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ABSTRACT 

A low occurrence of white clover in pastures contributes to soil nitrogen (N) deficiency 

and a low quality feed for stock. There is evidence to suggest that competition for soil 

phosphorus (P) from roots of browntop plays an important role in determining the 

distribution of white clover in hill country swards. However, competition for soil P 

between roots of browntop and white clover has not been studied separately from other 

factors known to affect the growth and persistence of white clover (e.g., soil moisture, 

grazing management, shoot interferences (shading and physical impedance), and non­

competitive root interferences). 

In hill country pastures, P level (phosphorus fertilisers), and defoliation (grazing 

management), are the main factors that can be changed by farmers to alter pasture 

botanical composition. The high cost of superphosphate has limited the potential of 

farmers to manipulate pastures using fertiliser applications. Therefore, it is important to 

know whether roots of browntop compete with roots of white clover for soil P, and 

whether a low supply of soil P will contribute to more severe competition from browntop 

roots. The possibility of non-competitive interferences occurring between roots of 

browntop and white clover must also be considered. How defoliation alters the balance 

of P acquisition between roots of brown top and white clover needs to be determined. 

Three techniques were employed to examine the nature of root interferences occurring 

between browntop and white clover: plant strategies; dual P isotope labelling; and a 

mor�. traditional competitive settings trial using aerial partitions. Plant growth and root 
I 

interferences were studied at a range of levels of soil P supply. Responses of growth 

and phosphorus uptake of brown top and white clover to increasing soil P supply were 

examined first, in the glasshouse, by growing monocultures of browntop and white 

clover in pots. 

Two mini-sward trials (one at deficient soil P supply, the other at adequate to luxury soil 

P supply) were carried out in the glasshouse to allow examination of root interactions 

(without shoot interactions). The basis of the experimental design was to determine the 

relative amounts of phosphorus-32 and -33 absorbed by a central row of plants (either 

browntop or white clover) from two adjacent soil spaces, one dominated by white clover 

roots, the other by browntop roots. 32p was injected into the soil on one side of the 

central row of plant;,
-
and 33p into the other side. 32p and 33p uptake was assessed 

by harvesting the shoots of the central plants, and counting the two isotopes. 
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The competitive settings type trial compared the growth and P uptake of a single central 

plant in a small pot (no interference with other plants) with a central plant in a larger pot 

grown with roots associated with roots of plants of the same species (intraspecific 

association), or of the other speCies (interspecific association). Shoots of the central 

plant was separated from the shoots of outer plants by an aerial partition. 

The growth of browntop and white clover, and the nature of root interferences occurring 

within and between the two species was dependent on the level of soil P supply. 

However, the higher root density and specific root length (SRL) of browntop compared 

with white clover appeared to be the most important factor determining the success of 

browntop at all levels of soil P supply, regardless of whether or not browntop was 

grown with white clover. 

According to the plant strategy theory of Grime, brown top was found to be a stress 

tolerant plant. At low levels of P �up ply, the lower growth rate of browntop compared 

with white clover would be an important factor contributing to the dominance of browntop 

in hill country pastures. At adequate to luxury levels of soil P supply, shoot growth of 

browntop was more responsive than white clover, and browntop was capable of 

luxury consumption of P. The high growth rate and large demand for P contributed to the 

competitiveness of browntop at high P supply. However, the lower demand for P by 

white clover, and the high P supply may have enabled white clover to avoid 

competition with browntop. 

\ 
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On unamended subsoil, browntop reduced P acquisition by white clover roots, and had 

a greater P uptake in the presence of roots of white clover than with roots of other 

browntop plants. Therefore, evidence of root competition for soil P from browntop with 

white clover was found. The competitive effect of brown top appeared to be due to 

browntop decreasing the availability of P in the soil, explained by browntop's ability to 

acquire more radioactive P from the soil than white clover. 

At low P supply (subsoil), P application, but not defoliation of browntop, reduced the 

competitiveness of brown!op. At adequate P supply, the ability of browntop to acguire 

P was reduced by defoliation. The effect of defoliation was rapid (four days), and 

browntop was able to acquire P isotope to higher concentrations in the shoots than 

when undefoliated. Possibly the reduction of root competitiveness of browntop may be 

short-lived. 

ii 



Some interference, other than root competition, was occurring at intermediate to luxury 

levels of soil P supply, and may have masked the competitive effects of browntop. 

