4.5 to 5.0, the effects of Al on_ growth can be 

reduced due to the formation of polymeric aluminophosphate 
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complexes which could then be taken up by plants with little 

ill effects. Once accumulated in the vacuole, it is possible 

that the Al of the complex may combine with certain organic 

anions with the release of orthophosphate for plant metabolism. 

Andrew and VandenBerg (1973) found that P uptake 

in the tops of four Al-tolerant species was increased by Al 

treatment but reduced in two sensitive species. Alternatively, 

lime and superphosphate applications which promoted_ growth of 

subterranean clover on an acid soil also increased Al uptake 

(McLachlan, 1980). Aluminium phosphate was found to precipi-

tate in the meristematic· zones of primary and lateral roots of 

Al-sensitive cultivars of s~gar beet but not in Al-tolerant 

cultivars (Foy et al. 1 1978). Huett and Menary (1980), how-

ever, report poor correlation between the distribution of Al 

and Pin freeze-dried roots of both Al-sensitive and tolerant 

species. Nevertheless, it seems that plant species resistant 

to Al toxicity have a mechanism which pre:".'entti Al from reaching 

its site of action (Clarkson, 19~9). This can be achieved 

either by preventing Al from entering·the cell or by detoxifying 

the Al once it is within the cell such as alternative binding 

sites other than phosphates for aluminium so that Pis not 

immobilised within the root. A possible mechanism for this was 

s~gg~sted by Grimes and Hodgson (1969) where the Al is rendered 

into a non-toxic form by chemical modification. The hypothesis 

envisages a binding mechanism in the root which is non-selective 

between Al and Fe and involves the O!ganic acids which occur 

in h~gh concentrations in some acidophilous plants. This 

chelating mechanism incorporates Al into unreactive organo

alurnino complexes within the plant. 
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2.11.5 Mycorrhizas and Phosphate Uptake 

Much evidence is available to show that mycor

rhizal infection in plant roots significantly increases 

plant uptake of phosphate, thus promoting growth, especially 

at low available soil phosphorus levels (Masse, 1973; Abbott 

and Robson, 1977; Barrow, Malajczuk and Shaw, 1977). 

Current evidence suggests that mycorrhizas increase P uptake 

by increasing the volume.of soil explored or exploited by 

plants through· the associated mycorrhizal hyphae. Data 

obtained by Sanders and Tinker (1971) showed that mycorrhizal 

and non-mycorrhizal plants took up P with similar specific 

activities from 32P-labelled soil indicating that mycorrhizal 

roots exploited similar sources of Pin the soil. Powell 

(1976) showed that specific activity of phosphorus in plants 

infected with different endomycorrhizas was also the same. 
I 

All mycorrhizas therefore appear to utilise the same sources 

of available soil Pas non-mycorrhizal plants.· The effects 

of mycorrhizal infection in promoting P uptake and growth of 

plants varies between plant species and the P levels in the 

soil. Crush (1974) found that lotus responded to fertiliser 

P but not to mycorrhizal infection except under extreme phos-

phorus deficiency. Powell and Sithamparanathan (1977) also 

observed that mycorrhizal. infection rates were slower and· 

dependence on infection for_ growth and P uptake was usually 

less in both lotus and grasses than in clover. It seems that 

plants with fine branching or fibrous root systems are less 

responsive to rnycorrhizal infection than coarse-rooted plants. 



2.12 Phosphorus Efficiency 

The fact that some plants can grow successfully in low 

fertility, unfavourable soil conditions where others (even 
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of the same species) fail to establish is widely known (Snay-, 

don and Bradshaw, 1962; Bradshaw, 1969; Goodman, 1969; 

Epstein, 1972). Those plants which do become established 

may have adapted to such conditions by natural selection. 

The differences within a species are genetically controlled 

and these physiologically distinct plants are called ecotypes. 

Ecotypes that have adapted to soils of different fertil

ity levels have been shown to vary in their response to min-

eral nutrients. Snaydon and Bradshaw (1962} compared the 

response to P applications of several ecotypes. of white clover 

collected from natural populations growing on soils of dif

ferent phosphate status. They found that given low levels of 

applied P, ecotypes adapted to low natural soil P produced 

more dry matter than ecotypes adapted to- high soil· P. Also 

ecotypes from soils low in P were not responsive to high rates 

of P application whereas ecotypes from soils.high in Pres-

ponded dramatically to increasing rates of P. Similar res-

porise to fertilisers have been observed with several varieties 

of crop species (Vose, 1963), ecotypes of ryegrass (Goodman, 

1969} and herbage species (Antonovics, Lovett and Bradshaw, 

1967}. This differential ability to respond to varying levels 

of applied nutrients has led to plants being classified as 

efficient and inefficient with regard to the particular nut

rient. 

A simple agronomic definition of a P-efficient plant is_ 

one which produces more dry matter than another at a given 



amount of P applied (Blair and Cordero, 1978). 

i 
I 

/ 

However, 
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this simple definition can sometimes be very misleading since 

the criterion of whether a plant is efficient or not will de-

pend on the rate of P applied. Thus under low rates of P 

applications, the ecotypes adapted to low soil phosphorus 

described by Snaydon and Bradshaw (1962) are more efficient 

plants since they produced more dry matter than ecotypes 

adapted to high fertility soils. But when these ecotypes 

are compared under conditions of high P supply, ecotypes 

adapted to high fertility soils being more responsive to the 

high rates of P, will therefore be more efficient than eco

types from low fertility soils. Clearly such a definition 

is not entirely satisfactory. An alternative definition 

which can partially overcome this disadvantage is to define 

efficiency as the amount of dry matter produced per unit P 

applied. Such a definition is both useful and practical since 

most primary producers are interested in the quantity of herbage 

produced for each unit of P input. 

Several other definitions have been suggested. 

Loneragan and Asher (1967) s~ggested a P utilization efficiency 

determined on the basis of the amount of dry matter produced 

per unit P absorbed. Boken (1970) used the term P utilizat-

ion quotient to mean the same thing. Clark and Brown (1974) 

defined P-efficient plants as those that accumulate higher 

concentrations of P when they are_ grown at a given level of P. 

As well as these, Blair and Cordero (1978) suggested two others, 

(i) the amount of dry matter produced at a constant plant P 

content and (ii) the P uptake per unit root weight or surface 

area (also Cartwright, 1972). 
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No one single definition is perfect and each has its 

application dependi~g on the aim or purpose of the comparat-

ive efficiencies. It is possible therefore that an "effic-

ient" plant according to one definition may be "inefficient" 

in terms of another definition. 

The term P utilization efficiency as defined by Lonerag

an and Asher (1967) is a widely accepted and useful definit

ion. It is a fairly precise definition from the plant's 

point of view and reflects the efficiency within the plant in 

usi~g the P that it absorbed. Efficiency defined as the dry 

matter produced at a constant plant P content (Blair and 

Cordero, 1978) is also an indication of the internal plant 

efficiency of utilization. Such plants may be biochemically 

more efficient in incorporating Pinto herbage or it may be 

that they retain less Pin the root system and translocate 

maximal amounts to the tops for the production of dry m~tter. 

The amount of P taken up per unit root weight (Cart-. . . 

wr~ght, 1972) or surface area (Blair and c6rdero, 1978) ·gives 

an indication of the efficiency of the uptake process at the 

soil root boundary. However, it does not show the efficiency 

in terms of dry matter production. It can also be misleading 

since an "inefficient" plant with a large root system can still 

take up more P than an "efficient" plant with a small root 

system. The definition su9gested by Clark and Brown (197.4) 

is also an indication of the efficiency of the plant in accumu-

lating P from the soil. Like the last definition discussed 

above, it do~s not indicate efficiency of using P for dry 

matter production. In fact, plants regard~d as "efficient" 

accordi~g to all the other criteria can sometimes be regarded 

as "inefficient" by this definition. 

--
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The various definitions already discussed are based on 

the amount of P applied or absorbed in relation to dry matter 

production. However, "efficient~ plants do not necessarily 

produce more dry matter than "inefficient" plants as has been 

pointed out. 

A definition that is widely applicable is that provided 

by Godwin and Wilson (1977). The efficiency of P utilizat

ion is defined in terms of the amount of dry matter produced 

per unit P taken up per unit P supplied. This embraces the 

agronomic requirement of maximum production per unit P applied 

and the physiological requirement of maximum production per 

unit P absorbed. 

Fox R.H. (1978), however, regarded a 'truely' P-efficient 

plant as one which can make significant growth and production 

in a medium where available Pis inadequate for normal maximal 

yield. Thus he proposed a very specific and comprehensive 

aefinition of efficiency. According to Fox R.H. (1978) an effic-

ient plant is one that ~roduc~s ~ large quantity of ha~vestable 

dry matter per unit time and area, growing in a medium that 

has less than sufficient P available for maximum yield under 

the remaining environmental constraints. Because of the 

specificity of the definition, the P efficiency measured by 

this criterion has meaning only when it is compared to other 

plants growing under the same conditions. 

2.12.1 Intra- and Inter-specific Differences in 

Phosphate Efficiency 

There are many factors which contribute to the 

efficiency of P nutrition of a plant in relation to others 
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(whether intra- or inter-specific). 
I 

Most of these have 

already been covered in greater depth in Section 2.11. 

A plant may have a higher P efficiency by 

virtue of its larger or more finely branched root system, 

.therefore is more effective in exploiting the soil within its 

root volume (Rabideau, Whaley and Haimsch, 1950). For ex-

ample, Barrow (1975) found that the higher specific P absorpt

ion rate of ryegrass compared to subterranean clover was part

ially attributed to the dense fibrous root system in ry~grass. 

Caradus (1980} also reported that_ grasses as a_ group are more 

tolerant of low Pin soils due to their more intensive root 

systems, longer and finer roots and root hairs. At the same 

time,_ grasses divide their P between roots and shoots in a 

constant ratio irrespective of soil P, while l~gumes retained 

more Pin the roots in soils low in P. 

Mycorrhizal associations {Section 2.11.5) in

crease P uptake by increasing the soil volume explored by the 

plant through the ramification.of ·fu~gal hyphae beyond the 

zone of depletion around the root system. The benefit of 

mycorrhizal associations varies with the mycorrhizal strain. 

Thus, P-efficient plants may be a result of mycorrhizal assoc

iations or differences in the effectiveness of the mycorrhizal 

strains on the host plant (Crush, ·1974; Powell, 1977}. 

Guerrero and Williams· (1975) found thatfilaree 

(Erodium botrys) was able to out-produce subterranean clover 

(Trifolium subterraneum) in P-deficient soil and suggest that 

this might be due to root exudates which break down insoluble 

P complexes and release P. McLachlan (197~) compared 

the P response of four forage plants and found that the 
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greater P uptake by buckwheat (Fagopyrum esculentum) 

was associated with its ability to acidify the rooting medium 

through the exchange of hydrogen ions for cations taken up by 

the plant. Thus, by altering its root environment so as to 

increase P availability, a plant can become more "efficient" 

than others. 

The effects of toxic levels of Al in solution 

on the P uptake and metabolism of plants have been discussed 

earlier. High Al concentrations in solutions depressed P 

concentrations in the shoots of sensitive but not tolerant 

plants (Munns, 1965). Andrew and Vanden Berg {1973) showed 

that Al in solutions decreased P transport from roots to 

shoots in sensitive species more than in tolerant species. 

Davis (1974) found that dry matter yields of white clover 

were retarded by high levels of Al in the soil despite adequate 

levels of Pin the leaf tissues. Susceptibility to Al toxic-

ity has indirectly contributed to ~he lower P efficiency of 

these plants. 

All factors so far discussed are those which 

indirectly affect the capacity of the plants for P uptake, 

thus affecting its P efficiency. Variations in the mechanism 

of P uptake and translocation between plants have been shown 

by studies using radioisotopes. · Kinetic studies by Andrew 

(1966) using a ra~ge of species have revealed that the roots 

of the tropical legume stylosanthes _humilis absorbed P faster 

than roots of the other legumes tested. Km values also 

varied between species. Differences in the maximum capacity 

for P influx (V ) and K values have also been recorded max m 

between roots of several other species (e.g. N~ggle and Fried, 



50 

1960; Jungk, 1974). There are also differences in the mini-

mum concentration to which different species could lower Pin 

solution (Jungk, 1974). 

Although plants with a greater ability to absorb 

Pare potentially more efficient (i.e. higher P recovery), the 

ability to effectively translocate and utilise the P absorbed 

is just as important. Some plants are able to transfer most 

of the absorbed P to the shoot for dry matter production. The 

relatively more efficient seradella (ornithopus compressas) 

retained only 38% of the total P uptake in its root system com

pared to 55% and 42% for subterranean and cluster (Trifoli"um 

glomeratum) clover respectively (Blair and Cordero, 1978). Scott 

R.S. (1977) found that 'Tamar' white clover yielded more than 

'Huia' and attributed this to the higher P utilization as a 

result of greater propensity to mobilise P by 'Tamar'. The 

greater translocation of P to shoots ins. humilis was also 

suggested to be the reason for better growth of the species 
'w • • • 

when grown at low P levels (White, 1972). 

Rorison and Gupta (1974) -compared the response 

of several plant species to P supplied in dilute solutions in 

continuous steady flow or in solutions periodically replenished, 

the total P supplied bei~g kept constant in both cases. They 

found that urtica dioica required a higher threshold of P to 

maintain_ growth and is far less efficient in utilisi~g P from 

dilute solutions than the other species. In contrast, Rumex 

acetosa and Scabiosa columbaria were able to grow in relatively 

dilute solutions in which u. dioica failed. R. acetosa, how-

ever, required a steady continuous suppl~ and was not as adapt

able, being unable to utilise and benefit from sudden increases 

in P supply. s. columbaria_ grew equally well for a given 
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amount of P whether this was supplied in a constant flow or 

periodically renewed. When exposed to sudden short-term 

increases in P supply, s. columbaria readily absorbed the P 

and stored the 'excess' Pas inorganic Pin its roots (Nas-

sery and Harley, 1969). Thus, some plants are efficient 

because they can grow in conditions of low but steady phos

phorus supply and at the same time capitalise on sudden in-

creases in P supply. Storing the excess P absorbed in the 

roots enables the plant to have relatively lo~g-term utilisat-

ion following short-term increases in P supply. Genera like 

Banksia, growi~g in low P habitats, also have the ability to 

store Pin roots as polyphosphate and is utilised when the en

vironmental conditions favour shoot growth (Jeffrey, 1964). 

In terms of dry matter production, R. acetosa was 

much more efficient. For a given supply of P, R. acetosa pro-

duced 5-6 times more dry matter than s. columbaria. In terms 

of dry matter production per unit P absorbed, however, there 
, . . . I. 

was little difference between the two species. 

'From the various examples already cited, it is 

obvious that P efficiency in plants is usually a result of 

the combinations of several factors, and P efficiency can vary 

according to the definition of efficiency used. McLachlan 

(1976) concluded in a study comparing the P efficiencies of 

four species that.efficiency of P used was more important than 

the efficiency of P uptake at the root surface in determining 

their productivity. The P absorbed was more affected by 

morphology and the rate of_ growth of the root than by root 

metabolic activity. Higher efficiency for P uptake at the 

root surface was an added attribute which gave buckwheat a 
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further advantage over the .other species. Christie and 

Moorby (1975) also found that the higher relative yield of 

mulga grass (Thyridolepis mitchelliana) at low concentration 

was due to superior ability to absorb and transport Prather 

than its ability to function at a lower internal P concen

tration. 

2.12.2 Selecting for Phosphate Efficiency in Plants 

Altho~gh studies have shown that worldwide 

there is at least a 500 years• supply of potentially 

mineable· mineral P (Cathcart, 19·80), it is not economically 

feasible to mine 80% of this reserve with current technology 
\ . 

and at today's prices. At present production rates of 

approximately 15 million tons per year and rising steadily by 

6-7% each year, Preserves were estimated to last for a mere 

50-liO years, before reserves are exhausted (Tinker, 1977). 

Phosphorus therefore is a limited resouic~ and unlike other 

resources such as fossil fuels, it h~s no substitute. Since 

the greatest part of mined Pis used as fertiliser, conservat

ion of P supplies through greater efficiency of P fertilisers 

use has received much attention recently (e.g. Blair, Till 

and Smith, 1977; Van Ray and Van Diest~ 1979). 

There appears tq be some controversy over the 

efficiency ~f P recovery by plants from soil after the applicat-

ion of P fertilisers. Parfitt and Lee (1979) cited literature 

indicating that only a small part of the P applied to arable 

crops is taken up by that crop in the first year or in succeed-

ing years. The situation in pastoral farrni~g was thought. to .: 

be a little better. Over a period of several years, the 
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recovery may range from 5 to over 30% dependi~g on the soil 

and the crop. Karlovsky (1979), however, argued that under 

both grasslands and arable farmi~g, the efficiency of P 

recovery is high, often rangi~g from 75-90%. In a soil 

which has reached equilibrium, where mobilization equals 

immobilization, there will be effectively 100% recovery since 

the P required would only be for replacing P removed in farm 

products. 

In view of this and that Pis a limited resource, 

it is obviously an advantage to have plants which are able to 

grow and produce well in soils which we consider as having low 

available P levels. This may mean that plants are more effic

ient in taking up P from extremely dilute solutionsorthatplants 

are able to use this absorbed P more effectively in dry reatter 

production. Differences in the ability of plants to absorb 

and utilise P from dilute solutions (within and between species) 

have been well documented (Snaydon.and Bradshaw, 1962; Rorison 

and Gupta, 1974). ~or most species, these differences are 

. genetically controlled and therefore the P efficiency of plants 

can be increased through breeding and selection (Epstein and 

Jefferies, 1964; Bradshaw, 1969; Epstein, 1972). In a re

cent review, Godwin and Wilson (1977) discussed the prospects 

for selecting plants with increased P efficiency and concluded 

that genetic variability in the root morphology and P content 

of plants are two areas with potential for selection. Select-

ion programs for_ greater P efficiency in plants have already 

been reported (Caradus and Dunlop, 1978; Wilson, Chisholm and 

Blair, 1978; Fox, R.H., 1979; Caradus, 1980). 



CHAPTER III 

ESTABLISHMENT AND MAINTENANCE PHOSPHATE RESPONSES 

BY LOTUS, WHITE CLOVER AND T. AMBIGUUM 

ON A HIGH COUNTRY YELLOW BROWN EAnTH 

3.1 Introduction 

There are over three million hectares of highly

weathered acidic high country soils in New Zealand. Since 
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these soils are generally impoverished in nutrient status, 

an improvement in soil fertility is a necessary prerequisite 

for pasture development. The standard practice for pasture 

improvement on these soils, therefore, is the correction of 

soil nutrient deficiencies by fertiliser and lime applicat

ions followed by the introduction of high-producing legumes 

in the pasture sward (During, 1972; White, 1977). White 

clover is undoubtedly the most common and widely used legume. 

However, the relatively high requirement and poor competitive 

ability for soil nutrients (Jackman .and Mouat, 1970) and its 

preference for moderate soil acidity and high exchangeable 

calcium levels (Levy, 1970) have meant that large amounts of 

fertiliser (mainly phosphates) and lime are needed annually 

for the establishment and maintenance of white clover-based 

pastures on these acid, low fertility soils. In an attempt 

to improve the efficiency of phosphatic fertiliser usage, 

several white clover strains and alternative legumes have been 

evaluated (Scott, R.S., 1977; Caradus and Dunlop, 1978; 

Caradus, 1980; Spencer, Govaars and Bely, 1980). 

Efforts are aimed at finding cultivars or plant species 

better adapted to low fertility conditions, with low nutrient 



requirements, improved competitive ability and better acid 

and heavy metal tolerances. Thus, relatively high yields 

can be maintained with relatively low fertiliser input and 

possibly no lime. It is in this context that Lotus 

pedunculatus (cv.'Grasslands Maku') and Trifolium ambiguum 

(cv. 'Prairie') were evaluated with white clover (Trifolium 

repens cv. 'Grasslands Huia') as the reference plant in a 

field trial on a high country Yellow Brown Earth (YBE} at 
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Mesopotamia Station, South Canterbury. The trial was estab-

lished by staff members of the Plant Science Department, 

Lincoln College, just prior to the commencement of this study. 

The aim of the trial was to establish the productivity of 

the two legumes relative to white clover at a range of estab

lishment and maintenance fertiliser P treatments on an acid 

soil in the absence of lime. 

3.2 Experimental 

3.2.1 Trial Site 

The trial was sited at Mesopotamia Station, a 

high country sheep station near the head of the Rangitata 

River, South Canterbury. The soil is a high country YBE, 

the Cass fine sandy loam, formed from parent material deriyed 

from greywacke loess on moraines and high terraces. The 

soil was moderately acidic (pH 5.25) and was chosen so that no 

lime need to be applied for reasonable white clover growth. 

The area chosen had not previously been·oversown or topdressed 

and the soil has the following characteristics:_ 
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Soil properties of the Cass fine sandy loam 

(Ministry of Agriculture and Fisheries 'Quick Test' results) 

pH 5.25 (mod. acidic) Troug P 2 . (low) 

Exch K 3 ,(low/medium) Bray P 1 (low) 

Exch Ca 4 (low) Olsen P 8 (low) 

Exch Mg 16 (high) P retention 40% (medium) 

The soil is classed as low to medium in natural 

nutrient status and very deficient in phosphorus with medium 
\ 

to high P retention (N.Z. Soil Bureau,1968, Bulletin No. 27B). 

Sulphur and molybdenum are also likely to be deficient in 

this leached inland soil. The trial site was situated on a 

high terrace at an altitude of approximately 700 m with 

annual rainfall of just over 1000 mm. The unimproved native 

vegetation is predominantly snow (Chionochloa rigida) and 

fescue (Festuca novae 'Z..elandiae) _tussocks, browntop (Agrostis 

tenuis) and sweet vernal (Anthox•nthum od~raturn); Loss of 

grazing area due to invasion by mouse-ear hawkweed (Hieracium 

pilosella) was a problem in some places. Production from 

this unimproved pasture is approximately 500 kg DM ha-l year-l 

but should be capable of much higher yields following improve

ment by oversowing and topdressing (Daly, pers. comm.). 

3.2.2 Layout and Treatments 

The trial was a split-plot factorial with 3 

legume species, 4 rates of establishment P treatments and 3 

frequencies of maintenance P treatments randomised in 

blocks with 3 replicates. The legume and establishment P 



treatments were the main plot treatments and maintenance P 

treatments were randomised in the sub-plots. 

sub-plot treatments were: 

The main and 

(a) Legumes (i) Trifolium repens ('Grasslands Huia' 

white clover), 

(b) 

(ii) Trifolium ambiguum ('Prairie', a 

hexaploid Caucasian clover), 

(iii) Lotus pedunculatus ('Grasslands Maku', 

a tetraploid lotus). 

Establishment phosphate (Pe) at: 

(i) 10 kg P ha-l (PlO) 

(ii) 25 II 
II 

(P25) 
Applied as triple 

superphosphate 

(iii) 50 II II 

<Pso> 
(45% P 205 ) 

(iv) 100 " II 

(PlOO) 

(c) Sub-plot maintenance phosphate (Pm) at 125 kg 
-1 

superphosphate (10 kg P) ~a applied: 

(i) annually, 

(ii) biennially, 

(iii) no maintenance phosphate. 

Basal fertilisers consisting of molybdenum (as 
-1 . 

175_ g sodium molybdate ha ) and sulphur (as gypsum 30 kg S 

ha-1) were applied at establishment. Additional basal 

gypsum was applied in the third spring after establishment 

-1 (1978) at 30 kg Sha . 
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Main plots were 20 x 5 m2 in area, each sub-divided 

into 3-sub-plots:-of 6.6-x 5 m2 . .- -·,Ino_culated,·lJme-pelleted 



seeds of each of the three legumes were sown at a rate of 

-1 6 kg seed ha , on 4 September 1975. 

3.2.3 Visual Assessments, Sampiings and General 

Management of Plots 
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Plots were not grazed in the first growing 

seasons (1975-76) but in subsequent years the trial area was 

. grazed hard by sheep after each early summer harvest and 

again in late summer or autumn. All plots were visually 

assessed three or four times a year and the first spring har

vest was made in December 1977, two years after establishment. 

Another spring harvest was made in December 1978 and three 

cuts were taken in the 1979-80 season for annual dry matter 

yield. 

2 At each harvest, 3 x 0.33 m samples were har-

vested from each sub-plot using a hedge trimmer. All 

samples were sub-sampled for botanical <l~asections where herb

age was separated into grasses, legumes, weeds, etc. to 

assess botanical composition. Random 'grab' samples (approxi-

mately 10-20 g fresh weight and cut 2-3 cm above ground level 

to prevent soil contamination) were also collected from all 

sub-plots for chemical analysis. Both legume and grass com-

ponents from all except 1977 spring harvest were analysed for 

N and P content. For the spring 1977 harvest, only the 

legume fraction was analysed for N and P. 

0 All samples were oven-dried overnight at 80 C and 

the dry weight of each recorded. Samples for chemical analy-

sis were ground in a hammer mill.to pass through a fine 

(< 1 mm) sieve and stored in glass vials before analysis. 
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3.2.4 Chemica1 Analysis 

(a) Phosphorus: 0.1 g samples of ground plant 

material were wet ashed in Kjeldahl digestion flasks with 

nitric-perchloric acid following the procedure described by 

Johnson and Ulrich (1959) (see Appendix 1.1). The P concen-

trations in the plant:-dige.E?ts were determined colorimetric

ally using a modified Murphy and Riley (1962) method as out

lined in the N.Z. Soil Bureau Scientific Report No. 10 (1972) 

(see Appendix 1.2). 

(b) Nitrogen: 0.1_ g samples of ground plant 

material were digested in Kjeldahl flasks with 3 ml of con

centrated sulphuric acid (H 2so4 ) and 1.0 g of K2so4 : 

Cuso4 .5H20:Se powder (10:1:0.1) as catalyst. Digestion was 

continued for at least 3 hours until the samples were clear 

and light green-blue in colour. The N content of the 

Kjeldahl digestates was determined.by a distillation-titration 

procedure using microdistillatiori units (Bremner, 1965). 

The digest was diluted with 10 ml af distilled water 'followed 

by 10 ml of 10 N sodium hydroxide (NaOH) solution. The 

ammonia was steam-distilled into 2% Boric acid containing 

Conway and O'Malley's (1942) indicator. The distilled 

ammonia was back-titrated with 0~05 M H2so4 . 

(c) · Alumitd·um: Plant samples (0.5 g) were 

digested with nitric-perchloric acid as described above for 

P determinations. Diluted digests were analysed for Al by 

atomic absorption spectrophotometry. 



3.2.5 StatisticaT Analysis 

The results were analysed as a randomised com

plete block experiment with 3 legume species x 4 levels of 
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Pe x (3 split plots) factorial with 3 replicates. Signifi-

cance levels are indicated as follows: *** P<0.001, 

** P{o.01, * P{o.os, ns not significant at 5%. 

3.3 ResuTts 

White clover seeds_ germinated well and estab-

lished a dense population by October 1975. Lotus plant 

density was lower but satisfactory, while T. ambiguum estab-

-2 lishment wa~ poor with only 4.5 plants m . All T. ambiguum 

plots were resown in November 1975 to increase plant populat

ion. Visual assessment of cover in October 1976, 13 months 

after sowing, showed a marked response to establishment 

-1 
Pup to 50 kg P ha by ~11 species. Mean cover 

estimates from all P treatments were 58, 46 and 10% for white 

clover-, lotus and T. amb!guum re spec ti vely. 

Spri~g- growth appeared to start earlier for white 

clover in late September/early October,. while lotus was still 

maki~g rhizomatous_ growth with little above-ground herbage prq-

auction. Flowering and seed set were correspondi~gly earlier 

in the two Trifolium species which peaked at about December, 

while lotus was still in bud. R~growth after each_ grazing 

was outstandi~g .. for lotus, e~pecially in the 1978-79 summer 

where a 6-week dro~ght severely restricted the recovery of the 

two clovers. 



3.3.2 Dry Matter Yields (Spring Harvests and 

Annual Yield) 

Total dry matter yields from 3 spring harvests 

(1977-1979) and total annual yield (sum of 3 harvests) from 
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the 1979-80 season are shown in Table 3.1. Oversowing with 

lotus has consistently given the highest dry matter yields 

in successive spring harvests. However, the advantage of 

oversowing with lotus decreases with each successive harvest 

so that in the fourth spring harvest, lotus was yielding only 

12% more than white clover compared to 37% and 16% in the 

second and third spring harvests respectively. Of the three 

oversown legumes, T. ambiguum gave the lowest dry matter 

yields, representing about 50% or less of yields from lotus 

plots. 

Table 3.1: 
-1 

Total dry matter yields (kg DM ha ) from 

spring -(3 seasons) and annu-a1-,: ( 1 season) harvests 

Legume 1977-78 1978-79 1979-80 
species 2nd Spr i,!)-g .3rd Spring .4.th Spring Annual ove·r·sown 

Lotus -3388 2145 2543 5933 

White clover 2477 1856 2280 5147 

T. ambiguum 1809 963 1963 5003 

SEM 14.7. . _8_9 135 283 

Significance *** *** * ns 
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Annual dry matter yields, although recorded for 

only one season (1979-80), were consistent with the trends 

already observed for spring harvests (Table 3.1). Annual 

dry matter yields associated with lotus were still more than 

15% higher than white clover despite the decreasing differ-

ence between the two legumes with time. Spring and annual 

dry matter yields associated with T. ambiguum in the fourth 

year were relatively high. These figures were misleading 

since over 33% of the annual dry matter yield was due to 

white clover contamination of the T. ambiguum plots. Lotus 

plots were also invaded by white clover, but yields from 

·white clover contaminants represented less than 8% of the total 

annual yield in the 1979-80 season. 

3. 3. 3 Components o·f Dry Matter Yield 

The components. (legume and grass) of dry matter 

yield for the three spring harvests and f6i the 1979-80 annual 

harvest are shown in Table 3.2. The relative contribution 

(percentage of total spring or annual yield) of the two com

ponents to the total yields are given in brackets. 

(a) Legume Corripon:e·n:t ·o·f Dry" Matter Yie·ld: The 

high spring and annual dry matter yields (Table 3.1) associated 

with lotus were a reflection of the significantly higher 

yields of the l~gume component within the lotus treatment 

(Table 3.2). Dry matter yields from lotus were at least 40% 

more than white clover and more than twice as much as T. 

ambiguum at all spri~g harvests as well as annual yield in the 

fourth year. 

Legume yields as a percentage of total yields 
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(Table 3.2, figures in brackets) showed that the bulk of the 

dry matter associated with lotus was accumulated in the legume· 

fraction, usually making up 50% or more of the total. In 

marked contrast, legume dry matter from T. ambiguum seldom 

exceed 40% of its total yields. Dry matter harvested from 

white clover plots, however, tended to be more evenly distributed 

between the legume and grass components with the legume fraction. 

tending to be the bigger component. Despite the relatively 

high 1979-80 annual yield associated with T. ambiguum (Table 

3.1), legume yield (Table 3.2) from T. ambiguum was very low 

(24%). The poorer initial establishment and subsequent growth 

of T. ambiguum has allowed the invasion of T. ambiguum plots by 

white clover plants (transferred via the grazing animal) over 

successive years. Contamination by white clover was respons-

ible for the inflated yields from T. ambiguum in the fourth 

year. 

(b) Grass Component of Dry Matter Yield: There 

were significant differences in the grass component yield both 

on actual dry weights and percentage of total yield. The 

most notable feature was that the highest grass yield was al

ways associated with white clover (Table 3.2). Except for 

the spring 1977-78 harvest, grass yields were intermediate 

when associated with lotus, and lowest with T. ambiguum. The 

difference between grass yields associated with white clover 

and with lotus decreased with successive harvests. Thus in 

the spring harvests, grass associated with white clover out

yielded that associated with lotus by 46% in 1977-78 but de

creased to 32 and 28% in the next two spring harvests. 

Total dry matter yield from white clover plots 



Table 3.2: Components (legume and grass} of dry matter yield (kg DM ha-1 } from spring (3 seasons) 

and annual (1 season) harvests. Percentage of total spring or annual yield in brackets# 

Legume Species 
oversown 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

1977-78 

2nd Spring 

Legume 

1682 

( 50} 

1179 

( 4 8} 

687 

(38} 

67 

*** 

Grass 

637 

(19) 

931 

(38) 

782 

( 4 3) 

91 

ns 

1978.-.7.9. 

3rd Spring. 

Legume 

1014 

( 4 7) 

659 

( 36) 

470 

( 49) 

58 

*** 

Grass 

721 

(34) 

951 

(51) 

280 

(29) 

45 

*** 

.197.9-80 

4th Spring 

Legume 

1546 

(61) 

1099 

( 4 8) 

769 

(39} 

70 

*** 

Grass 

622 

(24) 

800 

(35) 

304 

(15) 

51 

*** 

Annual Yield 

Legume 

2700 

(46) 

2155 

(42) 

1218 

(24) 

102 

*** 

Grass 

1556 

(26) 

1553 

(30) 

714 

(14} 

95 

*** 

# where percentages did not add up to 100, the balance was made up of weeds, herbs, plant litter 
and volunteer white clover. 



tended to be more evenly distributed between the grass and 

legume components (Table 3.2), in this case grass dry matter 

constituted on average over the three spring harvests just 

over 40% of the total. Grass dry matter associated with 

both lotus and T. ambiguum, however, contributed on average 

between 20-30% of the final spring yields. 

3. 3. 4 Phosphate Concentr-ations · ( % P) ·and Yields 

in Dry Matter Harvested 
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Without exception, percentage Pin white clover 

legume fraction was significantly lower than lotus and except 

for the 1977-78 spring harvest, also significantly lower than 

;percentage in T. ambiguum (Table 3.3a). Sin.ce the high per

centage Pin the legume fractions from lotus were associated 

with high legume dry matter yields (Table 3.2), the P yields 

from legume dry matter harvested were also highest in lotus 

(Table 3.3b). 

Despite the lower percentage_P in the legume 

fraction from white clover plots (Table 3 .. 3a), P yields har

vested in the legume fraction were still higher than in T. 

ambiguum (Table 3.3b) due to the higher legume dry matter assoc

iated with white clover (Table 3.2). 

Among the legume components, P recovery (i.e. 

yields) was highest in lotus, usually more than 50% higher than 

white clover and twice that recovered in T. ambiguum (Table 

3. 3b) • 

In all the three spring harvests, mean percentage 

.Pin white clover was below the critical range of 0.3-0.4% 

(McNaught, 1970). Literature on the critical percentage P for 
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Table 3.3a: Phosphate concentrations (% P) in legume and grass 

fractions from three spring (1977-1979) harvests. 

Legume 
species 

oversown 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

1977-78 % P 
in dry matter 

Legume 

0.189 

0.136 

0.146 

0.004. 

*** 

1978-79 % P 
.in dry matter 

. Legume 

0.248 

0.227 

0.254 

0.005 

** 

Grass 

0.259 

0.265 

0.252 

0.013 

ns 

1979-80 % P 
in dry matter 

Legume Grass 

0.296 

0.272 

0.289 

0.007 

* 

0.352 

0.353 

0.380 

0.007 

** 

#Phosphate yields in Table 3.3b were computed from individual 
treatment values and not from the plot means in Table 3.2 
and 3.3a. 

Table 3.3b: Phosphate yields*(kg P ha-1 ) _in total o.ry matter 

harvested and in the legume and grass components 

from two spring harvests. Components of P yields 

as percentages of total are given in brackets. 

Legume 1978-7.9 1979-80 
species 

oversown Legume Grass Total Legume Grass Total 

2.70 1.99 4. 6.9 4.78 2.26 7.03 
Lotus 

(58) ( 42) ( 68) (32) 

White Clover 
1.57 2.74 4.31 3.13 2.93 6.05 

(36) (64) ( 52) (48) 

1.28 0.71 1.99 2.34 1.20 3.54 
T. ambiguum 

(64) (36) (66) (34) 

SEM 0.16 0.17 0.23 0.23 0.19 0.32 

Significance *** *** *** *** *** *** 
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lotus and T. ambiguum were not available. 

Difference in percentage P between the grass com

ponent associated with the three legumes were not significant 

(Table 3.3a) except for the 1979-80 spring harvest where per

centage Pin grass associated with T. ambiguum was signifi

cantly higher. The associated grasses, as a group, 

have a higher mean percentage P. In both grass and legume 

fractions, percentage P increased with time. 

Although there was little difference in percentage 

P of grasses associated with the three legumes, there was a 

highly significant difference in the P recovered in the grass 

dry matter harvested (Table 3.3b). Among the grass fractions, 

highest P recovery was associated with white clover, followed by 

lotus and T. ambiguum. Phosphate recovery by grasses associated 

with white clover also contributed to the bulk of the total P 

recovery from white clover plots, representing 64 and 48% of its 

final total for the third and fourth spring harvest respectively. 

This was in contrast to lotus and T. ambigu~m ploti where P 

yield from the grass component made up approximately a third of 

their respective total yields. 

Overall, total P recovered in the harvested herb

age for the two spring cuts (Table 3.3b) was consistently higher 

when oversown with lotus, much of the P recovered being in the 

legume fraction. Total P recovery from white clover plots was 

lower, but in contrast to lotus, the recovered P was more evenly 

~between the legume and grass components. Total P 

recovered from T. ambiguum plots was low, only about half as 

much as that recovered from lotus plots. Of the total, over 

60% was in the legume fraction. 



3. 3. 5 Nitrogen Concentrati6ns ·(% N) and Yield in 

Dry Matter· Ha·rve·s·ted 
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The N concentration in the legume fraction was 

significantly higher for lotus in 1977-78, not significantly 

different for all three legumes in 1978-79 and significantly 

higher for white clover in 1979-80 (Table 3.4a). For all three 

legumes, percent~ge Nin legume herbage harvested increased with 

successive harvests. Despite this, mean percentage Nin white 

clover at all spring harvests was lower than the critical range 

of 4.5-5.5% suggested by McNaught (1970}. In terms of N 

yield (kg N harvested) in the legume fraction, lotus was 

invariably the highest, outyieldi~g white clover by 52 and 35% 

in the third and fourth spring harvests and over twice as much 

as T. ambiguum (Table 3.4b). 

Among the grass components, percentage N was al

ways highest when associated with ~hite clover, followed by 

lotus and T. ambiguum (Table 3.4a). As in the iegume fract-

ions, percentage Nin grass associateq with all three legumes 

increased with time, but grasses as a_ group had mean percentage 

N levels much lower than the legume fractions. This is not 

surprising since_ grasses are directly dependent on the assoc-

iated legumes for their N requirements. Consistent with the 

higher dry matter yields in the_ grass associated with white 

clover (Table 3.2) and the corresponding high N concentrations 

(Table. 3.4a}, N yield (kg N harvested) in the_ grass component 

was h~ghest in white clover plots (Table 3.4b). Grass in assoc-

iation with white clover yielded between 35-40% more N than when 

associated with lotus and 3-4 times as much as grass associated 

with T. amb!guum. 
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Table 3.4a: Nitrogen concentration (% N) in legume and_ grass 

fractions from three spring (1977-79) harvests. 

1977-78 % N 1978-79 % N 1979-80 % N 
Legume in dry matter .. in dry matter in .dry matter 
species 

oversown Legume. . Legume .Grass. . Legume . .Grass 

Lotus 3.11 3.49 1.47 3.45 1.83 

White Clover 2.86 3.42 1.57 3.61 1.91 

T. ambiguum 2.74 3.59 1.25 3.40 1. 79 

SEM 0.04 0.05 0.03 0.04 0.03 

Significance *** . .ns *** ** ns .. 

Table 3.4b: Nitrogen yields -1 (kg N ha ) in total dry matter 

harv~sted and in l~gume and grass components from 

two spring harvests. Components of N yields as 

percentages of total are given in brackets. 

Legume 19.78-.7.9. 19.79-8.0 
species 

Legume Grass Total Legume Grass Total oversown 

35.6 10.9 46.5 
Lotus 

54.3 11.5 65. 8_ 

(76) (24) C83 > ( 17} 

White Clover 
23.3 15.3 38.6 40.2 15.6 55.8 

(60) ( 40) (.72) ( 2,8) 

17.2 3.5 20.7 26.2 5.6 31. 8 
T. ambiguum 

(83) ( 17) ( 8 2) ( 18) 

SEM 2.1 0.6 2.2 2.4 1.0 2.8 

Significance *** *** *** *** *** *** 
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Despite the high N yields in the_ grass compone~t 

in white clover plots, total N harvested remained highest in 

lotus plots (Table 3.4b) due to the h~gh N harvested in the 

legume fraction. Total N harvested from T. ambiguum plots 

were less than half that of lotus plots. For all three leg-

umes, the bulk of the N harvested was accumulated in the l~g

ume fraction (over 80% for lotus and T. ambiguum and between 

60-70% for white clover). 

3. 3. 6 Aluminium co·n·ce·ntr·ations(ppm) in Legume 

Herbage Harvested 

Legume herbage harvested from two rates of Pe 

(P10 and P100 ) in the 1977-78 spring cut were analysed for Al. 

Results are presented in Table 3.5. 

Table 3.5: Aluminium concentrati~ns in the legume herbage 

harvested from 1977-78 spring. at two rates of 

establishment phosphate. 

Phosphate Al Concentration .(.ppm). in DM Pe (kg P ha-1) at 
means establishment Lotus White 

·T • ambiguum (Pe) clover 

10 97.2 118.1 178.3 131.2 

100 77.8 112.2 124.2 104.7 

Legume means 87.5 115.2 151.3 

SEM Legume means = 8.7 Pe means = 1·.1 

Significance Pe * 
Legume ** 
Pe X l~gurne ns 
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Mean Al concentration was h~ghest in T~ ambiguum 

followed by white clover and lotus. This trend was true at 

both high (P100 ) and low (P10 ) rates of Pe. Increased rates 

of Pe (from P 10 to P100 ) gave markedly lowered Al concentrat

ions in the herbage of lotus and T. ambiguum but only slightly 

for white clover. 

There was no significant effect of maintenance 

phosphate (Pm) applications on Al content of the herbage al

though increased frequencies of Pm applications did tend to 

lower Al content also. 

The actual Al content in lotus and white clover 

were of the same magnitude as those reported by other workers 

(Lowther, 1980; Scott and Mills, 1981). No comparative results 

for T. ambiguum are available. Aluminium contents in white 

clover did not exceed levels normally associated with Al toxicity 

for white clover (Andrew, Johnson and Sandland, 1973), sug

gesting that Al toxicity was unlikely to be a major limiting 

factor for white clover growth on this moderately-acid Cass 

soil. 

3. 3. 7 Cumulative Yi·el'ds fr·om: Three· Seas·ons 

Total and components of dry matter harvested from 

two spring harvests (1977-79) and from the 1979-80 annual 

yields were added to give cumulative yields harvested over the 

three seasons. Results of mean cumulative yields for total 

and components of yields are given in Table 3.6. 

Over the three seasons, oversowi~9 with lotus 

yielded significantly more total dry matter, the bulk of which_ 

was in the legume component. Oversowing with white clover 



gave higher grass yields (36% of its total) although the 

legume fraction was still important (contributi?g to 41% of 

its total). Oversowing with T. ambiguum was inferior both 
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in legume and_ grass dry matter yields. Relatively high total 

yield from T. ambiguum was partly due to the invasion of T. 

ambiguum plots by volunteer white clover, especially after the 

third spring. 

Table 3.6:. Cumulative (sum of two spri?g (1977-78} 

and 1979-80 annual harvests) yield {kg 
-1 . 

DM ha ) from three seasons. Components 

of yields as percentages of total are 

. given in brackets! 

Legume Species 
oversown 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

Cumulative Yields 
(kg DM ·ha-1) 

Legume 

5396 

( 4 7) 

3993 

(41) 

2374 

( 31) 

180 

*** 

Grass 

2920 

(26) 

3437 

( 36) 

1777 

(23) 

173 

*** 

Total 

11466 

9479 

7774 

403 

*** 

# Where percentages did not add up to 100, the 
balance was made up of weeds, volunteer white 
clover, herbs and plant litter. 



3.3.8 Effects of Phosphate (Pe) Applied 

At Establishment 
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(a) Total Dry Matter Yields - Spring Harvests: 

The rate of P applied at establishment had a highly signifi

cant effect on the total dry matter (legume+ grass) yields 

for each of the three spring harvests. The response of 

total dry matter from the three legume treatments to increas

ing rates of Pe for 1977-78 spring cut is shown in Figure 

3.la. Total dry matter of white clover and T. ambiguum both 

responded significantly up to P 50 • In contrast, lotus 

showed a significant response up to P 25 and higher levels of 

Pe did not increase yield significantly. Despite this, at 

each rate of Pe, oversowing with lotus consistently gave 

higher total dry matter yields than white clover and T. 

ambiguum. The greater total dry matter from lotus plants 

was especially evident at low and moderate rates of Pe. For 

example, at P10 and P 25 , lotus yields exceeded those from 

white clover by 45 and 72% respectively. The advantage of 

lotus over white clover in terms of total dry matter yields 

decreased with increasing rates of Pe but even at P100 , lotus 

total dry matter yield was 25% more than white clover. Of 

the three legumes, T. ambiguum gave the lowest total yields. 

The rates of Pe continued to have a significant 

effect on the total dry matter yields in the two subsequent 

spring harvests (Figures 3.lb and 3.lc). Lotus plots con-

tinued to produce more dry matter than white clover at all rates 

of Pe and white clover mo're than T. ambiguum. However, the dif

ference between white clover and lotus decreased with successive 

spring harveffts. Overall, in the 1979-80 spring cut (Figure 
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3.lc), four years after establishment, lotus was producing 

approximately 12% more than white clover. This was in con-

trast to yields from the 1978-79 spring harvest (Figure 

3.lb), where lotus out-produced white clover by almost 40% 

at P10 and by 11% at P100 • 

Total dry matter yields from oversowing with 

T. ambiguum were lowest but had improved with time relative 

to white clover and lotus, especially at the higher rates 

(P50 and P100 ) of Pe (Figure 3.lc). Part of this improvement 

in yields can be attributed to the contamination of white 

clover in T. ambiguum plots. 

The response of all three oversown legumes to Pe 

in terms of total dry matter yields decreased with time, so 

that the response curve 'flattened' with each successive year 

(Figures 3.la, b, c). Bearing in mind that each main treat-

ment plot was divided into three subplots, two of which 

received maintenance P (Pm), either annu~lly or biennially, 

the main plot effects of: Pe would become increasingly masked 

by the effects of Pm. Thus, the gradient of the Pe response 

curve decreased with time, giving rise to the 'flattening' 

trend observed over the three spring harvests. 

(b) Legume Dry Matter Yields - Spring Harvests: 

In the 1977-78 spring harvest (Figure 3.2a), all three legumes 

responded well to Pe. The response was nearly linear up to 

P100 , the highest yields being with lotus at all rates of Pe. 

Lotus continued to respond almost linearly to increasing rates 

of Pe in the 1978-79 spring harvest (Figure 3.2b). In con-

trast, white clover yields reached a plateau and showed no 

appreciable response above P25 (Figure 3.2b) and the lack of 
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response was even more evident with time (Figure 3.2c). A 

similar trend of decreasing response to Pe was also observed 
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for lotus but it was less pronounced (Figure 3.2c). As with 

total dry matter yields (Figures 3.la, band c), the diminish

ing response to Pe in legume dry matter of lotus and white 

clover is due largely to the maski~g effects of Pm applicat-

ions. Since Pm is likely to be most 1 effective at low rates 

of Pe, it is not surprising to see that yields from low Pe in

creased relative to yields from high Pe (Figures 3.2b and c) 

thus 'flattening' the response curves. 

T. ambiguum, however, continued to respond to Pe 

up to P100 and unlike lotus, showed no evidence of decreasi~g 

response with time. This suggests that Pm did not appear to 

mask the response to Pe in T. ambiguum to the same degree as in 

lotus and white clover. 

(c) Grass Dry Matter Yields - Spring Harvests: 

The response of the_ grass component -of yiel,,d to Pe was more 

variable (Figure 3.3a) in the 1977-78 spring harvest, but a 

clear trend was observed in the two subsequent harvests (Figures 

3. 3b and c) • 

In both 1978-79 and 1979-80 spring harvests, grass 

yields associated with white clover responded to increased Pe 

up to P50 and outyielded_ grass yields associated with lotus at 

P 50 and P 100 • Grasses associated with lotus responded only up 

In contrast,_ grasses associated with T. ambiguum 

showed no response to Pe. This lack of response suggests that 

N rather than P may be limiting_grass growth in T. ambiguum 

plots. 
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(d) Phosphate (% P) and Nitrogen(% N) in 

Dry Matter: The rates of P applied at establishment had a 

highly significant effect on the percentage P of the legume 

herbage from the three spring cuts (Table 3.7). There was 

also a highly significant linear component in the response 

to Pe by the three legume species. Except for the 1977-78 

harvest, there was no interaction between the oversown species 

and Pe. Detailed results are shown in Figure 3.4a and 

Appendix 2.4. 

Phosphate concentrations in the legume herbage 

of all oversown legumes increased with increased rates of 

Pe (Figure 3.4a} and ~ere highest in lotus at all rates of 

Pe. Phosphate concentrations in both lotus and white clover 

were more responsive than T. ambiguum to Pe (Figure 3.4a, 

thus the significant legume species x Pe interaction), but 

this difference was not evident in the subsequent harvests 

(Appendix 2.4). 

There was also a highly significant effect of 

Pe on the percentage Nin the legume ·herbage (Table 3.7)', 

but the effect decreased with time and was not significant 

in the fourth spring harvest (1979-80). Therefore, results 

from the 1977-78 spring harvest only will be presented.in 

Figure 3.4b. Detailed results are given in Appendix 2.5. 

Nitrogen concentrations in lotus were consistently higher at 

all rates of Pe, but especially at the lower rates (Figure 

3. 4b) • The difference between lotus and white clover became 

progressive smaller with increasing rates of Pe and with time 

(Table 3.7}. Nitr~gen concentrations in T. ambiguum responded 

more gradually to Pe and like the other two legumes, the 

response became non-significant by the fourth spring harvest 

. (Appendix 2 • 6} • 



Table 3.7: Main and interaction effects of oversown legume species and rates of establishment 

phosphate on percentage P and percentage Nin the herbage of the legume fraction from 

three spring harvests. 

Spring-harvested' Legume· D.i:y Matt.e.r 

Main Factors Phosphate Concentration (% P) Nitrogen Concentration (% N) 
and .i.n herbage .in herbage 

interactions 
1977-78 19.78-.79 1.9 79.-80. .1977-78 . 1978-79 1979-80 

Establishment p 
*** *** *** *** *** (Pe) ns 

Pe (linear *** *** *** *** *** component) ns 

Legume X (Pe) ** ns ns ns ns ns 

CX) 

0 
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Figure 3. 4: Effects of establishment phosphate_ (Pe) on (a) 

~ 
Q 

Q) 

E 
~ 
Ol 
Q) 

...:I 

s::: 
•r-f 

At 

dP 

~ 
Q 

Q) 
f::; 
~ 
Ol 
(I) 

...:I 

s::: 
·r-f 

z 
d(J 

phosphate concentrations (% P) and (b) nitrogen 

concentrations (% N) in sown legume dry matter 

harvested in spring 1977-78. 

(L lotus; Tr white clover; Ta Trifolium ambiguum) 

0.28 
(a) Phosphate concentrations (% P) 

eL 

0.24 

0.20 
• :y 

./ 0.16 

.,..--- /0 

0.12 T/T/ T 
I SEM .,---o 

0 

10 25 50 100 

Pe (kg p -1. .. 
ha appl-ied · at establishment 

(b) Nitrogen concentrations 

3.2 

. / . 
• 

3.0 
/ 0 

2.8 
:.-.........._ 

~Lo "---T 
2.6 ... 

I.sEM 

10 25 50 100 
-1 

Pe (kg P .ha applied at establishment) 



82 

In the 1979-80 spring harvest, percentage Pin 

the legume herbage continued to show a highly significant 

response to Pe (Table 3.7). This, however, was not accompan

ied by a concomitant increase in percentage N (Table 3.7 and 

Appendix 2.5). 

The most likely reason for this is that Pm applied 

to two-thirds of every main treatment plot had increased per

centage N of the herbage, especially at the lower rates of Pe, 

but to a lesser degree, percentage P. Thus the effects of 

Pm had overshadowed the response of percentage N but not per

centage P of the herbage to Pe. Detailed results of the 

effects of Pm on dry matter yields and on N and P concentrat

ions will be reported in 3.3.9. 

( e} Pho·spha te· · (% P} · an·d Nitrogen ("% N} in 

Grass Dry Matter: The effects of Pe on percentage P of the 

grass herbage from the 1978-79 and 1979-80 spring harvests are 

shown in Figures 3.Sa and 3.5b respectively. In both har-

vests there was a highly significant linear response of per

centage Pin the grass component to Pe. Legume species x Pe 

interactions were not significant. Mean percentage Pin the 

grass fractions associated with the three legumes were not 

significantly different from each other in the 1978-79 harvest 

(Figure 3.Sa}. In contrast, grasses associated with T. 

ambiguum had significantly higher percentage Pat all rates of 

Pe in the 1979-80 harvest (Figure 3.Sb}. One possible reason 

for.'t;his is that P uptake and dry matter growth in T. ambiguum 

(legume fraction) were considerably lower than the other two 

legumes thus allowing its associated grasses to take up 

relatively more P. 

The percentage Nin the grass herbage associated 



Figure 3.5: Effects of establishment phosphate (Pe)on phosphate concentrations in grass dry 

matter harvested in (a) 1978-79 spring and (b) 1979-80 spring. 

(Oversown with L lotus; Tr white clover; Ta Trifolium ambiguum). 
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with the three legumes also responded well to Pe in both spring 

harvests (Figures 3.6a and 3.6b}. Pe x legume species inter

actions were not significant. 

In the 1978-79 harvest (Figure 3.6a}, percentage 

Nin grasses associated with T. ambiguum was lowest at all 

rates of Pe, while those associated with white clover tended 

to be highest. Since grasses rely on the associated legumes 

for their nitrogen supply, the results (Figure 3.6a} su9gest 

that except at the highest rate of Pe (P100 }, N transfer from 

white clover to the associated grasses was superior than lotus 

while N transfer was lowest from T. ambiguum. The same trend 

was still evident for the spring 1979-80 harvest (Figure 3.6b} 

but the differences between the legume treatments were only 

significant at the 10% level. 

(f} Cumulative Dry Matter Yields Harvested Over 

Three Seasons: The effects of the rates of Pe on cumulative 

total, legume and grass dry matter yields are shown in 

Figures 3.7a, band c respectively. Overall, the response 

of cumulative yields to Pe were consistent with seasonal trends 

already reported (see 3.3.8a, band c}. 

Oversowing with lotus produced over the three 

seasons more harvested dry matter than white clover and T. 

ambiguum at all rates of Pe (Figure 3.7a}. As pointed out 

earlier (3.3.8a}, the greater productivity of lotus relative 

to the two Trifolium species was most evident at low or 

moderate rates of Pe. In this instance, lotus plots yielded 

31% more total dry matter than white clover at P10 but only 

15% at P
100 

(Figure 3.7a). 

Cumulative yields in the legume fraction (Figure 
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3.7b) also showed a highly significant response to Pe. Legume 

yields were highest in lotus and lowest in T. ambiguum at all 

rates of Pe. 

Cumulative grass yields (Figure 3.7c) were sig

nificantly higher when associated with white clover, but only 

at medium to high rates of Pe. Grass yields associated with 

T. ambiguum were low and showed no response to Pe. The sig-

nificant Pe x legume species interaction was due to this lack 

of response by grass yields in T. ambiguum plots to Pe. 

3.3.9 Effects of Maintenance Phosphate (Pm) 

Applic"ations 

(a) Total Dry Matter Yields: The effects of Pm 

on the total dry matter yields (means over all rates of Pe) 
) 

for the three legume treatments are shown in Figures 3.8a, b 

and c for the 1977-78_,, 1978-79 and 1979-80 spring harvests 

respectively. 

The effect of Pm was highly significant for each 

of the three harvests and except for the 1979-80 harvest, 

there was also a significant interaction between Pm and legume 

treatments. 

All Pm treatments were applied 8-10 weeks prior to 

each spring cut. Thus by 1977-78 spring, annual sub-plots had 

received two dressings of Pm while biennial sub-plots only one 

(Figure 3. 8a) . Results from the 1977-78 spring cut showed 

that within two years after establishment, total dry matter from 

white clover plots was markedly responsive to Pm applications. 

Pm applied either annually or biennially~gave significantly· 

higher total dry matter in white clover plots than those with-



Figure 3.8: Effects of frequency of maintenance phosphate (Pm) applications on total 

(legume+ grasses) dry matter yields harvested in spring (a) 1977-78, (b) 

1978-79 and (c) 1979-80. 
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out Pm and annual was better than biennial applications. 

In sharp contrast, total dry matter in T. 

ambiguum was not sensitive to Pm in this the second year after 

establishment. 

Lotus, however, showed an intermediate response 

with annual applications of Pm, increasing total yields, but 

the biennial treatment being no better than no application 

at all. For all Pm treatments (Figure 3.8a), lotus plots 

produced significantly more total dry matter than white clover 

but especially where no Pm was applied. This phenomenon was 

still evident in the two subsequent harvests (Figures 3.8b and 

c) although the difference between lotus and white clover was 

less marked. Except for white clover, the response of total 

yields to Pm became increasingly more evident with time. In 

the 1978-79 harvest (Figure 3.8b), lotus plots responded to 

both annual and biennial applications of Pm. Previously un-

responsive T. ambiguum plots (Figure 3.8a) also showed sig

nificant response to annual Pm in the third year after estab

lishment (Figure 3.8b). By the fourth year (Figure 3.8c), 

the trend already described became even more accentuated. With

out exception, biennial Pm greatly improved yields of all leg

ume with annual Pm increasing yields even further. 

(b) Compon·ents of Dry Matter Yiel·ds: Pm appli

cation also had a significant effect on legume dry matter 

yields (Figures 3.9a, band c) for the three spring harvests. 

Much of the response observed in total yields (Figures 3.8a, 

band c) could be attributed to the effects of Pm on the legume 

fractions. Responses in legume dry matter (Figures 3.9a, b 

and c) corresponded very closely to responses in total yields 
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of the three legume treatments (Figures 3.8a, band c). 

As in total yields, legume dry matter from lotus 

plots were consistently higher than the two Trifolium species 

at all Pm treatments and this relative advantage was maintained 

even in the fourth year after establishment (Figure 3.9c). 

Grass dry matter yields did not show any response 

to Pm in the 1977-78 harvest (Figure 3.10a) and it was only in 

the third year after establishment that the first response to 

Pm was observed (Figure 3.lOb). This indicates that applicat

ions of Pm had firstly stimulated and improved growth in the 

legume fractions before its effects were observed in the grass 

components. 

In the 1978-79 harvest (Figure 3.lOb), biennial 

Pm had improved yields of grasses associated with both white 

clover and lotus, probably through improved legume growth of 

the previous season. For all Pm treatments, grass yields 

associated with white clover were highest for each of the sprins 

harvests (Figures 3.10a, band c). Grass associated with T. 

ambiguum, however, did not respond to Pm for the three success

ive harvests suggesting that, unlike the other legumes, the 

effects of the improved T. ambiguum growth due to Pm (Figure 

3.9c) were not transmitted to the associated grasses. 

The relatively slower and smaller responses to Pm 

in the grass fraction agrees with an earlier suggestion 

(3 .. 3.8c) that P was unlikely to be the major limiting factor 

for grass growth, and that any observed responses to Pm were 

indirect results of responses in the legume fraction. 

Improved legume growth increased N fixation and ultimately N 

transfer to the associated grasses. There appears, however, tc 

be a delay of a season before the benefits of improved legume 
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growth were ob9erved in the associated grasses. 

(c) Phosphor-us (% P) and Nitrogen (% N) in 

Legume Herbage Harvested: Both the P and N contents in the 

legume herbage were significantly influenced by the frequencies 

of Pm applications. Figures 3. Ua, b and c show the mean 

percentage P, at the three Pm treatments, of the legumes from 

the 1977-78, 1978-79 and 1979-80 spring harvests respectively. 

The corresponding percent~ge Nin the legumes for the three 

spring har~ests are shown in Figures 3.12a, band c. 

As with total and components of dry matter yields, 

(Figures 3.8, 3.9 and 3.10), the effects of Pm on percentage 

P (Figures 3.lla, band c) became more pronounced with each 

successive harvest. Of the three legumes, percentage Pin 

white clover was most sensitive to Pm and within two years 

after establishment (Figure 3.lla) annual and biennial appli

cations had increased percentage Pin white clover significantly. 

Pm had also increased percentage Pin lotus, but unlike white 

clover annual Pm was not better than biennial. T. ambiguum 

was least responsive, a significant increase in percentage P 

was observed only with annual Pm. 

However; by the fourth year after establishment 

(Figure 3.llc), percentage Pin all legume species showed a 

highly significant response to applied Pm either annually or 

biennially. 

The overall responses of percentage Nin the three 

legumes to Pm were similar to those of percentage P and the 

effects of Pm became more and more pronounced with time (Figures 

3.12a, band c). However, unlike percentage P, percentage N 

in all legumes responded significantly to biennial Pm w·i thin two 

years after establishment (Figure 3.12a) and except for white 
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Figure 3.12: Effects of frequency of maintenance phosphate (Pm) applications 

on nitrogen concentrations (% N) in sown legume dry matter 

harvested in spring (a} 1977-78, (b) 1978-79 and (c) 1979-80. 
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clover and lotus in the first harvest (Figure 3.12a), white 

clover in the second harvest (Figure 3.12b) and T. ambiguum 

in the third harvest (Figure 3.12c) annual applications were 

also significantly better than biennial Pm. 

(d) Phosphorus (% ·p) and Nitrogen (% N) 

Content in the Grass Herbage: Phosphorus and N contents in 

the grass herbage were determined in two-harvests only, and 

results showed that the effects of frequencies of Pm treat

ments on percentage P (Figures 3.13a and b) and percentage N 

(Figures 3.14a and b) in grass herbage were highly significant 

in both harvests. 

In the 1978-79 harvest (Figure 3.13a, percentage 

Pin grasses associated with white clover and lotus had res

ponded to either annual and/or biennial Pm, but no appreciable 

response was recorded for grasses associated with T. ambiguum. 

By the fourth year, (Figure 3.13b), percentage Pin grasses 

associated with all legumes were significantly higher in plots 

receiving Pm relative to plots without Pm. 

Like percentage P, the effects of Pm on percent

age Nin the grass herbage were also more evident with time 

(Figures 3.14a and b). With the exception of grass associated 

with white clover, biennial Pm did not improve percentage Nin 

the grass fraction in the 1978-79 harvest (Figure 3.14a) but 

was highly significant for grasses associated with all legumes 

in the 1979-80 harvest (Figure 3.14b). In both harvests, 

percentage Nin grass associated with white clover tended to 

be higher relative to that associated with the other legumes. 
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Figure 3.13: Effects of frequency of maintenance phosphate 

(Pm) applications on phosphate concentrations 

(% P) in grass dry matter harvested in spring 

(a) 1978-79, (b) 1979-80. 
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Figure 3.14: Effects of frequency of maintenance phosphate 

(Pm) applications on nitrogen concentrations 

(% N) in grass dry matter harvested in -spring 

(a) 1978-79, (b) 1979-80. 
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3.3.10 Dry Matter Yields Per Unit Phosphate 

Recovered in Herbage (Spring Harvests) 

Total and components of yields per unit P 

recovered in the herbage harvested from two spring cuts are 

given in Table 3.8. For the two components of yield, figures 
. a 

in Table 3.8 were derived by dividing the dry matter yield of 

the component by the amount of Pin the harvested herbage of 

that component. Therefore, 

DM yields per 

unit P recovered 

by grass/legume 

fraction 

Similarly, 

= 

= 

= 

·_(grass/legume DM yield)· 
ctotal P recovered in grass/legume 

herbage) 

(grass/legume DM yield) x 100 
(%Pin grass/legume) (grass/legume 

. DM yield) 

100 
(%Pin. grass/legume) 

Total dry 

matter yields 

per unit P 

recovered 

= TOTAL (legume·+ ·gr·a·s·s + weed·s ·etc.) dry matter 
(P recovered in legume+ P recovered in grass 

fractions) 

In terms of total dry matter produced per unit 

P recovered, there were no significant differences between the 

three legume main treatments (Table 3.8). 

However, among the legume fractions, for each kg 

of P harvested in the legume dry matter, relatively higher 



Table 3.8: Dry matter yields per unit phosphate recovered in herbage from two spring 

harvests. 
. ' 

Legume 1978-.7.9. Spring. Har.vest 1.9. 7.9.-.8.0 Spring Harvest 
species 

oversown Legume Gr.as.s. TOTAL _Legume·_ .Grass. TOTAL 

Lotus 422 538 546 348 295 437 

White Clover 461 488 527 382 295 670 

T. ambiguum 410 521 596 357 271 918 

SEM 10 95. 32 8 6 134 

Significance *** ns ns * *** ns 

,__. 
0 
0 
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legume yields were produced by white clover {Table 3.8) sug

gesting that P utilization by white clover was significantly 

higher than other legumes in both harvests. 

Although the real legume yields from lotus plots 

were higher than white clover {Table 3.2), the amount of P 

absorbed was also higher {Table 3.3b). Therefore, the higher 

legume and total dry matter yields associated with lotus was 

not due to greater utilization of the recovered P for dry 

matter production, but rather it was due to a greater capacity 

to recover P from the soil. The other extreme is true for T. 

ambiguum. Phosphate utilization in T. ambiguum was similar 

to that in lotus {Table 3.8) but the amount of P recovered from 

the soil is also lower {Table 3.3b). Thus, the T. ambiguum-

grass association has a lower "ceiling yield'' despite having 

similar P utilization as lotus. 

Among the grass fractions, dry matter produced 

per unit P recovered was not af.fected by the legume species 

oversown or by Pe and Pm in the 1978-79 harvest. In the next 

spring harvest {1979-80), P utilization in_ grass associated 

with T. ambiguum was significantly lower than the other 

legume plots, N deficiency {see Table 3.4a) being the most 

likely reason for this. 

Except for the grass fraction in 1978-79 {Table 

3.8) harvest, total and legume dry matter yields per uni~ P 

absorbed decreased with increasing rates of Pe and increasing 

frequencies of Pm. The effects of Pe and Pm on total dry 

matter per kg P recovered is illustrated in Figures 3.15a 

and b respectively. 
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Figure 3.15: Effects of (a) establishment phosphate (Pe) 

and (b) frequency of maintenance phosphate 

(Pm) on total dry matter (t) per kg P 

recovered in harvested herbage for 1979-80 

spring harvest. 
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3.3.11 Dry Matter Yields Per Unit Phosphate Applied 

Since Establishment ·(spring Harvests) 
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Dry matter yields per unit P applied were calcu

lated from accumulated dry matter harvested, divided by the 

total amount of P applied both as Pe and as Pm. Thus, after 

four years, plots established at P50 with no subsequent Pm 

would have received the same amount of Pas plots established 

at P10 followed by four annual applications of Pm at 10.0 kg P, 

-1 -1 
ha yr Sinceonly spring harvests were taken rather than 

annual yields, the figures calculated were obviously under-

estimations. Nevertheless, these serve as a_ guide to the 

"efficiency" of dry matter return for each unit of P applied 

of the three legume~grass systems. 

Table 3.9 shows the results for two spring har-

vests, i.e. 1978-79 and 1979-80. Results calculated for 

1979-80 were based on the dry matter accumulated over the two 

years divided by the total amount of P applied before the 1979-

80 spring harvest. Thus, 

Total dry matter yields 
per unit P applied 
(1979-80) 

Total DM yields from 1978-79 
- · + 1979~80 spring harvests 

Total amount of P applied 
until 79-80 harvest 

In terms of total dry matter produced per unit P 

applied (Table 3.9), lotus gave the highest dry matter return 

and T. ambiguum the lowest. The_ grass yields associated with 

the three legumes were_ much lower, - producing _between 50-20 

kg dry matter in 1978-79 and 25-35 kg dry matter kg-l P applied 

in 1979-80. 

Increasing amounts of P input both as Pe and Pm 



Table 3.9: Dry matter yields from two spring harvests per unit phosphate applied 

since establishment._ 

Legume 
species 

oversown 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

1978-79 Spring Harv.est 

Legume 

37.5 

23.2 

14.0 

2.2 

*** 

Grass 

_ 15 .1 

_ ·20 .1 

21.2 

.2.5 

ns 

.Tb.TAL 

79.2 

51.4 

49.7 

6.2 

*** 

· .1979-8.0 Spring Harvest 

Legume 

54.1 

34.7 

20.1 

2.9 

*** 

.Grass 

29.6 

36.3 

27.1 

3.2 

ns 

Tb.TAL 

119.2 

84.4 

60.5 

7.2 

*** 
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(Figures 3.16a and b) led to a decrease in dry matter 

returns per unit P applied. This trend is true for both 

total dry matter and the components of dry matter yields. 

One significant feature is that at low Pe (.e.g. P
10 

and P 25 ), 

oversowing with lotus had produced significantly higher dry 

matter returns than the other legumes (Figure 3.16a). 

Similarly, under conditions of low P inputs (e.9. no Pm), 

lotus plots yielded significantly more dry matter for each 

unit of P applied (Figure 3.16b). Similar responses to in

creasing rates of P input were observed for both the legume 

and the grass fractions in the two spring harvests. 

An alternative way of comparing the efficiency 

of dry matter returns from the amount of P applied is shown in 

Figures 3.17a, band c for cumulative harvested yields of 

lotus, white clover and T. ambiguum respectively. For each 

of the legume treatments, cumulative total harvested yields 

(sum of total dry matter from two springs 1977-:-78, 1978-79 and 

one annual 1979-80 harvest) were plotted against rates of Pe 

for the three frequencies of Pm. The total kg of P applied 

since establishment are shown near plotted mean yields. 

In the absence of Pm, there were no significant 

differences between white clover and T. ambiguum plots (Figures 

3.17b and c) except at P100 . Lotus, however, responded to Pe 

and except at P
10 

was producing significantly more total dry 

matter than the two Trifolium legumes (Figures 3.17a, band c). 

In the presence of Pm applied annually, dry matter 

was substantially improved in all the three legume treatments, 

the improvement being most evident at low rather than at high 

Pe. For example, at P
10

, annual Pm applied over four years in 
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Figure 3.16: (a) Establishment phosphate (Pe) and (b) 

Maintenance phosphate (Pm) on total dry matter 

(kg) per kg P recovered in harvested herbage 

for 1979-80 spring harvest. 
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lotus plots increased dry matter harvested from just over 

5000 kg DM ha-l to nearly 13000 kg DM ha-l '(Figure 3.17a), an 

increase of over 150%. At P100 , however, the increase, 

while still substantial (nearly 40%), was much less than at 

For plots oversown with lotus (Figure 3.17a), 

annual Pm was significantly better than biennial applications 

At higher Pe there was little 

difference between annual and biennial Pm applications. The 

same response was observed for white clover plots (Figure 3.17b). 

For T. ambiguum (Figure 3.17c), only annual Pm resulted in sig

nificantly improved cumulative yields, especially at ·low Pe. 

In all the three legume treatments (Figures 3.17a, 

band c), dry matter responses per unit of P applied were 

highest where plots were established at low to moderate rates 

of Pe followed by regular Pm either annually or biennially. 

For example, using lotus as the oversown legume, it was better' . . : . 

to establish with relatively low Pe followed by regular Pm 

rather than high Pe with no subsequent Pm. Conversely, if 

lotus plots were established with high Pe, biennial applications 

of Pm would be more than adequate (Figure 3.17a). These ob-

servations are also applicable to white clover (Figure 3.17b). 

To maximise cumulative yields for each unit of P applied to T. 

ambiguum plots, low to medium rates of Pe with frequent (annual} 

Pm should be adopted. 



. 3. 3 .12 Efficiency ·of Phosphate Recovery 

. (kg P Re·covere"d kg -.l P Ap·pTie·d) 
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The ratios of the P recovered in the herb~ge 

harvested to total P (Pe and Pm) applied were calculated from 

the sum of the P recovered in the l~gume and grass fractions 

of the two spri~g harvests (1978-79 and 1979-80) .. divided by 

the total P applied since the trial was started. Only data 

from two spring harvests were included because percent~ge P 

for the grass fractions in the 1977-78 spring harvest were 

not determined. Therefore, the ratios in Table 3.10 are 

underestimations and more realistic estimates could well be 

twice as much as the legume means given in Table 3.10. 

Table 3.10: Efficiency of phosphate recovery ·(kg P recovered 

~g-lP applied) over two spring harvests. 

L~gume 
species 

oversown 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

Legµme 
(% of total) 

0.119 

( 6 2 .• 0) 

0.078 

(48.8) 

0.049 

(58.3) 

0.007 

*** 

Grass 
( % _of, total) TOTAL 

0.073 0.192 

( 3 8. 0-) 

0.082 0.160 

(51.2) 

0.035 0.084 

(41.7) 

0.006 0.010 

** *** 
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In both total and the legume fraction, the 

amount of P recovered was highest from lottis plots, signifi

cantly higher than white clover and more than twice as much 

as P recovered from T. amb!guum Flots. More than 60% of the 

total P harvested was in the legume fraction. This agrees 

with earlier su9gestions that lotus has a.greater capacity to 

recover more P from the soil (see 3.3.4). P harvested in the 

grass fraction associated with lotus was not significantly 

lower than that associated with white clover, but it repres

ented only 38% of the total P recovered. In contrast, P 

harvested in the grass fraction from white clover plots 

represented over 50% of the total P recovered. Thus in white 

clover plots, P recovery tended to be more evenly divided be

tween the _legume and grass fractions. The efficiency of P 

recovery in T. ambiguum plots was significantly lower than 

the other two legume treatments and this was due to a·lower 

recovery in both legume and. grass fractions. However, like 

lotus, almost 60% of the total P recovered was in the legume 

.fraction. 

3.3.13 N/P Ratios of Herbage Harvested 

Mean N/P ratios for the legume and grass component 

from two spring harvests are shown in Table 3.11. Detailed 

results are shown in Appendices 2.8 and 2.9. For the legume 

fractions, there were significant differences between N/P ratios of 

the three legumes with white clover being significantly higher 

than the others. Mean N/P ratios for white clover exceeded 

the critical value of 14 (McNaught~ 1970) su9gesting that P 

was deficient in 1978-79 and marginal for 1979-80. Although 
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critical N/P ratios for lotus and T. ambiguum were not avail

able from published literature, mean ratios for lotus and T. 

ambiguum were significantly lower than white clover and 

probably indicated adequate P nutrition in the 1979-80 harvest. 

N/P ratios in the. grass components were not 

different between the l~gume treatments in 1978-79, but s~g

nificantly lower in_ grass associated with T~ ~mbiguum in 1979-

80. These results .both in the_ grass and the legume fractions 

are consistent with percent~ge Pin the herbage (Table 3.3a) 

and s~ggests that N/P ratios may serve as good indicators for 

P nutrition of plants. 

Table 3.11: (N/P) ratios .of l~gume and grass lierb~ge from 

two spring harvests. 

Legume Species . .19. 7.8.-. 7.9. Spr.i!lg . .1979-.80. Spring 

oversown L~gume .Grass. . L~g.ume Gr.ass 

Lotus 14.24 7.74 11.95 .5. 24 

White Clover 15.80 7.32 13.55 5.51 

T. ambiguum 14.64 6.36 12.18 4.78 

SEM o .• 30 1.27 0.31 0.12 

S~gnificance *** ns *** *-!r* 

Both increased rates of Pe {F~gure 3.18a) and 

frequencies of Pm (F~gure 3.18b) lowered N/P ratios in the 

legume but not the_ grass fractions (Table 3.11) except in 

1979-80. -The relatively lower N/P ratios in_ grasses possibly -



Table 3.18: Effects of (a) establishment phosphate (Pe) and (b) maintenance phosphate 

(Pm) on N/P ratio of legume dry matter harvested in 1979-80 spring. 
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indicated P sufficiency but may also arise from N deficiency. 

N/P ratios of both the grass and legume fractions declined 

with time and is a consequence of improved P inputs from Pm 

applications. 

3.4 Discussion 

3.4.1 Phosphate concentrations (% P) and Yields in 

HeYbage Harvested 

Based on a critical range of 0.3 to 0.4% P for 

white clover (McNaught, 1970), the mean percentage Pin white 

clover from this trial (Table 3.3a) was well below critical 

level. Only in plots established at P100 followed by annual 

Pm did the percentage P (1978-79 spring, Appendix 2.4) in 

white clover herbage exceed 0.3% suggesting that unless estab

lished at high Pe followed by annual applications of Pm, P 

deficiency will occur in white clover. When per~entage Pin 

white clover herbage exceeded 0.3%, further additions of P did 

not improve yields significantly~ Nevertheless, additions of 

P above that needed for maximum dry matter production have been 

shown to improve N fixation in legumes (Gibson, Hayes and 

Laidlaw, 1975). 

Nitrogen/phosphorus (N/P) ratios in plant herbage 

have also been used as an indication of the P status of a 

pla,nt. McNaught (1970) suggested that ratios exceeding 14 for 

white clover indicated P deficiency. All white clover with 

N/P ratios more than 14 (Appendix 2.8) also had percentage P 

(Appendix 2.4) less than 0.30%. Thus, using N/P ratios-as an -



indication of the P status of white clover appears to be 

just as effective as percentage P. 
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There is no published literature on the critical 

level of P for lotus, but .the higher percentage P of lotus in 

this trial relative to white clover, is in contrast to results 

reported by Metherell (1979), Lowther (1980) and Scott and 

Mills (1981), but is in agreement with data obtained by Brock 

(1973). In pot trials (Davis, 1974; Metherell, 1979) and 

in field trials (Lowther, 1980; Scott and Lowther, 1980; 

Scott and Mills, 1981), percentage Pin white clover shoots 

. growing on moderately acid soils (pH ~ 5. 2) were reported to 

be higher than in lotus. Although data from the present 

Mesopotamia trial showed the reverse, the mean percentage Pin 

lotus was of the same magnitude as values reported by Brock 

(1973), Davis (1974), Metherell (1979) and Lowther (1980). 

This suggests that the levels of percentage P encountered in 

lotus from the present trial were nQt abnormal.but are within 

the range reported by other workers. 

By comparing legume yield (Appendix 2.2) with per

centage P (Appendix 2.4) in lotus, the critical level in lotus 

appeared to be within the range of 0.25-0.30%. In the 1978-79 

spring harvest, only plots established at P100 had percentage P 

greater than 0.25%, but in the 1979-80 spring harvest, all lotus 

plots, except when established at P10 with no further Pm, had 

percentage P exceeding 0.25%. Additions of P (both as Pm or 

Pe) which increased percentage P to levels exceeding 0.25% also 

increased legume dry matter yields but the increment was seldom 

significant. Critical N/P ratio (Appendix 2.8) for lotus 

appeared to be about 13 and lotus had consistently lower N/P 
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ratios than white clover. Nordmeyer and Davis (1977), how-

ever, found in both pot and field trials ori an acid subsoil, 

that N/P ratios for lotus were consistently higher than white 

clover and concluded that .lotus made more efficient use of 

P for N fixation. 

Critical levels of P for T. ~mbiguum are also 

not available, but data collected from this trial suggest a 

critical range similar to lotus of 0.25-0.30% (compare 

Appendices 2.2 and 2.4). However, correlation between per

centage P and legume yield was poor and the use of percentage 

Pas an index of P nutrition for T. ambiguum did not appear to 

be reliable, at least in this trial. Critical N/P ratio for 

T. ambiguum is also not available, but data collected (Appen

dix 2.8) suggest a value of approximately 13. 

Critical levels of nutrients are known to be 

affected by many factors, both environmental as well as 

physiological (Fisher, 1980; Johansen, Merkley and Dolby, 

1980). The values cited above referred to herbage material 

harvested in early summer when lotus was in bud, but white 

clover and T. ambiguum in early flower. The higher percentage 

Pin lotus and T. ambiguum implied a lower P utilization effic

ency in terms of photosynthate production. However, as will 

be apparent (3.4.6b), percentage Pin itself may not be a good 

indication of P efficiency in a plant. 

Although literature on percentage Pin lotus 

relative to white clover varied as to which was higher, there 

is undoubted agreement that P uptake (yield) in lotus (the 

legume fraction) was higher than white clover on P-deficient 

and/or acid soils (Brock, 1973; Metherell, 1979; Lowther, 
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1980; Scott and Mills, 1981). The higher P recovered in the 

legume fraction from lotus plots was due to both higher per

centage P (Table 3.3a) and dry matter harvested (Table 3.2). 

This yield advantage of lotus over white clover.was maintained 

over the four years of the trial. The higher recovery of P 

by lotus may be due to one or more of the following: (a) T.he 

ability of the roots to take up more P. This may be a physical 

(e.g. root architecture, rooting density etc.) or physiological 

characteristic or both. (b) The ability to lower the 

threshold level for available Pin the soil (in other words, 

the ability to continue to absorb P from a lower concentration 

in the soil solution). (c) The ability to compete more effect-

ively than white clover with grasses for P. (d) The ability 

to tolerate low pH and high levels of Al, both of which ad-

versely affect white clover growth. (e) The poorer transfer 

of N to the associated grasses, thereby limiting competition 

from the associated grasses for P. These possible reasons 

will be discussed further in subsequent sections since they 

are of utmost importance in our understanding of the "phosphate 

efficiency" of the legume~grass system. 