White clover appeared to benefit for P acquisition from growing with browntop, due to 

greater local root density compared with when growing with other white clover plants. 

Therefore, brown top and white clover appeared to gain mutual benefit for P acquisition 

from the presence of roots of the other species, and the competitive effects of brown top 

were not of overriding importance. The possibility of autotoxicity of white clover on its 

own root growth was discussed in relation to rhizosphere acidity effects on the toxicity 

of phenolics. 

At adequate to luxury levels of soil P supply, neither undefoliated browntop nor 

undefoliated white clover benefited from defoliation of adjacently growing white clover 

plants. However, at lower P supply, defoliation of white clover led to an increased P 

isotope acquisition by nearby browntop plants. Therefore, defoliation reduced the 

demand for soil P by white clover. Roots of browntop were not as tolerant of defoliation 

as white clover. 

In the field, the mat forming behaviour of browntop, physically impeding the growth of 

white clover and shading white clover stolons, would reduce the severity of competition 

for soil P between roots of browntop and white clover. Overall, root competition for P 

from browntop with white clover was found not to be as imp�rtant as previously 

thought. 
' 

\ 
The u'se of several experimental techniques allowed a clearer picture of the interferences 

that occur between browntop and white clover to be obtained. The nature of root 

interference changed with increasing P supply. The respon_ses of browntop and white 

clover to increasing P supply was found to be enlightening when the plant strategy 

theory of Grime was used to compare browntop and white clover. However, lhe dual P 

isotope technique found plant interferences that were not detected by the other methods 

used (P response and competitive settings trial}, and allowed interferences that were 

occurring simultaneously to be elucidated. 
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CHAPTER ONE 

RESEARCH OBJECTIVES AND REVIEW OF LITERATURE 

1 .0 Introd uction and resea rch objectives 

Hi l l  country pastures are generally n itrogen (N) deficient (Luscombe 1 98 1  ). 
Contributing to this N deficiency is the low occurrence of white clover in h i l l  
country swards. 1 t  is desirable to maintain white clover in pastures because i t  
provides high qual ity feed and fixed n itrogen. 

White clover commonly contributes a proportion of less than five percent to h i l l  
country swards (Suckling 1 964; Brougham et al. 1 974; Lambert et al. 1 983) . 
The persistence and productivity of white clover in hi l l  country is affected by 
many interacting factors, including soil fert i l ity {Edmeades et al. 1 984) , other 
species present (Mouat and Walker 1 959a), grazing pressure (Lambert et al. 

1 983; Sheath and Boom 1 985a), low pH/aluminium toxicity (Edmeades et al. 

1 984) , and moisture stress {Sheath and Boom 1 985b). 

H i l l  country farmers rely on management strategies to maintain white clover in 
their pastures to provide fixed N because N ferti l iser appl ication is expensive, 
and inefficient. White clovers oversown into hi l l  country 'pastures in New 
Zealand, such as Grasslands Huia wh ite clover, have been bred to perform 

I 

well in low-land pastu res (White 1 990), under conditions of h igh fert i l ity 
(Lambert et al. 1 986) and h igh util ization with optimum high stocking rates 
(Suckl ing 1 964), a lthough Grasslands Tahora was bred for moist h i l l  country 
(Langer 1 990) . A problem faced by hi l l  country farmers is that oversown white 
clovers tend to be replaced by smaller leaved resident white clovers that are 
better adapted than Grasslands Hu ia to h i l l  country conditions (Macfarlane 
and Sheath 1 984). These resident clovers tend to be of lower productivity, but 
are stimu lated by appl ied fertilisers (Macfarlane and Sheath 1 984). 