Phosphate concentrations in grasses as a group 

were generally higher than those in legumes, and this was more 

evident in the fourth (1979-80) than third (1978-79) spring 

harvest (Table 3.3a) ~ ~ladstone and Loneragan (1970) also 

showed that grasses (excluding cereals) tended to have higher 

percentage P than pasture legumes. This is not surprising since 

pasture legumes and in particular clovers are known to be poor 

competitors for nutrients when grown in association with 

grasses (Donald, 1963). This differential competiiive ability 
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for P between pasture legumes and_ grasses had been demonstrated 

by numerous workers (Mouat and Walker, 1959: Jackman and 

Mouat, 1970, 1972a, b: Barrow,. 1975: Metherell, 1979). 

The grasses f.ound at the trial site in association 

with the oversown l~gume were predominantly browntop and sweet 

vernal with scattered snow -and· fescue .tussocks. . Critical _p 

levels for these grasses have not been documented. However, 

results from the first cut of a pot trial on the Cass soil 

fromMesopotamia Station (Metherell, 1979) suggested a critical 

percentage P for browntop of about 0.30%. Data presented by 

Jackman and Mouat (1972a) also indicated a critical ra~ge of 

0.28-0.30% P for browntop. Usi~g this value as the critical 

level,. grasses associated with all three l~gumes harvested in 

the 1978-79 spring had mean percentage P below critical levels 

(Table ·3.3a) but those harv~sted in the 1979-80 spring exceeded 

this. At the 1978-79 spri~g harvest (Appendix 2.6), only 

. grasses from plots established at ~lOO had percentage P exceed

ing 0.3% r~gardless of the l~gume oversown. By the next har

vest (1979-80), only grasses associated with white clover· and 

lotus established at P50 or less with no Pm had percent~ge P 

less than 0.30%. Therefore, unless plots were either estab

lished at relatively h~gh rates of Pe or received r~gular Pm 

treatments, the_ grasses were likely to be P-deficient. In the 

fourth year after establishment (.1979-80), grass growth.in all· 

plots receiving Pm did not appear to be limited by P and any 

observed responses to increments of applied P were probably a 

"spill over" benefit from improved legume_ growth. 

McNaught (1970) s~ggested that N/P ratios greater 

than 13 indicated P deficiency for ry~grass. Since browntop 
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and sweet vernal are both low fertility grasses, one might 

expect their critical N/P ratios to be lower due to lower 

nutrient requirements. Nevertheless, if a critical N/P ratio 

of 13 is adopted, grasses associated with all three legumes 

had mean N/P ratios less than 10 in both harvests (Table 3.11). 

Only grasses from plots established at low Pe with no further 

applications of Pm had N/P ratios greater than 13 (Appendix 

2.9). By spring 1979-80, grasses from all plots had N/P 

ratios less than 7. These relatively low N/P !atios may 

indicate one or two things: (a) P sufficiency, or (b) N 

deficiency. In this particular instance, it is more likely 

that these low N/P ratios were due to N deficiency rather than 

P sufficiency per se. This will be apparent when the N status 

of the plants is considered later (3.4.2). 

Since grasses are directly dependent on the 

associated legume for their N supply, the grass-legume balance 

in such an association is the result of the interaction of two 

factors: (a) competition for nutrients and (b) transfer of N 

from legumes to the associated grasses. The differential P 

and dry matter yields of the grass and legume components 

reflect the dynamics of the interactions of these two factors. 

In the third year after establishment (1978-79 

spring harvest), percentage Pin the grasses (Table 3.3a) 

associated with the three legume treatments did not differ sig

nificantly from each other, suggesting that grasses were com

peting successfully for P and percentage Pin the grass herbage 

was little influenced by the associated legume. Similar find

ings were reported by Metherell (1979) where percentage Pin 

browntop grown alone or in association with white clover or 
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lotus did not differ significantly. 

In the 1979-80 harvest (Table 3.3a), percentage 

Pin grasses associated with T, ambiguum was significantly 

higher than white clover and lotus. The higher percentage P 

in grass herbage associated with T. ambiguum was evident over 

all rates of Pe (Figure 3.5b). Since T. ambiguum was relat

ively slow growing and unresponsive to added P, the amount of 

P 'available' for the associated grasses would be higher and 

this may be manifested in the higher percentage P of the grass 

herbage. Alternatively, the high percentage P may be due to 

a 'concentration' effect resulting from retarded grass growth 

due to poor N transfer from T. ambgiuum. 

Dry matter (Table 3.2) and P yields (Table 3.3b) 

in the grass hernage was always significantly higher in white 

clover plot~ than in lotus or T. ambiguum. This trend 

reflected the differences in the amount of N transferred by 

the legumes to their associated_ grasses. 

Total and legume P yields (Table 3.3b) were 

highest in lotus plots suggesting greater P recovery by lotus 

while those in T. ambiguum plots were much lower, the mean 

total legume P yield being less than half that in lotus. In 

white clover plots, the total P recovered tended to be more 

equally divided between the legume and grass fractions, but 

both lotus and T. ambiguum had over 60% of the total P accumu

lated in the legume fraction. 

3.4.2 Nitrogen Concentration (% N) and Yields In 

Herbage Harvested 

McNaught (1970) suggested a critical percentage N 

range of 4.5-5.5 for white clover. White clover, therefore, 



appeared to be N-deficient throughout the four years of the 

trial. with mean percentage N grossly below ·the s~ggested 
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critical range (Table 3.4a). In the second year after estab-

lishment (1977-78), percentage Nin white clover herbage 

(Appendix 2.5) never exceeded 3.5% and even in the fourth year 

(1979-80 spring harvest) it was always less than A.0%. Un

doubtedly, P defidiency· was one of the main factors limiting N 

fixation especially on plots with low P inputs. Nevertheless, 

even in plots which were apparently well supplied with P (e~g. 

plots with high rate of Pe followed by annual Pm), the percent

age Nin the cut herbage did not reach levels suggested by Mc-

Naught (1970) for N sufficiency. Gibson et al. (1975) have 

shown that increased P applications above that needed for 

maximum dry matter production can improve N fixation. Indeed, 

total N (grass+ legume) harvested increased with increasing 

amounts of P applied (both as Pm or Pe) for the 1978-79 and 

1979-80 spring harvests, although legume yields had reached a 

plateau. Therefore, increased P applications continued to 

improve yields through the benefit of increased N fixation by 

white clover. The overall productivity of white clover plots 

was lower than lotus, this could partly be attributed to its 

lower capacity to recover P from the soil (see 3.4.1). How-

ever, the moderately acidic soil conditions at the trial site 
/ 

together with related £actors Buch as Al toxicity, may also 

have contributed to the relatively lower productivity of white 

clover. The effects of Al to~icity on white clover growing 

on an acid subsoil has been demonstrated by Nordmeyer and Davis 

(1977). The complex interactions between low pH, Al toxicity 

and P nutrition will be briefly discussed (3.4.4). 



121 

There are no available_ guides to the critical 

ra~ge of percentage.Nin lotus and T. ambiguum. The percent-

~ge Nin lotus and ·T. ambiguum (Appendix 2.5) responded sig

nificantly to increased rates of Pe, but the response dimin

ished with time and was no lo~ger significant in the fourth 

(1979-80) spring. Altho~gh percentage N was not increased 

in the 1979-80 spri~g harvest~ percent~ge Pin the herb~ge 

continued to increase with Pe and improved N fixation was 

evident by the increased total· N _(grass + legume) harvested. 

A survey of literature on the percentage N of 

lotus relative to white clover did not indicate any consistent 

trends. Over a period of four seasons, Lowther (1980) found 

percentage Nin white clover was constantly higher than lotus 

except for one harvest. -1 
Usi~g rates of up to 150 kg P ha 

on an acidic subsoil, Davis (1974) found little difference in 

percentage N of white clover and two lines of lotus in the 

shoots, although percent~ge Nin white clover roots was sig-

nificantly lower than one of the lotus lines. Brock (1973), 

however, found that percentage Nin lotus-fluctuated from·being 

lower to higher and then lower than white clover over a period 

of three seasons. In all instances, total legume N yields 

were significantly higher in lotus. Consistent with this, 

legume N yields from all spring harvests in this_ present 

Mesopotamia trial were h~ghest.in_lotus followed bywhite-c-lover· 

and T. ambiguum. Nordmeyer and Davis (1977) also found h~gher 

legume N yields in lotus than in white clover, even at 2 tonnes 

-1 superphosphate ha applied at establishment. 

Critical percentage Nin browntop and sweet vernal 

are not available. Critical percentage N for ryegrass, how-

ever, has been reported to be 4.3% (McNaught, 1970), although 



Bolton, Nowakowski and Lazarus (1976) had suggested a value 

as low as 2.5% and Kee (1976) reported a value of 2.9%. 
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Since brown top and sweet vernal are both low fertility gra_sses 

(Lambrechtsen, 1972), one would expect their critical rercent

age N to be lower than high fertility grasses such as rye-

. grass. Data presented by Jackman and Mouat(l972a) .also sug

gested a lower critical percentage N for browntop, within the 

range of 3.0-4.0%. In comparison to these figures, percent

age Nin the grasses associated with all three legumes at 

Mesopotamia (Appendix 2.7) were_ grossly.N-deficient even by 

the most conservative estimates of critical percentage N. 

N concentrations in grass herbage improved with each successive 

harvest indicating a slow build-up in soil fertility. How

ever, even in the "best" plots (see Appendix 2.7) ,_ grasses 

associated with white clover and lotus never exceeded 2.0% 

and 2.5% in the third and fourth springs respectively. The 

corresponding values for grasses in T. ambiguum plots were 

1.5% and 2.0% N. Since the N supply of the legume-grass 

system is derived directly or indirectly from the legume com

ponents the difference in percentage N of the three different 

legume-associated grasses was a reflection of either: (a) the 

different ability of the legume to fix N, or (b) the different 

rates of N transfer from the legume to the grasses, or both 

(a) and (b). The ability of different legumes to fix and 

transfer N to the associated grasses has been dewonstrated by 

Simpson (1976). In this Mesopotamia trial, the effect of the 

legume on growth and N nutrition of the grasses is best shown 

in the grass N yields. In the two seasons when percentage N 

in grasses was determined (Appendix 2.7), grasses associated 
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with white clover not only had h~gher percentage N but the 

mean grass N yields {Table 3.4b) were invariably significantly 

higher than grasses in lotus or T. ambiguum plots. The 

relative difference in percentage N between grasses associated 

with white clover and with lotus decreased with time while 

percentage Nin grasses from T. ambigu~m plots remained in

ferior to the other l~gume treatments. 

It was obvious that N transfer from white clover 

to the associated grasses was more efficient both in terms of 

quantity and rate of transfer since the beneficial effects of 

white clover in increased grass yields were evident as early 

as 1977-78, only two years after establishment. Similar 

differences in grass growth associated with white clover and 

lotus had been observed by other workers. Brock (1973) 

found higher percentage N and grass N yield in ryegrass grown 

in association with white clover compared to lotus in the 

first year. In the second year, however, N yield in the 

grass fractions associated with lotus was higher. He sug

gested that this reversal was due to the 'difference in qual

ity' of the organic matter produced by the two legumes, which 

resulted in differing rates of mineralization of the organic 

matter and consequently differing rates of N transfer to the 

associated grasses. Nordmeyer and Davis (1977) also found 

higher grass dry matteryield per unit legume herbage in white_ 

clover plots despite the greater total Nin lotus plots, and 

Metherell (1979) reported higher browntop yields when grown 

with white clover than with lotus. 

Total N harvested each spring (1978-79 and 1979-

80) showed lotus as being consistently higher yielding than 
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white clover or T. ambiguum (Table 3.4b). Brock (1973) and 

Lowther (1980) also reported that total N harvested (grass+ 

legume) was much higher in lotus treatments than white clover, 

the greater yield in lotus being due to the higher N harvested 

in the legume component. Although total N yields from spring 

harvests do not represent gross N fixation (no account is'taken 

of the N removed in herbage from previous years or the build-up 

of organic Nin the soil), these values (Table 3.4b) provide 

an indication of the relative N fixation capacity of the three 

legume systems. On an eroded subsoil from the Craigieburn 

range, Nordmeyer and Davis (1977) reported that annual N accumu

lation (in herbage, turf, roots and soil) rates of 100-140 kg N 

-1 
ha were possible. Of this, 42% was in the top 2.5 cm of the 

soil. Unfortunately, they did not specify if these values 

were for white clover or lotus. Brock (1973) reported much 

higher annual N fixation rates of 400-450 kg N ha -1 for white 

clover and 410-590 -1 kg N ha for lotus at two P treatments 

-1 (high, 112 kg P ha and low, no P applied). These relatively 

high rates probably reflect the more fertile and favourable 

conditions of the trial site. Again, in the latter trial, of 

all the total N (herbage+ soil) accumulated annually, more 

than one third was in the soil component. N-fixing rates of 

the three legume system at Mesopotamia were not evaluated. 

However, if one were to take the amount of N harvested as an 

indication of the relative N-fixing capacities of the legumes, 

Table 3.4b shows that lotus was capable of fixing as much N 

if not more than white clover. 

The relatively lower total N harvested from T. 
\ 
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ambiguum could be due to one or both these factors: (a} It is 

a strongly rhizomatous plant with a deep semi-woody taproot 

from which branched rhizome arise which eventually form 

daughter plants (Bryant, 1974). Its rhizomatous habit means 

that a large propertion (up to 75%) of its vegetative_ growth 

is below ground (Spencer et al., 1975) and consequently not 

harvested in the above~ground herbage. (b) Stewart (1979) 

reported high variability within the species T. ambiguum to 

form effective nodules. Although selection of the species 

and its Rhizobium strains have improved nodulation, there is 

still a significant proportion of ineffectively nodulated 

plants under field conditions even with the best available 

Rhizobium strains. In the Mesopotamia trial, most of the T. 

ambiguum plants appeared to be well nodulated. Visually, 
' 

these plants had lush green leaves and roots when examined had 

well-formed nodules. However, there were distinct individual 

plants which had pale green sometime yellowish leaves indicat-

ing N deficiency. These symptoms were not confined to dis~ 

tinctindividuals but also to daughter plants of some otherwise 

healthy looking parent plants, suggesting that some plants 

were slow to nodulate or had nodulated ineffectively. 

from such plants when examined were small and pale. 

Nodules 

Simpson (1976) compared the N transfer from white 

clover and lucerne to the associated grasses and found .. poorer. 

transfer of N by lucerne despite greater fixation by the legume. 

He attributed this to the erect growth and deep-rooting habit 

of the plant which enabled it to effectively compete for moist-

ure and nutrients, thus dominating the sward. In doing so, 

much of the fixed N is utilised and only a small proportion is 
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available to the associated_grasses. Lotus is also relatively 

erect, deep rooti~g and appeared better able to withstand 

drought conditions. Therefore, like lucerne it is probably 

better adapted to compete for l~ght, moisture and nutrients so 

that its dominance meant less N being 'transferred' to the 

. grasses. 

Whitehead (1970) compared the C/N ratio of plant 

roots and found that C/N ratios of l~gume species vary widely 

leading to different rates of mineralization of the root tis

sues. Thus, white clover roots with low C/N ratios (12-14) 

mineralise faster than lucerne (C/N ratios 15-31) or red 

clover (C/N ratios 15-19). Lotus with its thickened taproot 

system (Sheath, 1975) would be expected to have a higher C/N 

ratio and having also high tannin and lignin content (Ulyatt 

et al., 1977) would be likely to have slower rates of mineral-

isation compared to white clover. In a repeated defoliation 

trial with white clover and lotus, Butler et al. (1959) found 

that there was greater availability of N from white clover to 

the associated grasses due to extensive and rapid turnove~ of 

root and nodule tissues. Regrowth after defoliation in lotus 

was in contrast, slower and consequently the turnover cycle of 

decay and renewal was also slower. If, as seems likely, 

there is a slower rate of decay and mineralization in lotus, it 

means that the N fixed by lotus takesionger to become-available 

to grasses. This explains why grass dry matter and grass N 

yields associated with lotus were consistently lower than that 

associated with white clover at every spring harvest since 

establishment (Table 3.4a and b). In a grazed hill country 

situation, nodule breakdown and N release is thought to be most 
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extensive after the midseason decline in N-fixing activity 

or in autumn when growth declines and is finally arrested 

(Haystead and Marriott, 1979). Since temperatures are at 

that time declini~g, it is possible that much of the fixed N 

overwinters as organic matter or in soil microflora. This 

carry-over effect from one season to the next means that the 

effects of the legume species on the associated grass_ growth 

is ,most obvious in the spri~g harvest and this was indeed ob-

served in the present trial at Mesopotamia. The carry-over 

effect also means that any observed differences between the 

effects of lotus and white clover on grass growth are likely 

to diminish as the season progresses or with each successive 

season. Thus, in the fourth year after establishment (Table 

3.2), spring yields of grasses associated with white clover 

remained higher than those in lotus plots but the total annual 

. grass yields were not significantly different between the two 

legume treatments. Such a "compensation effect" was also ob

served by Brock (1973) in lotus, where grass yield in white 

clover plots was higher in the first year but higher in lotus 

plots in the second year. 

Although the N yields of T. ambiguum may have been 

underestimated by only taking top dry matter and ignoring 

underground parts, the transfer of N to the associated grasses 

was undoubtedly low. This was reflected in both lower grass 

dry matter and grass N yields. T. ambiguum is also a deep-

rooting plant with a semi-woody taproot system. Thus, like 

lotus, C/N ratio of T. amb~guum root tissues is probably higher 

and mineralization and decay of root tissues and organic matter 

would be slower. Since T. ambiguum channels much of its 
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photosynthate into underground rhizomatous. growth, it retains 

much of the fixed N within the plant system. This "reserve 

N11 escapes recycling outside the plant system since rhizomes 

are underground and perennial, making recycling via the grazing

animal or plant litter relatively small compared to white 

clover. 

3.4.3 Total and Components of Dry Matter YieTds 

{a) Total Dry Matte'r Yie·1as: The most prominent 

feature of the results from this oversowing trial was the con

sistently higher total yields from lotus plots at all rates 

of Pe whethef this was harvested as spring {Figures 3.la, band 

c) or as annual yield over the fourth season {Table 3.1). 

Consequently, cumulative yields over the four seasons showed a 

highly significant advantage of lotus over white clover {Fig

ure 3.6a). T. ambiguum was the least productive of the three 

legumes. The superior yields associated with lotus was most 

apparent at low or moderate rates of· Pe (e.g. P10 and P 25 ) with 

infrequent or no Pm. Lotus is known to have adapted to poorly 

drained low fertility soils {Healy, 1976; Levy, 1970) and the 

phenomenon of greater productivity by lotus on acidic and/or 

low P status soils has been reported in both pot and field 

trials {Brock, 1973; Meares, 1975; Nordmeyer and Davis, 1977; 

Lowther, 1977, 1980; Morton, 1981; Scott and Mills, 1981). 

In field trials, lotus was found to be slower in 

establishment {Lowther, 1975, 1977) and/or nodulation {Brock, 

1973; Harris et al., 1973) so that the full potential of lotus 

became obvious only in the ~econd or third year after establish~ 

ment. The same was observed in the present trial at Mesopotamia 



and both lotus and white clover appeared to be effectively 

nodulated after the first year. 

Mean total dry matter yield (Table 3.1) from 

lotus plots was 37% higher than white clover in the 1977-78 

spring harvest. The overall mean yields of both lotus and 
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white clover were significantly lower in the following spring 
. . . 

(1978-79) although lotus yields were still 16% higher than 

white clover. The lower mean yields for the 1978-79 spri~g 

harvest were in part due to a severe drought during the spring

early summer of the third year. The effect of drought on 

lotus was most severe at low rather at high rates of Pe, thus 

the_ greater productivity of lotus was not £ully expressed. 

Since most of the applied P remained in the surface horizon 

and water stress greatly reduces P availability to the plant 

(Fisher, 1980), drought conditions would be more severe at low 

than high rates of P applications. The following year (1979-

80), when there was no water stress, lotus again produced more 

than white clover especially at the lower rates of Pe. Dunlop 

(pers. comm.) also noted that under water stress conditions, 

the greater productivity of lotus over white clover was not 

fully expressed. After the 1978-79 spring harvest, all plots 

were severely grazed and regrowth was markedly superior in 

lotus plots suggesting that lotus can withstand drought condit-

ions better than white clover. This was in contrast to re-

sults reported by Scott et al. (1974) and Musgrove (1977). The 

deeper rooting habit as well as its tolerance to grass_ grub 

(Farrell and Sweney, 1972, 1974; Kain and Atkinson, 1977) 

attacks were the probable explanations for the better recovery 

in lotus following the spring harvest. On an upland YBE (pH 

4.6-4.8), Lowther (1980) noted that white clover was wilting 
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under dry conditions earlier than lotus. He su9gested that 

white clover roots were restricted to the surface horizon by 

soil acidity and therefore more susceptible to water stress. 

Although the soil at the Mesopotamia site was less acidic 

(pH 5.2-5.4}, no lime was applied and restriction of white 

clover root_ growth may also be a factor for the observed dif

ference in recovery after_ grazing. 

(b} Legume Dry Matter· Yi.eld: The h~gher total 

dry matter yield (Table 3.1} associated with lotus at 

Mesopotamia was due directly to the significan.tly h~gher dry 

matter yield of the legume component (Table 3.2} which con

sistently outyielded white clover (legume fraction} by at least 

40%. These results were in agreement with that reported by 

Brock (1973}. He concluded that the higher dry matter product

ion by lotus at low P treatment was due to its greater capacity 

to recover P from the soil, a situation parallel to that for 

lotus at the Mesopotamia trial. The fact that P uptake and 

recovery was higher in lotus has already been discussed (3.4.1} 

and needs no further elaboration. 

(c} Grass Dry Matter Yield: Grass dry matter 

yields were dependent not so much on the rates of P applied, 

but rather on the N made available by the associated legume. 

Despite its ability to fix as much N as white clover, lotus did 

not transfer as much of the fixed N to the associated grasses 

( see 3. 4 . 2) . The less vigorous_ grass growth means that lotus 

can maintain a degree of dominance in the sward. Its erect 

shoot growth and deep rooti~g habit also add to its advantage. 

In contrast, N fixed by white clover appeared to be more readily 

available to the associated grasses, consequently_ grass yields 
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in white clover plots were h~gher than in lotus (3.4.2). 

The improved N nutrition of_ grasses associated with white 

clover probably increased competition for P and other nutrients 

from the grass component. This in turn may lead to a lower 

recovery or uptake of P by the legume component in white 

clover plots. 

However, competition for P from_ grasses cannot 

totally account for the lower P recovered by white clover 

since both legume and total _(grass + legume) P harvested re

mained lower than in lotus even when liberal rates of P were 

applied (e.g. P100 followed by annual Pm). This su9gests that 

there may be other factors which operate directly to promote 

lotus growth or indirectly to inhibit white clover_ growth. 

These will be discussed below. 

3.4.4 Soil pH and Phosphate Responses 

On a P-depleted recenf alluvial ~oil (pH 6.1), 

Brock (1973) found lotus produced 24 and 43% more than white 

clover in the second and third year after establishment at 250 

-1 kg superphosphate ha . In the present trial, lotus out-

yielded white clover by more than three times in the second 

year, and over twice as much in the third (1978-79) and fourth 

-1 
(1979-80) springs after establishment at 25 kg P ha . Al-

though climatic conditions were also different at the two 

trial sites, soil pH (5.25 at Mesopotamia) was probably the 

main factor influencing the magnitude of the observed differences 

between lotus and white clover. Other trials compari~g lotus 

and white clover on acid soils gave similarly magnified differ-_ 

ences compared to those reported by Brock (1973). On an up-

land YBE (pH 4.6), Lowther (1977) reported that lotus yields 



exceeded white clover by two to four times with or without 

lime in the third year' after establishment at 30 kg P ha -l 
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and annual maintenance at the same rate. In another acidic 

subsoil, Nordmeyer and Davis (1977) found that lotus yielded 

three to ten times more than white clover by the third year 

-1 after establishment at rates ranging from 25-200 kg P ha . 

Over a number of sites, Scott and Mills (1981) found that 

where pH was less than 5.0, lotus yielded up to three times 

as much as white clover under similar superphosphate treat-

ments. Where pH was equal to or greater tha 5.5, the ad-

vantage of lotus over white clover was halved, lotus producing 

only about one and a half times as much. The lower white 

clover yields on these acid soils were unlikely to be related 

to poor nodulation or N fixation since grass yields associated 

with white clover were higher than those associated with 

lotus. 

It appears, therefore, that the superior_ growth 

of lotus relative to white clover on acidic soils is related 

to some factor of the soil acidity complex which directly af

fects white clover growth. (The presence of high levels of Al 

in acidic soils and its effects on the P nutrition of plants 

have been well documented (Clarkson, 1969; Foy et al., 1978). 

In pot trials, (Davis, 1974; Nordmeyer and Davis, 1977) on an 

acidic subsoil, white clover herbage was found to contain 

nearly five times as much Al as lotus shoots. Increasing the 

-1 rate of P applied from 25 to 150 kg P ha reduced percentage 

Al in white clover shoots from 0.25 to 0.1%. Aluminium con-

centrations in lotus, however, remained more or less unaffected 

at less than 0.05%. Aluminium content in the root fraction of 

both legumes, however, was not significantly different, and was 
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only higher in white clover roots at the low P treatment. 

Therefore, total Al uptake in white clover was higher and at 

the same time, a greater proportion of Al uptake was trans-

ported to the shoots. Nordmeyer and Davis (1977) concluded 

that the higher dry matter yield in lotus was partially 

attributed to its relative tolerance to Al combined with an 

ability to make relatively efficient use of P for N fixation 

and_ growth. Higher percentage Al in white clover shoots was 

also reported by Metherell (1979), Lowther (1980) and Scott 

and Mills (1981) but values presented by these workers were 

not as high as those reported by Nordmeyer and Davis (1977). 

Consistent with already published findings, percentage Al in 

lotus herbage from this present Mesopotamia trial (Table 3.5) 

was lower than white clover at both high and low rates of.Pe. 

The Al concentrations in lotus and white clover herbage from 

this trial were lower than those obtained by Metherell (1979) 

and Nordmeyer and Davis (1977), but consistent in magnitude 

with values reported by Lowther (1980) and Scott and Mills 

(1981). Of the three legumes, percentage Al was highest in 

T. ambiguum regardless of the P treatments. Increasing 

rates of Pe from P
10 

to P
100 

did not reduce percentage Al in 

white clover appreciably, but percentage Al ~n lotus and 

T. ambiguum were both lowered. The reduction of Al concen-

trations in the legume herbage in the Mesopotamia trial with 

increasing rates of Pe has been observed in other experiments 

in both grasses and legumes (Davis, 1974; Ali, 1974; Awad 

et al., 1976; Lowther, 1980). Increasing soil pH by liming 

also has the same effect of lowering Al content in plants (Ali, 

1974; Awad et al., 1976; Lowther, 1980), and increased dry 

matter yields following P and/or lime applications have been 



attributed to the amelioration of Al toxicity by reducing 

Al uptake by plants. 
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That lotus is relatively tolerant of Al has 

been reported by numerous workers (Nordmeyer and Davis, 1977; 

Ali, 1973; Metherell, 1979; Lowther, 1980; Haynes and 

Ludecke, 1981) and the relatively higher productivity of 

lotus at Mesopotamia and on other acid soils has been dis-

cussed (see 3.4.1 and 3.4.3). Despite its relative toler-

ance to Al, lotus is not immune to excess Al. On an ex-

tremely acid soil (Katrine, pH 3.6) with exceptionally high 

exchangeable Al and low exchangeable Ca, Ali (1973) found 

that liming to a pH of 5.0 markedly improved dry matter 

yield of lotus with concomitant reduction in Al in soil 

solution and in plant tissues. Further addition of lime 

which increased pH to 5.7 caused a significant reduction in 

yield, possibly by reducing P availability and therefore P 

uptake. In another pot trial using the same Katrine soil 

(Haynes and Ludecke, 1981), soil pH was increased from 3.6 

to 5.7 by large additions of lime, but there was not the same 

depressing effect on lotus yields as reported by Ali (1973). 

Comparison of the rates of P used showed that much higher 

rates were used by Haynes and Ludecke (1981) which allowed 

adequate uptake of P despite decreasing P availability from 

liming. Using another soil of higher pH (5.3), Ali (1973) 

found that even the lowest rate of added lime suppressed 

lotus yield. In other field trials, similar yield depressions 

in lotus with added lime had been observed on a soil with pH 

as low as 4.6 (Lowther, 1975, 1977). These results indicate 

that in P-deficient acid to moderately acid soils, P defic-



iency is the main limiting factor for lotus growth. Only 

in extremely acid soils with very high exchangeable Al is 

there likely to be a lime response directly attributable 

to alleviation of Al toxicity. Where Al levels are not 

high enough to alter growth, liming can suppress_ growth by 

reducingP availability unless high rates of Pare also ap

plied. 
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Data presented by Davis (1974) and Nordmemeyer 

and Davis (1977) su9gest that Al tolerance in lotus is by 

entrapment of excess Al in its roots. Al concentrations in 

lotus shoots were lower than the sensitive white clover, but 

there were no major differences in the roots (Davis, 1974). 

Relative to white clover which translocated over 50% ot the 

Al to the shoot, only between 20-30% of the total absorbed by 

lotus was found in the shoots (Davis, 1974). Similar find

ings were reported by Haynes and Ludecke (1981) where lotus 

accumulated more Al in its roots (84% of total) than white 

clover (69%). 

T. ambiguum is known to grow and persist in 

acid conditions and low fertility (Barnard, 1972) and as such 

is probably adapted to relatively high levels of Al in the 

soil solution. Its ability to tolerate Al, however, has not 

been ascertained, and data presented here are inconclusive. 

In a pot trial ort an acidic YBE (Paljor, 1973), liming sig

nificantly increased the percentage nodulation and nodule 

number/plant but did not increase dry matter or N uptake. 

Phosphate applications, however, increased both dry matter 

and N uptake significantly. There is, therefore, indirect 



evidence to suggest that T. ambiguum may be relatively 

tolerant of Al and the limiting factor for growth on acid 

soils is Prather than Al despite the relatively high con

centrations in the harvested herbage. 
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On the moderately acid Mesopotamia trial site, 

Al toxicity in white clover if present is likely to be only 

marginal. Even with low P inputs (low Pe and infrequent 

Pm), Al concentrations in white clover tops did not exceed 

levels normally associated with Al toxicity (Table 3.5). 

At higher rates of P inputs (high Pe and frequent Pm), lotus 

still maintain a slight advantage over white clover in terms 

of legume dry matter yield. Therefore, although Al toxicity 

can be a major factor limiting white clover growth on acid 

soils, the higher productivity associated with lotus in the 

present trial cannot be attributed entirely to the effects 

of Al. In soils where Al toxicity is absent, Brock (1973) 

found that lotus can still outyield white clover~ Similar 

results were obtained in solution cultures where the effects 

of Al were excluded (see Chapter V). This ability to out-

produce white clover appears to be related to a greater 

capacity to absorb and recover Padded at low to moderately 

low rates. Experiments to investigate these aspects will be 

discussed in Chapters IV and V. 

3.4.5 Phosphorus Ef f icie·ncy 

From an agronomic point of view, P efficiency of 

a plant may be regarded in two ways. Firstly, in terms of P 
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recovery, i.e. the amount of P recovered by the plant per unit 

P applied, secondly in te·rms of productivity, i.e. the amount 

of herb~ge produced (harvested) per unit P applied. From a 

plant's point of view, P efficiency has been defined as the 

amount of dry matter produced per unit P absorbed. This defin-

ition is often referred to as the efficiency of P utilization 

or the P utilization quotient (Loneragan and Asher, 1967; 

Boken, 1970). In addition to these, several 0ther definitions 

had been proposed (see 2. 12 ) . Assessment of the P efficiency 

of plants based on any one of these different definitions does 

not always necessarily lead to the sam~ conclusions. For ex

ample, plants may have similar recoveries of a given amount'of 

applied P but have very different productivity in terms of 

yields due to differences in their efficiency of P utilization. 

Therefore, a plant classed as 'P-efficient' according to one 

definition may be 'inefficient' in terms of another. In the 

following discussion, the P efficiency of the three legumes 

oversown at Mesopotamia will be evaluated ~sing a number of 

definitions for P efficiency. The possible reasons for the 

observed differences between .the legumes will also be discussed. 

(a) Efficiency of Phosphate Recovery: Efficiency 

of P recovery is expressed as a percentage of total P applied 

which was recovered in the herb~ge harvested. Estimates of 

recovery were based on data from only two- spring harvests (see 

3.3.12), and therefore lower than values obtained if annual 

yields were taken into account. Nevertheless, these estimates 

(Table 3.10) provide useful indications of the relative effic-

iencies of P recovery by the three legume systems at Mesopotamia. 

The efficiency of P recovery (fable 3.10) in total 

as well as legume dry matter was hig~estin lotus plots followed 
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by white clover and T. amb!guum. Some of the possible reasons 

to account for the differ enc es in P recovery by .the legumes 

have been mentioned (see 3.4.1) and these included relative 

tolerance to Al (3.4.~) and ~ompetition frbm the associated 

. grass component (3.4.2). Differences arising from root 

architecture and root cellular uptake characteristics will be 

examined in subsequent chapters . 

. For the-_ grass component, efficiency of recovery 

was highest when associated with white clover and lowest with 

T. ambiguum. These differences in recovery reflected the in-

fluence of N transfer from legume to their companion_ grasses. 

Where N transfer was high (e.g. white clover plots), uptake 

and hence recovery of P will also be improved as a result of 

improved growth. The reverse was true for grasses associated 

with T. ambiguum. 

In all the three legume systems, the efficiency 

of total P (legume+ grasses) recovery decreased rapidly with 

increased quantities of P applied both as Pe or Pm (App~ndix 

2.10). The relatively higher efficiency of recovery with low 

P inputs (e.g. low Pe and/or infrequent Pm) suggests that there 

was significant recovery of residual P with time when further 

additions of P were restricted. On the other hand, the dry 

matter produced from each season was not removed but was part

ially returned to the plots via the grazing sheep (hard grazed 

over short perioos). Therefore, some recycling of the applied 

P would have occurred. In addition, some transfer of fertility 

from one plot to another was inevitable. Estimates .for Pre-

covery had not taken into account this recycling or return of 

P via animal dung and urine. This return 6f P although unlikely 

to be very significant due to the short grazing periods, would 



nevertheless favour .plots with low fertiliser p inputs 

and discriminate against plots with higher· inputs. 
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Consequently, P recovery would tend to be higher in plots with 

low fertiliser inputs. 

Inorganic fe~tiliser Pis rapidly adsorbed by high 

P retention acid soils and continues to react slowly over a_ 

longer period to become "fixed", non-labile or firmly held P. 

(Barrow, 1978a). A proportion of the added P would also be con-

verted into organic P by soil organisms. Both adsorbed and 

organic Pare only made available slowly through depletion of 

~- in soil solution and through biological decomposition res-

pectively. In fact, the overall availability of adsorbed P 

decreases with time due to conversion into firmly held P. 

Since applied Pis rapidly adsorbed or immobilised in the soil, 

the larger the amount of P applied the lower the short-term 

recovery of the added P by plants. The efficiency of P recov-

ery at Mesopotamia declined with increasing rates of Pe or 

frequencies of Pm. 
I 

Other long-term experiments on residual 

effects of applied Palso showed that lowest residual-effic

iency was associated with the highest quantities of fertiliser 

P applied (see Fox, R.L., 1978). 

(b) Efficieney_of .Phosphate Utilization (Dry 

Matter Per Unit P Absorbed): Comparing only the legume compon

ents, white clover emerged consistently as-the most efficient 

plant (Table 3.8). Lotus and T. ambiguum had lower efficiencies 

but were not significantly different from each other. The 

higher efficiency of white clover suggests a_ greater capacity to 

convert the absorbed Pinto dry matter yields. Lotus, although 

having higher dry matter yields, also absorbed more P so that 

the efficiency of utilization was effectively lower. T. ambig-
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uum yielded only half as much as lotus, but had the same P 

efficiency due to a correspondingly lower p·uptake. This 

shows a severe constraint on .the usefulness of this criterion 

as an indication of P efficiency in plants. Plants such as 

lotus and T. ambiguum had similar efficiencies yet were markedly 

different in their absolute productivity. Alternatively, 

plants with a lower efficiency of utilization (e.g. lotus) may 

often outyield another with a higher efficiency (e_. g. white 

clover). Since the criterion does not take into account the 

real productivity of the plant, it is of little use to primary 

producers who are more interested in productivity (in this case 

dry matter yields) per unit P applied. Therefore, the above 

definition of efficiency is only meaningful to primary produc

ers if plants being compared have relatively similar yields. 

Efficiency of P utilization for all three legume 

treatments decreased rapidly with increasing rates of Pe and 

increasing frequencies of Pm (Figures 3.15a and b). It is 

interesting to note that at high rates of Pe (e.g. P
100

, Figure 

3.15a), efficiencies of the three legume treatments tended to 

reach a minimal constant so that efficiencies remained un-

changed with further increases in Pe. This phenomenon was 

most obvious for lotus where a "minimal efficiency" of about 

-1 340 kg DM kg P recovered was reached at P50 (see Figure 3.15a). 

T. ambiguum and white clover showed the same tendency, but had 

not reached "minimal efficiency" at P100 and could have been 

determined if higher rates of Pe were applied. It seems, there-

fore, that when Pis not limiti~g (e.g. high rates of Pe and 

frequent Pm), a "minimal efficiency" representing the 'real or 

true efficiency' of th~ plant can be estimated. This .'true 
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efficiency of P utilization' also appears to be a determin

ate parameter for each plant on a given soil and growing 

environment. Figure 3.15a and Appendix 2.11 showed that, 

at high rates of Pe (e_.g. P100}, when measured efficiencies 

tended to approach •true efficiency', the measured effic

iencies of all three legume treatments were of comparable 

magnitude between the 1978-79 (Appendix 2.11) and 1979-80 

(F~gure 3.15a) spring harvests but measured efficiencies at 

P
10 

and P
25 

were markedly different between the two harvests. 

Thus, the concept of 'true efficiency~ of P utilization, 

determined when_ growth is not limited by P supply, may be a 

more meaningful and realistic criterion. 

If 'true efficiency• of P utilization as de~ 

fined above is used as a measure of efficiency, lotus appeared 

to be the most efficient. Firstly, it achieved 'true effic-

iency' at a lower rate of P input (see Figure 3.15a) than the 

other two legume treatments. Secondly, in absolute terms, 

'true efficiency' of lotus appeared to be higher than white 

clover and T. ambiguum, although this could not be ascertained 

because Pe rates higher than P100 were not used in the trial. 

This concept of 'true efficiency' is similar to a definition 

su9gested by Blair and Cordero (1978} who also took into 

account the P status of the plants under consideration. They 

defined P efficiency as t-hedry matter produced at a constant 

plant P content, although how one decides on what the P content 

should be was not mentioned. 

(c) Pho·sphate Efficiency (Dry Matter· Per Unit 

P Applied): A definition of P efficiency which is both meaning

ful and practical, is the dry matter produced per unit P applied 

Using this as the criterion, lotus was most efficient both in 
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terms of total dry matter production and legume dry matter per 

unit P applied (Table 3.9). In contrast~ T. ambiguum was the 

least efficient, yielding only slightly more than half as much 

as lotus for every unit of applied P. Increased rates of P 

inputs (as Pe and Pm) gave lower efficiency per unit P applied 

(Figures 3.16a and b) although lotus remained most efficient 

at all rates of Pe and Pm. The greater efficiency of lotus 

was most evident at low and moderate rates of Pe (P10 and P25 ) 

and/or infrequent Pm. The greater efficiency of lotus at 

low P inputs appeared to be related to a greater capacity to 

recover P from the soil. 

( d) Phosphate Efficie·ncy · (Dry Matter Per 

Unit P Applied Per Unit P AbsoYbed: Godwin and Wilson (1977) 

defined efficiency as the amount of dry matter produced per 

unit P absorbed per unit P applied. This definition embraced 

both agronomic (dry matter per unit P applied) as well as 

physiological (dry matter per unit P absorbed} objectives. 