The low percentage of white clover in hi l l  country swards tends to be 
correlated with the presence of browntop and other low fertility tolerant 
grasses (Harris 1 974). However, correlation of the ecological d istribution of 
wh ite clover with soil factors, and associations between species, does not 
proyide information about the exact mechan isms of interference occurring 

· -- between plant growth factors and between plant roots. 
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There is som e  evidence to suggest that competition for soil P from browntop 
may play an important role in the d istribution of wh ite clover (Jackman and 
Mouat 1 970, 1 972a) . Jackman and Mouat (1 972a) found that wh ite clovers 
grown with browntop, required more ferti l iser P to attain the same dry matter 
yield as white clover grown alone. However, other factors known to affect the 
growth and persistence of white clover, and to interact with root competition for 
soil P ,  were not separated from the effects of direct root competition . Also, the 
intra- and interspecific interferences of browntop and white clover have not 
been fu l ly examined concurrently, making previous studies on competition for 
soil P between browntop and wh ite clover d ifficult to interpret. 

Harris ( 1 974) argued that factors other than root competition for soi l P are of 
greater importance in the interference between browntop and white clover. In 
particu lar, soi l  moisture supply and grazing management are known to be of 
sign ificance. Also worthy of note is the abil ity of browntop to physical ly impede 
the spread of white clover, and to shade white clover stolons through the 
formation of a thick mat of l ive and dead shoot material (Jackman and Mouat 
1 970; Harris 1 97 4). 

Defol iation (grazing) is known to affect the nature of interference occurring 
between plant roots. The preferential defoliation of one plant may lead to a 
greater competitive advantage for uptake of P from a l imited supply by a 
neighbouring plant (Caldwel l  et al. 1 987). A greater proportion of white clover 
is grazed th�n is found in the pasture (Brougham 1 966). The sign ificance of 
this in relatio'n to competition for soil P between roots of browntop and wh ite 
clover is not known. 

The m ain objective of this investigation was to explain the effects that various 
management strategies ( i .e. , ferti l iser application and grazing m anagement) 
are known to have on the productivity and persistence of wh ite clover in h i l l  
country pastu res, which are usual ly browntop dominant. The growth of white 
clover and browntop was examined in relation to P level and defol iation . �hite 
clover and browntop are major constituents of h i l l  country pastures and P level 
(through the use of superphosphate), and defoliation (through grazing and 
management) , are usually the factors able to be manipulated by farmers to 
bring about changes in the-botanical composition of pastures. The decrease in 
superphosphate appl ied in recent years.due to h igher costs and lower returns 
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(Langer 1 990) has further l imited farmers' potential capacity to manipu late 
their pastures. 

The specific aims of this study were to test the hypotheses that: 
[ 1 ] browntop and white c lover roots compete directly for soil P at l im ited 
s upply, 
[2] applications of fertil iser P to the soi l  al leviate competition for P between 
browntop and white clover, 
[3] interference, other than competition for soil P, plays a role in determ in ing 
the success of browntop and white clover when grown in mixtures, and 
[4] defol iation alters the balance of interferences occurring between roots of 
browntop and white clover. 
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1.1 Hi l l  cou ntry pastu res in  New Zea land 

Nearly 5 m il l ion ha of the 1 4  mil l ion ha of pasture in New Zealand is on 
unploughable hi l l  country (Langer 1 990). H il l  country farm ing makes a 
significant contribution to the New Zealand economy; of around $1 000 m il l ion 
a year in export earnings (Shimmins 1 982) . In most cases production from 
these pastures cou ld be greatly improved. The major l imitations to steep hi l l  
country production are soil moisture, soil fert i l ity, temperature, and grazing 
management (Chapman and Macfarlane 1 985). White clover provides high 
qual ity feed and, more importantly, fixed n itrogen (N) .  Yet, the proportion of the 
sward composed of white clover is commonly less than five percent (Suckl ing 
1 964; Brougham et al. 1 974; Lambert et al. 1 983) . Ferti l iser programmes are 
a imed at ensuring vigorous clover growth to encourage increased dry matter 
production from h igh producing companion grasses (e.g. , perenn ial ryegrass) 
as a resu lt of nitrogen fixation by the clovers (Sh imm ins 1 982) . 