Efficiencies evaluated according to this definition (Table 

3.12) showed that there were no significant differences between 

the legume components in the 1978-79 harvest and white clov~r 

slightly more efficient in the 1979-80 harvest. Efficiencies 

estimated using cumulative yields over the whole period of 

the trial also showed no differences in the legume component 

between the three legume treatments. Estimation of effic-

iencies of the three l~gume systems based on total dry matter 

harvested (Table 3.12) showed higher efficiency in T. ambiguum 

plots and no difference between lotus and white clover. The 

relatively higher efficiency of T. ambiguum plots was due prim~ 

arily to white clover contamination of these plots which tended 

to inflate total dry matter and at the same time the P recovered 
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by white clover contaminants was not taken into account. 

Table 3_.12: Dry matter yields .per unit P recovered per unit 

P applied since establishment. (Results 

presented are natural l~g transformed values.) 

Legume . 1978-89 1979-80 
spri:11g. harvest .spri:11g ·harvest species 

oversown Legume Gras.s .TOTAL Legume Gras.s .TOTAL 

Lotus 3.24 2.80 3.30 2.61 2.52 2.89 

White Clover 3.24 2.85 3.15 2.76 2.51 2.87 

T. ambiguum 3.29 3.61 3.58 2.56 2.89 3.35 

SEM 0.11 0.12 0.07 0.05 0.06 0.04 

Significance ns *** ** * *** *** 

It appears that P efficiency according to the 

definition suggested by Godwin and Wilson (1977) does not dis-

criminate effectively for efficiency between plants. For ex-

ample, comparing the legume fractions, T. ambiguum was lower 

yielding but was found to be as 'efficient' as lotus. It is 

obvious, therefore, that in some circumstances, P efficiency as 

defined above could be quite misleading. 

( e) · Other ne·f in·itions: An al terna ti ve definition 

for P efficiency which also fulfils both agronomic and physio

l~gical objectives outlined earlier is the product of dry matter per 

unit P applied and percent~ge P recovered in harvested herbage. 

Thus: 

Phosphate 
efficiency 

= [ DM per unit ] [ P recovered]._ 
P applied P applied 

3.1 
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Mean efficiencies estimated according to this equation are 

presented in Table 3.13. An alternative but similar definit-

ion is 

Phosphate 
efficiency 

= [
DM per ~nit] x l DM per unit J 

P applied P absorbed 
·• • • • 3 • 2 

and mean efficiencies for the three legume treatments are given 

in Table 3.14. 

Equation 3.1 has the units of kg dry matterper kg P 

applied and is similar to efficiency defined in 3.4.Sc, but 

has an efficiency of P recov·ery factor included. 

Equation 3.2 is an arbitrary product of two definitions defined 

in 3.4.Sb and 3.4.Sc. Using either of these definitions (i.e. 

equations 3.1 or 3.2), lotus was consistently the most effic-

ient (Tables J .13 and 3 .14) . Equation 3.1 especially was ef-

fective in ranking the three legume· treatments in·terms of 

efficiency whether this was estimated using total or components 

of yield (Table 3.13). Mean efficiencies estimated using 

equation 3.2 was effective as discriminators of efficiency 

based on legume but not total yields (Table 3.14). This was 

again due to the contamination of white clover in T. ambiguum 

plots. Thus, both equations 3.1 and 3.2 which take into 

account efficiency of P recovery from the soil and P utilizat

ion within the plant appear to be useful criteria for assessing 

efficiency between plants. 

According to Fox, R.H. (1978), an efficient plant 

is one that produces a large quantity of harvestable DM per 

unit time and area, growing in a\nedium that has less than suf-



145 

Table 3.13:· Phosphate efficiency as a function of product

ivity (DM per unit P applied) and recovery 

Legume 
species 

oversown 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

(kg P per unit P applied). (Results presented 
-1 

are natural l~g transformed values) (kg DM kg P.) 

1979-89 1979-80 
.spring harvest sp.r.i~g har.ves t 

Legume Grass .. TOTAL _ Legume Grass TOTAL 

5.24 4.30 .. - :6-:68 .6.89 :5.72 .8 .15 

4.32 4.75 6.24 5.97 5.95 7.70 

3.11 ·3. 00 4.93 4.96 4.42 6.88 

0.17 0.16 0.12 0.14 0.15 0.12 

*** *** *** *** *"'* *** 

Table 3.14: Phosphate efficiency as a function of product

ivity (DM per unit P applied)- and utilization 

Legume 
species 

oversown 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

(DM per unit P recovered). (Results presented 
2 - -2 

are natural log transformed-values) (kg DM kg P.) 

1979-89 
spring harvest 

Legume 

11.06 

10.60 

10.07 

0.17 

** 

Gras.s . .TOTAL 

9.92 

10.22 

10.50 

0.17 

ns 

11.87 

11.42 

11.42 

0.12 

* 

1979-80 
_ .spring harvest 

Legume _ .. Grass 

11.14 

10.90 

10.09 

0.11 

*** 

10.42 

10.52 

10.33 

0.08 

ns 

.TOTAL 

12.20 

11.94 

12.24 

0.07 

* 
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ficient P available for maximum yield under the remaining 

environmental constraints. Again, lotus would be the most 

efficient according to these criteria. 

It is apparent from the preceeding discussion 

that agronomically, lotus is a· more P-efficient plant relat-

ive to the two Trifolium species. Assessment of efficiency 

which takes into account productivity and recovery of the 

applied P will tend to favour lotus, while those that take 

into account the ''internal" efficiency of P utilization tend 

to favour white clover and sometimes T. ambiguum. 

Unlike in a cropping system where nutrients are 

continuously removed via the harvested crops, there is a 

constant recycling of nutrients in the grazed pasture system 

via the return of animal dung and urine. In this context, 

P efficiency defined in terms of dry matter yields per unit P 

absorbed (utilization quotient) becomes relatively less 

important due to the recycling process. Therefore, dry 

matter yields per unit P applied is a more relevant criterion 

for assessing P efficiency and thus lotus is the most effic

ient of the legumes under these circumstances. 



CHAPTER IV 

RELATIVE UPTAKE OF 
32

P-LABELLED PHOSPHATE 

FROM DIFFERENT COMPARTMENTS OF THE ROOT ZONE 

OF LOTUS, WHITE CLOVER AND T. AMBIGUUM IN THE FIELD 

4.1 Introduction 
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Results from field trials at Mesopotamia (Chapter III) 

have shown that lotus consistently outyielded white clover and 

T. ambiguum both in legume and total (legume+ grass) dry 

matter yields, especially at low and moderate rates of P 

applications. EVidence from the P status of the plant sug-

gests that this was due to a higher recovery of applied P from 

the soil by lotus. 

Since root systems have the prime function of water and 

nutrient absorption and the rooting charatteristics vary with 

different plant species, the higher P recovery by lotus may 

be due to differences in rooting characteristics of lotus and 

the two Trifolium species. For a given period of time, the 

amount of nutrient absorbed by the whole root system is deter

mined by- the effective soil volume exploited by the particular 

r,oot system. The effective soil volume is a function of the 

volume of soil encompassed by the root system (i.e. its spread 

and depth, an indication of foraging ability) and the rooting 

density within this volume (i.e. the absorbing surface per 

unit soil volume). Differences in the absorbing 'power' or 

the 'efficiency' of absorption per unit root surface area or 

unit weight root tissues also contribute to the differences in 
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the quantity of. nutrient absorbed by plants. Traditional 

techniques of studying root distribution and activity which 

involved excavation, trench construction, soil core sampling 

or root observation cabinets are tedious and time consuming, 

and at best can only relate roughly to the root feedi~g 

activity since different nutrients are taken up in variable 

proportions according to the demands of the plant and the 

relative availabilities of the nutrient in the different 

compartments (Nye and Foster, 1960}. There is also the dif-

ficulty of disti~guishi~g dead and living roots and the rate 

of uptake of a nutrient can di£fer in d~fferent parts of the 

root system. (Fried and Broeshart, 1967}. However, by inject-

ing a 'carrier-free' radioactive tracer into a different com

partment of the root zone of a n·umber of similar test plants, 

and comparing the uptake of radioactive isotopes into the 

shoots, a direct method of measuring the nutrient uptake by 

different parts of the root system~ under 'natural conditions 

can be obtained. 

A field experiment was therefore set up to compare the 

32 relative uptake of P-labelled phosphate from different com-

partments of the root zone of lotus, white clover and T. 

amb£guum, both laterally and vertically in the soil profile. 

Results from such an experiment will provide an estimate of 

the rooting characteristics of the three legumes and therefore 

. give an indication of the relative abilities of the plants to 

exploit the different zones in the soil. 

In order to minimise interference from adjacent plants 

and to ensure that individual crowns of each plant could be 

easily and accurately identified, young seedlings were spaced 

planted on the plots on a grid system (see 4.2.4}. Agronomic 
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results over two seasons (years) after establishment are 

briefly presented and discussed (see 4.3 ahd 4.4). Two 

years after establishment, uniform plants of each legume were 

selected for the 32P uptake experiment to evaluate the relat

ive uptake of P from different compartments in the soil pro

file. Results of the 32P uptake experiment are presented in 

4. 6. 

4. 2 Materials· ·and Methods 

4. 2 .1 · Fi·e·1a Site 

A field site that paralleled closely the environ

mental and soil conditions of the Mesopotamia site was selected 

on a Yellow Brown Earth, the Craigieburn silt loam derived from 

greywacke loess over gravel. The trial was on a flat river 

terrace located at Cave Stream, approximately 800 m a.s.l. on 

Flock Hill Station. Annual rainfall ranges from.900-1500 ;mm, 

mostly over spring and autumn. Winters are cold with some 

snow and the growing season is relatively short. Severe wind 

erosion occurs in exposed places and the soil is very suscept-

ible to frost heave when bared. Soil profile description 

and chemical properties of the Craigieburn soil are given in 

the New Zealand Soil Bureau Bulletin No. 27B (1968) and some 

of these are listed below: 

Soil characteristics of the Craigieburn silt loam: 

soil 
Ca 
Mg 
K 

pH= 5.4 (mod. acid) 
= 1-3.6 me% (low} 
= 0.4-0.8 me% (low} 
= 0.25-l.05me% (low} 

Truog P 
Olsen P 
P retention 

= 1.27 
= 9 
= 66% 

(low) 
(low) 
(med. -

high) 
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The natural nutrient status has been characterised as very 

poor and the exchangeable Al high (Ali, 1974). It has a 

medium to high P retention capacity and responses to lime, P, 

Sand Mo have been recorded. The native vegetation was 

predominantly red (Chioriochloa rubra) and fescue (Festuca 

novae zelandiae} tussocks, browntop (Agrostis tenuis) and 

sweet vernal (Anthoxanthum odoratum). White clover (T. 

repens) spread via animal dung formed a small relatively in

active legume component of the unimproved sward. 

4. 2. 2 Seedlin·g Cultu·re 

Seeds of the three.legumes were scarified and 

surface sterilised as outlined in 5.2 in Chapter V. 

· were then pr~germinated in aerated distilled water. 

These 

When 

the radicle of seeds was about 1 mm, individual seeds were 

planted into alkathene tubli~gs filled with a sand:Craigieburn 

soil mixture (1:1). To ensure that plants were adequately 

nodulated with effective strains of rhizobia, solutions of 

the appropriate commercial strains were injected into tube

lings planted with white clover and lotus. T. ambiguum tube

lings were injected with the rhizobium strain CC283b following 

the recommendations of Dr R. Close (pers. comm.}. The tube

lings were planted in September 1977 and left in a_ glasshouse. 

A l/5 strength North Carolina State_ University (Appendix 1.3) 

nutrient solution (minus nitrogen} was applied every second 

week for eight weeks to encourage early growth, otherwise 

tubelings were watered with tap water regularly or when needed. 

After eight weeks, they were removed from the glasshouse and 

left outside to "harden" before planting out on the field 



site (Plate 1). 

The experimental design was essentially similar 

to the field trial at Mesopotamia, i~e. a 3 x 4 factorial 

randomised block design with three repli9ates. 

ments were: 

The treat-
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3 legume species (i) Lotus pedunculatus cv. 'Grasslands Maku', 

(iil Trifolium repens cv. tGrasslands Huia', 

(iii) Trifolium ambiguum cv. 'Grasslands 

Prairie". 

4 rates of phosphate (Pe) at -

10 kg P ha-l ) 
) Applied at establishment 

25 II II II ) 
) as triple superphosphate 

50 II II II ) (46% P205). 
) 

150 ,, II '·' ) 

These rates will be designated in the text as P10 , 

P25 , P 50 and P150 respectively. 

Basal fertilisers at the following rates were applied together 

with treatment fertiliser: 

Gypsum 20 kg ha-l 

50 kg ha-l 

MgS04 7H 20 

Sodium 
molybdate 

100 kg ha-l 

-1 400 g ha 

Treatment and basal fertilisers were applied on 25 

November 1977. The tubelings were planted on 21 December 

1977. 
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4. 2. 4 Spa·ced Pla·nting 

Young seedli~gs grown in tubelings were spaced 

2 planted individually into each plot measuri~g 6 x 4 m. 

2 By means of several l m metal.framed quadrants, areas of 

1 m2 were mapped out in each plot and on each of these 1 m2 

areas, 5 or 4 seedlings were planted alternatively as shown 

in Figure 4.1, below: 

--
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Figure 4.1: 

Schematic plan showing 

planting pattern of 

tubelings on plots 

measuring 6 x 4 m2 . 

Plate 2 shows how the technique was implemented. 

Once the position of each seedling to be planted was marked 

out using the m2 quadrants, a soil corer was used to remove a 

cyl1ndrical core from the soil, leaving behind a hole slightly 

larger than the dimensions of the tubeling. The seedling was 

removed from the tubeli~g with its root in the soil and 

inserted into the hole on the_ ground. There were a total of 

108 plants per plot and when planted as described above,_ the 

spaced plants were at least. 45 cm apart from each other·. 



Plate 1: Seedlings of the three legumes planted in tube

lings ready for transplanting in the field. 
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Plate 2: Marking out the positions of seedlings to be 

planted with m2 quadrants. A soil corer was used 

to make a hole into which the seedling was to be 

planted. Seedlings were then removed from tubes 

and inserted into the holes. 
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4. 2·. 5 Assessment of Survival and Growth 

After planting on 21 December 1977, plants were 

left over the summer and the first assessment for survival 

and growth was made during the first autumn on 23 May, 1978. 

Due to the size of the plants, no attempts were made to 

determine the dry matter yields over this first autumn. 

Relative growth, however, was recorded by means of visual 

scores. Each plant that survived the first summer was 

scored visually over a range of 1-10, the best being awarded 

a score of 10. 

In the following spring, i.e. October 1978, sur

vival of plants was recorded and dead or missing plants were 

replaced by plantlets of the same age as those in the first 

planting. A second visual score was made on 4 December, 

1978. Twelve plants per plot were randomly selected and 

harvested for dry matter yield on 20 December, 1978, one year 

after establishment. 

Visual scores were again recorded on 8 November 

1979,to monitor early spring growth. Plants with a rang.e of 

visual scores were harvested for estimates of dry matter 

yields. On the basis of these scores, uniform plants were 

selected for the 32P uptake experiment (see 4.5}. A final 

visual score was made on 12 May 1980 to gauge summer and autumn 

growth. Selected plants were again harvested to correlate 

visual scores with dry matter yields. 

4.3 Results 

Table 4.1 shows the score per plant and percentage sur~ 

vival of the three legumes 5 months after establishment. 



Growth and dry matter yield over this first summer-autumn 

was significantly better in lotus than the other Trifolium 

species as evidenced by the h~gher visual score per plant 

for lotus. This advantage of lotus was maintained at all 
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rates of establishment phosphate (Pe) and score per plant for 

all species increased with increased rates of applied P · 

(Appendix 4 • la) • 

Table 4.1: Mean score per plant and percentage survival 

over first summer 5 months after establish-

ment. Harvest date 23.5.1918. 

L~gume· 
.species. 

Lotus 

White Clover 

T. ambiguum 

SEM 

S~gnificance 

legume 

Pe 

legume x Pe 

Mean Score 
.per pl.ant. 

3.06 

2.27 

1.14 

0.14 

*** 
*** 

ns 

% Survival 
per plot 

94.3 

89.8 

12·. 0 

1.62 

*** 
* 

ns 

Of the seedli~gs planted, percentage survival of both 

lotus and white clover were high, nearly 95 and 90% respect-

ively (Table 4.1). Percent survival in T. ambiguum was 

however, lower at 72% and it was the only legume which showed 

a consistent trend of increased survival with increased Pe 

(Appendix 4 • lb} • 
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Despite the apparently successful establishment of 

lotus and white clover after transplanting~ there was consider

able mortality of both legumes over the first winter, but the 

differences were not significant. 

Dry matter yields harvested showed white clover to be 

significantly better than lotus (Table 4.2). The h~gher 

dry matter yields recorded for white clover-were,not completely 

unexpected. Firstly, mortality of lotus over winter was 

relatively high and altho~gh dead plants were replaced, these 

had only a short_ growi~g period before they were harvested. 

Secondly, white cloverinitiatesspri~g- growth approximately 

two weeks earlier than lotus at the Cra~gieburn site, and 

this may partially account for the higher spri~g yield. This 

phenomenon of earlier spring growth was also observed at the 

Mesopotamia site. 

Table 4.2: Percent survival over ~irst winter and legume 

dry matter yield of first spri~g, 12 months 

.af.ter. .es tabl.i s.hinen t .. 

:a.arv.es.t D.ate ... 

Legume 
s.p.ec.i.e.s. 

Lotus 

White Clover 

T. ambi:guum 

SEM 

Significance 

legume 

Pe 

legume. x. P.e. . 

. 4 .•. 1.2 .•. 1.9.78 

% Survival 
per .plo.t 

74.9 

83.4 

76.1 

2.76 

ns 

ns 

ns .. 

# Transformed using natural l~g. 

_ .2 O ·.1.2.-.1.97.8 . 

Transformed 
DM yields# 

3.14 

3.69 

0.70 

0.13 

*** 
*** 
* 
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Table 4_3 shows the P concentrations in dry matter of 

the legume from the first harvest on 20.12.1978. There was 

no significant difference in mean percentage P of the three 

legumes and percent~ge P of all three increased with increas-

ingrates of Pe. However, even at P150 , the percent~ge P 

of white clover did not exceed the critical concentration of 

0.35% (McNaught, 1970} s~9gesti~g that phosphate \na41~--i 
ma!ginally deficient even at the highest rate of Pe •. 

Table 4.3: P concentrations in dry matter harvested 

one year- after establishment -(20 .12 .1978) -.. 

Legume Species 

Lotus 

White Clover 

T. ambiguum 

. Pe means. 

SEM 

p 
l.O,. 

0.185 

0.186 

0.191 

.0 .•. 1.8.9 

Significance legume ns; 

P.e. . (~g P. · ha -_l_) _ 

p 
'2.5 

p 
. 50. .. P 5 . . .1 .0. 

0.209 0.263 0.332 

0.174 0.212 0.313 

0.212 0.225 0.317 

:O .• l.98.· .o.2J.r: 0 .... 3.il 

0.010 

Pe **· legume X Pe ns. ,. 

Legume 
species 

0.248 

0.222 

0.237 

0.008 

By the t~me spri~g yield was assessed in the second 

year, 23 months after establishment, there was a clear differ-

ence in the performance of the three legumes. Lotus was 

yielding significantly more than white clover at all rates 

of Pe (Table 4.4) and in turn, white clover yielded more than 

T. amb!·guum. - Percentage survival over· the second winter was 

similar for all the three l~gumes at approximately 90%, S!,Jg-



gesting that once plants were established and survived the 

first winter, survival over subsequent winters was_ good. 

Table 4.4: Per cent survival and dry matter yields# 
-1 (g plant } harvested at ·&.11.1979, 23 months 

after establishment. 

Legume % 
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Legume Species P5o P . 150. mean 
TS.EM} 

survival 
(.SEM) 

Lotus 5.15 . 6.51 . 11.85 28. 71 13.05 89.9 

(2.34) (1. 3) 

White Clover 1.86 2 .. 39 5.65 9.72 4.90 89.6 

(0 .• 67) (0. 7} 

T. ambiguum 0.42 0.56 0.79 2.31 1.02 92.1 

. (.0. 5.5.) .(0.~.6} 

P.e. means 2 . . 4.8 .3 .• .15 ·.6 .. 0.9. 6 ... 91. 

SEM 0.72 0.63 0.61 3.12 

Significance legume*** ns 
* Pe *** 

Pe x legume* ns 

# Dry matter yields were estimated from regression equations 

of dry matter and visual scores. Regression coefficient 

and significance levels for each legume were as follows: 

lotus r = 0.99 *** 
white clover r = 0.99 *** 
T. ambiguum r = 0.98 *** 

F 11 ' th 3 2P ' ' t ' t ' 1 ( 4 5) b t o owing e inJec ion ria see . , a su sequen 

harvest was made to assess autumn growth. Results are presented 

in Table 4.5. Lotus continued to maintain a significantly 

higher dry matter yield than white clover at all rates of Pe. 

Overall, T. amb!guum r·emained lowest yieldi!}g of the three 

legumes, but at the lowest rate of Pe (i.e. P10), T. ambiguum 



was yielding as much as white clover. 

Table 4.5: # -1 Dry matter yields _(g plant ) of the three 

legumes at four rates of Pe, 29 months after 

establishment. Harvest date 12. 5.1980 .•. 

Legume Species _PlO p . p . p .. Legume 
. . 25. . .s.o , .1.s.o . mea-n 

Lotus 8.65 l9.09 31.89 44.95 26.14 

White Clover 5.93 8.65 16.42 32.31 1·5. 83 

T. ambiguum ·6. 56 6.13 11.28 11.90 8.97 

Pe means 7.05 14.62 19!86 29.72 

SEM 1.87 

Significance 

legume *** 

Pe *** 
Pe x legume. * 

# Dry matter yields were estimated from regression 

equation of dry matter and visual scores of plots. 

r = 0.99** 

4.4 Discussion 
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Early_ growth and vigour showed that lotus had established 

well after transplanting into the field site (Table 4 .1) • Since 

well nodulated seedlings rather than seeds were planted, the 

possible effects of poor_ germination on lotus establishment was 

eliminated in the present trial. In other experiments where 

lotus and white clover were established from seeds, lotus 

establishment has been found to be slower and lower than white 

clover (Brock., 1973; Lowther, 1977, l980) • . This reportedly 

slower and lower establishment in lotus was probably aBsociated 



with the relatively high percentage of 'hard seeds' as well 

as the smaller seed size. 
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Despite usin9 young seedlings, establishment and sur

vival of T. ambiguum over the first summer was significantly 

lower than the other legumes (Table 4.1). This is probably 

related to its slower growth rate and unresponsiveness to 

applied P. Throughout the two year duration of this trial, 

T. ambi·guum remained the least productive of the three legumes 

and had a very low p response gradient (Tables 4.4 and 4.5). 

The higher the rate of applied P, the greater the yield dif

ferences between T, arobiguuin and the other two legumes. 

Sim.tlar observat.t-ons were also observed at Mesopotamia (see 

Chapter III} and are consistent with findings from other pot 

(~al~or, 1973; Meares, 1975} and field (Spencer et al., 

1975; Stewart, 1979) trials~ Mean P concentrations (in-

versely related to efficiency of P utilization, see 3.4.Sb) in 

T. ambiguum herbage (Table 4.3) was not signiticantly different 

relative to white clover or lotus.· This suggests that it is 

not any more tefficient' than the other legumes in utilising 

the absorbed P for dry matter production, and is in agreement 

with data collected at Mesopotamia. Therefore, the ability 

of T. ambi'guum to persist in harsh environments with low P 

levels appears not to be related to its ability to extract P 

from the soil or its efficiency to convert absorbed Pinto 

dry matter. Its unresponsiveness to P suggests a limited 

capacity (e.g. poorly developed root system} to capitalise on 

the improved P supply or an inherently lower productive potent

ial which limits its productivity under improved, more favour

able conditions. Tbese will be discussed later· (Chapter VI). 

Results from Mesopotamia and other long-term trials (e.g. 

Stewart, 19791 suggest that a number of years may be needed by 
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T. ambiguum to build up its root reserves underground before 

its real productive potential becomes evident. In the 

duration of this trial, there was no significant spread of 

the plants laterally except at the highest rate of Pe. Some 

daughter plants were found at distances ranging from 10-28 cm 

from the parent plants at Pl 50 , but these did not contribute 

significantly to the overall yield of the plots. 

Despite the relatively short duration of the present 

trial, the responses of the three legumes to Pe were very 

similar to those observed at Mesopotamia. In the second year 

after establishment, both spring and autumn harvested yields 

were higher in lotus (Tables 4.4 and 4.5). Mean P concentra-

tions of lotus herbage tended to be higher than white clover 

(Table 4.3), though not significantly. However, unlike the 

trial at Mesopotamia, lotus appeared to have maintained a yield 

advantage over white clover, even at the highest rate of applied 

Pin this trial. Although Al concentrations in the legumes 

were not determined in this trial, the slightly higher soil pH 

at Craigieburn (pH 5.4} compared to Mesopotamia (pH 5.25) sug

gests that the presence of Al probably did not affect growth 

of the three legumes any more than at Mesopotamia. 

4. 5 Uptake· of -32p ·from Diffe·re·nt Compartme·nts in the Soil 

Fro·fiTe· by Lo·tus ,· White CloVeY ·a·na T. ambiguum 

4 . 5 . 1 Tntr·o-auc·tion 

The placement of radioisotopes into defined root 

zones of a plant provides a direct method of estimating the dis

tribution and activity of roots under natural ~onditions (Nye 

and Foster, 1960; Fox and Lipps, 1960). The method involves -

injection of the radioisotope into a different compartment of 



the root zone of several closely similar test plants. By 

comparing th~ir uptake of the ~ctive isotope in the shoot, 
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the relative uptake of th~ ~utrient el~ment from the different 

compartments can be deduced. The basic assumption is that 

when two sources of a nutrient are present in the soil (in 

this case the radioactive and the stable native isotope), the 

plant absorbs from each in proportion to the respective 

quantities available (Fried and Dean, 1952). Thus, in a 

particular compartment the two sources of a nutrient distri

bute themselves between plant-available and non-available 

forms in the same proportions. 

Non-Available Form ============:::::::::Available Form 

Stable isotope S (soil} ---S (soil solution)~S (Plant) 

Radioactive isotope R (soil);:::=:::::=R (soil solution)~R (plant} 

If the above assumption holds, then 

'S ·(so·il) 
R (soil) oC s . (soil solution) 

R (soil solution) 
S ·(plant) 
R (plant) 

If equal aliquots of the carrier-free radioactive isotope R . 1 . SOl 

of a nutrient are injected by a standard procedure into dif-

ferent zones of soil and the tracer effectively equilibrates 

with the nutrient present (S .
1

) in a constant weight of soil, 
SOl 

the quantities of nutrient (S 1 t) and tracer (R 1 t} absorbed pan pan 

by the plant from each zone can be expressed as (Newbould, 

Taylor and Howse, 1971): 

= 
K · (.S so·i·1 1 

(Rsoil) 

where K is representing the extent to which the tracer is 

diluted at each depth. In several reported root feeding 

4.1 
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studies, the value of Kat each depth is usually assumed to 

be very similar, close to unity and this was found to be 

the case by Nye and Foster (1960). Assuming a K value of 1 

31 and that they were the same in each depth, the uptake of P 

(in relative units) by plants from each labelled compart

ment can be estimated by equation 4.2. 

31P 
- (plant) = • • • • • • 4 • 2 

Since similar injections are made into different zones in 

parallel 

P uptake 

32 plots so that ( P . 1 ) is constant, then relative 
soi 

32 
by plants ( P 1 t) is in relative units given pan 

by (Hughes and Goodman, 1976) equation 4.3. 

31P 
plant 

= (32P ) (31P ) 
plant soil 4.3 

Alternatively, if the plants are treated ~ith the same 

activity of 32P, each in a different compartment, so that 

the whole root zone is covered, the proportion of Pin the 

plant derived from any labelled compartment out of its 

total uptake is 

·c31 > 
Pplant from compartme·nt -X = 

(31P ) 
plant 

from all compartments 

32 31 
( . PpTant) .( P.sot·i> for eompartment X 

, 32 31 
L- ( P 1 t x P . 1 ) from all compartments pan soi 
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Therefore, 

32 31 Relative P uptake from 

any one compartment {%) 
= .{ P plant). 

'{32P X 

{ p · 1> SOl 
31 X 100 ... 4.4 

L plant Psoil) 

For the above equations to hold true, two conditions must 

be satisfied {Newbould, et al., 1971). These are: 

a) The concentration of the labile ions must not be 

altered by the injection of the tracer. The use of 

a 'carrier-free' isotopes virtually satisfies this require-

ment. The injection may alter the root activity near the 

point of injection due to physical disturbance but the use of 

a small diameter injection plunger in the present experiment 

would minimise soil disturbance. 

b) The extent of mixing of tracer and labile nutrient 

within each compartment may not be known, but it must 

be constant for each. If sites of injection were random 

relative to root distribution and the tracer remains within 

the limits of the treated compartment, then the degree of 

mixing does not matter {Nye and Foster, 1960; Newbould et 

al., 1971). Difficulties arise only when steep gradients 

of uptake occur throughout a compartment as happens 2-3 cm 

from the soil surface. This is avoided by making the first 

injection depth at 5 cm from the surface {see 4.5.2). 

Since roots are randomly distributed away from the centre of 

each plant, injection in a constant geometric pattern around 

a clearly defined centre of an individual plant results in 

random injections relative to root distribution. Since the 

spread and dilution of the tracer may vary for different soil 

types, comparisons are only possible for any one soil. 



165 

4.5.2 Experimental Design 

Two years after establishment at the Craigieburn 

site, plants from P 25 (low) and P150 (high) treatments (see 

4.2.3) were selected for the 32P injection experiment. 

Plants were previously scored visually and treatment plants 

were selected on the basis of these scores as representative 

of each Pe treatment within each species. Placements of 

32 P were randomised as subplot treatments within the main 

32 plots. The subplot treatments were placement of Pat 

(i) 3 soil depths, namely 5, 10 and 18 cm depths, denoted 

as D5, DlO and Dl8. 

(ii) 2 distances, 5 and 12 cm from centre of treated plants 

denoted as S5 and S12. 

Two plants were used for each of the 6 (i.e. 

3 depths x 2 distances) subplot treatments and there were 3 

replicates. Thus the experiment was a (3 legumes x 2 Pe) 

split-plot factorial in 3 blocks with 6 subplots treatments. 

4.5.3 Isotope Placements 

ment. 

Five injections were made per plant per treat

The positiens of the 5 injection points were located 

using a pentagonal template (Plate 3). "The template was 

centred over the plants and injection points marked with 

coloured wires. 

The technique used to inject the tracer solut

ion into the various soil compartments was that described by 

Newbould et al. (1971) and Harries, Norrington-Davis and 

Howse (1974) with minor modifications. A stainless steel 

tube (external diameter 6.8 mm, internal diameter 5.5 mm) 



through which a close-fitting steel rod was threaded, was 

forced perpendicularly into the soil to the required depth 

(Plate 4). The rod was made 5 mm longer than the tube so 

that on removal of the rod, a small cavity was left at the 

base of the tube in the soil. A plastic 'drinking straw' 
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was then inserted into the tube in place of the rod (Plate 5). 

The tube was then removed gently from the soil, leaving behind 

a straw inserted at the desired depth in the soil (Plate 6). 

One millilitre aliquots .of the 'carrier-free' tracer solut

ion were delivered to the bottom of the straw with a glass 

syringe fitted with a long 'needle' of polythene tubing. 

The straws help prevent contamination of the soil at the 

sides of the hole as the 'needle' was inserted or removed. 

Based on levels used by Newbould et al. (1971) and Harries 

et al. (1974) an activity of 30 pci/ml ot 32P was used and 

after injection, the plastic straws were removed after two 

days. 

4.5.4 Harvesting 

Three weeks after injection, treated plants were 

harvested individually with a pair of hand shears. All 

treated plants were cut at about 1 cm above ground level. 

The legume fractions were analysed after drying at 70°c for 

48 hours. 

4.5.5 Measurement of 32P Activity 

Dried samples were ground ( ( 1 mm sieve) in a 

hammer mill within a fume cupboard. 0.5 g of each sample 

was digested in concentrated nitric (HN0
3

) and perchloric 



Plate 3: Pentagonal template in position over the 

cen tre of plant . Injection points located 

and marked with wires . 

Plate 4: Template removed and first injection hole 

made using a stainless steel rod through a 

close-fitting steel tube. 
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Plate 5: Stainless steel rod removed and replaced with 

a plastic "drinking straw'' . Steel cylinder 

was then removed and used to make next 

injection hole. 

Plate 6: Injection points located at the right depth a nd 
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marked by plastic straws . 1 ml aliquots of tracer 

solution are injected through the straw using a 

syringe with a long flexible plastic ' needle'. 
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acid (HC104 ) as described in Appendix 1.1 until samples had 

decolourised. After cooling, 12 ml of a saturated solut-

ion of 4-methylumbelliferone was added, and samples were 

counted using Cerenkov radiation in a 'Packard 3390' liquid 

scintillation. Quenching was.corrected using the approp-

riate quench curves and.details are given in Appendix 1.4. 

Soil samples were also collected from each main 

treatment plot to assess available P of the soil at various 

depths in the soil profile. Five soil cores (diameter 2.5 cm) 

to a depth·. of _20 cm were _collected randomly from each treat-

ment plot. Each core was subdivided into three segments, 

0-8, 8-15 and 15-20 cm from the surface.· Segments from the 
. 

same soil depth were bulked and the labile P was extracted 

by the method of Truog (DSIR, Soil Bureau, Scientific Report 

No. 10, 1972). The Truog extractable P was determined 

colorimetrically by the method of Murphy and Riley (1962) 

(see Appendix 1.2). Results are shown in Table 4.6. 

Table 4.6: Truog extractable p (pgP g 
-1 soil) for the two 

rates of applied P. 

Depth Pl50 p25 
.(.cm) 

0- 8 25.6 6.8 

8-15 1.1 1.4 

15-20 1 .. 3 1.5 



4.5.7 Presentation· and Analysis of Results 

If it is assumed that the soil Pis equally 

available (i.e. specific activity of the labelled Pis the 

same) throughout the soil profile, then the 32P detected 

in the shoot is a measure of the general distribution and 

activity of the root system (Hall, Chandler, Van Bavel, 

Reid and Anderson, 1953). However, for most soils, in-

eluding the Craigieburn soil, specific activity increased 

with soil depth but Hall et al. (1953) considered that the 

lower specific activity in the surface horizons will tend 

to be equalised by the greater absorption from ~hese 

horizons of higher-P status. Although this statement is 
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not always true in all circumstances (Nye and Foster, 1960), 

the approach used by Hall et al. (1953) will be adopted in 

the present study to obtain an estimate of the relative 

distribution and activity of the root system of the three 

legumes at the Craigieburn site. 

Estimates of P uptake can be obtained and pres

~nted in two ways, firstly as relative units of P absorbed 

(equation 4.3, see 4.5.1) or secondly as a percentage of the 

total uptake (equation 4.4) from all labelled compartments. 

Following the convention used by Newbould et al. (1971), 

32
P(plant) in equations 4.3 and 4.4 is defined as the activity 

per unit g dry weight of herbage and 31Psoil aspg labile P 

g-l soil. 

Results were analysed as a randomised block 

split plot factorial experiment (3 x 2 main plots x 6 sub-

plots). Significance levels are indicated as follows: 

*** P,<o.OOl; ** Pi0.01; * P~0.05; ns not significant at 5%. 
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4.6 Results 

4. 6 .1 The· Spread o·f Radi·oactivity in the· Soil Profile 

The extent of spread of labelled P from the 

placement sites was not measured in the field. A pre-

liminary pot experiment, however, showed that the lateral 

and vertical spread of radioactivity was quantitatively 

similar to that reported by Newbould et al. {1971) and 

Harris et al. {1974). Soils from the trial site were potted 

in several tall.cylindrical·pots and allowed to equilibra,te 

with regular watering for three weeks. Injections using the 

procedure describ~d earlier {4.5.3) were then made using 

either 3 or 5 ml of carrier-free 32P solution on the pots 

watered to field capacity. The pots were then frozen 

immediately or 5 hours after injection of the labelled solut

ion. 

Frozen sections of the soil were then sampled 

and radioactivity measured by Cerenkov counting after sus

pending 3 g of air dried soil in 15 ml of 4-methylumbelliferone 

solution in scintillation vials. Results showed that there 

were no significant differences in the spread of activity be

tween injections with 3 or 5 ml of labelled solution and be

tween samples frozen immediately or 5 hours after injection. 

A typical result is shown in Figure 4.2 .. Radioactivity ex-

tended over a distance of 3 cm above and 1 cm below the point 

of injection. This appeared to be due to the relatively 

large volume of labelled solution used in the injections 

which would tend to fill upwards in the injection holes if 

solutions were dispensed too rapidly. Nevertheless, despite 
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the fact that the soil was at field capacity (which would 

maximise spread by diffusion), the spread of radioactivity 

did not exceed a spherical diameter of 5 cm, consistent 

with the findings of Newbould et al. (1971) and Harris et 

al. (1974). 
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In the field, an injection volume of only 1 ml 

per injection was used, thus reducing further the possibility 

of radioactivity spreading beyond a range of 5 cm. For any 

given treatment depth, a zone of approximately 3 cm or less 

was likely to be activated. Thus, for treatment depths of 

5, 10 and 18 cm, horizontal zones extending from a probable 

depth of 3-6 cm, 8-11 cm and 16-19 cm from the surface would 
32 . 

be labelled with P. 

4. 6. 2 Distribution of ·Robt Activity 

The 32P activity of the herbage harvested (with

out correction for the 31P content of the soil, see 4.5.7) is 

a direct indication of the presence or absence of roots and 

their activity in the vicinity of 32P placements at the var-

ious compartments around the plant. Relative root activity 

at any labelled compartment was expressed as a percentage of 

the sum of activities from all compartments of the root 

system, i.e. 

Relative root activity 

in compartment X 

32 t' 't ' h t Pac ivi yins oo 
from compartment X 

32 t' 't ' h t = Pac ivi yins oo 
from all compartments 

X 100 

Table 4.7 shows the distribution of root activit

ies with increasing soil depths of the three legumes at two 

rates of Pe. Within .any given soil depth, the root activity 
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at the two spacing treatments (i.e. S 5 and S 12) were added to 

give a summed percentage of root activity for each soil depth. 

As is evident from Table 4.7, root activity decreased 

markedly with increasing depth for all three legume species 

both at high (P150 ) and low (P 25 ) rates of Pe. This trend 

was most obvious for lotus. Of the three legumes, sig-

nificantly higher lotus root activity (approximately 75%) 
I 

was detected in the surface horizon (D5) relative to T. 

ambiguum (approximately 45-50%). White clover was intermed-

iate with about 65% of its root activity distributed in the 

top horizons. Although there were differences in root 

activity of the three l~gumes at depths. greater than D5, 

these differences were not large enough to be significant 

except for T. ambiguum at P150 , D18, where root activity was 

higher than that of lotus in the same compartment. 

Table 4.7: Distribution of root activity (% of total 

root activity) at three soil depths on two 

rates o.f Pe (estimate_d on per g shoot DM basis) • 

p 
· 25 

Legume Species 
D5 D10 D18 

Lotus 74.6 18.1 7.4 

White Clover 61.9 19.8 18.5 

T. ambiguum 50.1 26.5 23. 7· 

SEM D means = 3 .. 9 
Significance 

Depth of injection (D) 
Legume x D 
Pe x D 

*** 
* 
ns 

Pisa 

DS D10 Dl-8 

77 .. 3 14.0 8.7 

65. 9. 17.5 16.6 

47 .• 3· 15.9 36.9 



Table 4.8 shows the distribution of root 

activity of the three legumes at two spacings from treated 

plants at the two rates of Pe. Within each spacing treat-

175 

ment, the root activity of the three soil depths were added 

to_ give a summed percentage for each spacing treatment. 

Except for lotus, root activity decreased with increased 

spacing from the treated _plants. In lotus, root activity 

at both P150 and P 25 did not fall with spaci!}g, but remained 

relatively high. Up to 50% or more ot its root activity 

was distributed at Sl2. In contrast, nearly 80% of white 

clover root activity was concentrated within a radius of 

5 cm around the plants with low Pe (P 25 ). Only when Pe 

was high (P150 ) was appreciable white clover root activity 

being detected at Sl2. Unlike white clover, distribution 

of root activity in T. ambiguum did not appear to change 
.. 

with improved Pe. Root activity remained largely within 

the 5 cm radius at both rates of Pe. 