Phosphorus (P) and n itrogen (N) deficiencies are common on most North 
Island hi l l  country soi ls (Suckl ing 1 975; Chapman and Macfarlane 1 985) . 
However, in recent years much less superphosphate has been applied to 
pastures, especial ly to low producing h i l l  country. The average annual 
application of fert i l iser on sheep and beef farms has decreased from 21 kg 
appl ied/stock un it for the 1 975- 1 980 period to only 9 kg appl ied/stock unit for 
the 1 985- 1 988 period (New Zealand Meat and Wool Board 1 988) . This was 
due to lower prices for meat and wool, h igher costs and removal of subsidies 
on fert i l iser (Langer 1 990) . Some farmers are turning to rock phosphate as a 
cheaper source of P. There is concern that the quality of pastures wi l l  
deteriorate with low fert i l iser P inputs, with an  increase in  the low producing, 
low ferti l ity-tolerant grasses component and a decrease in h igh producing 
grasses and legumes (Luscombe et al. 1 981 ) .  Ferti l iser programmes should 
aim at maintaining a good species composition once the pastu re has been 
established by oversowing. 

Soi l moisture deficits affect pasture production on a l l  brown-grey and yel low­
grey earths, and sometimes on yellow brown earth soils (Langer 1 990). This is 
related to the cl imatic zones in which these soil types are located. The severity 
of th is deficit depends on the aspect, with steep northerly faces being much 
drjer than southerly faces, due to prevail ing north-west winds (Langer 1 990). 
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This effect of aspect is also accentuated by the greater amount of solar 
radiat ion on north-facing slopes. 

Browntop, a low ferti l ity-tolerant grass (Lambrechtsen 1 986), has been 
recogn ised as an important component of New Zealand h i l l  country pastures 
for many years (Hi lgendorf 1 9 1 8) .  A h igh frequency of occurrence of browntop 
on h i l l  country has been recorded in the Manawatu (81 %  and 87% mean 
frequency of occurrence in early spring and summer, respectively), (Brougham 
et al. 1 974), with a large variation of occurrences between farms depending 
on management practices, soil fertil ity, aspect and moisture conditions. 
Browntop is essentially a dryland species, but it is also tolerant of moist soils 
(Lambrechtsen 1 986; Grime et al. 1 988). White clover tends to occur where 
soil fert i l ity is h igh and soils are moist (Scott et al. 1 985) and surveys have 
shown that a high component of browntop and other low ferti l ity-tolerant 
g rasses in pastures is associated with a low occurrence of white clover 
(Suckl ing 1 964; Brougham et al. 1 974) . Oversowing and top dressing have 
been used to improve browntop-dominated pastures, with a corresponding 
increase in ryegrass and white clover content and pastu re production 
(Suckl ing 1 964 ) . 

Many researchers have found evidence to suggest that competition for soi l P 
from browntop partly explains the low frequency of white clover in h i l l  country 
pastures, because browntop has a greater capacity than white clover to 
reduce soi l. solution P concentrations (Mouat 1 983b). However, other factors 
{shading, soi l  moisture supply, and defoliation) which affect the acquisition of 
soil P by plants have also been involved, making interpretation of these 
experiments d ifficu lt. The mechanisms of interference occurring between roots 
of browntop and white c lover are poorly understood, and further research is 
requ i red to e luc idate the true nature of the mechanisms involved, as dist inct 
from the plant responses to root interference. 
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1 . 1 .1 Effects of management practices and environment on the 
botanical composition of hi l l  pastures 

Differences in botan ical composition between pastures are a reflection of the 
environment and management practices. 

There are three main environmental factors known to influence botan ical 
composition of pastures: interference between plants (e.g . ,  shading), stress 
(e.g . ,  m oisture, nutrient supply) , and disturbance (e.g . ,  defol iation, treading) 
(Grime 1 979; Lambert et al. 1 986). 

Besides the seasonal and annual changes in pasture botan ical composition, 
brought about by differences in growth patterns of species in response to 
seasonal conditions of temperatu re and rainfal l ,  longer term changes in 
pasture composition occur (Brougham et al. 1 978) . As pastures deteriorate 
and the legume component decreases, the component of low ferti l ity-tolerant 
grasses increases, causing a decrease in total production under the same 
condit ions of management practices, and an increase in the phosphorus 
ferti l iser requirements to ach ieve the same level of herbage production 
(Edmeades et al. 1 984) . lt is desirable to have a greater proportion of ryegrass 
than brown top in h il l  country swards, as pasture production is usually greater 
in ry�grass swards (Grant et al. 1 981 ) .  However, fert i l iser applications 
required to maintain ryegrass are rarely appl ied. 1t may be more desi rable to 

' 

aim at introducing and maintain ing pastures based on more productive, bred 
lines of p lants al ready well adapted to conditions found on low ferti l ity h i l l  
country, such as browntop (Rumball and Claydon 1 9_90) . 

Appl ications of phosphorus fertilisers to hi l l  country pastu res generally lead to 
in itia l  increases in the proportion of legume in a pasture (Edmeades et al. 

1 984; Lambert et al. 1 986). Then a decrease in the legume content occurs as 
a result of increased competition from h igh-ferti l ity grasses growing under 
conditions of increa�ed soi l  N availabil ity due to cycling of n itrogen fixed by 
the legumes (Lambert et al. 1 982; Lambert et al. 1 986) . In itial application·s of 
phosphorus fert i l isers also increase the ryegrass content of pastures, and 
decrease the content of low fertil ity tolerant grasses (e.g . ,  browntop, sweet 
vernal ,  crested dogstail) (Suckling 1 975; Lambert et al. 1 986). 
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Grazing management effects on botan ical composition interact with the effects 
of ferti l iser applications (Lambert et al. 1 986) . One notable effect of grazing 
m anagement is that a change from sheep to cattle grazing encourages 
ryegrass and clover dominance, particularly where severe treading damage 
occurs (Lambert et al. 1 986). This was considered to be due to the abil ity of 
white clover to quickly colonise bare ground, and the abil ity of ryegrass to 
tolerate severe treading damage. 

Set stocking produces more weedy pastures than rotational grazing (Harris 
1 974; Lambert et al. 1 986). Browntop is known to invade h i l l country pastures 
under c lose cont inuous grazing more rapidly than under lax rotational g razing, 
because browntop is suppressed by interspecific shading under infrequent 
grazing (Harris 1 974) .  Thus, the rate of ingress of browntop into pastures can 
be partly controlled by increasing the intervals between defoliat ions (Harris 
and Thomas 1 972). 
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1 .2 Biology of browntop and white clover 

In  order to u nderstand the ways in which browntop and white clover interact 
with each other in m ixtures, a knowledge of the biology of these two species is 
req u ired. 

1 .2.1 Biology of browntop 

Browntop (Agrostis capillaris L.) is a perenn ial grass that is commonly found in 
New Zealand h i l l  country pastures. lt was originally sown as a pasture 
species, but has long been recognised as h indering the production of stock 
grazed on h i l l  country pastures because of its low palatabi l ity (H i lgendorf 
1 91 8). Despite th is, browntop is wel l  adapted to the harsh conditions that exist 
in h i l l  country, such as low ferti lity, and is tolerant of both wet and dry soil 
cond itions (Lambrechtsen 1 986; Grime et al. 1 988) . In many cases, browntop 
reduces erosion on steep slopes. 

The leaves are short, narrow, g labrous, a dark blu ish-green colour, and have 
a du l l  su rface. Browntop is self-propagating and spreads by rh izomes 
(Lambrechtsen 1 986) . Often the rhizomes occur on the soil surface and are 
m istaken for stolons. The rhizomatous  and prostrate growth habit (Langer 
1 990) enables this grass to form a dense mat. Occurring at the nodes of the 
rhizo�es a re small scale leaves from which til lers arise in axi l lary buds 
(Langer 1 990). Adventitious roots also arise from the nodes. These roots are 
fine and fibrous. A complete new plant with leaves and roots can be produced 
from a portion of the stem contain ing a node. Browntop's tolerance to grazing 
is due to th is method of propagation and the fact that the stem apex is close to, 
or under the soil surface. This enables the plant to escape serious damage 
even under conditions of severe grazing. The thick mat also tends to shade 
out more productive species. In particular, the stolons of white clover plants 
are shaded (Jackman and Mouat 1 972a). 