Table 4.8: Distribution of root activity (% of total 

root activity) at two spacings on two rates 

of .Pe . (.estimated on per .g .shoot DM basis) • 

Legume p 
· 25 

species 
S12 ·S'S-

Lotus 51. 0 49.0 

White Clover 77.4 22.9 

.T .• ambiguum .6.5. • .7. . .3.4 .•. 6. 

SEM s means = 
Significance 

Spacing (S) of injection 
Spacing x legume 
Spacing x Pe 

p 
· 150 

. S5 

46.9 

53.7 

.7.3. .•. 3 

6.2 

* 
ns 
ns 

Sl2 

53.2 

45.7 

.2.6 . 8 



176 

The overall distribution ot root activity s~g

gests that lotus is a 'surface feeder' with a high percentage 

of its root activity concentrated in the surface horizons. 

At both P150 and P25 , 75% or more of its root activity was in 

the surface (D5) horizons and unlike other l~gumes, half 

(i..e.-30-35%) of this was located in compartments at least 

12 cm from the main crown of the plants (Appendix 4.21. 

The bulk of white clover root activity was also concentrated 

in the surface horizons (60-65%}, but the extent of lateral 

spread within this surface horizon was dependent on the rate 

of Pe. Increased rates of Pe markedly enhance root activity 

at S12 suggesting probably an increased proliferation and 

lateral extension of white.clover roots in the top soil with 

improved P nutrition. T. ambiguum appeared to have a lower 

preponderance to spread its roots laterally even when a high 

rate of Pe was applied. At both P150 and P 25 , root activity 

in T. ambiguum appeared to be confined to within a radius of 

5 cm around the plants, although within this radius of 5 cm, 

root activity was more evenly distributed down the soil profile. 

Although relative root masses of the three legumes 

were not determined, the large shoot dry matter yields of lotus 

(Table 4.9) suggests that it has a correspondingly larger root 

system than the two Trifolium species. The results in 

Table 4.9 appear to confirm the earlier observations from 

Mesopotamia and from other field trials (Brock, 1973; Lowther, 

1980) that lotus requires two seasons or more before its full 

potential become obvious. Even at the h~ghest rate of Pe 

(P150), lotus was yielding more than twice as much as white 

clover and ten times as much as T. ambiguum. 



Table 4.9: -1 Dry matter yield of shoot _(g plant ) at time 

of 32p injection experiment. 

Legume Species 

Lotus 

White Clover 

T.. .a mbi.g.u.um 

Significance 

Legume 
Pe 
Legume x Pe 

*** 
*** 
*** 

P P SEM 
.. 2.5 .. 1.5.0 

17.3 55.6 2.95 

6.4 20.7 1.37 

.L .2 . 5. • 8 . .1 . .32 

4. 6 .. 3 Relative Phos·phate· .Uptake 

Table 4.10 shows total P uptake (in relative 

units estimated using equation 4.3 in 4.5.1} by the three 

legumes at the two rates of Pe. At both high (P150 ) and 

low (P 25 ) rates of Pe, lotus recovered more P than white 

clover and T. ambiguum. Differences between legumes were 

largest at P 25 where lotus recovered nearly three times as 
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much Pas white clover and over six times more than T. ambiguum. 

Without exception, the bulk of total P recovered 

by the three legumes was derived from the surface horizons 

(Table 4.11) and this was true for both high and low Pe~ 

Over g-s-i-of total P uptake by lotus was from D5 in contrast 

to about 90% in T. ambiguum and about 93% in white clover. 

Uptake from the two deeper soil horizons (D10 and D18) were 

not significantly different between l~gumes. Except for 

T. ambiguum, uptake from these subsoil horizons rarely exceed 

5% of the total P recovered (Table 4.11}. 



Table 4.10: Total phosphate (relative units P x 1000 per 

g dry matter harvested} uptake at two.rates of 

establishment phosphate (Pe}. Ln trans

formed means are in brackets. 

Legume Species p 
2.5. 

p 
.. 15.0 

30.5 37.9 
Lotus (10.32) (10.54} 

11.3 27. 2 
White Clover 

( 9.33} (10. 21) 

4.8 10.5 
T. ambiguum 

( :8. 4.7.) .( .9 .25.}. 

SEM ~e means= 0.34 (for Ln transformed 

Significance 

Legume 
Pe 

*** 
* 

Legume x Pens 

means} 

Although the bulk of the total P recovered by 

the three legumes was from the surface horizon (D5}, the 

capacity to exploit this surface horizon appeared to vary 

between the legumes and was dependent .on the rate of Pe. 
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At P 25 (Table 4.12}, at a radius of 5 cm (S5) in the surface 

horizon, lotus recovered more P (11.9) than T. ambiguum and 

white clover (3.2 and 8.7 respectively}. This was despite 

the fact that almost 80% of white clover root activity 

(Table 4.8) was concentrated in this soil compartment. 

increased Pe, white clover root activity extended over a 

With 

greater distance to 12 cm (Table 4.8) but P uptake by white 

clover remained lower than lotus (Table 4.12). These results 

su9gest that altho:ugh white clover roots extended over a 

similar surface area as lotus, the intensity of exploitation 



Table 4.11: Phosphate uptake (~elative units P x 1000 per g dry matter harvested) 

from three soil depths at two rates of -Pe~. Per cent of total·uptake in 
brackets. Ln- transformed means of phosphate uptake ·i:n ttalics. 

Legume 
species 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

Soil depth (D) 
El. x legume 
DX Pe 

~ 

DS. 

29.3 (96.3) 

10.29 

10.1 (88.8) 

9.22 

4.2 (91.3) 

8 .• .3.4. 

0 .15 (for Ln 

*** 
ns 
ns 

p 
. 25 

D.10 D18 

0.7 ( 2. 7) 0.3 (1.4) 

6.50 5.82 

0.4 ( 4 • 9) 0.5 ( 6. 3) 

6.03 6 .17 

0.2 ( 4. 3) 0.2 ( 4. 3) 

. 5 ... 4.6. 5 • .3.3. 

transformed D 
means) 

D.S. 

37.2 (98.0) 

10.52 

-26. 3 (96.7) 

10.18 

9.5 (93.1) 

. . 9 .• 1.6 . 

1.31 (for 

p 
.. 1.5.0. 

D.1.0. 

0.4 ( 1.1) 

5.93 

0.4 ( 1. 5) 

5.91 

0.2 ("2. 0) 

.5 .•. 0.9 

% of total 

*** 
ns 

. ns. 

D18 

0.3 (0.9) 

5.72 

0.5 ( 1. 9) 

6.18 

o.s ( 4. '9) 

.6 •. 14 

uptake. means) 



Table 4.12: Phosphate uptake (relative units P x 1000 per 9 dry matter 
harvested) from two spacings at_ ·tw0 rates of Pe~ .. Percentage 
of total uptake are given in .:bracket~. Ln t:r;ansf~rmed means 
of phosphate uptake are given i:·n italics-. 

Legume Species 

Lotus 

White Clover 

T. ambiguum 

SEM 

Significance 

Spacing S 
S x legume 
S X Pe 

- p2·5 p 
. . -1-5'0· 

.S.5 . .512. . S.S . · .·s.12 . 

11.9 (51.5) 12.9 {48.9) 15.5 (43.1) 21.0 (56.9) 

9.39 

8.7 (77.6) 

9.07 

3.2 (67.4) 

. 8. OB 

9.47 

2.0 (22.4) 

7.61 

1.6 (32.6) 

7.3.6 . 

0.16 (for Ln transformed 
S means) 

* 
ns 
ns 

9.65 9.95 

14·.l (54.8) 11.6 (45.2) 

9.55 9.36 

7.4 (71._8·) 2.9 (2~.2) 

B .• 91 .. 7 .•. 97 

6.42 (for% of total 
uptake means). 

* 
ns 
ns 

I-' 
CD 
0 
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for P by white clover roots was lower. Unlike white clover, 

T. ambiguum root activity did not spread laterally with in

creased Pe, and much of its P uptake was from within the 5 cm 

radius in the surface horizon. Uptake from S12 made up 

only approximately 30% of the total and increased Pe improved 

P uptake from S5 but not from further afield (Table 4.12). 

4.7 Discussion 

Distribution· of Root ·Activities in Re·lation to P Uptake 

Under the prevailing conditions of the trial site, lotus 

and white clover root activity was concentrated within the 
. . 

surface (Table 4.7} horizons of the soil. The tendency for 

plants,especially pasture plants, to concentrate most of their 

roots in the soil surface horizons is not unexpected, due to 

both the concentrations of nutrients and the more favourable 

physical and chemical environment of this surface layer for 

root growth (Evan, 1977). In this respect, T. ambiguum 

differed from lotus and white clover in that only 50% or less 

of its root activity could be accounted for in the surface 

horizon. Between 20-30% were petected at a depth of 18 cm 

(Table 4.7), and the trend suggests that root_ growth may have 

extended considerably beyond the 18 cm depth. This is con-

sistent with its reputation as a deep rooting plant, and is 

maybe responsible for its ability to tolerate and persist 

under drought conditions (Bryant, 1974). It is also known to 

have a lower dependence on h~gh P supply and it was thought 

that this may be linked to its deep rooting as well as strongly 

rhizomatous habit (Barnard, 1972}, enabling it to extract P 

from the subsoil and from a_ greater soil volume. However, 
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( 

the importance of roots in the lower subsoil in relation to 

the overall P nutrition of a plant is doubtful. Firstly, 

the total and available P within the subsoil are usually 

considerably lower than those at the surface, and secondly, P 

if present in the subsoil, tends to be strongly adsorbed 

In the present trial, extractable P fell significantly with 

soil depth {Table 4.6) and P uptake from the two subsoil 

horizons accounted for only approximately 10% or less of the 

total recovered by T. ambi'guum (Table 4.11). Altho~gh T. 

arnbiguurn tended to root deeper, the propensity to spread its 

roots laterally appears to be low, the bulk of its root activ

ity being confined to within a radius of 5 cm (Table 4.8}. 

This feature is unlikely to be due to the effects of Al 

toxicity since increased Pe at P150 did not alter the overall 

root activity even in the surface horizon where one might be 

most likely to see a response. The presence of significant 

T. ambiguum root activities in the lower subsoil horizons 

seems to indicate that it may be relatively tolerant of Al. 

The overall distribution of root activities in T. ambiguum 

suggests that its root system does not extend over a greater 

soil volume than the other two legumes, and its lower Pre

~uirernent ±sprobably not related to an extensive root system. 

At the time of the present trial, T. ambiguum plants were 

only two years old, and a small proportion of these were just 

starting to produce rhizomes. Since rhizomes are predominantly 

within the surface horizon, where the availability and con

centration of Pis greatest, the importance of rhizomes to the 

P nutrition of the parent plant could be substantial in a 

mature sward. This aspect needs further assessment by con-

ducting similar uptake experiments on well established, spaced 
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planted, T. ambiguum swards. 

In contrast to T. amb;i."gu·um, lotus root activity was 

concentrated in and proliferated laterally within the surface 

horizon (Tables 4.7 and 4.8). Although root activity was 

detected at D18, these roots did not contribute s~gnifi6antly 

to the total P uptake of the plants (Table 4.11}. The h~gh 

.proportion of total root activity detected at Sl2 for lotus 

also suggest that roots may be extendi~g to distances ex

ceeding 12 cm, especially at h~gh rates of Pe (Table 4.8}. 

It is this propensity of lotus roots to spread laterally 

over:greater distances near the surface which undoubtedly 

contributes to the greater P recovery by lotus (Table 4.10) 

and thus higher dry matter yields (Table 4.9). 

White clover root activity appeared to be restricted 

laterally unless high rates of Pe were applied (Table 4.8). 

Although soil pH at Craigieburn su9gests that the effect 

\\ of Al on white clover growth is probably marginal, the pos

sibility of Al toxicity in white clover cannot be disregarded 

completely. Since the addition of P has been shown to reduce 

Al levels in soil (Haynes and Ludecke, 1981), the improved 

white clover root activity at Sl2 in P150 plots may be due to 

alleviation of Al toxicity. On th~ other hand, increased P 

availability at Pisa may also lead to a larger more extensive 

root system by virtue of improved P nutrition and growth. 

Data collected by Stewart (1979) on the same field site 

showed that white clover has a higher shoot/root ratio of 

about 2, while that for lotus and T. ambiguum was approximately 

1.5. Therefore, altho~gh root masses were not determined, 

the shoot dry matter yields (Table 4.9) suggested that there 

was a correspondingly significant difference in root mass 
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between the three l~gumes at both rates of Pe, This implied 

th f 
32 . . · 

at or any P placement zone, lotus root mass and there-

fore root density would be relatively higher than the other 

two legumes. This is especially true in the surface 

horizon. Lotus roots have also been shown to be more 

~ranched than white clover, and a. greater proportion of its 

total root weight is in secondary and tertiary lateral root 

fractions (Haynes and Ludecke, 198ll. Therefore, lotus 

appeared not only to be exploring a. greater surface area near 

the surface horizons where most of the available Pis con

centrated, but it also appeared to b~ more effective in ex

ploiting the soil volume explored by its root system. 

This is reflected by the higher P uptake (Table 4.10) of 

lotus at both rates of Pe. 

Since 32P placements were not made at depths. greater 

than 18 cm, the absolute rooting depth of the three legumes 

cannot be assessed. Although results from the present trial 

suggest that these subsoil roots do not make up a significant 

proportion of the total root activity and contribution from 

these roots in terms of P absorption is minimal, their role 

in water absorption may be of great significance. Observat-

ions at the Mesopotamia trial site indicated that lotus and 

T. amb~guum roots penetrated depths exceeding 25 cm in the 

third year after establishment. These deep roots may have 

accounted for the significantly better recovery by lotus after 

. grazing despite the drought conditions after the spring harvest 

in 1978-79 at Mesopotamia. 

Although root activity in the surface (D5) horizon 

varied from 60-80% in the three legumes (Table 4.7), 90% or 



more of the total p uptake by each of the legumes was from 

within this surface hor"izon '(Table 4.11}. This was due 

largely to the sharp fall in.p concentrations (Table 4.6} 
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in the subsoil horizons. Since Pis a relatively immobile 

element (Nye, 1966) and fertiliser P was broadcasted at the 

trial site, much of it will remain predominantly in the 

surface layer. Therefore, it is not surprising that much 

of the P uptake by the legumes was derived from this surface 

horizon. Similar studies involving placements of labelled 

Pat various soil depthi have shown that P uptake by_ grasses 

(Newbould et al., 1971; Harris et al., 1974; H~ghes and 

Goodman, 1976) and mixed pastures (Jackman and Mouat, 1972; 

Gillingham et al., 1980} aiso occurred predominantly in the 

surface horizon. 



CHAPTER V 

PHOSPHATE RESPONSES AND 32P UPTAKE BY LOTUS, 

WHITE CLOVER AND T. AMBIGUUM IN NUTRIENT SOLUTIONS 

5.1 Introduction 
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Uptake of 32P from labelled soil compartments by two

year-old plants suggests that on the moderately acid soil con

ditions at Craigieburn (Chapter IV), the higher P recovery by 

lotus was associated with its ability to explore and exploit 

a greater soil volume of the surface horizons (where most of 

the available P was found) than the two Trifolium species. 

These results are probably also applicable to plants estab

lished at Mesopotamia since soil and environmental conditions 

were similar at the two trial sites. However, on acid soils 

with relatively high exchangeable Al (such as in the Craigie

burn soil), responses to P applications and P uptake by plants 

are often complicated by Al toxicity. Although Al concen

trations in plant herbage from Mesopotamia (ChapterIII) suggest 

that Al toxicity, if present,was probably only marginal, the 

differences between the three species in terms of P uptake and 

growth may be partially related to differential plant tolerance 

to Al. Therefore, to avoid complications arising from Al, P 

responses of the three legumes were also compared in .an Al-free, 

nutrient culture experiment (5.2). Plants raised on nutrient 

solution also provide ideal specimens for comparisons of the 

efficiency of P uptake mechanisms at the cellular level 

in the roots and the subsequent translocation of absorbed P to 
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the shoot. 
32 P-labelled phosphate uptake experiments in 

nutrient solutions were also conducted to examine if plant 

differences were related to differences in the inherent 

efficiency of P uptake and translocation in the three legumes 

(5.5). 

5.2 Growth Responses of Lotus, White Clover and T. 

ambiguum to Phosphate Concentration in Solution Culture 

5 . 2 . 1 . Exper"irne·ntal 

The three legumes used in the experiment were 

white clover, lotus and T. ambiguum. Seeds of the three spec-

ies were scarified by rubbing them between two pieces of fine 

sand paper. Scarified seeds were surface sterilised by wetting 

with 60% alcohol and transfering into 10% "Janela" (35% active 

ingredient, sodium hypochlorite) solution for 10 minutes. 

Seeds were then rinsed several times with distilled water and 

left in aerated distilled water for 24 hours, the water being 

renewed after 12 hours. 

Pre-germinated seeds were sown on sieved sterilised sand 

(autoclaved for two hours) and watered with distilled water 

when necessary and left in a temperature controlled growth 

cabinet. The conditions were 20°/15°c day/night temperature, 

-2 -1 16 hours, lighting at 20,000 lux (270 pE m s ) and 80% 

relative humidity. When seedlings were at the first trifoliate 

leaf stage, they were carefully removed from the sand bed, 

rinsed in distilled water to remove sand adhering to the roots 

and then transferred onto nutrient solutions of different P 

concentrations. The P concentrations were 1.0, 2.0, 10.0 and 



50.0 pM as KH 2Po4 in 1/10 strength North Caroline State 

University nutrient solution (Appendix 1.3), buffered at a 

pH of 5.6. Each pot contained 4.5 litres of nutrient 
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-1 solutions and there were 8 seedlings pot . The experiment 

was replicated 4 times in a complete randomised block 

design. All pots were continuously aerated with an air 

pump. Solutions were renewed every 7 days for the first 

three weeks and every four days thereafter. 

5. 2. 2 Harvesting· and Chemical Ana·1ysis 

The first harvest occurred three weeks after 

transplanting seedlJngs into treatment solutions. Four 

-1 plants pot were randomly selected and harvested. Plants 

were dissected into shoot and root fractions. Shoot fresh 

weight and "damp dry" root weight were recorded. Samples 

were then dried in an oven at 70°c for 24 hours before dry weights 

were recorded. Shoot fractions were ground and sub-

sampled for P analysis. Samples were digested in a mixture of 

concentrated nitric:perchloric acid on a hot sand bath accord

ing to the method of Johnson and Ulrich (1959) (Appendix 1.1). 

Phosphate concentrations in plant herbage were determined as 

outlined in Appendix 1.2. 

Before being oven-dried, root samples, one 

replicate from each P treatment of all three l~gumes, were col

lected and root lengths measured by the method of Newmans 

(1966) with modifications by Evans (1970). Random samples of 

root segments from each species for each P treatment were taken 

and root diameters of 40 s~gments were measured using a travel

ling microscope. 
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Two further harvests were made after the fourth 

-1 -1 and fifth weeksi with 2 plants pot harvest being harvested. 

5.3 Results 

5 . 3 . 1 Dry Matter Yie.lds 

Total (shoot + roo·t) dry matter yields of the 

three species after three weeks' growth are shown in Table 5.la. 

Lotus yielded significantly more than the two Trifolium species 

at all levels of solution P concentrations. Of the Trifolium 

species, white clover yielded more than T. ambiguum only at 

high solution P concentrations. Total dry matter yields of 

the three legumes increased with P concentrations and there was 

a significant species x P concentration interaction due to 

unresponsiveness of T. ambiguum to P. There was no signifi-

cant difference in root dry weight, therefore the observed 

differences between species in total yields were due to plant 

differences in shoot dry matter yields (Table 5.lb). 

At the two lowest P concentrations (1.0 and 2.0 

µM), lotus and T. ambiguum both yielded 20 to 30% of their 

maximum harvested yield, but white clover produced only between 

10 and 20% of its maximum. Maximal harvested yield was at-

tained at 10 uM P concentration for T. ambiguum. In contrast, 

lotus and white clover produced only 87 and 83% of their maxi

mum yield respectively at 10 µMand further increase in P con

centration increased shoot and total dry matter yields. 

Total shoot and root dry matter of the three leg

umes harvested after the fourth and ;fifth weeks (Appendices 5.1 

and 5.2} showed a similar trend as described for Harvest One. 
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Table 5.1: 
-1 

Dry matte~ yields _(g plant ) at Harvest One, 

3 weeks after transplants. Relative yields 

as a percentage of maximum harvested yield 

are in brackets. 
-1 

a) ... Total . (shoot .+ root) dry matter .yields . (g .pl.ant ) . 

p Concentration Lotus White 
T.ambi_g_uum 

{pM)· clover 

1.0 0.085 0.043 0.055 
(22.4) (12.9) ( 2 2 .. 3) 

2.0 0.110 0.074 0.084 
(29.0) (22.3) (34 .1) 

10.0 0.344 0.265 0.246 
(90.8) (80.1) ( 100) 

50.0 0.379 0.331 0.234 
· (100) (100) (95.1) 

Legume means 0.229 0.178 0.163 

p Means 

0.072 

0.089 

0.285 

0.315 

SEM Legume means = 0.011 P means = 0.012 

Significance Legume ***· p ***· Legume x p * , , 

b) Shoot dry matter yields -1 (g plant ) . 

p Concentration Lotus White 
T. ambiguum P Means (pM). clover ... 

1.0 0.060 0.024 0.031 0.038 
(22.1) (11.8) (20.8) 

2.0 0.087 0.041 0.048 0.059 
(32.1) (20.2) (32.2) 

10.0 0.236 0.169 0.149 0.184 
(87.1) (83.2) (100) 

50.0 0.271 0.203 0.145 0.206 
( 10 0) ( 100) (97.3) 

Legume means 0.163 0.109 0.093 

SEM Legume means = 0.005 P means = 0.006 

Significance Legume ***· p ***· Legume x p ** , , 
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Table 5.2: Mean of dry matter yields from three harvests. 

Relative yields as percentage of maximum har-

vested yields are in brackets. 
a) Total (shoot + roo·t) dry matter yields (g -1 plant ) . 

.... . .. 

p Concentration Lotus White 
ambiguum p Means 

(p.M). c1ov.er. T. 

1.0 0.16 0.09 0.11 0.12 
(12.5) (10.4) (15.1) 

2.0 0.28 0.15 0.21 0.21 
(22.4} (17.9) (29.1) 

10.0 0.99 0.80 0.71 0.83 
(79.1} (96.5) (100) 

50.0 1.25 0.82 0.7 0.93 
(100) (100) (98.3) 

Legume means 0~67 0.47 0.43 

SEM Legume ·means = 0.020 P means = 0.023 

Si.gl).i f icanc.e. . Le.gume .. *.*.*.; .P ***· . Legume x .P *** . . . ·I. 

bl. . Shoot. dr.y. matter . .y.ie.l.ds . -1 
. (.g . .pl.ant. .. ) .... 

p Concentration Lotus White 
ambiguum p Means 

(pM) .c.lo.ver. T • 

1.0 0.11 0.05 0.06 0.07 
(11.4) ( 8. 9) ( 14 .1) 

2.0 0.21 0.08 0.11 0.13 
(23.2) (15.3) (25.4) 

10 •. 0 0.70 a.so 0.40 0.54 
(76.0) (.94. 7). (95.9) 

50.0 0.92 0.53 0.42 0.62 
(.100) (100) ( 100) 

L~gurne means 0.49 0.29 0.25 

SEM Legume means = 0.014 )? means = 0.016 

stgnificance Legume. ***· p ***· Legume X p *** . , I . 



Therefore, mean total dry matter from three harvests also 

showed a similar trend to results from Harvest One (Table 
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5. 2a) . Mean total shoot (only} dry matter yields from three 

harvests are shown in Table 5.2b. White clover and T. 

ambiguum attain approximately 95% maximum harvested yields 

. at lOuM J> concentration, but only 75% for lotus. 

At the two lower P treatment concentrations (1.0 

and 2.0 pM), growth of all three species appeared to be limited 

by P deficiency and this was confirmed by the low percentage P 

in the shoot for Harvest One (Table 5.3} and Two (Appendix 5.3). 

Increasing P concentrations from 2. 0 to 10. 0 pM almost doubled 

percentage Pin shoot in all spec~es with a concomitant increase 

of 3-4 times in total and shoot dry matter (Tables 5.la and b). 

Further increase in P concentration to 50 pM improved percentage 

Pin shoot of lotus and white clover by 3-4 times, but produced 

only a small corresponding increase in shoot dry weight. The 

relatively high percentage Pin shoot dry matter at 50 J1M P 

solution suggested "luxury" uptake of P by the three species. 

Despite an increase of 2.5 times in percentage Pin T. ambiguum 

shoot, there wa~ no significant increment in dry weight from 10 

to 50 pM P treatment concentrations. At 10 pM P solution, per-

centage Pin T. ambiguum shoot was 0.29% and probably exceeded 

the critical P concentrations of 0.25 - 0.30% suggested by data 

from Mesopotamia. Thus, it is not surprising that further in-

crement in external P concentration did not increase dry 

matter yields in T. ambiguum. The percentage Pin lotus and 

white clover at 10 pM P solution was 0.18% and 0.24% respect-



Table 5.3: Phosphate concentration (% P) in shoot dry matter - Harvest One. 

p Concentration pM Lotus White .Clover T .• ambi.guum P Means 

1.0 0.090 0.130 0.114 0.111 

2.0 0.093 0.134 0.132 0.119 

10.0 0.181 0.244 0.291 0.239 

50.0 0.633 1.055 0.805 0.831 

Legume means 0.249 0.391 0.335 

SEM Legume means = 0.019 p means = 0.021 

Significance Legume ***· p ***· Legume x P *** I I 

I-' 
I.D 
w 
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ively. Both were grossly below their critical P values and 

attained approximately 85% of their maximum yield at 50J1M P. 

Percentage Pin shoot DM from Harvest Two (Appendix 5.3) 

showed the same trends observed in Harvest One. 

5.3.3 Relative Growth Rates (RGR) 

Mean RGR for the three legumes between the first 

and third harvests did not differ significantly whether ex

pressed as shoot growth rate (Table 5.4a) or total_ growth 

rate (Table 5.4b). Shoot RGR increased with increasing P 

concentrations in solution and only at the highest concentra

tion was lotus shoot_ growth rate significantly greater than 

the two Trifolium species. 

Mean RGR of all three species increased with time. 

Mean RGR between Harvests Two and Three were higher than 

between Harvests One and Two (Appendix 5.4), but differences 

between species remained insignificant. RGR of whole plants 

(Table 5.4b) paralleled closely the trends for shoot growth 

rate since shoot rather than root weight was the main factor 

influencing total plant weight. 

5.3.4 Top/Root Ratio 

After 3 weeks' growth, the top/root ratio of 

lotus was significantly higher than white clover and T. ambiguum 

(Table 5.5) at all solution P concentrations, but there was no 

difference between white clover and T. ambiguum. Mean shoot/ 

root ratio of lotus was almost twice as high as the Trifolium 

species. The higher top/root ratio for lotus was maintained 

over Harvests Two and Three (Appendix 5.5a, b). Differences 
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Table 5.4: Relative growth rate {RGR)# between Harvests 

One and Three. 

a) Shoot RGR {g per .100 g shoot weight per .day). 

p Concentration 
Lotus White 

ambiguum p Means 
{pM) cl.over. T. 

1.0 8.14 9.22 8.44 8.60 

2.0 10.51 9.45 10.29 10.08 

10.0 12.41 13.00 11.68 12.36 

50.0 14.38 11.74 12.43 12.85 

Legume means 11.36 10.86 10.71 

SEM Legume means = 0.46 P means = 0.53 

Significance Legume ns; p ***· Legume x P ns. I 

b) Total {shoot+ root) RGR {g per 100 g weight per day) 

p Concentration Lotus White 
T. ambiguum P Means 

{pM) - c.l.ov.er 

# 

1.0 8.96 9.24 

2.0 10.89 9.53 

10.0 12.16 12.83 

50.0 14.11 11.26 

Legume means 11. 53 10.72 

SEM Legume means= 0.51 

Significance Legume 

R.GR = 
l.o.ge w2. - loge w1 

t2 - tl 

ns; p ***· I 

X 100 

8.86 

11.59 

12.57 

12.75 

11.44 

P means= 0.59 

Legume x P ns. 

Where w1 and w2 are the initial and final weights 

of the plants and (t 2 - t 1 ) is the time interval 

involved. 

9.02 

10.67 

12.52 

12.71 
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Table 5.5a: Top/root ratio: Harvest One. 

Top/Root Ratio (Dry Wt Basis} 

p Concentration 
.Cut 1 

P Means 
(pM) Lotus White T. ambiguum 

clover. 

1. 0 2.66 1.27 1.31 1. 64 

2.0 3.92 1.26 1.40 2.20 

10.0 2.31 1.77 1.69 1.92 

50.0 2.53 1.65 1.62 1.93 

Legume means 2.86 1.49 1.50 

SEM Legume means = 0.11 P means = 0.13 

Significance Legume ***· p *. Legume x P *** , , 

Table 5.5b: Top/root ratio: Mean of three harvests. 

Mean of .3. Cuts 
p Concentration 

(pM) White P Means 
Lotus T. ambiguum 

clover 

1.0 2.08 1. 22 1.21 1.50 

2.0 3.23 1. 22 1.07 1. 84 

10.0 2.44 1.72 1.28 1. 81 

50.0 2.80 1. 82 1.52 2.05 

Legume means 2.64 1.49 1.27 

SEM Legume means = 0.05 P means = 0.06 

Significance Legume ***· p ***· Legume x p *** , , 
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between white clover and ·T. ambiguum became more evident with 

time so that by the third harvest, top/root ratio of white 

clover was significantly higher than T. ambiguum (Table 5.5b). 

Thus, the top/root ratios of the three species estimated from 

the mean·ofthree harvests (Table 5.5b) were significantly dif-

ferent.- from each other. Mean top/root ratio of white clover 

was higher than T. ambiguum due to its high ratios at the two 

high P concentrations (10 and 50 pM). 

5. 3. 5 Shoot Pho·sphate Utilization Quotient 

Phosphate utilization quotients indicate the 

amount of DM produced per unit of P uptake into the shoot,·and 

results for Harvest One are given in Table 5.6. For all 
. . 

species, utilization quotie~ts were highest at the lowest level 

of Pin solution (1.0 pM) and it decreased with increasing 

Table 5 . 6 : Shoot p utilization quotient#, Harvest One. 

p Concentration 
Lotus 

White 
ambiguum p Means (,UM) clover T. 

1.0 11.1 7.7 9.1 9.3 

2.0 10.8 7.5 7.6 8.6 

10.0 5.5 4.2 3.5 4.4 

50.0 1.6 1.0 1.3 1.3 

Legume means 7.3 5.1 5.4 

SEM Legume means = 0.20 p means = 0.23 

Significance Le.gume ***· P .. ***· Legume x p ** , . . , 

# P utilization quotient 10 
DM(g DM/mg atom p) • = 

% p in shoot 



supply of P. Although both lotus and white clover produced 

approximately 85% of· their maximum harvested yield at 10 J1M 

(Table 5.lb), utilization quotient for lotus (5.5) was sig-
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nificantly higher than white clover (4.2). Mean utilization 

quotient was also highest in lotus (Table 5·.6) su9gesting a 

greater "efficiency" of the plant,in utilization of absorbed 

P for dry matter production. Results from Harvest Two 

(Appendix 5. 6) were similar to Harvest One. 

Total root le!}gths of all species, one replicate 

from each P treatment, were measured at the first harvest. 

Regression analysis showed that root fresh weight was highly 

correlated with root length. Regression equations together 

with estimated root lengths of the three species at the four 

P concentrations are given in Table 5.7a. Results showed 

little difference in root length per plant between lotus and 

white clover, but both had significantly longer root systems 

than T. ambiguum at all P concentrations. Increasing P con

centrations which increased root fresh and dry weights also 

increased root length per plant. 

Root lengths were also expressed on aver unit 

dry root weight basis (Table 5.7b). Root length per_ g dry 

root of all three legumes increased with P concentrations. 

Lotus and white clover had s_ignif icantly longer roots per g 

dry root than T. ambiguum, but were not significantly differ

ent from each other except at 50 pM. 
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Table 5.7a: Total root length plant 
-1 -1 (cm plant )#. 

p Concentration Lotus White 
ambiguum P Means 

(pM) c.lover T. 

1. 0 192.3 145.3 118.5 152.1 

2.0 243.7 324.5 163.7 244.0 

10.0 1638.9 1565.5 504.3 1236.2 

50.0 2669.9 2492.5 535.6 1899.3 

Legume means 1186.2 1131.9 330.5 

SEM Legume means == 64.8 p means == 74.9 

Significance Legume ***· p ***· Legume x p *** I I 

# Regression equations for total root length estimated from 

fresh root weight. 

(i) lotus root length= 

953.6 (fresh root wt) - 72.85 r = 0.98 *** 

(ii) white clover root length= 

1042.0 (fresh root wt) -115.93 r = 0.92 *** 

(iii) T. ambiguum root length= 

507.1 (fresh root wt) + 19.17 r = 0.99 *** 
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Table 5.7b: Root length per unit root dry weight 

(cm -1 g - dry root) - Harvest One. 

p Concentration Lotus White 
ambiguum P Means 

(pM) clover T. 

1.0 7663 7784 5042 6431 

2.0 11021 10097 4692 8605 

10.0 16121 16067 5208 12465 

50.0 24420 20196 6025 16881 

Legume means 14806 13536 5243 

SEM Legume means = 531 p means = 613 

Significance Legume ***· I 

Table 5.7c: Mean root diameter 

Source of 
data 

This study 

Evans (1977) 

Crush (1974) 

Lotus 

0.323 

Significance ** 

0.229 

p ***· Legume x P 

(mm) -

White 
clover 

0.275 

0.26 

0.221 

I 

Harvest One. 

T, ambiguum 

0.390 

*** 

SEM 

0.012 
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The shorter root length per g dry roots of 

T. ambiguum suggested that T. ambiguum roots were shorter and 

thicker than the other legumes. This was confirmed by root 

diameter measurements (Table 5.7c). Root diameters were not 

affected by P treatments and only species means are presented 

in Table 5.7c. · Root diameter for lotus was intermediate and 

smallest in white clover. 

sources have been included. 

For comparison, data from other 

5. 3 . 7 Dry Matter Content 

Dry matter content of both shoot and root 

fractions of the three legumes were highest at the lowest P 

concentration (Table 5.Ba) and decreased significantly with 

increasing P concentrations. This trend was also evident 

for the two subsequent harvests (Appendix 5.7) and dry matter 

percentage in shoot and root fractions also increased with 

successive harvests (Table 5.Bb). 

Dry matter percentages in shoots were generally 

2-3 times higher than in roots. T. ambiguum had high dry 

matter content in both shoots and roots, while white clover 

had relatively lower dry matter content in both fractions. 

Lotus had high shoot but low root dry matter content. 



Table 5.8a: Shoot and root dry matter content (%): Harvest One. 

P Concentration 
1M) 

1.0 

2.0 

10.0 

50.0 

Legume means 

SEM 

Significance 

Shoot DM (%) Content 

Lotus White Clover 

21.4 18.0 

23.2 18.1 

18.0 15.7 

13.9 12.8 

19.1 16.2 

Legume means= 0.4 

P means= 0.5 

Legume 

p *** 
***· ' 

.Legume x P * 

T ... 

. .Ro.ot DM . (.%). Co.ntent 

ambi g.u.um. . Lotus White Clover 

23.8 8.3 7.1 

23.5 7.8 8.2 

16.9 5.8 6.0 

16.3 3.8 5.1 

20.1 6.5 6.6 

0.5 

0.6 

*** 

*** 

.ns . 

T. ambiguum 

11.8 

13.7 

9.6 

9.4 

11.l 



Table 5.8b: Shoot and root dry.matter percentage content for Harvests Two and Three. 

Harvest 
No. 

2 

3 

SEM 

Harvest 2 

Harvest 3 

Significance. 

Harvest 2 · 

Harvest 3 

Lotus 

22.0 

25.9 

Shoot DM (%) Content 

White Clover -

16.4 

19.1 

0.4 

0.8 

*** 

*** 

.T. amb.i gu.um. 

21.2 

24.8 

Lotus. 

7.3 

10.9 

Root DM .{.%) .Content 

. White Clover 

6.9 

11.0 

0.3 

0. 9. 

*** 

*** 

T •. ambiguum 

11.3 

16.2 

r.., 
0 
w 



5.4 Discussion 

At the two lowest P concentrations, (1.0 and 2.0 pM), 

whole plant and shoot_ growth of the three legumes were severely 

limited by P deficiency. White clover appeared to be most 

affected, producing only about 10-20% of its maximum harvested 

yield which occurred at 50 pM (Table 5.la and b). Lotus and 

T. ambiguum also grew poorly, but both were able to produce a 

greater percentage (20-30%) of their maximum harvested yield. 

The fact that dry matter yields of the three legumes were 

limited at a solution P concentration of 2.0 )1M contrasted 

with data presented by Asher and Loneragan (1967) where sev

eral species including subclover (T. subterraneum) and barrel 

medic (Medicago tribuloides) made moderate growth at P con

centrations as low as 0.4 pM in a large volume, continuous 

flow solution culture experiment. In the present study, 

solutions were changed at frequent intervals and solutions 

were stirred by continuous aeration. Nevertheless, depletion 

of Pin the stock and local depletion of the solution close 

to the root surface is inevitable especially at the low con-

centration treatments. In the Asher and L?neragan (1967) 

experiment, the fast flow rate, vigorous mixing of solution 

around the roots and the large volume of solutions in circu

lation effectively buffered against changes in treatment P 

concentrations and reduced depletion zones near the root surface 

thus maintaining a rate of P absorption fast enough for plant 

. growth. 

Although maximum yield for T. ambgiuum was observed at 

10 pM solution, the real P concentration required to produce 

maximum growth may be lower than 10 pM- In contrast, P con-
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centrations required for optimum growth of lotus and white 

clover in solutions appeared to be a little higher than 10 pM. 

These values are not excessively high relative to concentrat

ions reported by other workers for maximum growth of several 

species in solution cultures (see Table 7, Asher and Loneragan, 

1967) .. 

Increasing P concentrations from 10 to 50 J1M increased 

only slightly the yield of lotus and white clover, but caused 

an accumulation of high concentrations of P within the shoot 

tissues. Similarly, percent~ge Pin T. ambiguum also in-

creased markedly although dry weight remained unchanged. 

Despite these high concentrations of Pin the shoot tissues 

(Table 5.3), no apparent toxic effects were observed. This 

increased per,centage P was undoubtedly a result of II luxury 

uptake" of P by the plants. 

Shoot and whole plant dry matter yield of lotus was 

significantly higher than in both the Txi'folium species at all 

levels of P (Tables 5.la and b) and for the three successive 

harvests. White clover was only better than T .. ambiguum at 

the highest P level. These observed differences do not appear 

to be related to differences in RGR of the three species. 

Except at the 50 pM P treatment, there was no difference in 

RGR of the three legumes (Tables 5.4a and b). 

Top/root ratios of all three legumes decreased with de-

creasing P concentrations in solution (Table 5.5). Under 

phosphorus stress conditions, plants tended to reduce shoot 

size relative to roots, so enhancing the effectiveness of the 

roots in meeting the shoot requirement for P (Loneragan, 1978). 

This phenomenon appears to be ~rue for the three legumes in the 

present experiment. Despite these trends, top/root ratios for 
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lotus were higher than white clover and T. ambiguum at all P 

treatments and mean top/root ratio for lotus was nearly twice 

that for the Txifolium species. Since there were no signifi-

cant differences in root dry weight between the three species, 

the higher top/root ratio of lotus reflected real differences 

in the ability of lotus to produce more shoot dry matter at all 

P treatments. This capacity for higher shoot yields may be 

attributed at least in part, to the higher P utilization 

quotient in lotus (Table 5.6). 

Loneragan and Asher (1967) have shown that in P-deficient 

plants, much of the absorbed P from solutions was retained in 

the roots and su9gested that differences in the distribution of 

absorbed P between shoot and root were responsible for changes 

in top/root ratios of the species investigated. The concen.:.. 

tration of Pin the root fractions from the present study were 

not determined, but in a subsequent 32P uptake experiment 

(see 5.5), using plants of the same age in nutrient solutions, 

there was little or no difference in the proportion of absorbed 

P translocated to shoots of white clover and lotus grown at 

50 pM P. However, a distilled water pretreatment (the shoot 

presumably pre-empt Pin the roots) resulted in a greater 

translocation of absorbed P to the shoots of lotus than in 

white clover. 

Root measurements showed that mean root length per g dry 

root of lotus and white clover were 2.8 and 2.6 times longer 

than T. ambiguum respectively (Table 5.7b). Except at the 

h~gher P treatment, lotus root le~gth was not significantly 

higher than white clover. From data presented by Caradus 

(1980), estimated root lengths of lotus and white clover were 

also not significantly different and both species had root 
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lengths approximately 2.7 times longer than T. ambiguum. In 

terms of absolute root length per_ gram dry root, values from 

the present study were larger than the estimates from Caradas 

(1980) by a factor of about two. Root length per gram dry 

root for lotus, white clover and T. ambiguum was estimated 'by 

Ca:tadus (1980) to be 6,100, 6,000 and 2,200 cm per gram dry 

root respectively in-contrast to 14,800, 13,500 and 5,200 cm 

in the present study. Evans (1977), however, reported white 

clover roots lengths of 27,600 cm per gram dry root, twice as 

high as the mean for white clover from the present trial. 

Differences between sets of data were possibly due to the age 

and conditions in which plants were_grown. 

Root diameter was smallest for white clover at 0.275 mm 

and is in agreement with figures reported by Evans (1977). 

Lotus was intermediate (0.323 mm) and T. ambiguum largest 

(0.390 mm). Measurements made by Crush (1974) showed lotus 

roots to be marginally thicker than white clover, but both had 

root diameters smaller than results from the present study. 

Root measurements of length and diameter showed that 

T. ambiguum roots were short and thick, while lotus and white 

clover had finer and longer roots. Assuming the roots to be 

straight cylinders, root surface area for lotus, white 'clover 

2 2 2 and T, ambiguum were 1.5 mm, 1.2 mm and 0.6 mm per mg dry 

root respectively. The corresponding root volumes were 

3 3 3 121.3 mm, 80.4 mm and 60.6 mm per gram dry root respectively. 

Root surface area and to a lesser extent root volume, are 

greatly modified by the abundance and length of root hairs. 

Lotus have been shown to have more and lo~ger root hairs (Crush, 

1974; Haynes and Ludecke, 1981) than white clover (Evans, 

1977). The density of root hairs in T. ambiguum has not been 
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documented but it has root hair length of the same magnitude 

·· as white clover ·(Caradus, 1980). Therefore~ if root hairs 

are taken into account, the relative difference in root sur

face area between lotus and white clover would be even larger 

than the values in the present study suggested above. 

The ability of roots to absorb nutrients has been 

related to root length, surface area, root volume and/or root 

weight. It is commonly assumed that the most relevant root 

parameter is root surface area. This is logical as long as 

the primary barrier to nutrient uptake is assumed to be the 

external surface of the root. However, in conditions where 

the external concentration is similar over the entire root 

surface such as·in well stirred solution cultures, the ability 

of different parts of the root system to absorb nutrients have. 

been shown to vary more closely with root volume rather than 

root length or surface area (Russell, 1977). If the capacity 

for nutrient.uptake from nutrient solutions is indeed a funct

ion of root volume, the larger volume per gram dry root of 

lotus (mean dry root weights were not significantly different 

between species) would_ give lotus an advantage over the two 

Trifolium species. 

For roots growing in the soil, these relationships no 

longer hold. In the soil environment, the rate of diffusion 

of .the relatively immobile P ion toward the soil/root inter

face may be the limiting uptake process, rather than the sub-

sequent physiological uptake mechanism. Under these circum-

stances, root length and surface area may become important 

factors influencing the potential of roots for nutrient uptake. 

Long root le~gth and high root surface area both increase the 

capacity of the roots to "intercept" and absorb nutrients. 
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The presence of root hairs greatly enhances these attributes 

thereby increasing the effectiveness of the roots to exploit 

the soil volume (Evans, 1977). Based on these criteria, lotus 

again appears to have an advantage over the two clovers for P 

uptake in terms of its root length or surface area per gram 

dry root. ALthough root measurements in the present trial 

were estimated from solution culture roots, the data appeared 

to be applicable to soil grown roots since similar relative 

differences have been observed by .Caradus (1980) between the 

three legumes for soil grown roots. 

5.5 Kinetics of 32P-labelled Phosphate Uptake by Whole 

Seedings of Lotus, White Clover a·na T •. · am·bigu um 

5.5.1 Introduction 

The uptake of an ion such as Pis analogous 

with enzymatic reactions (Hagen and Hopkins,(1955; Epstein, 

1953) and can be described by the reaction: 

Where R represents a metabolically produced component or 

"carrier" in the root system associated with P uptake ·and 

P(ext) and P(int), the concentrations of Pin the externalmedium 

and in root cells respectively. RP is the reactive intermed-

iate in the root. Since this carrier-mediated ion uptake 

process (see also 2.9) was kinetically analogous to enzyme

mediated catalysis of a substance, an equation based on enzyme 

kinetics (Michaelis and Menten, 1913} describing the velocity 

or rate of uptake (v) can be derived from the above reaction 
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model. 

V = Vntax [P] 
[PJ + ~ 

. . . . . . . . . . . . . . . . . 5.1 

where Vmax is the maximtun velocity of the uptake process, 

when the external phosphorus concentration P is non

limiting and Km is the apparent dissociation constant of 

the intermediate ion complex RP. 

Equation (5.1) can be rewritten as: 

V = V . 
max 

"v K. 
m [P] 

. . . ~ . . . . . . . . . 5.2 

Therefore, if the uptake process is a first order reaction, 

a straight line.should be obtained if vis plotted against 

v/(P] (Eadie, 19421. The slope of this stra~ght line is 

-Km and the ordinate intercept is V . 
max Steady state uptake 

measurements of P uptake by excised roots (Noggle and Fried, 

1960; Andrew, 1966) and whole seedlings (Edwards, 1970; 

Fageria, 1974) over a wide range of P concentrations, when 

plotted in this manner (Eadie plotsl yielded a curvilinear 

line, which can be resolved into two linear components 

(Hofstee, 1952). Following the notation used by Edwards 

(1970), the two components are designated as IA and IB. 

Interpretation of this dual uptake isotherm reflecting two 

uptake mechanisms has already been reviewed (see 2.10}. 

The velocity or rate of P uptake (vtotal), therefore, is the 

sum of the rate of the two componentsv(IA) and v(IB). 

Thus, 

• • 5.3 



Resolving the dual mechanism into its linear components 

enables .the biological constants, Vmax and Km for the two 

components to be determined and this provides a means by 

which the ability of di£ferent plant species to take up ,, 
P can be compared. 

5.6 Experimental 

Seedlings of lotus, white ~lover and T. ambiguum were 

raised according to the procedure outlined in 5.2.1. 

Instead of transferringseedli~gs onto solutions of various P 

concentrations, all seedlings were. grown at 50 pM concentra~ 

tion at pH 5 .. 6 in a _controlled envirorunent_ growth cabinet. 

When three weeks old, uniform plants of each species were 

selected and transferrea onto freshly prepared nutrient solu

tion similar in composition to the previous growing medium. 

Just prior to uptake experiment, roots of seedlings were 
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rinsed in distilled water to prevent transfer of P from growing 

medium to treatment solutions. Seedlings were then trans-

ferred into P treatment solutions of varying concentrations 

(ranging from O.ljlM to 10.0 mM) labelled with carrier-free 

32P (30-5011C1' l' ,- per 1 tre, pH 5. 6)_. Plants were left in the 

treatment solutions for one hour during which all solutions 

were aerated vigorously and continuously to ensure good 

circulation of solutions around plant roots. There were 5 

replicates per treatment for each species, with 1 or 2 plants 

per treatment. (Preliminary experiments with whole seedlings 

showed steady state uptake of P for up to six hours.) At the 

end of the uptake period, plant roots were rinsed several times 

with distilled water and transferred onto a dilute unlabelled 



P solution (1. O pM) held at 4°c for 15 min. to remove ex

cl:tangeable 32P from the roots. 

Treated plants were then separated into roots and 

shoots and roots were blotted dry in damp cheesecloths. 

Fresh weights of roots and shoots were obtained before they 

were dried in an oven at 70°c for 24 hours. Dried root 
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samples were suspended in 15 ml of .4 methylumbelliferone 

solution in glass scintillation vials and 32P activity deter

mined by counti!}g Cerenkov radia.tion in a 'Packard TRICARB 

3390' or '2299' liquid scintillation counter following the 

method of Chapin and Bolleman (19741 (see Appendix 1.4). 

Dried shoots were digested on a hot sand bath with perchloric

nitric acid mixture in scintillation vials according to the 

method of Johnson and Ulrich (1959} (Appendix 1.1} before the 

addition of 15 ml of 4 methylumbelliferone. 

counted in the same manner as the roots. 

Samples were 

Sample counts were corrected tor quenching (Appendix 

1.4) using the channel ratio method (Wiebe et al., 1971}. 

The activity of duplicate aliquots of labelled treatment 

solutions collected prior to conunencernent of uptake experiment 

were also counted. From these results, total P uptake and 

the amount of P transported to shoots were calculated. 

5. 7 Resu·1 ts 

-1 Figures 5.la, band c show the rates of P uptake g 

t d · ht hour-lb th th 1 t roo ry we~g y e ree egurnes over a concen ra-

tion ra!1ge, the x-axis was in l~g10 scale,a technique adopted 

by Temple-Smith and Menary (1974). The P absorption·isotherm 
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for each of the three l~gumes was characterised by three 

distinct phases. The first two phases oc~urred over a 

relatively.low external concentration range of~ O.lpM -

l.OmM P. The first of these two phases reached a saturation 

of between 50-100 JlM while the second was saturated at a con-

centration of about l.OmM. A third phase of P absorption 

occurred at P concentrations above l.OmM. However, since 

there were only three experimental treatments over this con

centration range, the nature and saturation concentration 

for this third phase could not be ascertained. 

The rate of P uptake by lotus was consistently higher 

than white clover and white ~lover_ greater than T. ~mbiguum 

at all concentrations over· the entire range of external P 

concentrations used (Figure 5.1). Kinetic analysis was used 

to resolve the 'mechanisms~ involved in P absorption from the 

concentration range of O.lJlM to l.OmM. Plotting the rate of 

total P absorbed (v) as a function of the rate of absorption/ 

external P concentrations (v/ P) (Eadie, 1942) produced a 

curvilinear relationship for all three species indicating the 

presence of two first order reactions in each case. 

Using the method of Hofstee (1952), the Eadie plots 

were resolved into two linear components (Figures 5.2a, b 

and c). A computer programme (Appendix 1.5) was used to 

facilitate the operation. From these two linear components 

(see 2.10), a low concentration high affinity (Mechanism IA) 

reaction and a high concentration low affinity (Mechanism IB) 

reaction were identified for each of the legumes. The two 

parameters of uptake kinetics V and K for the two max m 

mechanisms were determined from the intercept and gradient 

respectively of the two lines by the method of least squares 
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FIGURE 5.2: Rate of phosphate uptake (v} as a function 
of rate of uptake/external phosphate con
centrations (v/P) in (a) lotus, (h) white 
clover and (c) T. ambiguum. 
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(Appendix 1.5) and results are presented in Table 5.9. 

Correlation coefficients for each linear-component and the 

standard error associated with each parameter determined are 

also presented. 

The maximum rates of P uptake (V valuesl for both max 

Mechanism IA and IB showed a consistent trend with lotus) 

white clover) T. ambi guum. However, confidence intervals 

at 95% level for V values overlapped for the three max 

species except for Vmax{rB)bf lotus, which was significantly 

higher than the other two Trifolium species. Dissociation 

constants for Mechanism IA (Km(IA}) showed a similar ranking 

as V values. max The ranki!lg in order of affinity for Pis 
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as follows: lotus) white· clover) T. ambiguum. Km(IB) 

values, however, showed a reversal in trends to Vmax(IB) with 

T. ambiguum) white clover) lotus in relative affinity for P 

absorption. As with V values, confidence intervals for 
ma.x 

K values at 95% also overlapped. 
m 

In some uptake experiments, (e.g. Noggle and Fried, 

1960), roots were placed in aerated distilled water until they 

were transferred into treatment solutions. The effect of pre

treatment with distilled water was examined in a preliminary 

experiment by transferring young seedlings into aerated 

distilled water for approximately 18 hours before being used 

for uptake experiment fr?m nutrient solution·s of increasing P 

concentrations ( 0 .1 pM - 1. 0 mM) • Results for uptake from 

concentrations of O.lpM - lOOpM only were presented as above 

these concentrations, specific activities were inadequate to 

provide counts high enough for accurate measurements. V max 

and K values (for Mechanism IA only} of the three legumes 
m 

from this preliminary experiment were determined as previously 



Table 5.9: V and K values of Mechanisms IA and IB for lotus, white clover and T. ambiguum. max m 

Legume Species 

·Lotus 

White Clover 

T. ambiguum 

Lotus 

White Clover 

T. ambiguum 

. . . . . - . 

Maximal Rate of P Uptake Dissociation Constant 
-1 -1 (pmole P g · · root DW hr ) {moles) 

Mechanism · IA · 
V · max{IA) 

7.12 

6.35 

. 4. 4 7. 

v:max(IB)· · 

64.45 

17.29 

10.91 

SE K . 
m{IA)· 

. (.x_lo_-_6J. 

1.26 2.30 

0.61 3.30 

a-; 85 .3·~·63' 

· Mechan·i·sm 'IB' · · · 

SE ... 

13.17 

1.78 

0.78 

-4 
. Km {IB) . . {xl.O. . .) . 

10.24 

3.09 

. 2-.49 

SE 

0.47 

0.35 

. ff. 7 0 

SE. 

2.63 

0.48 

0.29 

Correlation• 
coefficient 

{r) 

0.92* 

0.98** 

·o .• 9'2* 

. (.r) .. 

0.92* 

0.98* 

0.99** 



described and are presented in Table 5.10~ 

Pretreatment with distilled wate;r resulted in a small 

decrease in the maximum rate of P uptake (Vmax(IAll with a 

corresponding increase in affinity (decrease in Km LIA) )_ 

for all thr~e species. Despite these absolute changes, 
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the relative ranking.of the three legumes in tepns of their 

capacity (Vmax}_ and affinity {_Km). for p remained the same 

and are of the same magnitude as when determined without the 

pretreatment (Table 5.91. Therefore, whether with or with~ 

out the pretreatment with distilled water prior to uptake 

experiment, over the concentration range when Mechanism IA 

was in operation (0,1 - 100 pMl, lotus not only has a higher 

rate of P uptake but the a;Efinity of the uptake mechanism. 

was also_ greater than the two T~itolium species. 

With external P concentrations greater than lOO )1M 

when Mechanism IB came into operation (Table 5.91, lotus is 

likely to maintain an advant~ge over white clover and T. 

ambi~uum by virtue of its greater capacity (Vmaxl for P ab

sorption despite its relatively higher K value (therefore - - m 

lowe;r affinity) . On the othe;r hand, T. ambi~uum, although 

ha_v:,ing a relatively high affinity mechanism IB (i.e. low 

Km (IBl )_ , has a small capacity (Vmax CIB). ) for uptake and thus is 

unltkely to exceed white clover in its ability to absorb P from 

external solutions of both high and low concentrations. 

The amount of P transported to plant shoot (expressed 

as a percentage of total P absorbed} by seedlings exposed to 

increasing concentrations of external P, is shown in figure 

5,3. Results from the preliminary experiment where plants 

were pretreated with distilled water are also presented. 

Unlike the rate of P uptake, percentage of total P 



Table 5.10: Effects of pretreatment with distilled water on V and K values of Mechanism IA 
max- rn 

Maximal Rate of p 

-1 ().lil10l 

Legume Species 
p g root .dry wt 

V max (IA) 

Lotus 6.05 

White Clover 4.70 

T. ambiguum 3.16 

Mechanism IA _ 

Uptake Dissociation 
-l hr. . ) . - (mole) X-

SE Krn(.IA) 

1.26 1.34 

0.60 2.14 

0.72 2.36 

Constant 
10-6. -

- SE 

0.37 

0.30 

0. 57. 

Correlation 
coefficient 

(r) 

0.88* 

0.96** 

0.90* 

"' "' 0 
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transported to plant shoot over the range of external P 

imposed was characterised by two distinct phases. Over 

the concentration range of 0.1 - 50JlM, i.e. when Mechanism 

IA was in operation, percentage P transported to shoot in

creased with increasing external P concentrations. This 

was true for all three species. Above concentrations of 

0.5rnM, within and over the range when Mechanism IB was also 

in operation, percentage P transported to shoot decreased 

with increasing external P concentra tion·s; the decreasing 

trend being most obvious in lotus followed by white.clover 

and T. ambiguum. 

Per cent of total absorbed P transported to lotus 

shoot reach a maximum of ·18% at 50pM. With concentrations 

greater than 50pM, there was a marked decline in percentage 

P transported to the shoot so that at lOrnM, only 2.5% of 

total P absorbed was found in the shoots. Although the 

maximum percentage P (18.6%) transported to white clover 

shoot also occurred at 50pM, the decline in percentage P 

transported when external concentrations exceeded 50)1M was 

not as marked as for lotus. Therefore, white clover con

sistently transported a. greater percentage of absorbed P 
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to plant shoot than lotus when the external concentration was 

over lOOpM. Phosphate transported to shoot in T .. ambiguum 

also responded to external Pin a similar manner as white 

clover and lotus. However, absolute percentage total P 

transported was lower, often less than half as much as that 

for the other two legumes. The decline .in percentage P 

transported was also much smaller but consistent, when treat

ment concentrations exceeded 50pM. 

Pretreatment with distilled water had a greater effect 



on p transport in lotus than in the other two l~gumes. 

Over the concentration ra~ge of 0.1 - 50pM (i.e. Mechanism 

IA), percentage P transported to shoot in lotus after pre

treatinent was approximately 1.5 - 2.0 times more than white 

clover which in turn was 2-3 times more than T. ~mbiguum. 

Over this concentration range, percentage P transported to 

shoots in white clover did not exceed 15% of the total P 

absorbed and alway~ less than.10% in T. amb~guum. Lotus, 

however, was transporti~g over 20% of the total P absorbed 

to its shoots (except in the two most dilute treatments}. 

It was unfortunate (~or reasons already mentioned} 
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that pe·rcentage P transported to shoot from solutions of con-

centrations_ greater than lOOp.M were not available. There-

fore, it could not be ascertained if the stimulation of P 

transport to shoot by distilled water pretreatment extend 

over the concentrations where Mechanism IB also operates. 

5.8 Discussion 

5. 8 .1 Pre1iminary Tri·a1s 

Preliminary experiments were performed to determine 

the optimum conditions for culturing and handling of plant 

materials both before· and after treatment with 32P-labelled 

solutions. Plants were initially_ grown in a range of dilute 

nutrient solutions (1/5 ~ 1/10 strength NCSU} with P ranging 

from O .1 - 50pM. Solutions were changed at r~gular intervals 

(varyi~g for 4-10 days·) and the P levels checked to ensure 

that the required P concentration was maintained. .AP con-

centration of SOpM was eventually adopted for_ growi~g seed-
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li~gs because it was the concentration in which plants were 

found to grow satisfactorily without the necessity of 

frequent change of nutrient solutions. {for at least 4 weeks} 

after transplanting, solution need only be changed at weekly 

intervals to maintain P concentration at 50 pM {within 90%). 

Plants grown under such a system (see 5.6) were relatively 

uniform in size and suitable for uptake experiments after 

about three weeks. 

Although whole seedlings were used in all uptake 

experiments reported here, preliminary trials were also con

ducted using excised roots. Results for 32P uptake by 

excised roots showed high variability both between and 

within batches of roots. Although excised roots have been 

widely used to characterise the uptake of P and other nut

rients by plants, relatively few investigations on the effects 

of excision on nutrient uptake especially P, have been made. 

This is despite a generally accepted consensus that excised 

roots represent an unnatural state which made interpretation 

of the data obtained difficult (Wyn Jones, 1975). 

Excision of roots was found to significantly 

decrease P uptake in wheat {_Bowen and Rovira, 1967), sunflower 

(Graham and Bowling, 1977} and white clover (Bowling and Dun-

lop, 1978). The effect of excision in decreasing P uptake 

increased with time of uptake. Experiments set up to check 

the effects of translocation and transpiration on uptake of 

attached roots showed that higher P uptake in intact roots 

was neither due to trans location nor entry of P via mass flow 

induced by transpiration. Thus, Bowen and Rovira (19671 

concluded that the severence of roots from the shoot induced 

immediate physiological changes in the roots leading to de-
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creased uptake of P. Bowling and Dunlop (1978) s~ggested 

that effects of excision were due to cessation of carbohydrate 

supply from the shoot. These findings were consistent with 

earlier data reported by Hoagland and Broyer (1936) for up-
+ - . 

take of K and N03 usi~g barley ro9ts. More recently, 

Lindgren; Gabelman and Gerloff (19771 also reported from 

excised and intact root studies that"Puptake by excised 

roots did not predict uptake and translocation of Pin intact 

bean plants. 11 

Kinetic analysis of the rate of P absorption by 

intact legume seedlings from J? solutions of concentrations 

ranging from O.lpM - 10.0mM showed that the absorption iso

therms can be resolved into three phases. Over the low con

centration range of O. lpM - 1. OmM where the so-called 

'Mechanism I' (see Epstein, 1976) occurs, two absorption 

isotherms were observed instead of the usual one (Kannan, 

1971; Epstein, 1972) for a number of other nutrient ions. 

The occurrence of two absorption isotherms instead of one 

over this concentration range is, however, consistent with 

findings repo·rted by numerous workers for p absorption from 

solutions with concentrations of l.OmM or less (No9gle and 

Fried, 196-0; Andrew, l966; Carter and Lathwell, 1967; 

Edwards, 1968, 1970; Phillips· et al., 1971; Cartwright, 

1972; Fageria, 1974; Temple-Smith and Menary, 19741. 

The only exception was results obtained by Barber (1972) who 

found only one isotherm over this concentration range. 

Edwards (1970)_ regarded these two isotherms as a reflection 
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of two absorption mechanisms which he termed 'Mechanism IA' 

and 'Mechanism IB ' ~ Cartwr~ght (1972) and Temple-Smith and 

Menary (1974), however, referred to these as the low concen

tration high affinity "b" mechanism and the high concentration 

low affinity "a" mechanism. To avoid confusion with 

IIMechanism II" referred to by Epstein (1976} for the uptake 

isotherm from solutions of concentrations greater than lmM, 

the notation of Mechanisms IA and IB will be adopted in this 

discussion. 

For all the three l~gumes studied, the saturation 

of Mechanism IA occurred at an external P concentration of 

50-lO~M, similar to that reported for whole seedli~gs of 

wheat (approximately 70pM, Edwards, 1970) but sl~ghtly lower 

than that for excised roots of subterranean clover (200-300pM, 

Edwards, 1968). The second uptake phase, Mechanism IB, be-

came saturated at concentrations of the order of l.OmM similar 

to levels reported for excised subterranean clover roots and 

wheat seedlings (Edwards; 1968 1 1970}. 

Although this biphasic pattern of P uptake has 

been well established and observed ubiquitously for many 

plant species, the interpretation and explanation of this 

so-called 'dual isotherm' remains controversial and un-

resolved (see 2.8). It is now thought that the dual isotherm 

represents two apparent sites of uptake of one ionic P species 

(H 2Po4 -) (Carter and Lathwell, 1967; Edwards, 1968; 1970 and 

Fageria, 1974}. 

The absorption of P from very dilute solutions 

by intact plant roots has been shown to be markedly reduced 

by the presence of micro-organiims (Bowen and Rovira, 1966; 

Barber and Lo~ghman, 1967). Barber and Fran~enburg {1971) 
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concluded from further invest~gations that the low concentra

tion,- high affinity Mechanism IA, identified in non-sterile 

roots, is of microbial origin. More recent work by Cart-

wright (1972) and Temple~Smith and Menary (1974), however, 

confirmed the presence of the dual absorption isotherm in 

sterile roots, thus casti~g doubt on the conclusion of Barber 

and Frankenburg. Altho~gh the seedlings used in this trial 

were raised under non-sterile £onditions, it is unlikely 

that Mechanism IA is solely of microbial or~gin. It has 

been shown, however, that the presence of micro-o~ganisms 

can markedly affect the kinetic parameters K and V of 
m max 

the low concentration Mechanism IA in some plant species, but 

had no effect on others (:Temple-Smith and Menary, 1974). 

Although many workers subscribe to the postulate 

of a dual absorption mechanism mediated by tcarriers', there 

is much disagreement as to the location of the processes at 

the cellular level. Several hypotheses had been formulated 

regarding the subcellular locations of the mechanisms con

sidered to be responsible for the observed isotherms (see 

reviews of Bieleski, 1973; Hodges, 1973; Clarkson, 1974; 

Laties, 1975; Wyn Jones, l975; Bowling, 1976; Luttge and 

Higinbotham, 1979). The three major hypotheses based on the 

'carrier kinetic approach' are a} the parallel model, b) the 

series model, and c) the multiphasic model (see 2.9). 

The whole concept of the carrier kinetic approach 

to ion uptake is not without criticisms. Many have questioned 

the validity of its kinetic characterization and its mechan~ 

istic interpretations (see Cram, 1974; Wyn Jones, 1975; 

Bowling, 1976; Pitman, 1976; Luttge and Higinbotham, 1979). 

Despite these criticisms, the isotherms nonetheless have a 
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descriptive and comparative value. The kinetic constants 

derived from such an approach provide a useful and valuable 

means for comparative study of nutrient uptake by plants 

(Wyn Jones, 1975}. Thus, the present experiment was 

designed not to establish the validity of the 'carrier 

kinetic approach' or the subcellular location of the mec~an

isms involved but rather to use the kinetic analysis as a 

technique to characterise and compare the phosphate uptake 

process of the three legumes involved. Therefore, no 

attempt is made to distinguish between the three models 

mentioned above. 

5 • 8 • 3 · Ki·netic Constants · (V . · and K ) 
-----------.....,max. m~ 

It was evident from Table 5.9 and Figure 5.1 

that P uptake by lotus from solutions of concentrations 

less than lOOpM (where Mechanism IA is in operation) was 

greater than the two Trifolium species. At any given ex-

ternal P concentration between the range of 0.1 - lOOpM, 

both the rate and efficiency (i.e. rate of uptake as a per

centage of V ) of P uptake were highest in lotus. For max 

example, at a concentration of l.OpM, estimated rate of P 

uptake for lotus, white clover and T. ambiguum were 2.16, 

-l -1 1.48 and 0.96 pole g dry root hr respectively, repres-

enting jo.3, 23.3 and 21.5% of their respective potential 

maximum rate (V ) when Pis nonlimiting. max · Similar calcu-

lations for uptake from higher external concentrations will 

.show that the lower the external P concentrations the greater 

the relative advant~ge of lotus over white clover and T. 

ambiguum. 
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For all three legume species, the capacity 

(V ) for P uptake of Mechanism IB was h_igher than for max (IB) 

Mechanism IA, but the affinities (Km(IB}) were lower 

(Tab 1 e 5 . 9 ) . By virtue of its higher capacity, lotus is 

likely to maintain an advantage over white clover and T. 

ambi~uum in P uptake frbm external concentrations within the 

range for Mechanism IB. 

-1 
These results s~ggest that the uptake of Pg 

-1 
dry root hr from dilute solutions up to lmM in concentration 

1s likely to be highest in lotus followed by white clover and 

T. ambiguum. The concentration of P_ generally found in soil 

solution appears to lie within the concentration range in 

which the low concentration, high affinity Mechanism IA is 

operative. With few exceptions, P concentrations in soil 

solutions seldom exceed 32pM or 1 ppm (T.W. Walker, pers. 

comm.), and are usually less than 3.2pM or 0.1 ppm (Black, 

1968). Asher and Loneragan (1967) have shown that in con-

tinuous flow solution cultures, many plant species made ap-

preciable growth at P concentrations as low as 0.2pM. Thus, 

at P concentrations likely to be found in soil solutions, 

much of the P taken up by plants probably occur via the high 

affinity Mechanism IA while the contribution from the low 

affinity Mechanism IB would be relatively small. 

Although the low concentration Mechanism IA is 

the most important mechanism in P uptake by plants in soils, 

there are circumstances where Mechanism IB may play an im-

portant role. It has been shown by Blanchar and Caldwell 

(1966) that the P concentration immediately adjacent (within 

1 cm} to a calcium monophosphate pellet may be as high as 

. 0. 7M. It was only at a distance of 3-4 cm away from the 
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pellet that the concentration attained a level characteristic 

of the low concentration ra~ge of Mechanism IA. Other 

instances where plant roots are likely to encounter high P 

concentrations in soil solutions are when excessively high 

rates are applied or when the fertiliser Pis unevenly ap-

plied a& in strip or band applications. Under these situa-

tions, both mechanisms are likely to be involved in P uptake 

in certain parts of the root system_ growing near to the con

centrated source of fertiliser P. 

5. 8. 4 Effe·cts of .Pr·etreatment with Distill"ed Water 

Pretreatment with distilled water for 18 hours 

prior to 32P uptake experiment resulted in an overall decrease 

in the rate of P uptake by all three species from a P con

centration range of 0.0001 - O.lmM. This is unlikely to be 

due to P stress or net P deficiency in these plants since the 

pretreatment duration was too short for the condition to 

arise. Moreover, plants deficient in P will respond to a 

given supply of the nutrient by increasing P uptake by the 

roots when transferred to a plus (+} P medium (Jungk, 1974; 

Cartwright, 1972; Clarkson et al., 1978). 

The presence of calcium is recognised as being 

essential .for normal unimpaired functioning and integrity of 

the plasmalemma (Wyn Jones and Lunt, 1967) and for maintenance 

of the conformation of the ion-binding site (Epstein, 1973). 

In its absence, the normal impermeability of the cell membrane, 

thus the uptake mechanisms, is impaired (Nassery and Harley, 

1969) . It is, therefore, not surprising that the uptake of 

P had been shown to be reduced in the absence of external 
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calcium (Edwards, 1968a, b; Nassery and Harley, 1969; 

Leggett et al., 1965). Therefore, the decrease in the rate 

of P uptake by all three species after the distilled water 

pretreatment could be due to a 'carry over' effect of Ca 

omission on uptake, although Ca was present in the treatment 

solutions. In instances where P uptake from 32P-labelled 

solutions devoid of Ca had been measured, the typical dual 

isotherm was still observed for several species (N~9gle and 

Fried, 1960; Andrew, 19661 and the results obtained were 

capable of being analysed in terms of the kinetic approach. 

Edwards (1968a}. compared the rate of P uptake 

by excised roots of subterranean clover in the presence and 

absence of external Ca an·d found that the absence of Ca de

creased V (IA.) of Mechanism IA, ~nd indreased the affinity max. · · 

by decreasing Km(IA) value. These results were similar to what 

was observed in the present experiment for Mechanism IA, where 

Vmax(IA) was reduced but the affinity (decreased Km(IAl) 

increased (Tables 5.9 and 5.10} after pretreatment with 

was 

distilled water. This is indirect evidence to su9gest that 

the observed effects of distilled water pretreatment was a 

result of the omission of Ca on P uptake. Unfortunately in 

the present experiment, only results from O. 0001 ""' .1.:omM were 

available but data.presented.by.Edwards ll968a) showed that 

·the effect.of the.absence.of Ca on~ uptake occurs in both 

· the low c0ncentrati9n,Mechanism IA as well as the h~gh con-

·centration_Mechanism IB. Thus, it seems likely th.at pre-

trea·tment with distilled .water wi],l have a. s'imilar effect on 

M.echanism IB as it did on lA. 

• 



5. 8 . 5 Phosphate Uptake from Concentra·tio·ns 

·Gre·ate·r· tha·n· T. ·omM 
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According to Epstein (1973, 1976), the second 

mechanism {which he termed Mechanism II} of the dual absorpt

ion mechanisms occur~ when the external concentration exceeds 

1. OmM. This second high concentration low affinity mechan-

ism {not to be confused with IB which occurs for Pat con

centrations less than l.OmM} has been shown to be charact

eristic of the absorption of numerous ionic species by many 

plants and examples have been. given by Epstein (1972, 1973). 

Despite its widespread occurrence in plants 

for a number of nutrient ions, few workers have attempted 

to verify the presence of Mechanism II for the absorption of 

P. Results from the present experiment showed that the 

rate of P uptake by all three species from solutions with P 

concentration above l.OmM and up to 10.0mM, constituted a 

separate and distinct phase, different from the uptake iso

therms observed for uptake from solutions containing less 

than l.OmM {Figure 5.1). That it is a distinct and separate 

phase of uptake is evidenced by the sudden increase in rate 

of uptake over relatively small increase in P concentrations. 

Edwards {1970) found that the rate of P uptake by whole wheat 

seedlings from P concentrations of l.OmM - SOmM gave a linear 

isotherm with increasing P concentrations instead of the 

basically hyperbolic isotherm {with several distinct hetero-

. geneities also termed a 'lumpy' isotherm) described for Cl 

and K+ by Epstein (l976l. 

Barber (19721 on the other hand, found that the 

uptake of P by excised barley roots and tagedt beetroot discs 

-· 



from solutions with P concentrations ranging from 1 - 50mM 

yielded a hyperbolic isotherm when the P concentration of 

the tissues were plotted ~gainst the external P concentra-
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tions. Unfortunately in the present experiment, only three 

experimental points are available over this concentration 

range (up to lOmM) .and thus the slope (hyperbolic or linear) 

of this uptake phase cannot be ascertained. 

Regardless of the shape of this second isotherm, 

results obtained by both Edwards (1970) and Barber (19721 

were in agreement that the uptake of P from solutions greater 

than l.OmM was a non-metabolic process and was possibly a 

passive diffusion process of P across the plasmalemma (see 

2 .10) • 

Barber ll972l further su9gested that while the 

lower concentration isotherm of Mechanism I was undoubtedly 

metabolically mediated, the absorption isotherms observed 

when the external concentration is increased to levels greater 

than l.OmM appeared to be a consequence of experimental manipu

lation (induced by the unphysiolpgical conditions to which the 

tissues have been stibjected). The significance of this P 

uptake mechanism, if present, from external concentrations 

greater than l.OmM appears to be small, since concentrations 

exceeding l.OmM are unlikely to be encountered in natural 

field conditions. 

5. 8. 6 Tr·ans·location of Absorbed .Phosphate ·to. Shoots 

As the external P concentration is increased, the 

efflux (transport of P to.shoot} and turnover rate of Pin the 

root pool (Cross·ett and Loughman, 1966) also increase so as to 
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match the increasi~g rate of P influx into the root. Since 

not all the P taken up by the root enters· the root pool 

(from which P appears to be subsequently translocated to the 

shoot, see Crossett and Lo~ghman, 1966) but some is retained 

in the symplasmic pool, the_ greater the uptake, the larger 

the ·-quantity -of labelled P in: the root pool. . Therefore, 

the P transported to the shoot as a percentage of total 

absorbed P increased with increasing external P concentrations 

(Figure 5. 3) . This trend was observed until the 50pM P treat-

Jment, after which, the percent~ge of absorbed P transported to 

shoots decreased for all three l~gumes .. As the plants used 

in the.present experiment were raised in a P concentration of 

50pM prior to uptake experiment, it is likely that these 

plants have "adapted" to this concentration with optimum 

efficiency of P transport to shoot. Transferring these 

plants to solutions of 50)1M or more will increase P influx at 

a rate faster than the plant can cope. Thus, instead of 

being translocated to the shoot, labelled P accumulates in the 

roots (probably as inorganic P, see Loughman and Russell, 

1957), and P translocated to shoot as a percentage of total 

absorbed P decreased as external concentrations increased. 

These results are consistent with data reported by Russell and 

Martin (1953) ~here barley seedlings were raised in minus P 

~utrient solution and transferred onto labelled P solutions 

of increasing concentrations for 24 hours. Transport index 

(percentage P transported to the shoot) increased with increas

ing P concentrations.. . .. However, ··when external P · concentration 

exceeded lOOpM, transport indices·decreased. Russell and 

Martin (195JY· suggested that "when absorption exceeds acer-' . . 

tain leve].., luxury acc·umulation in the roots occurs." 
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"Luxury" accumulation of Palso appeared to have occurred in 

the three legumes in the present experiment when exposed to 

external concentrations greater than 50pM (Figure 5.3). 

Both lotus and white clover transfer approxi

mately the same percentage of total absorbed P to their 

shoots despite the higher total P uptake in lotus (Figure 5.3), 

in the absence of distilled water pretreatment. T. ambiguum 

on the other hand, did not transfer more than 10% of the 

absorbed P to the roots at all external P concentrations, 

suggesting perhaps that it has a smaller root pool or turn-

over rate than the other two legumes. Both T. ambiguum and 

white clover showed a more gradual decline in the percentage 

P transferred to shoot at concentrations greater than 50pM. 

This would arise if P uptake by lotus roots continued to in

crease at a faster rate than uptake by white clover and T. 

ambiguum, while P transfer to lotus shoots remained relatively 

unchanged after external concentrations exceeded SOpM. 

Phosphate transfer to lotus shoots as a percentage of total 

uptake would then decline more rapidly as external P concen

trations increased. As was already mentioned (see 5.8.3), P 

uptake by lotus roots from external P concentrations of up to 

l.OmM (i.e. Mechanism IB) is likely to remain higher, and at 

the same time increase faster than the Trifolium species. 

This trend appears to continue for uptake above l.OmM and is 

therefore consistent with the observed decline in percentage 

P translocated to lotus shoots as external P increased. 

Pretreatment with distilled water is likely to 

'run down' the Preserves ('root pool') in the symplasmic 

pool due to f transfer .to~· the shoots. Since the exchange 

of P between the vacuole and the cytoplasm is relatively 
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slow (Bieleski, 1973), the buffering effect of the vacuole is 

probably small over short pretreatment periods. Entry of 

labelled Pinto such a symplasmic pool is therefore rapidly 

incorporated into the .root pool (Loughman and Russell, 1957) 

and subsequently transferred onto the shoot (Loughman, 1966; 

Crossett and Loughman, 1966) with little or no isotopic 

dilution. This would account for the higher percentage P 

transported to the shoot after distilled water pretreatment 

relative to uptake without pretreatment (Figure 5.3}. This 

effect,of increased transport to the shoot after distilled 

water pretreatment, occurred over the whole concentration 

range where Mechanism IA was in operation· ·c O .1 - 50pM) for 

lotus, but only over the lower half of this concentration 

range for white clover and T. ambiguum. The effect was also 

_ greatest when the external concentrations were low, a condit

ion not unexpected. Isotopic dilution is greatest (there

fore apparent transport to shoot lowest) from dilute external 

P solutions in roots not pretreated with distilled water. 

Distilled water pretreatment which reduces isotopic dilution 

resulted in improved apparent transport to the shoot. 

Another possible reason for the higher proportion of absorbed 

P transferred to the shoot of all three l~gumes is the effect 

of shoot 'demand' on P transport. Although the supply of P 

to roots was interrupted during the distilled water pretreat

ment, the duration was probably not long enough to cause any 

significant changes in the root or shoot yield or the total P 

status of the root or shoot (altho~gh the symplasmic pool is 

likely to be 'depleted', it represents only approximately 1-5% 

(Bieleski, 1973} of the total P pool in roots}. Thus, the 

demand for P by the shoot r·emained essentially unchanged after 
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distilled water pretreatment. Transferri~g these plants 

into solutions with P, even at very dilute concentrations, 

will initiate rapid incorporation and a higher proportion of 

this being transferred to the shoot to meet the shoot demand. 

In experiments where plants were previously starved of P for 

several days, "transport of P to shoot after P supply was 

resumed also increased (Clarkson, Sanderson and Scattergood, 

1978), suggesti~g that the shoot is a_ greater sink than the 

root. 

Distilled water had a_ greater effect on lotus 

than on the two Trifolium species. Percent~ge P trans

ported to shoots, after pretreatment, ranges from 16-28% of 

the P uptake iri lotus. The corresponding figures for white 

clover and T. ambiguum were less than 16 and 8% respectively 

(Figure 5.3). It appears, therefore, that lotus has a 

greater capacity to respond to changes in the phosphate 

rupply to the roots. 



CHAPTER VI 

GENERAL DISCUSSION 

-- Spring and annual -dry matter yields (Table 3 .1) from 

four seasons have shown that lotus, oversown on the acidic 

(pH 5.25) Cass soil at Mesopotamia, consistently outyielded 

white clover and T. ambiguum. Not only was lotus higher 
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yielding, but results also suggested that it has a lower 

requirement for fertiliser P input both at establishment and 

for maintenance. In terms of dry matter yield per unit P 

applied (Table 3.12), lotus was the most efficient of the 

three oversown legumes. Although the ability of lotus to 

outproduce white clover under low fertility acidic conditions 

has been clearly demonstrated in this and other experiments 

(Lowther, 1977,1980; Scott and Mills, 1981), the possible 

reasons for the different growth responses between lotus and 

white clover have not been clearly established. 