1 .2.2 Biology of white clover 

White clover ( Trifolium repens L.) is a perennial legume. lt p rovides h igh 
quality feed and fixes atmospheric N, which is ult imately avai lable to grasses. 
White clover is the most commonly used pasture legume in N ew Zealand 
(Horn and H il l  1 985). Like browntop, white clover has a prostrate growth habit. 
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The primary tap root is lost once plants are establ ished and have spread 
through horizontal creeping stems or stolons. The stolons grow out from buds 
in the axil of c rown leaves, and node leaves and adventitious roots arise from 
nodes of the stolons (Langer 1 990). Wel l  rooted stolons are not easily pul led 
out from the soi l  and enable white clover plants to survive serious damage 
from g razing. The small leaved •wild" types of white clover are particu larly 
prostrate (Caradus 1 98 1 a), but are relatively low yielding compared with 
introduced varieties (Langer 1 990). Yet these smal l  leaved populations 
collected from New Zealand h ill country have been shown to persist and grow 
better than larger leaved white clovers (e.g . ,  Pitau, Ladino, and H u ia) in h i l l  
country pastures (Caradus 1 981 a). Caradus  ( 1981 a) attributed the superior 
performance of h i l l country white clover types to the more prostrate growth 
habit and the less tap-rooted, shallower, more fibrous root system that wou ld 
be better adapted to soi ls of low ferti l ity. 

1 .2.3 Root properties of browntop and white clover 

The roots of browntop and white clover are qu ite d ifferent. Browntop roots are 
fine, with few roots greater than 1 mm in d iameter, wh i le white clover roots are 
coarse. Caradu s  ( 1 980) found that browntop roots were longer than white 
clover roots and that the weights of roots of browntop and white clover were 
simi lar when harvested 24 weeks from sowing. Therefore browntop roots had 
a greater surface area than white clover roots, as was substantiated by the 

I 
findings of ·;Evans ( 1 977) (Table 1 . 1 ). Simi larly, root hair lengths of browntop 
and white clover have been found to be around 0.5 and 0.25 mm ,  respectively 
(Caradus  1 980). Evans ( 1 977) found simi lar root hair lengths to those 
measured by Caradus ( 1 980) . Details of m any root properties of browntop and 
white clover are g iven in Table 1 . 1 .  These data indicate that the exploratory 
capacity of browntop roots is far greater than that of wh ite clover roots (Evans 
1 977) . The total P uptake per unit length of root of white clover has been found 
to be around fou r  t imes that of browntop when grown in monocu ltu res in pots 
in a g lasshouse for 24 weeks at soil Truog P levels of 8.8 and 1 6.0 ppm, 
because white c lover retained more P in the roots (Caradus 1 980). 
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Table 1 . 1 Root properties of browntop and white clover plants grown on sand 
in pots in the g lasshouse, with basal nutrients suppl ied (Evans 1 977) . 

Root property Wh ite Clover Browntop 

Length of root per 

un it root dry weight 27.6 49.8 
(cm/m g) 

Mean root diameter 

(mm) 0.26 0. 1 6  

Surface area per unit 

root d ry weight 227 240 
(mm2/mg) 

Apices per unit 

length of root 0.51 0 .73 
(mm-1) 

Root hai r length 

(mm) 0.23 0.68 

Percentage of roots 
I 

With root hairs 68 9 5  
Su rface a rea of root 

hair cyl inder 490 2 1 90 
(mm2/mg root d ry -

weight) 

Volume with in root 

hai r  cyl inder 68 824 
(mm3fmg root d ry 

weight) 
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1 .3 Factors affecting P uptake by plants when grown in 
assoc iation with other plants 

' 

j .3.1 Soil properties 

The rate of phosphate uptake by plant roots is affected by the concentration of 
phosphate in  the soi l solution (Russell 1 973) , and in particular, in the 
rhizosphere. The concentration of phosphate in the soil solution , and the rate 
at which it d iffuses towards root surfaces is affected by the properties of the 
soil (Nye and Tinker 1 977). Mass flow of phosphate towards roots is m inimal 
due to the extremely low concentrations of P in soil solution (Nye and Tinker 
1 977; Marschner 1 986) . Soil properties that affect the concentration of P in the 
soil solution include phosphate adsorption capacity, soil pH, and the soil 
moisture content. 