T. ambiguum did not respond as well as the other two 

legumes to P whether applied as establishment or as mainten

ance fertiliser. Total dry matter yields were very poor 

initially, but improved with time. Despite the time required 

for T. ambiguum to be established, the trend suggests that 

once established, T. ambiguum may be as productive as white 

clover. 

The following discussion seeks to relate these field 

results and observations from Mesopotamia to the findings of 

other field and laboratory trials described in the present 
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study (Chapters IV and V). In doing so, it is hoped that 

a better understanding of the factors responsible for dif

ferences between these legumes will provide a basis for further 

efforts into improving the efficiency of fe~tiliser P usage in 
/ 

New Zealand. 

The ability of plants to survive, grow and p;roduce 

under conditions of low P levels in soils is directly depend

ent on their ability to absorb and utilise the absorbed P 

for growth and development (.Loneragan, 1978}. This discus-

sion compares firstly, the differences in the ability of the 

three legumes to absorb P and secondly, the subsequent 

utilization of P within the plants, 

6.1 Phosphate Absorption hy Roots 

Results from the Mesopotamia trial showed that the 

higher dry matter yields of lotus from low to moderate 

fertiliser P inputs was associated with higher P uptake 

(yields) than the two Trifolium species (Table 3.3b). The 

efficiency of P recovery by lotus was higher than white clover 
I 

for all P treatments but most significantly at low establish-

ment and no maintenance P applications. The capacity to 

recover P from the growing medium is a function of at least 

three root attributes: 

a} Root architecture and morphology~ 

the ability to explore and exploit the soil mass. 

b) Efficiency of the cellular uptake mechanisms at the 

roots - the ability to absorb P from dilute soil 

solutions. 

c) The ability of roots to hydrolyse and therefore re-

,, 



cover P from sources unavailable to other plants 

(Andrew and Jones, 1978; Loneragan, l978l. 

Each of these attributes may be modified to various de9rees 

by mycorrhizal associations with roots. Only (al and (bl 

above will be discussed since (c) was not included in the 

present study. 

6 .1.1 Root Archi tec·ture and Morphology 
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Distribution of root activities laterally and 

vertically (in the soil profile) of two-year-old plants es- \ 

tablished on the moderately acid (pH 5.4} Craigieburn site 

revealed that lotus plants·have larger root systems which 

extend over a greater distance laterally compared to white 

clover (Table 4.BJ. The bulk of the lotus root activity 

(approximately 75%1 was concentrated in or near the surface 

(5-7 cm) horizon (Table 4.7}, thus maximising its potential 

to recover P from the top soil where most of the available P 

was found. White clover root activity was also concentrated 

in the surface horizon but declined rapidly with increased 

distanc~ laterally from the plants, especially under condition 

of lpw P inputs. Only in plants established at P150 were 

significant proportions of its root activities detected at 

12 cm from the plant. .These findings were consistent with 

visual observations of the two legumes. Lotus plants estab-

lished at both high and low P had numerous well developed 

rhizomes which extended radially away from the plants up to 

12 cm or more. In contrast, except for plants established at 

P150 , there were few stolons in white clover plants. Although 

not substantiated by experimental results, the distribution of 



root activities of the two legumes observed at Craigieburn 

is likeiy to apply to the plants established at Mesopotamia 

where similar conditions (altitude, soil type, pH} were en

countered. 

For relatively immobile ions such as P, the 

"foraging ability" of the root system (i .. e. the ability of 

roots to ramify through and exploit a given soil volume and 
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to explore previously unexploited soill may determine the 

relative capacity of plants to recover p from the soil (New

man and Andrew, 1973; Russell, 1977; Barrow, 1978bl. Root 

measurements of solution cultured.plants showed that although 

lotus roots tended to be thicker (Table 5.7cI, root length per 

unit root weight was not significantly ditferent from wh:j:te 

clover (Table 5.7b} •. Observations also confirmed reports 

that lotus has a greater propensity to branch into secondary 

and tertiary lateral roots (Haynes and Ludecke, 1981) and 

that a greater proportion of its roots also had root hairs 

that were longer ·than white clover (Crush, 1974}. The highly 

branched lotus root system with its more numerous root hairs 

and its higher rooting density would greatly enhance the abil

ity of lotus to effectively exploit the soil volume for avail

able P. 

In acid soils deficient in P, the response of 

plants to P applications is often complicated by the presence 

of high concentrations of soluble Al. Greater lotus product-

ivity in acidic conditions has often been attributed to sup

pression of white clover by Al toxicity. While this is true 

for most acid soils with pH less than 5.0 (Scott and'Mills, 

1981), it is not necessarily true in moderately acid soils such 

as the soil at Mesopotamia. Leaf analysis of white clover 

r' 



harvested from Mesopotamia showed that the Al levels were 

not high enough to be associated with Al toxicity (Andrew 
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et al., 1973). Increased P applied at establishment increased 

dry matter yields of white clover significantly (Figure 3.2a) 

but did not lower Al concentrations in the harvested herbage 

(Table 3.6J. This also suggests that the effect of Al, if 

present, was only marginal under the conditions at Mesopotamia. 

In other trials (e.g. Brock, 1973) and in solution cultures 

(Chapter V), where the influence of Al was excluded, lotus 

continued to yield more than white clover indicating that its 

higher productivity cannot be attributed solely to its toler

ance to Al. 

T. ambi~uum root activity tended to be more 

evenly distributed down the soil profile, with only approxi

mately 50% of its total root activity in the surface horizons 

(Table 4.7). There was poor lateral spread of root activity, 

and it was confined largely to within 5 cm from the plants 

(Table 4.81 even in the surface horizon. Measurements of root 

diameter (_Table 5.7c) and root length (Table 5.7b) showed that 

T. ambiguum roots were thicker and shorter than lotus or white 

clover. Therefore, although it has a branching root system, 

T. ambiguum does not appear to capitalize on the available P 

in the soil (especially the surface horizon) by virtue of its 

lower root activity and rooting density. The relatively 

low T. ambiguum root activity in the surface horizon may also 

account for the unresponsiveness of the legume to P applications. 

In the three legumes, Al levels (Table 3.6) were 

highest_in T. ambiguum herbage, but the sensitivity of T. 

ambiguum to Al is not known. Indirect evidence from Mesopotamia 
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suggests that it may be relatively tolerant of Al. 

If indeed the "foraging ability" of white clover 

roots is lower than in lotus then maintenance P applications 

are likely to benefit white clover more than lotus. Mainten..-

ance P applications provide frequent renewals of P supplied to 

white clover roots (therefore increased P uptake) without the 
\,, 

necessity of i~c;rea5,ing the soil volume explored or the intens
/ 

ity of exploitatid~ in that volume. Since lotus was recover-
/ . 

ing enough P f~6m the soil to meet much of its requirements, 
/ 

/ 
/ 

maintenance.~ will continue to benefit lotus but to a lesser 

degree relative to white clover. Results from Mesopotamia 

confirm these assertions. White clover was more responsive 

to Pm (Figure 3~9) even at·very high rates of Pe, while lotus 

only showed a response at the lower rate of Pe (Appendix 2.2). 

In marked contrast, T. ambiguum did not respond to Pm until 

the third year after establishment, and then only at the low 

rates of Pe. Its limited response to Pe suggests (for 

reasons already discussed earlier) an inability to fully 

capitali~e on the available Pin the soil. Therefore, further 

additions of Pas maintenance fertiliser would be of little 

benefit to that species. 

Differences in the soil volume explored and ex

ploited by the root systems have been shown to be possible 

reasons for the differences in P recovery and yields of the 

three legumes in the field. However, in solution cultures 

(stirred by aeration) where the external P concentrations were 

similar· over the entire root system, the ''foraging ability" of 

roots is unlikely to be a major factor limiting P uptake and 

growth. Any observed differences ·in P uptake and growth be~ 

tween the legumes in these circumstances must be attributed,at 
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least in part, to differences in the efficiency of the roots 

to absorb P from the external solution and/or the differences 

in the ability to utilise the absorbed P for growth and dif

ferentiation. 

6 .1. 2 Efficiehcy ·o·f Phos·phate· Uptake· hy Ro·ots 

Results of a kinetic analysis comparing the rate 

of P uptake by whole seedlings from dilute P solutions 

(< 0.1 mM} showed that lotus had an advantage over white 

clover in its capacity to absorb P. The maximal rate of P 

uptake per unit weight, Vmax(IA), was highest for lotus 

followed by white clover and T. ambiguum (Table 5.9). Al

though not significantly different between species, the Km( ) 
IA 

value for lotus tended to be smaller suggesting a "higher 

affinity'·' for P uptake and that the absorption "mechanism\! 

reached maximal rate at a lower external P concentration than 

white clover. For uptake from higher P concentrations 

( ) O. 1 mM) , relative ranking of the three legumes in terms of 

Vmax(IB) remained unchanged but Krn(IB) for lotus was signifi.-

cantly larger, suggesting a lower affinity for P. These 

results suggest that under conditions where external P concen

trations are low, the efficiency of P uptake by lotus is 

greater than white clover and T. ambiguum. However, where 

external P concentrations are high, lotus may,well maintain an 

advantage over white clover in P uptake due to its high 

Vmax(IB) value. This is in spite of its largeKm(IB) value 

(Table 5.9). In both high and low external P concentrations, 

P uptake by T. ambiguum remained inferior to the other legumes 

due to its low V values. max 

L 
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In field situations, where the P concentrations 

in soil solution are extremely low, only the low concentration 

"Mechanism IA" is likely to be operative. However, following 

P applications, the P concentration immediately adjacent to a 

fertiliser pellet may be very much higher. Thus, for some 

parts of the root system, 1'Mechanism IB" and even "Mechanism 

II" may also be operative in the absorption of P. This 

capacity of lotus roots to absorb P from more dilute solutions 

than white clover is another factor which may contribute to 

the higher recovery of P from the soil and thus give higher 

yields, especially at low or moderate rates of fertiliser P 

applications. It is undoubtedly an important ;factor to 

account for the greater P uptake by lotus in nutrient solutions. 

6.2 Mycorrhizal Assoc"iations 

The infl~ence of mycorrhizal associations on P uptake 

of the three legumes was examined only briefly in a prelimin-

ary pot trial. Except for lotus at the lowest rate of 

applied Pin the first cut, there was no response to mycor

rhizal (E3) inoculation of all legumes on the unsterilised 

Craigieburn soil. The lack of response may be due to com-

petition from indigenous strains of mycorrhiza. Spore..-

infected soil was used as inoculum rather than infected root 

tissues, and this may lead to slow and variable infection 

(Abbot, pers. comm.} resulting in the poor response. White 

clover with fewer and shorter root hairs than lotus has 

been shown to benefit more from mycorrhizal infection than 

lotus (Crush, 1974) since this increased its effectiveness 

to exploit the soil volume via the fungal hyphae. Undoubt

edly, all three legumes at Mesopotamia would be infected with 
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indigenous mycorrhiza, but the relative contribution of 

mycorrhizal association to the P uptake in· ea_ch legume is 

not known. Phosphate uptake results from Craigieburn 

(Table 4.10) which did not distinguish between root and 

mycorrhizal uptake, showed that lotus was still better than 
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white clover in P recovery. This s_uggests that associations 

with indigenous mycorrhizal strains did not alter the relative 

capacity of the three legumes to extract P from the soil. 

Further work is needed to investigate the overall contribution 

of mycorrhizal infection to the P nutrition of each legume, 

and especially the potential of increasing P recovery by the 

introduction of more efficient strains of mycorrhizas (Powell, 

1977; Powell and Sithampa·ranathan, 1977). 

6. 3 Phosphate· Utilization in· Plants 

Plant species differ considerably in their ability to 

utilise the absorbed P for growth and development. The effic-

iency with which Pis utilised by plants (i.e. dry matter per 

unit P absorbed) is influenced by (i) the translocation of P 

to the shoots and within the plants and (ii) metabolism of 

P - the incorporation of absorbed Pinto plant tissues. 

6.3.l Translocation of Phosphate to Shoots 

By exposing whole seedlings in 32P-labelled solu-

tions of increasing P concentrations (Chapter V), the partition-

ing of the P after absorption can be estimated. For all three 

legumes, percentage P translocated to shoots increased with ex-

ternal P concentrations, up to 0.05 rnM after which percentage 

P translocated decreased again (Figure 5.3). The tendency to 
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retain more of the absorbed P in the roots under P stress condi t..-

ions has been shown in other legumes. Robinson and Jones 

(1972) reported that stylosanthes humilis retained 45% of its 

total Pin the roots when P was extremely deficient, but only 

20% when P was well supplied. The lower percentage trans..-

-located after uptake from-concentrations greater than 0.05 rnM 

probably reflected P accumulation at rates faster than trans..

location to shoots, thus resulting in '' luxury\' accumulation 

(Russell and Martin, 1953) in the roots. 

There was little or no difference in percentage P 

translocated to shoots of white clover and lotus when roots 

were pretreated with nutrient solution prior to uptake. Both 

of these legumes, however, 'transferred a higher proportion of 

their absorbed P to the shoots than T. ambiguum. Pretreatment 

with distilled water before 32P uptake stimulated increased per

centage P transferred to shoots of all legumes, but the effect 

was greatest in lotus especially from low external P concen-

trations. This capacity in lotus to respond by increasing P 

translocated to its shoots following a disrupted P supply would 

allow more of the absorbed P to be made available for shoot 

growth. A similar ability to translocate more of the absorbed 

P to the shoot when P was in short supply was thought to be 

responsible for the greater shoot yields of s. humilis relative 

to several other legumes (White, 1972). 

The presence of Al in the growing medium interferes \ 

with both P uptake by roots and transport to shoots (Clarkson, 

1969; Foy, 1974; McCormick and Borden, 1972). Phosphate 

transport to the shoot appears to be suppressed in Al-sensitive 

plants but increased, in Al-tolerant plants (Andrew and Vanden 

Berg, 1973). The effects of Al on P uptake and translocation 
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in lotus, white clover and T. ambiguum were not included in 

the-present study. Th~ mobility of P within plants has been 

demonstrated by Biddulph (1959) and, in most legumes, P was 

readily transported from mature to young growing tissues 

(Andrew and Jones, 1978). The ability to mobilise and re

distribute the absorbed P within the plants would undoubtedly 

influence the efficiency of P utilization by these plants 

(Barrow, 1978b). These aspects have also not been examined 

in the present study. Further investigations of the effects 

of Al and P movements within the plants would be needed in 

order to fully understand differences between white clover and 

lotus and to increase the efficiency of fertiliser P usage by 

the two plants. 

6. 3. 2 Pho·sphate· Util.iza·tion 

Since Pis a very mobile element within the plant 

and tissue P concentrations decrease as P deficiency develops, 

the critical concentration of Pin plants at which growth is 

limited by P would be a good indication of the functional P 

requirements of plants. The lower the critical percentage P, 

the more efficient the P utilization of the plants (Loneragan, 

1978). Alternatively, P utilization quotients (dry matter 

per mg Pin shoots} are good indicators of plant efficiency in 

incorporating absorbed Pinto dry matter (Lonera9an and Asher, 

1967; Boken, 1970}. 

In the field trial at Mesopotamia, percentage Pin 

lotus tended to be higher (Figure 3.4a}, but results from nut~ 

rient solutions (Table 5.3) were lower than white clover at all 

P treatments. Nevertheless, the critical percentage P for 

lotus estimated from data in the field and, to a lesser degree 
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of certainty, in solution cultures, were both lower than 

critical percentage P for white clover, This suggests that 

lotus has a lower internal P requirement and thus higher P 

efficiency than white clover. Data from Mesopot~rni~ ~lso 

suggested that critical percentage P for T. ambiguum may be 

lower.than.white clover, but results from Craigiebu;r:-n .and 

from nutrient solutions indicated little or no difference 

between the two Trifolium species. In a recent report com

paring the early P nutrition of white clover and T. ambi9uum, 

in both soil and solution cultures, Spencer et al. (19801 

concluded that, .in these physiological characteristics concerned 

with .p uptake and utilization, T. ambiguum can,at best, be con

sidered marginally superior to white clover. Evidence from 

the present study also indicated that in terms of P uptake by 

root, P translocation to shoots and subsequent utilization 

within the plants, T. ambiguum was certainly not better than 

lotus or white clover. 

6.4 Plant Growth Rate and Phosphate Responses 

When all other experimental and nutrient factors are 

optimal, the ability of a plant to respond to Pis dependent 

on the relative growth rate of the plant which, in turn, is 

largely controlled by its genetic makeup {Loneragan, 1978). 

Plants with a genetically faster growth rate will respond 

readily to added P, while others with a slower growth rate 

will respond only up to a limit dictated by their lower .genetic 

potential. Therefore, if Pis deficient or marginal in the 

g_rowing medium, plants with high relative growth rates are 

likely to develop P deficiency leading to progressively de

creasing growth rates unless they have adaptations which 
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enable them to recover adequate quantities of P to maintain 

· their growth rater. If plants grow at a slower rate, they may 

avoid P deficiency and maintain a slow but constant growth 

rate. An example of such an adaptation for survival in en-

, vironments low in P supply has been reported by Clarkson (1967) 

for three Agrostis £pecies. T. ambiguum appeared to have 

such an adaptation since its relative growth rates and net 

11 assimilation rates have been shown to be lower than white clover 

in a pot trial (Paljor, 1973). However, relative growth rates 

of T. ambiguum in solution cultures in the present experi-ment 

(Table 5.4) were not significantly lower than lotus or white 

clover, except at the highest solution P treatment where lotus· 

was significantly higher than the two Trifolium species. 

Therefore, the notion that T. ambiguum may have adapted to low 

P status in the soil by having lower growth rates needs further 

clarification. 

6. 5 Selectin·g· for· Tncreas·ea Phosphate Efficiency 

Root morphological characteristics (e.g. abundance and 

length of root hairs, root diameters and the degree of branch

ing of the root system) directly influence the soil volume ex

plored and the effectiveness of the root in exploiting the soil 

for nutrients (Barley, 1970; Barrow, 1978b) . Evidence ;from 
. 

the present study suggests that the extensive and highly branched 

root system is a major factor contributing to the greater effic-
i 

• tency of fertiliser P recovery (P recovered per unit P applied) 
I 

}n lotus and hence higher productivity and efficiency of 
i 

~ertiliser P usage (dry matter per unit P applied).. Like ~11 

other plant characteristics, root morphology must be also under 

genetic control, and evidence (Troughton and Whittington, 1969) 
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suggests that root characters are at least as highly inherited 

as those of the shoots. 
' 

However, _the possibility of breeding 

for larger more branched root systems, more\and longer root 

hairs etc. remains uncertain at least in the near future. 

This is because interactions between genetic and environmental 

factors on root.morphology are complex and literature on the 

genetic variability and heretability of root characters is 

scarce. Further research into the genetical variability of 

root morphological characteristics within and between species 

is needed before the potential for improvement can be realized. 

Practical difficulties in measuring root parameters may also 

be a disincentive, precluding their inclusion in selection pro

grammes. 

Selection for greater efficiency of P utilization (dry 

matter per unit P absorbed) by plants appears to be more promis-

ing. Large differences in the P content between and within 

species have been reported (see Godwin and Wilson, 1977). How-

ever, since actual P content in plants varies depending on the 

external P supply or nutrition, a more meaningful criterion 

may be the critical percentage P of the plant. High critical 

percentage P for white clover reflects a higher internal re-

quirement for Panda lower efficiency of utilization. Select-

ing for a lower critic al percentage P would be a positive step in 

improving P efficiency of white clover. However, selecting for 

lower P contents or critical percentage P may not necessarily 

lead to a greater "efficiency" if yields in real terms remain 

unchanged or are reduced. The minimum levels of Pin plants 

in relation to animal requirement must also be given due con-

sideration in any breeding programmes. Low P levels in the 

herbage can lead to P deficiency in animals, although mineral 



253 

supplement in the diet can correct this condition relatively 

easily. 

Variations in the efficiency of P uptake by plant roots 

have also been clearly demonstrated for a number of plant 

species (e.g. Noggle and Fried, 1960; Andrew, 1966). Evidence_ 

from the present experiment implies that there are differences 

in the P uptake mechanisms at the roots of lotus, white clover 

and T. ambiguum with that in lotus having a relatively larger 

number of absorption sites (Vmax) and higher affinity (Km} 

especially for uptake from dilute P solutions. These kinetic 

parameters (Km. and V . values) appear to be genetically conmax 

trolled (Nielsen, 1979) and have been advocated for use in 

characterising root efficiency for p uptake in selection pro-

grammes. Selection for a more efficient uptake mechanism at 

the root surface not only means a direct increase in P uptake, 

but also greater recovery of applied Pin the long term. By 

maintaining a lower P concentration at the root surface, a 

steep diffusion gradient is also maintained leading to higher 

diffusive movement of P to the roots and greater desorption of 

Pin a given time from adsorbed sources. Some caution should 

be exercised when interpreting kinetic parameters since these 

are also dependent to some extent on the internal P status of 

the plants. 

Although the effects of Al appear only to be marginal on 

the moderately acid soil at Mesopotamia, in very acid condit

ions, the presence of high levels of exchangeable Al will un-

doubtedly limit white clover growth. Selecting or breeding 

for greater Al tolerance in white clover will also indirectly 

contribute to greater efficiency of fertiliser P usage. 
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Breeding for Al tolerance has been successfully achieved in 

lucerne (Devine et al., 1976). Lotus, on the other hand, is· 

known to be relatively tolerant of Al but the exact mechanism 

for its tolerance remains unclear. Similarly, the sensitivity 

or tolerance of T. ambiguum to Al has not been clearly es-

~ablished. Further investigations of the Al tolerance 

mechanisms of these plants and the effects of Al on P uptake 

and utilization would also be important for improving the 

efficiency of P usage. 

The potential of using more efficient strains of 

mycorrhizas for increasing the effectiveness of plants in 

recovering P from the soil warrants further investigation. 

Although the trial at Mesopotamia was conducted over a 

period of four years, the full potential of T, ambiguum does 

not appear to have been reached. Since it is slow to estab

lish as a sward, long-term field trials would be essential 

to realistically evaluate ·its performance in mature swards, 

The possibility exists that T. ambiguum plants, through 

well-developed rhizomes and hence thorough exploitation of 

the upper soil horizons, may have a superior ability to ~b

sorb and utilise P which is not apparent in young pl~nts or 

immature swards. Further work on well established swards, 

examining the response to applied P and its uptake and 

distribution within the plants, will further clarify the 

efficiency of P usage by T, ambiguum. Long-term field trials 

with lotus are also important to determine whether high lotus 

yields could be maintained over extended periods without the 

need to increase P inputs as soil reserves are depleted. ln 

this context, research into the residual effects of appliE}d? 

and the cycling of the element within the p~sture system would 

also be required. 
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Appendix 1.1 

Wet ashing of plant material for phosphorus analysis (after 

Johnson and Ulrich, 1959): 

1. Reagents: (i) Concentrated nitric acid HN03 . 

(ii) 60% perchloric acid HCI0 4 . 
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2. Method: 0.1 - 0.5 g of ground plant sample was weighed 

into a 30 ml Kjeldahl flask. One ml of concentrated HNo 3 was 

added to each 0.1 g of sample present and,heated gently in a 

sand bath (temperature 

ceased. 

100°c) until the initial foaming 

Heat.was gradually increased, but regulated so that large 

amounts of nitric oxide fumes were not lost. When all the 

solid residue was in solution and the volume of HN0 3 was reduced 

to about half its original volume, 1 ml of 60% HCI0 4 was added 

to the digest after cooling. Samples were then reheated until 

the digest was clear and dense white fumes appeared in the flask. 

Digestion was continued for a further half hour. 

When cooled, plant digests were transferred into standard 

volumetric flasks (50 or 100 ml) and made up to mark. Aliquots 

were then taken and analysed for phosphorus colorimetrically by 

the method of Murphy and Riley (1962) (see Appendix 1.2). 

Appendix T.2 

Modified Murphy and Riley (.1962) method for phosphate determin ... 

ation (see NZ Soil Bureau Scientific Report No. 10, 1972). 

1. J\r·incip1e; This colorimetric procedure based on the 

method of Murphy and Riley (19621, modified by Watanabe and 

Olsen (19651, involved reduction of the phospho-molybdate com-
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plex by ascorbic acid in a reaction catalysed by antimony. 

2. Re·agents: 

(i) Re·a·gent A: 1. 2% solution of ammonium molybdate 

((NH4 ) 6Mo;o 24 .4H20) with 0.1 mg/ml antimony in 

5N H2so4 • 

To prepare 2 litres: 24 g of ammonium molybdate 

was dissolved in 400 ml of warm ( < 60°c) distilled 

water and cooled. 0.5337 g of antimony potassium 

tartrate and 1 litre of lON H2so4 (282 ml cone. 

H2so4, diluted to 1 litre with distilled water) 

was then added. The solution was made up to 2 

litres and stored in dark bottles or dark cupboard. 

(ii) · Re·a·ge·nt B: 1. 056 g ascorbic acid was dissolved in 

each 100. ml of Reagent A and mixed. This must be 

prepared as required as it does not keep for more 

than 24 hours. 

(iii) · N SUlphu·ric· Ac.id: One litre of N H2so4 was ~re

pared from a commercial 'Volucon' 1 N standard 

H2so4 pack. 

(iv) · ·p .. n·itrbphe·nb·l Tndicator: 0. 05 g p-ni trophenol was 

dissolved in 25 ml distilled water. 

{v) · Ammb.nium Hya·rbx·ide ·ci-:·1): One part cone. NH 40H 

(A.R. specific gravity 0.88-0.90) was added to 1 

part of distilled water). 

(vi) Sta·naard l'hbsphate Solution: 

(al Stock solution (1 ml= 100 pg P). 0.22 g of 

K~ 2Po4 was dissolved in distilled water and 

0.5 ml toluene was added as a preservative 

before making up to 500 ml. 

(bl Wo;rking stock: (1 ml ;:::: 1 pg P) . 5 ml stock 

solution was diluted to 500 ml in a volumetric 

flask. 



3. Method: 

(a) Pr·eparatibn bf Sta·naa·rds: O, 5, 10, 15, 20 and 

25 ml of the working stock were pipetted into 

100 ml volumetric flasks and diluted to 80 ml 
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with distilled water. These standards contained 

o, 5, 10, 15, 20, 25yg P respectively. 

(b) · ·pr·e·p·ar-ati·o·n· ·of· Samples: Aliquots of samples 

(these may be soil extracts, plant digests, etc.) 

were pipetted into 100 ml volumetric flasks and 

diluted to 80 ml. The volume of aliquots used 

depends on the concentrations of Pin the samples. 

(c) D"eternfi·nation: The pH of both standards and 

unknown samples were adjusted to approximately 
. . 

4.5 to 5.5 as follows: One drop of p-nitrophenol 

indicator was added before adding 1:1 NH40H drop 

by drop until the solution just turned yellow, 

with shaking after each addition. 

N H2so4 was then added drop by drop until the 

yellow colour just disappeared. 8 ml of Reagent B 

was then added to each standard and unknown sample 

and made up to 100 ml. The colour produced was 

stable for 24 hours and maximum intensity was 

reached in 10 minutes. Absorbance of the colour 

· developed was measured on a tspectronic 20t at 

880-885 nm. When absorbance values of greater 

than 25 pg P standard solution were encountered in 

the samples, smaller aliquots were taken and the 

same procedure followed. 

A standard curve was constructed by plotting absorbance 

versus P concentrations of standards. This should be 

near linear. From the standard curve, concentrations 

of-unknown samples can be calculated. 
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APPENDIX 1.3: 

North Carolina State University {NCSU) Nutrient Solution. 

This nutrient solution is routinely used at the North 

Carolina State University Phytotron at Raleigh, USA, and has 

been adopted by Plant Physiology Division {DSIR) at Palmer

ston North for nutrient culture experiments {A. Hart, pers. 

comm.) • 

Its components, which are similar to Hoagland's solut

ion are: 

Stock A 

1. Anunonium nitrate NH 4No3 

2. Calcium nitrate Ca{N03 ) 2 .4H 2 0 

3. Sequestrene NaFe chelate** 

Stock B 

1. Potassium phosphate KH 2Po 4 

2. Potassium phosphate K2HP04 

Stock C 

1. Potassium nitrate KN0 3 

2. Magnesium sulphate Mgso4 .7H20 

3. Sodium sulphate No 2so4 

Sto·ck D 

I\L- C ) 
I, \t,\ J ,,()~ I. 

1. Zinc sulphate znso4 .7H 2 0 

2. Manganous chloride MnC1 2 .4H 2 0 

g 
per 

litre 

80.05 

159.25 

29.8 

101.15 

44.65 

7.99 

3.86 

4.44 

ppm in final 
solution 

{full strength) 

NH 4-N 28 N0 3-N 28 

Ca 54.8 N = 37.6 

Fe 3.0 

Adjusted accord
ingly to desired 
concentration 

K 48.8 

Mg 6.2 

Na 13. 8 

N 17.8 

S 8.2 

S 19.2 

0.025 Zn 0.012 S 0.07 

0.409 Mn 0.113 Cl 0.146 



3. 

4. 

5. 

** 

Copper sulphate Cuso4 .5H 20 0.011 Cu 0.005 

Boric acid H3Bo3 0.35 B 0.127 

Molybdic acid H2Mo0 4 .H 20 0.0011 Mo 0.002 

The sequestrene used was Geigy 330 Fe Chelate; 

Na/Fe3+ diethylene triamine penta-acetate. 
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s 0.003 

To make 20 litres of 1/10 strength nutrient solution, use 

4 mls Stock A, 32 mls Stock C, 4 mls Stock D and make up to 

20 litres with distilled water. 

The amount of Stock Bused is varied accordi!)g to the 

desired P concentration in the final volume. Stock B was 

formulated as a 1 Molar phosphate solution. Thus to get 1 pM 

phosphate concentration in the final solution, use 1 ml stock B 

per litre final solution. 

All final solutions were adjusted to a pH of 5.6 with NaOH 

or HCl. 
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APPENDIX 1.4: 

d . f 32 · · 1 d' Ra 1oassay o P 1n intact pant roots and plant 1gests 

using Cerenkov radiation detection. 

Cerenkov radiation is increasingly bei~g used for the 

radioassay .of high energy~-particle emitting radionuclides 

(Lauchli, 1969, 1971) including 32P (Clausen, 1968; Haviland 

and Bieber, 1970; Chapin and Holleman, 1974) i General 

aspects of Cerenkov radiation and its use in the radioassay 

of 
32

P in biological samples had been reviewed by Elrick 

and Parker (1968) and more recently by Peng (1977). 

1.4.1 Analytical Procedure 

All measurements were made on either a 'TRI-CARB 3390' 

or '2211' liquid Scintillation Spectrometer from Packard 

Instrument Co. Glass vials were used throughout. 

Following the instructions in the User's Manual for TRI

CARB 3390 (pp 4-6), the optimum instrument settings were found 

to be: 

TRI-CARB 3390 50-1000 window setting at 15% Gain, 

TRI-CARB 2211 50-1000 window setting at 20% Gain. 

Counting efficiency was maximised by using a saturated 

aqueous solution of 4-methyl-umbelliferone as the counting 

medium (Steans, pers. comm.; Ross, 1970). A counting solut-

ion volume of 15 ml was found to give optimum counting effic

iency. 

1.4.2 Quench Correction by the Channel Ratio' Method 

Although in Cerenkov counting impurity (or chemical) quench-
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ing in the sense used in liquid scintillation counting is 

non-existent since no photophysical or energy transfer pro

cesses are involved, substances which are coloured (e.g. root 

leachates, extracts and d~gests) and which interfere with 

light transmission (e.9. intact roots) c~n cause quenching 

(Peng, 1977) . To correct for this, Quench curves using the 

channel ratio method (Moir, 1971;. Stubbs and Jackson, 1967; 

Wiebe et al., 1971; Chapin and Holleman, 1974) were estab-

lished using known standards as outlined below. Knowing the 

channel ratio of unknown samples, their efficiencies can be 

calculated and thus the appropriate correction made on the 

sample count. 

1.4.3 Quench Curve for Intact Root Samples 

Varying amounts of unlabelled roots were dried in scin

tillation vials at 70°c for 24 hrs. Fresh and dry weights 

were recorded. A known constant quantity of 32P was added 

to each vial and made up to 15 ml with a saturated solution 

of 4 methyl-umbelliferone. Unquenched duplicate samples 

(without roots} were treated in the same manner. Both root 

samples and unquenched standards were left in the sample 

changer for temperature equilibration (4°c) before being 

counted, the counts for each sample being simultaneously 

recorded in two channels. The instrument settings for the 

two channels were adjusted so that the first channel received 

only the low energy portion of the Cerenkov radiation spectrum 

while the second channel received the whole energy spectrum of 

the radiation. Total counts in both channels as well as the 

channel ratios (counts in Channel l:counts in Channel 2) were 
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recorded by a teleprinter. 

Knowing the activity of the unquenched standard, the 

relative efficiency of quenched samples containing increasing 

amounts of roots can be calculated according to the formula: 

Relative Efficiency Connt ·of ·quenched samp·1·e = X 100. Count of unquenched standard 

By plotting relative efficiency against channel ratio, a 

linear relationship is obtained. From the regression line 

describing this linear relationship, the relative efficiency 

of an unknown sample, therefore the correction factor 
1 . 

1 t' ff' , · x 100) can be calculated from the channel re a 1ve e 1c1ency 

ratio. Optimum w,indow setting of Channel 1 for the two 

spectrometers were: 

TRI-CARD 3390 

50-150 window setting 

25% Gain 

TRI-CARB 2211 

50-125 window setting 

15% Gain 

A typical root quench curve is shown in Figure Al. The valid-

32 ity of using the 'roots plus P' quench curve to determine 

relative efficiency has been verified by Chapin and Holleman 

(1974). 

Since roots of plant species differ significantly in their 

quenching effects, separate quench curves were obtained for 

the three legume root samples. Differences in quenching ef-

fects were probably due to differences in root leachate and 

root thickness rather than root geometry since the latter did 

not significantly affect counti~g efficiencies of intact roots 

(Nissen and Benson, 1964; _ Lauchli, 1969; Chapin and Holleman, 

19 7 4} . 
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APPENDIX FIGURE Al 

Quench Curve for lotus root samples 
determined on the 'TRI-CARB 2211' 

Rel.Eff = 157.60 - 207.38 (Ch. ratio) 

r = 0.993** 
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APPENDIX FIGURE A2 

Quench Curve for plant digests 
determined on the 'TRI-CARB 2211' 

Ref~Eff = 163.29 - 393.03 (Ch. ratio) 

r = 0.992** 

v Unquenched std. 

TT. ambiguum shoots 

o White clover shoots: 

• Lotus shoots 

.32 .36 .40 .44 .48 .52 .56 .60 

Channel Ratio 



1.4.4 Quench Curve £or Plant Digests 

Unlike root samples, oven-dried plant roots {0.2-0.4. g 

fresh weight) were treated with perchloric-nitric acid in 

scintillation vials and digested over a hot sand bath until 

clear. Plant digests were made up to 15 ml with 4 methyl-

umbelliferone before bei~g counted in the scintillation 

counter {as described earlier for root samples). 
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The amount of plant matter in the digest {up to 2.6 g 

fresh weight) had a s~gnificant effect on sample count. In

creasing amount of acid also decreased counting efficiency 

and all shoot samples were corrected for acid quenching using 

an appropriate quench curve. 

Quench curves to correct for quenching due to the acid 

digest were obtained by adding increasing amounts of perchloric

nitric acid mixture (up to 4 mls) to a series of scintillation 

vials containing varying amounts of plant matter previously 

d . t d t d d t t k t' f 32 iges e o ryness an a cons an nown quan ity o P 

added. Vials were made up to 15 mls of 4 methyl-lumbelliferone 

and counted. From total counts and channel ratios, relative 

efficiency and thus the quench curve can be derived. 

A typical plant digest quench curve is shown in Figure A2. 
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APPENDIX 1.5: Analysis of dual isotherm of P uptake. 

C 
0001 
0002 
0003 
0004 
0005 
0006 
0007 
0008 

0009 
0010 
0011 
0012 
OOl) 
0014 
0015 
0016 
0017 
0018 26 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 101 
0031 
0032 
0033 201 
0034 
0035 

0036 
0037 
0039 
0040 
0041 
0042 200 
0043 300 
0044 
0045 

Program written by Mr D. Evans, Lecturer 

in Statistics, Plant Science Department, 

Lincoln College, 1980. 

PROGRAM TO ANALYSE 2 MECHANISM UPTAKE OF PIN PLANTS 
LOGICAL *l GRAPH 
DIMENSION GRAPH (20,60) 
DIMENSION V{20) ,P{20) ,VV1{20) ,VV2{20) ,A{2) ,B(2} ,V3(20) 
DIMENSION NOPOIN(2) ,N0{20,2) ,SUMSQ{2) 
DIMENSION SC{3) ,SC2{3) 
DATA SC/20.0,40.0,30.0/ 
DATA SC2/0.3,0.65,0.4/ 
OPEN {UN!T;::l, NA.ME;:=' PUPTAKE '· ,ACCESS;='· SEQUENTIAL 1 

, 

* DISP='SAVE',FORM='UNFORMATTED' ,TYPE='OLD') 
CALL HELPER 
WRITE{5,*) 'ANALYSIS OF 2 MECHNISM UPTAKE OF PIN PLANTS' 
WRITE{5,*) · 'NUMBER OF PLANTS IS ?t 
READ(5,*) NOPLAN 
DO 100 JW=l,NOPLAN 
WRITE (~,*) I I 

DO 101 JJ;:::l,20. 
DO 26 K=l,60 
GRAPH {JJ ,K) = I I 

CONTINUE 
sx = 0.0 
SY= 0.0 
sxx = 0.0 
SYY = 0.0 
SXY = 0.0 
V{JJ)=O.O 
VVl{JJ)=O.O 
VVZ(JJ)=O.O 
P{JJ)=O.O 
NO{JJ,l)=O.O 
NO{JJ,2)=0.0 
CONTINUE 
DO 201 LU=l,2 
SUMSQ{LU)=O.O 
CONTINUE 
N=O 
WRITE{5,*) 'NUMBER OF DATA POINTS FOR PLANT TYPE ', 

* JW' I PLEASE I 

READ{5,*) NUM 
IF {N.GT.O) GO TO 300 
WRITE{5,*) 'V AND P VALUES PLEASE,ONE OF EACH PER LINE' 
DO 200 K=l,NUM 
READ{l) V{K) ,P(K) 
CONTINUE 
CONTINUE 
N;:::N+l 
WRITE{5,*) 'NUMBER OF OBSERVATIONS FOR MECHANISM ',N, 

* 'PLEASE I 
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0046 READ(5,*) NOPOIN(N) 
0047 WRITE(5,*) 'INPUT' ,NOPOIN(N) ,'POINT NUMBERS FOR 

* MECHANISM' ,N, 'ON ONE LINE' 
0048 READ(5,*) (NO(I,N) ,I=l,NOPOIN(N)) 
0049 WRITE(5,*) 'CALCULATING REGRESSION CONSTANTS' 
0050 CALL REGR(NO,V,P,A,B,NOPOIN,SUMSQ,N,V3) 
0051 WRITE(5,*) 'REGRESSION EQUATION IS V =' ,-B(N), 

* I V / p + I ,A (N) 
0052 IF (N.LT.2) GO TO 300 

SUMS= SUMSQ(l) + SUMSQ(2) 
NUMP = NOPOIN(l) + NOPOIN(2) 
WRITE(5,*) 'V(CALC) 
DO 20 J=l,NUMP 
VVl(J)=(A(l)*P(J))/(P(J)+B(l)) 
IF (J.LE.NOPOIN(l)) GO TO 18 
VV2(J)=A(2)*P(J)/(P(J)+B(2)) 
CONTINUE 
VV=VVl (J} +VV2 (J}. 
NX = VV*SC2(JW)+l 
NY= VV/P(J)*SC(JW)+2 
IF (NX.GT.20.0R.NX.LT.l) GO TO 70 
IF (NY.GT .. OR.NY.LT.!) GO TO 70 
GRAPH (NX.NY) == '*' 
CONTINUE 
WRITE(5,*) VV,P(J) ,V(J) ,P(J) 
SUMVSQ = (VV - V(J))**2 +SUMVSQ 
CONTINUE ,1 

V (OBS) (P) I 

0054 
0055 
0056 
0057 
0058 
0059 
0061 
0062 18 
0063 
0064 
0065 
0066 
0068 
0070 
0071 70 
0072 
0073 
0074 20 
0075 WRITE(5,*) 'SUM 

* LINES IS', 
OF SQUARES FOR 2 INDIVIDUAL REGRESSION 
SUMS 

0076 
0077 
0078 
0079 40 
0080 30 
0081 
0082 
0083 
0084 
0085 
0086 
0087 50 
0088 

0089 
0090 100 
0091 
0092 

0001 
0002 

0003 . 
0004 
0005 
0006 
0007 

WRITE(5,*) 'SUM 
DO 3 0 K=l. 2·0 

OF SQUARES FOR SIMULATION IS',SUMVSQ 

WRITE (5,40) (GRAPH(21-K,L) ,L=l,60) 
FORMAT (60Al) 
CONTINUE 
DO 50 J=l,NUMP 
SX = SX + V3(J)/P(J) 
SY= SY+ V3(J) 
SXY=SXY+V3(J)**2/P(J) 
SYY=SYY+V3(J)**2 
SXX=SXX+(V3(J)/P(J))**2 
CONTINUE 
R=(NUMP*SXY-SX*SY)/(SQRT((NUMP*SXX-SX**2)*(NUMP*SYY-

* SY**2))) 
WRITE (5,*) 'CORRELN COEFFICIENT= ',R 
CONTINUE 
STOP 
END 

SUBROUTINE REGR(NO,V,P,A,B,NOPOIN,SUMSQ,N,V3) 
DIMENSION N0(20,2) ,V(20) ,P(20) ,A(2) ,B(2) ,NOPOIN(2), 

* V3(20) 
DIMENSION SUMSQ(2) 
XY =0.0 
SY =0.0 
xx =0.0 
sx =0.0 



C 
C 

0008 
0009 

LEAVES V VALUES UNALTERED FOR MECHANISM ONE 
REDUCES V VALUES FOR MECHANISM TWO BY AMOUNT DUE 

TO MECHANISM ONE 
DO 5 J=l,NOPOIN(N) 
IF (N.EQ.1) V3(NO(J,l))=V(NO(J,1)) 
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0011 IF (N.EQ.2) V3(NO(J,2))=V(NO(J,2))"-(A(l)*P(NO(J,N))/ 
* (P(NO(J,2))+B(l))) 

0013 5 CONTINUE 
C CALCULATES REGRESSION CONSTANTS VMAX AND KM AND SUM 

* OF SQUARES 
C YOBS-YCALC 

0014 DO 2 JN=l,NOPOIN(N) 
0015 XY = XY+V3(NO(JN,N))**2/P(NO(JN,N)) 
0016 XX= XX+(V3(NO(JN,N))/P(NO(JN,N)))**2 
0017 SX = SX+V3(NO(JN,N))/P(NO(JN,N)) 
0018 SY= SY+V3(NO(JN,N)) 
0019 2 CONTINUE 
0020 B(N)=+ (XY-SX*SY/NOPOIN(N))/XX-SX**2/NOPOIN(N)) 
0021 A(N) = SY/NOPOIN(N)-B(N)*SX/NOPOIN(N) 
0022 B(N) = -B(N) 
0023 DO 3 JN=l,NOPOIN(N) 
0024 SUMSQ(N) = SUMSQ(N) + (V3(NO(JN,N))-A(N)*P(NO(JN,N))/ 

-* (P(NO(JN,N))+B(N)))**2 
0025 WRITE (5,*) SUMSQ(N) 
0026 3 CONTINUE 
0027 RETURN 
0028 END 



Appendix 2.1: Effects of Pe and Pm·on totai (legume+ grasses) 

three spring harvests. 

l.977-78 
Species -Pe 

Pml Pm2 . PmO Pe Means SppMeans 

Lotus 10 2987 1967 1833 2262 
25 4013 3472 3267 3584 
so 3587 3593 3933 3704 

100 4213 3993 3800 4002 
Pm Means 3700 3256 3208 3388 

White Clover 10 2567 1380 820 1589 
25 2800 2027 1427 2084 
50 3375 2940 2780 3031 

100 3520 3507 2580 3202 
Pm Means 3065 2464 1902 2477 

T. ambiguum 10 1533 1333 1343 1403 
25 1453 1568 1060 1360 
50 2153 2560 2373 2362 

100 2440 1680 2211 2110. 
Pm Means 1895 1785 1747 1809 

SEM Spp Means = 147 
Pe Means C 170 
Pm Means 86 

Significance Spp *** 
Pe *** 
Pm *** 

Spp X Pe ns 
Spp X Pm * 
Pe X Pm ns 

dry matter yields after oversowing with lotus, white clover or T. ambiguum from 

197.8.-79 1979-80 

Pml. l?m2 . PmO · Pe Means Spp Means Pml Pm2 PmO Pe Means 

2173 1663 763 1544 3162 2332 1183 2222 
2863 2223 1233 2107 3299 2044 1544 2295 
2347 2400 1903 2217 2864 2907 2320 2697 
2690 2680 2767 2712 3523 3246 23.07 2959 
2518 2242 1675 2145 3212 2630 1788 

1637 1017 683 1112 28i7 1986 1386 2063 
.2333 1833 1027 1731 2921 2275 902 2033 
2500 2420 1497 2139 2884 2460 1625 2323 
2550 2960 1810 2440 3191- 2797 2121 2703 
2255 2058 1254 1856 2953 2380 1508 

1180 253 463 632 2588 1579 676 1614 
1010 517 620 716 2433 1404 934 1590 
1813 930 920 1221 2766 2561 1478 2268 
1533 1057 1253 1281 3307 2083 1744 2378 
1384 689 814 963 2733 1907 1208 

Spp Means"' 89 Spp Means = 135 
Pe Means = 103 Pe Means 156 
Pm Means = 82 Pm Means== 80 

Spp *** Spp * 
Pe *** Pe * 
Pm *** Pm *** 

Spp X Pe ns Spp x Pe ns 
Spp X Pm* Spp X Pm ns 
Pe· x Pm. ns. Pe X Pm ns 

Spp Means 

2543 

2280 

1963 

w 
0 
0 



Appendix 2.2: Effects of Pe and Pm on sown legume dry matter yields from three spring 

1977-78 
Species Pe 

Pml Pm2 PmO Pe Means Spp Means Prnl Prn2 PrnO 

Lotus 10 1798 1163 7 50 1237 1092 BOS 178 
25 1704 14 72 1306 1494 1118 1010 490 
50 2148 1541 1746 1812 1134 1072 670 

100 2602 2147 1803 2184 1455 1385 1754 
Pm Means 2063 1581 1401 1682 1200 1069 774 

White Clover 10 1516 569 316 800 853 530 230 
25 1396 1090 415 967 1197 682 237 
50 1637 1064 1016 1239 818 887 244 

100 1952 1593 1587 1711 775 897 553 
Pm Means 1625 1079 833 1179 911 749 316 

T. ambiguum 10 515 24 4· 315 358 539 82 14 
25 627 399 407 478 458 137 143 
50 795 752 989 846 1037 595 369 

100 1184 736 1280 1066 772 601 896 
Pm Means 780 533 748 687 702 354 356 

SEM Spp Means 67 Spp Means 58 
Pe Means 78 Pe Means 67 
Pm Means 62 Pm Means 54 

Significance Spp *** Spp *** 
Pe *** Pe *** 
Pm *** Pm *** 

Spp X Pe ns Spp X Pe ns 
Spp x Pm ** Spp X Pm ns 
Pe X Pm ns Pe X Pm * 

harvests. 

1978-79 

Pe Means Spp Means Pml Prn2 

692 2190 1567 
873 1990 1175 
959 1811 1667 

1532 2034 2187 
1014 2006 1649 

538 1536 1130 
705 1588 1221 
650 1369 1053 
742 1652 1262 

659 1536 1167 

212 1048 326 
24 6 954 4 27 
667 1026 939 
756 1682 854 

470 1178 636 

Spp Means 
Pe Means 
Pm Means 

Spp *** 
Pe ** 
Pm *** 

Spp X Pe ns 
Spp·x Pm ns 
Pe X Pm ns 

1979-80 

PmO Pe Means 

770 1509 
710 1292 

1363 1614 
109'3 1770 

984 

730 1132 
300 1037 
410 944 
933 :).282 
593 

169 514 
298 560 
649 870 
856 1131 
493 

70 
81 
59 

Spp Means 

1546 

1099 

769 

w 
0 
I-' 



Appendix 2.-3: Effects of Pe and Pm on grass dry matter yields after 

19.77-78 
Species Pe 

Pml Pm2 . PmO Pe Means . Spp Means 

Lotus 10 428 276 336 347 
25 84 7- 596 837 760 
50 439 902 735 692 

100 675 810 769 751 
Pe Means 597 646 669 637 

White Clover 10 743 512 341 532 
25 918 673 776 789 
so 1185 1586 1363 1378 

100 1019 1530 529 1026 
Pe Means 966 1075 752 931 

T. amb1guum 10 689 956 721 788 
25 492 779 434 569 
50 1098 1254 1010 1120 

100 904 592 455 649 
Pe Means 796 895 655 782 

SEM Spp Means = 91 
Pe Means = 105 
Pm Means = 56 

Significance Spp ns 
Pe ** 
Pm ns 

Spp X Pe ns 
Spp x Pm ns 
Pe X Pm ns 

oversowing with lptus, white clover or 1!. ambiguum from three spring harvests. 

l9.78-.79 

Pml Pm2 PmO. Pe .Means . Spp Means 

559 453 310 440 
1126 891 ·404 807 

775 954 816 849 
810 873 684 789 
818 793 554 721 

513 252 269 344 
695 792 640 709 

1303 1325 1367 1332 
1667 1736 873 1425 
1044 1026 787 953 

415 80 251 248 
356 178 289 274 
391 164 373 309 
403 298 168 290 
391 180 270 280 

l?PP Means = 46 
Pe Means = 53 
Pm Means = 45 

Spp *** 
Pe *** 
Pm *** 
Spp X Pe ns 
Spp X Pm ns 
Pe X Pm ns 

Pml Pm2 

455 331 
993 636 
661 888 

1062 458 
793 578 

604 560 
794 628 

1077 1176 
1058 1055 

883 855 

326 224 
375 231 
358 391 
359 307 
354 288 

Spp Means 
Pe Means 
Pm Means 

Spp *** 
Pe ** 
Pm *** 
Spp X Pe 
Spp x Pm 
Pe X Pm 

1979-80 

PmO Pe Means 

233 340 
394 674 
588 712 
760 760 
494 

539 .567 
473 632 
937 1063 
700 937 
662 

157 235 
292 299 
306 351 
322 329 
269 

= 51 
= 59 

43 

ns 
ns 
ns 

Spp Means 

622 

800 

304 

w 
0 
N 



1\ppendix 2.41 Effects o! Pe and Pm on phosphate concentrations (% P) 

1977-78 
Species Pe 

Pml Pm2 PmO Pe Means Spp Means 

Lotus 10 0.160 0.153 0.117 0.143 
25 0.157 0.157 0 .143 0.152 
50 0.193 0.203 0 .177 0.191 

100 0.287 0.263 0.257 0.269 
Pm Means 0.199 0.194 0.173 0.189 

White Clover 10 0.107 0.090 0.073 0.090 
25 0.103 0 .097 0.097 0.098 
50 0.170 0.153 0 .117 0 .14 7 

100 0.233 0.203 0.187 0.208 
Pm Means 0.153 0.136 0 .118 0.136 

r. ••biguu• 10 0.133 0 .123 0.107 0 .121 
25 0.153 0.127 0.127 0.136 
50 0 .137 0.133 0.140 0 .137 

100 0.207 0.187 0.177 0.190 
Pm Means 0.158 0.143 0.138 0.146 

SEM Spp Means• 0.004 
Pe Means • 0.005 
Pm Means• 0.003 

Significance Spp ... 
Pe ... 
Pm ... 
Spp X Pe ••• 
Spp X Pm ns 
Pe X Pm ns 

of sown legume dry matter from three spring harvests. 

1978-79 

Pml Pm2 PmO Pe Means Spp means 

0.242 0.210 O .173 0.208 
0.243 o. 2 01 0.198 0.214 
0.270 0.234 0.249 0.251 
0.368 0.291 0.296 0.318 
0.281 0.234 0.229 0.248 

0.198 0.184 0.188 0.189 
0.236 0. 201 0.191 0.209 
0.237 0.207 0.187 0 .211 
0.335 0.280 0.285 0.300 
0.251 0.218 0.213 0.227 

0.270 0.235 0.208 0.238 
0.226 0.186 0.236 0.216 
0.266 0.232 0.245 0.248 
0.326 0.325 0.287 0 .313 
0.272 0.245 0.244 0.254 

Spp Means • 0.005 
Pc Means• 0.006 
Pm .Means - 0.005 

Spp •• 
Pe ... 
Pm ••• 
Spp X Pe na 
.Spp X Pm ns 
Px X Pm ns 

1979-80 

Pml Pm2 PmO Pe 

0.295 0.284 0.206 
0.320 0.273 0.252 
0.324 0.326 0.277 
0.402 0.323 0.273 
0.335 0.302 0.252 

0.248 o. 2'4 o. 211 
0.307 0.296 0.220 
0.286 0.287 0 .224 
0. 34 8 0.332 0.259 
0.297 0.290 0.229 

0.327 0.287 0.232 
0.286 0.267 0. 227 
0.281 0.294 0.255 
0.379 0.362 0.339 
o. 318 0.302 0.263 

Spp mean11 • 0.007 
Pc Means • 0.008 
Pm Means • 0.005 

Spp • 
Pe ... 
Pm . .. 
Spp X Pe na 
Spp X Pm ns 
Pe X Pm ns 

Me.ans 

0.262 
0.282 
0. 309 
0.332 

0 .234 
0.274 
0.266 
0.3n 

0.282 
0.260 
0.276 
0.339 

Spp Me.ans 

0.296 

0.272 

0.289 

w 
0 
w 



Appendix 2.5: Effects of Pe and Pm on nitrogen concentrations (%N)of sown legume dry matter from 

1977-78 1078-89 
Species Pe 

Pml Pm2 PmO Pe Means Spp Means Pml Pm2 PmO Pe Means 

Lotus 10 3.03 3.04 2.76 2.94 3.36 3.31 3.04 3.24 
25 3.03 3.22 2.90 3.05 3.47 3.10 3.18 3.25 
50 3.20 3.28 3.03 3.17 3.58 3.51 3.40 3.50 

100 3.42 3.28 3.16 3.29 3.81 3.64 3:66 3.70 
Pe Means 3.17 3.21 2.96 3.11 3.55 3.39 3.32 

White Clover 10 2.76 2.59 2.44 2.60 3.20 3.32 3.11 3.21 
25 2.59 2.75 2.51 2.62 3.54 3.43 3.31 3.43 
50 3.28 2.96 2.63 2.96 3.50 --3.34 3.24 3.36 

100 3.25 3.29 3.22 3.25 3.99 3.99 3.85 3.94 
Pe Means 2.97 2.90 2.70 2.86 3.56 3.52 3.38 

T. ambiguum 10 2.68 2.70 2.35 2.58 3.74 3.69 3.30 3.60 
25 2.86 2.76 2.63 2.75 3.45 3.39 3.47 3.44 
50 2.69 2.67 2.58 2.65 3.81 3.70 3.29 3.60 

100 3.40 2.93 2.62 2.98 3.76 3.68 3.66 3.70 
Pe Means 2.91 2. 77 ·2. 55 2.74 3.69 3.61 3.45 

SEM Spp Means 0.038 Spp Means = 0.048 
Pe Means = 0.043 Pe Means = 0.055 
Pm Means .. 0.038 Pm Means = 0.030 

Significance Spp *** Spp ns 
Pe *** Pe *** 
Pm *** ·Pm *** 
Spp X Pe ns Spp X Pe ns 
,Spp X Pm ns Spp x Pm ns 
Pe X Pm ns Pe X Pm ns 

three spring harvests. 

1979-80 

Spp Means Pml Pm2 PmO Pe Means 

3.50 3.56 3.03 3.36 
3.69 3.46 3.26 3.47 
3.78 3. 72 3.38 3.63 
3.74 3.30 3 .oo. 3.35 

3.42 3.68 3.51 3.17 

3.75 3 r58 3.43 3.59 
3.97 3.73 3.41 3.70 
3.68 3·. 70 3.40 3 •. 60 
3.74 3.67 3.19 3.53 

3.49 3.79 3.67 3.36 

3.79 3.58 3.15 3.51 
3.33 3.58 3.14 3.35 
3.33 3.61 3.26 3.40 
3.30 3.68 3.04 3.34 

3.59 

Spp Means= 0.039 
Pe Means = 0.045 
Pm Means= 0.031 

Spp *** 
Pe ns 
Pm *** 
Spp X Pe ns 
Spp ,x Pm ns 
Pm x: Pe ns 

Spp Means 

3.45 

3.60 

3.40 

w 
0 
it:. 



Appendix 2.6: Effects of Pe and Pm on phsophate concentrations (% P) in grass dry matter after 

over sowing with lotus, white clover and T. ambiguum from two spring harvests. 

1978-79 1979-8.0 
Species Pe 

Pml Pm2 PmO Pe Me.ans Spp Means Pml Pm2 PmO Pe Means Spp Mean 

Lotus 10 0.253 0.199 0.145 0.200 0.382 0.348 0.254 0.328 
25 0.258 0.211 0.184 0.218 0.368 0.368 0.274 0.336 
50. 0.271 0.257 0.260 0.263 0.373 0.376 0.291 0.347 

100 0.398 0.318 0.349 0.355 0.450 0.428 0.313 0.397 
Pm Means 0.295 0.247 0.235 0.259 0.393 0.380 0.283 0.352 

White Clover 10 0.274 0.207 0.170 0.217 0.368 0.324 0.257 0.316 
25 0.216 0.272 0.194 0.227 0.364 0.375 0.261 0,334 
so 0.292 0.278 0.217 0.262 0.414 0.398 0.294 0.369 

100 0.396 0.359 0.300 0.352 0.453 0.423 0.308 0.395 
Pm Means 0.294 0.279 0.221 0.265 0.399 0.380 0.280 0.353 

T. ambiguum 10 0.284 0.188 0.219 0.231 0.399 0.348 0.282 0.343 
25 0.195 0.201 0.252 0.216 0.397 0.366 0.307 0.356 
50 0.271 0.294 0.193 0.252 0.426 0.429 0.342 0.399 

100 0.302 0.314 0.313 0.309 0.423 0.451 0.396 0.423 
Pm Means 0.263 0.249 0.244 0,252 0.4ll 0.398 0.332 0.380 

SEM Spp Means = 0.013 . Spp Means = 0.007 
Pe Means = 0.015 Pe Means = 0.008 
Pm Means = 0.009 Pm Means = 0.007 

Significance Spp ns Spp ** 
Pe *** Pe *** 
Pm ** Pm *** 
Spp X Pe ns Spp X Pe ns w 

0 
Spp X Pm ns Spp x Pm ns u, 

Pe X Pm ns Pe X Pm ns 



Appendix 2.7: Effects of Pe and Pm on nitrogen concentrations ( % N) in grass dry matter after 

over sowing with lotus, white clover and T. ambiguum from two spring harvests. 

1978-79 1979-80 
Species Pe 

Pml Pm2 PmO Pe Means Spp Means Pml . Pm2 PmO Pe Means Spp Means 

Lotus 10 1. 38 1.28 1. 27 1.31 1.93 1.77 1. 48 1. 73 
25 1. 42 1.35 1. 40 1.39 1. 72 1.64 1.46 1. 61 
50 1.44 1.47 1.30 1.40 1.70 1. 85 1. 79 1.78 

100 2.03 1. 61 1. 74 1.80 2.49 2.29 1. 80 2.19 
Pm Means 1. 57 1.43 1. 43 1.48' 1.96 1. 89 1.63 1. 83 

White Clover 10 1.55 1. 33 1.26 1. 38 1. 85 1. 75 1.69 1.76 
25 1.65 1. 53 1.46 1.55 1. 99 1.86 1. 59 1. 81 
50 1.68 1. 65 1.40 1.58 2.16 1. 94 1. 81 1. 97 

100 1.95 1. 72 1.63 1. 76 2.16 2.20 1.87 2.08 
Pm Means 1. 71 1.56 1.44 1.57 2.04 1.94 1.74 1. 91 

T. ambiguum 10 1.14 1.07 1. 02 1.08 1.70 1. 75 1. 66 1.70 
25 1.24 1. 23 1.18 1. 22 1.66 1.75 1. 51 1.64 
50 1.28 1.28 1.24 1.27 2.06 2.03 1.65 1.92 

100 1.46 1.28 1.47 1.40 1. 90 1.99 1. 86 1.92 
Pm Means 1.28 1. 21 1. 23 1. 24 1.83 1.88 1. 67 1.79 

SEM Spp Means = 0.03 Spp Means = 0.03 
Pe Means = 0.03 Pe Means = 0.04 
Pm Means = 0.03 Pm Means = 0.04 

Significance Spp *** Spp ns 
Pe *** Pe *** 
Pm ** Pm *** 
Spp X Pe ns Spp X Pe ns w 

0 Spp x Pm ns Spp x Pm ns °' Pe X Pm ns Pe X Pm ns 



,ppendix 2 . 8 : Effects of Pe and Pm on N/P ratios of sown legume dry matter from two spring harvests. 

1978-79 1979-80 
Species Pe 

Pml Pm2 PmO Pe Means Spp Means Pml Pm2 PmO Pe Means Spp Means 

:..otus 10 13.88 15.77 17.76 15.80 12.15 12.48 15.46 13.36 
25 14.27 15.51 16.11 15.29 11.17 12.85 12.38 12.13 
50 13.28 15.01 13. 90 14.07 11.75 11.42 13.10 12.09 

100 10.42 12.52 12.50 11. 81 9.34 10.26 11.01 10.21 
Pm Means 12.96 14.70 15.07 14.24 11.10 11.75 12.99 11.95 

White Clover 10 16.29 18.26 16.82 17.13 14.15 14.47 17.06 15.23 
25 15.03 17.21 17.53 16.59 11.74 12.88 15.87 13.49 
50 14.86 16.13 17.40 16.13 12.89 13.31 15.33 13.85 

100 11.95 14.47 13.67 13.37 10.77 11.30 12.85 11.64 
Pm Means 14.54 16.52 16.36 15.80 12.39 12.99 15.28 13.55 

T. ambiguum 10 13.85 15.72 16.32 15.29 11.24 12.46 14.45 12.72 
25 15.34 19.04 15.00 16.46 11.87 13.62 14.84 13.44 
50 14.35 15.96 14.32 14.88 12.42 12.33 12.57 12.44 

100 11.52 11.43 12.80 11.92 8.73 10.54 11.06 10.11 
Pm Means 13.76 15.54 14.61 14.64 11.06 12.24 13.23 12.18 

'SEM 
I 

Spp Means = 0.29 Spp Means = 0.32 
I Pe Means 0.34 Pe Means 0.36 = = 

Pm Means = 0.33 Pm Means = 0.24 

Significance Spp ** Spp ** 

I Pe *** Pe *** 
Pm *** Pm *** 
Spp X Pe ns Spp X Pe w ns 0 

Spp x Pm ns Spp x Pm ns -.J 

Pe X Pm ns Pe X Pm ns 



Appendix 2. 9 : Effects of Pe and Pm on N/P ratios of grass dry matter from two spring harvests. 

1978-79 1979-80 
Species Pe 

Pml Pm2 PmO Pe Means Spp Means. Pml Pm2 PmO Pe Means Spp Means 

Lotus 10 5.59 7.11 11.73 8.15 5.04 5.11 5.84 5.33 
25 5.77 6.49 24.73 12.33 4.66 4.46 5.33 4.82 
50 5.39 5.68 5.28 5.45 4.56 4.92 6.15 5.21 

100 5.11 5.05 4.97 5.04 5.52 5.47 5.89 5.62 
Pm Means 5.47 6.08 11.68 7.74 4.94 4.99 5.79 5.24 

White Clover 10 5.69 6.47 15.61 9.26 5.03 5.39 6.61 5.68 
25 12.71 5.65 7.60 8.65 5.47 4.97 6.06 5.50 
50 6.06 6.05 6.82 6.31 5.20 4.89 6.18 5.43 

100 4.89 4.75 5.49 5.05 4.74 5.21 6.30 5.42 
Pm Means 7.34 5.73 8.88 7.32 5.11 5.12 6.29 5.51 

T. ambiguum 10 4.01 9.90 4.80 6.24 4.26 5.11 5.88 5.08 
25 8.15 6.84 4.69 6.56 4.21 4.81 4.89 4.64 
50 4.82 4.29 15.18 8.10 4.90 4.73 4.83 4.82 

100 4.86 4.07 4.71 4.55 4.59 4.44 4.72 4.59 
Pm Means 5.46 6.28 7.34 6.36 4.49 4.77 5.08 4.78 

SEM Spp Means = 1.27 Spp Means = 0.12 
Pe Means = 1.47 Pe Means = 0.14 
Pm Means = 1.23 Pm Means = 0.09 

Significance Spp ns Spp ** 
Pe ns Pe ns 
Pm ns Pm *** 
Spp X Pe ns Spp X Pe ns w 
Spp X Pm Spp X Pm 

0 
ns ns co 

Pe X Pm ns Pe X Pm ns 



Appendix 2.10: Relative efficiency of P recovery (P harvested per unit P applied) in total, legume and grass dry matter from two spring harvests 

(spring 1978-79 and 1979-80). 

Total Dry Matter. Legume Dry Matter Grass Dry Matter 
Species Pe 

Pml Pm2 PmO Pe Means. . Spp Means. Pml Pm2. PmO Pe Means Spp Means Pml Pm2 PmO Pe Means Spp Means 

Lotus 10 0.227 0.261 0.317 0.268 0.151 0.174 0.192 0 .1-72 0.076 0.086 0.125 0 .096· 
25 0.214 0.189 0.191 0.198 0.124 0.105 0 .110 0.114 0.089 0.084 0.080 0.085 
50 0.139 0.179 0.179 0.166 0.089 0.107 0.108 0.101 0.049 0.072 0 .071 ·o.064 

100 0.143 0.127 0.131 0 .133 0.089 0.089 0.081 0.087 0.053 0.038 0.050 0.047 
Pm Means 0.181 0.189 0.204 0.191 0.114 0.119 0.123 0.118 0.067 0.070 0.082 0.073 

White Clover 10 0.150 0.155 0.335 0.214 0.091 0.106 0.194 0.130 0.059 0.049 0.142 0.083 
25 0.160 0.170 0.137 0.156 0.102 0.102 0.045 0.083 0.058 0.068 0.092 0.073 
50 0.141 0.178 0.142 0.153 0.058 0.065 0.027 0.050 0.082 0.113 0 .114 0.103 

100 0.131 0.140 0.088 0.119 0.056 0.055 0.040 -0.051 0.075 0.084 0.047 0.069 
Pm Means 0.145 0.161 0.175 0.161 o. 077 0.082 0.077 0,078 0.069 0.079 0.099 0.082 

T. ambiguum 10 0.123 0.059 0.137 0.107 0.081 0,032 0.042 0.052 0.042 0.028 0.095 0.055 
25 0.076 0.054 0.095 0.075 0.050 0.028 0.042 0.040 0.026 0.026 0.054 0.035 
50 0.084 0.082 0.085 0.084 0.057 0.054 0.050 0.054 0.029 0.028 0.035 0.030 

100 0 .077 0.060 0.067 0.068 0.058 0.040 0,049 0.049 0.019 0,018 0.017 0.018 
Pm Means 0.090 0.064 0.096 0.083 0.062 0.038 0.046 0.049 0.028 0.025 0.050 0.035 

SEM Spp Means = 0.010 Spp Means 0.007 Spp Means = 0.006 
Pe Means 0.012 Pe Means 0.008 Pe Means= 0.007 
Pm Means= 0.007 Pm Means ;= 0.005 Pm Means= 0.004 

Significance Spp *** ;Spp *** Spp *** 
Pe *** Pe *** Pe * 
Pm ns Pm ns Pm *** 
Spp X Pe ns Spp X J?e * Spp X Pe ns 
Spp X Pm ns Spp x Pm ns :spp x·Pm ns 
Pm X Pe *** Pe X· Pm * Pe X Pm *** 

w 
0 
\C 
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Appendix 2.11: Effects of establishment phosphate (Pe) 
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Appendix 4.1: (a) Visual scores and (b) percentage 

survival of lotus, white clover and 

T. ambiguum at 5 months after establish-

ment. Harvest date 25.5.1978. 

(a) Visual Scores 

. . . . P.e. .(kg. p -1 ha. ) . 
Legume Species 

· TO ·25· · 50 150 

Lotus 2.39 2.55 3.14 4.16 

White Clover 1.67 1.89 2.29 3.25 

T. ambiguum 1.03 1.04 1. 08 1.39 

Pe Mean 1. 69 1.83 2.17 2.93 

SEM 0.11 0.16 0.06 0.25 

Significance Spp **· Pe **· Spp X Pens. 
' 

, 

(b) Perc.e.ntage S.ur.vival. 

... Pe .(kg P. -1 ha. ) Specie_s Leg\lllle Species 
. 10 

Lotus 94.4 

White Clover 85.5 

T. ambiguum 64.8 

Significance Spp 

.. . .25 5.0 

91.7 95.3 

93.8 84.2 

68.1 73.4 

**· ' 
Pe**; 

150 . mean 

95.7 94.3 B 

95.7 89.8 B 

81. 8 72.0 A 

Spp x Pens 

Species 
· mean 

3.06 C 

2.27 B 

1.14 A 

0.14 

SEM 

0.64 

2.38 

1.86 
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Appendix 4.2: Root activities (percentage of total estimated root activities) of lotus, white clover 

and T. ambiguum at three soil depths (D) and two spacings (S) from the plants estab-

lished at two rates of phosphate. 

p p 
· 2S · · 150 

Legume Species 
Species Species Treatments D5 DlO Dl8 !:D D5 DlO Dl8 l:D 
. total-. total 

Lotus · S5 39.1 7.9 4a0 51.0 33.8 8.9 4.1 46.9 
Sl2 35.5 10.2 3.4 49.0 43.5 5.1 4.6 53.2 
I: s 74.6 18.1 7.4 100 77.3 14.0 8.7 100 

White Clover S5 50.8 13.6 13.0 77.4 35.7 10.4 7.6 53.7 
S12 11.1 6.3 5.5 22.9 30.1 6.8 8.9 45.7 
,:s 61.9 19.8 18.5 100 65.8 17.2 16.5 100 

T. ambiguum S5 33.9 10.7 21.1 65.7 32.7 11.1 29.5 73.3 
Sl2 16.2 15.9 2.6 34.6 14.6 4.8 7.4 26.8 
r: s 50.1 26.5 23.7 100 47.3 15.9 36.9 100 

D5 DlO Dl8 S5 S12 D5 DlO Dl8 S5 Sl2 

Treatment Means 31.1 10.7 8.3 21.6 35.5 31.7 7.9 10.3 19.3 14.0 
SEM 5.0 2.5 2.5 3.5 2.2 3.5 1.1 3.1 2.8 1. 5 

Significance s * spp X s ns s s ns spp X ns 
D *** spp X D ns D *** X D spp ns 

s X D ns s xD ns 

D5 DlO D18 S5 S12 D5 DlO D18 S5 Sl2 
!:Treatment means 62.2 21. 5 16.5 64.7 35.5 63.4 15.7 20.7 57. 9 41.9 

SEM 3.9 6.2 3.9 6.2 
Significance s * Spp X D * 

D *** ... spp. X s ns 
w 
I-' 
N 

' ? 
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Appendix 5.1: Dry ~atter yields of (a) total, (b} shoot, 

and (c} root from Harvest Two of nutrient 

culture experiment. 

(a} Solution p Cone. 
(pM} 

1.0 
2.0 

10.0 
50.0 

Legume means 

SEM 

'Significance 

(b} Solution P Cone. 
(pM) 

1. 0 
2.0 

10.0 
50.0 

Legume means 

SEM 

Significance 

(c) Solution p Cone. 
(pM) 

1. 0 
2.0 

10.0 
50.0 

Legume means 

SEM 

S~gnificance 
. ' .. 

Total (Shoot 
;1=~~:l) dry matter · (g P Mean 

Lotus White T. ambiguum 
-clover-

0.112 0.061 0.086 0.086 
0.225 0.095 0.114 0.144 
0.738 0.522 0.456 0.572 
0.610 0.572 0.462 0.548 

0.421 0.312 0.279 

Legume means = 0.029; P means = 0.034 

Legume 

Lotus 

0.079 
0.175 
0.521 
0.448 

0.306 

Legume 

Legume 

Root 

Lotus 

0.033 
0.050 
0.217 
0.162 

0.116 

Legume 

Legume 

** , p *** Legume x P ns .. ., 

Shoot Dry Matter 
. (.g plant-1) . 

White 
... c.lover . 

0.031 
0.051 
0.290 
0.355 

0.182 

T. ambiguum 

0.049 
0.067 
0.274 
0.291 

0.170 

means= 0.019; P means 

*** p *** Legume x P , 

-Dry Matter (g plant . } 

.White 
clover T. ambiguum 

0.037 0.029 
0.047 0 .. 044 
0.182 0.232 
0.172 0.216 

0.109 0.130 

means = 0.011; p means 

ns, p *** Legume X p ns , 

P Mean 

0.053 
0.097 
0.362 
0.364 

= 0.022 

ns 

P Mean 

0.033 
0.047 
0.210 
0.183 

= 0.013. 



Appendix 5.2: 

(a) Solution 
(pM) 

1.0 
2.0 

10.0 
50.0 

Legume means 

SEM 

Signif i.canc.e 

(b) Solution 
(fM) 

1. 0 
2.0 

10.0 
50.0 

Legume means 

SEM 

Significance 

(c) Solution 
(pM) 

1. 0 
2.0 

10.0 
so.a 

Legume means 

SEM 

Significance 
.. ' ' ... 
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Dry matter yields of (a) total, (b) shoot, 

and (c) root, from Harvest Three of nutrient 

culture experiment. 

Total (Shoot + Rooti 
p cone.·· dry matter (.g. plant- ) 

White 
p Means 

Lotus .clover T . ambiguum 

0.272 0.156 0.184 0.204 
0.504 0.278 0.425 0.402 
1. 884 1.611 1.437 1.644 
2.763 1.582 1.405 1.917 

1.356 0.907 0.863 

Legume Means = 0.063; p means = 0.073 

Leg.ume .*.*.*.,. P .. *.**.,. Legume X p *** 

........ 

... Shoot Matter .Cg. -1 
P. Dry plant ) cone. p Means 

Lotus White 
ambiguum clover T. 

0.176 0.087 0.098 0.120 
0.379 0.153 0.204 0.245 
1.345 1.055 0.781 1. 060 
2.047 1. 041 0.820 1. 303 

0.987 0.584 0.476 

Legume means = 0.041; p means = 0.048 

Legume ***· p ***· Legume X p *** , , 

-.Root Dry Matter (g plant 
P. cone. White 

p Means 
Lotus .clover T • ambiguum 

0.097 0.069 0.086 0.084 
0.125 0.125 0.221 0.157 
0.539 0.557 0.656 0.584 
0.716 0.651 0.585 0.614 

0.369 0 .-323 0.387 

Legume means = 0.025; p means = 0.028. 

Legume ns, p *** Legume X p ns , 
. . . . ' . ' ' ' ........ . . . . . ' ... ' ... 



Appendix 5. 3: Phosphate concentration (% P) from Harvest Two of 

nutrient culture experiments. 

Solution p Cone. Lotus 
White 

T • ambiguum P Means 
.(p.M). . . .c.l.ov.er 

1.0 0.119 0.189 0.155 0.154 

2.0 0.097 0.1$5 0.174 0.152 

10.0 0.154 0.180 0.229 0.188 

50.0 0.546 0.951 0.941 0.812 

Legume means 0.229 0.376 0.375 

SEM Legume means = 0.011; P means = 0.013 

Significance Legume *** p *** Legume x P *** , , 



Appendix 5.4: Shoot relative growth rate (RGR) between 

{a) Harvests One and Two and {b) Harvests 

Two and Three (g per 100 g per day) . 

(a) Solution p Cone. Harvests . 1 - 2. 

(pM) Lotus White 
. . T. ambi.g.uum ·clover·· 

1.0 4.32 3.65 6.84 

2.0 9.13 2.71 4.87 

10.0 11.35 7.36 8.62 

50.0 6.11 8.05 10.05 

Legume means 7.73 5.44 7.59 

316 

p Mean 

4.93 

5.57 

9.11 

8.07 

SEM Legume means = 1. 03: p means = 1.19 

Significance Legume ns, p ns, Legume X p ns. 

(b) Solution p Cone. · . . . . . . . . (i.Larve sts 2-3) 
p Mean 

(pM) Lotus. White .T., amb.i guum cl·over 

1. 0 11.95 14.80 10.04 12.26 

2.0 11. 89 16.19 15.72 14.59 

10.0 13.47 18.64 14.74 15.61 

50.0 22.65 15.43 14.81 17.63 

Legume means 14.99 16.26 13.82 

SEM Legume means = 1. 29: P means= 1. 49. 

Significance Legume ns, p ns, Legume X P ns. 
...... " 
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Appendix 5.5: Top/root (dry we~ght basis). from 

(a) Harvest Two and (b) Harvest Three . 
. , .. 

(a) Solution p Cone.· . .. Cut .Two 
p Mean . (pM) 

Lotus White 
T . ambiguum . . . c.l.over. 

1.0 2.42 1.08 1.33 1. 61 

2.0 3.41 1.15 1.47 2.01 

10.0 2.45 1.38 1. 52 1. 78 

50.0 2.82 1.66 1. 70 2.06 

Legume means 2.77 1.30 1. 51 

SEM Legume means = 0.06; P means = 0.07. 

Significance Legume *** p *** Legume X p *** ' ' 

Cut Three 
(b) Solution p Cone. White P Means 

(pM) Lotus .c.l.over. T • ambiguum 

1. 0 1. 91 1. 26 1.15 1. 44 

2.0 3.03 1.23 0.95 1. 74 

10.0 2.58 1.88 1.18 1.88 

50.0 2.88 1. 94 1. 46 2.10 

Legume means 2.60 1. 58 1.19 

SEM L~gume means = 0.07; P means = 0. 08. 

Significance Legume *** p *** Legume X p *** ' ' 



Appendix 5.6: -1 Shoot P utilization for Harvest Two (g DM mg atom P). 

Solution p Cone. Lotus White 
ambiguum 

(pM) clover T. 

1.0 8.44 5.39 6.58 

2.0 10.35 5~58 5.76 

10.0 6.64 5.55 4.99 

50.0 1. 84 1. 06 1. 07 

Legume means 6.81 4.39 4.60 

SEM Legume means = 0.24; P means = 0.28 

Significance Legume *** p *** Legume X p ** , , 

p Means 

6. 80 

7.23 

5.73 

1. 32 

w 
I-' 
CX) 



Appendix 5.7: Shoot and root dry matter content (%) from (a) Harvest Two and (b) Harvest Three. 

(a) Solution P 
cone. (pM) 

1. 0 
2.0 

10.0 
50.0 

Legume means 

Shoot Dry Matter Content 
( % ) 

Lotus 

21.8 
23.5 
22.4 
20.5 

22.0 

White 
clover 

18.5 
17.3 
15.3 
14.3 

16.4 

T. arnbiguum 

22.4 
23.1 
21.2 
18.2 

21. 2 

P Means 

20.9 
21. 3 
19.6 
17.7 

SEM Legume means= 0.38; P means= 0.44 

Significance 

(b) Solution P 
cone. (pM) 

1. 0 
2.0 

10.0 
50.0 

Legume means 

Legume***, P ***, Legume x P ns 

Shoot 

Lotus 

23.2 
26.9 
26.0 
27.6 

25.9 

Dry Matter 
(%) 

White 
clover 

17.6 
19.3 
21.0 
18.6 

19.1 

Content 

T. ambiguum 

26.5 
26.3 
24.3 
22.0 

24.8 

p Means 

22.4 
24.2 
23.8 
22.7 

SEM Legume means= 0.9; P means= 1.06. 

Root Dry Matter Content 
( % ) 

Lotus 

8.3 
9. 3 
6. 9 
4.6 

7.3 

White 
clover T. ambiguum 

8.4 
7.6 
6. 0 
5.6 

6. 9 

11.6 
13.0 
11.2 

9.5 

11. 3 

P Means 

9.4 
9. 9 
8. 0 
6.6 

Legume***, P ***, Legume x P ns 

Root Dry Matter Content 
(%) 

White P Means 
Lotus clover T. ambiguum 

15.3 13.4 18.8 15.9 
13.5 13.9 20.0 15~8 

7. 9 8.4 13.2 9. 8 
6.7 8.4 12.8 9.3 

10.9 11. 0 16.2 

Significance Legume***, P ns, Legume x P ns. Legume***, P ns, Legume x P ns. 

w 
I-' 
I.O 
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