1.3. 1 . 1  Phosohate adsorption and buffer capacitv of soil 

Adsorption is the process of removal of phosphate ions from the soil solution 
by retention at the soil surface. A soi ls' abil ity to sorb P affects the 
concentration of P in the soil solution, and therefore the d iffusion coefficient of 
P, which in  tu rn determines the supply of P at the root surface (Nye and Tinker 
1 977; Nye 1 979). The phosphate buffer capacity helps to exp.la in differing P 
uptake patterns from different soils containing simi lar amounts of labile P 
(Bache 1 988). The phosphate buffer capacity (ACIACI ) of a soi l can be 
determ ined · from its phosphate adsorption/desorption isotherm (Vaidyanathan 
and Nye 1 970) . 

The phosphate buffer capacity affects the radius of the depletion zone that 
exists around P-absorbing roots by influencing the rate of d iffusion of P in the 
soil solution (Nye and Tinker 1 977). The average spread of the depletion zone 
around roots (not including root hairs) l'-'(D. t)], for a given length of t ime in 
seconds, can be calculated using the equation D = Dl .fJ. fi . (ACf/AC) (refer to 
Section 3.2.8 for detai ls) to calculate the effective diffusion coefficient, D 
(Brewster et al. 1 976; Grinsted et al. 1 982). 

The phosphate buffer capacity of the soil also affects the likelihood of 
competition for soi l P occurring betwe�n individual roots. However, it is not 
�nough to demonstrate that an ion l im its growth to prove that competition for 
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that ion exists. Firstly, the supply of the ion at the root surface must not arrive 
by mass flow at a rate faster than required by the plant, and secondly, 
depletion zones around roots must be wide enough to overlap (Grinsted et al. 
1 982; Fitter and Hay 1 987) . Mass flow of phosphate in soil is negligible (Nye 
and Tinker 1 977) and diffusion of phosphate in soils is slow, so that in a h il l  
country pasture in New Zealand, the supply of P at the root surface is unl ikely 
to exceed demand. Whether or not root P depletion zones overlap depends on 
root density. The l ikelihood of this happening can be est imated for roots 
(excluding root hairs) if the root densities in the soil are known, by comparing 
half the average distance between roots (assum ing completely random 
distribution), with the spread of the depletion zones around each root. 

1 .3. 1 .2 Soil oH 

The effects of soil pH on the availabil ity of phosphate are complex, and d ifficult 
to predict. Whether acidification of the rhizosphere wil l increase the avai labil ity 
of P to the plant wi l l  depend on the m ineralogy of the particular soil on which 
the plant is growing. Some researchers have found that increasing the soil pH, 
d imin ishes the level of P sorption in soil (White 1 987) , wh i le others have found 
that acidification (decreasing soi l  pH) shifts the sorption equi l ibria of 
phosphate so as to increase the concentration of phosphate ions in the soil 
sol ution (Haynes 1 982; Robinson 1 991  ) .  

I 
The effect of increasing soil pH in decreasing P sorption has been explained 

l 

in terms of soil surfaces becom ing more negatively charged, and therefore 
less l ikely to sorb negatively charged phosphate ions (Hingston et al. 1 968, 
1 972) . However, it seems that the effects of soil pH on phosphate sorption 
depend on the properties of the particular soil in question. For example, in 
calcareous and alkaline soils high in P, the solubil ity of insoluble calcium 
phosphates increases as soil acidity increases (pH falls) (White 1 987). In  
contrast, in soils with sign ificant amounts of free alum inium and i ron oxides, or  
fert i l ised acid soils with FeP04.nH20 and AIP04.nH20 present, P solubil ity 
increases as soils become less acid (pH rises) (White 1 987) . 

There is good evid_�nce that increasing soil acidity leads to an increase in the 
concentration of solubil ised acid-soluble and residual P in the soil solution, 
but not exchangeable forms of P (Hedley et al. 1 982b; Moorby et al. 1 988) . 
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1 .3. 1 .3  Soil moisture content 
. .  

As soil moisture is depleted from a soil, the d iffusion path for phosphate to root 
surfaces becomes more tortuous, s lowing down the rate of replenishment of 
phosphate in the depletion zone (Russell 1 973; Nye and Tinker 1 977). Low 
and Piper ( 1 960) found on a clay loam soi l  with a wilting point and field 
capacity of 1 5  and 33 g H20/1 00 g oven dry soi l ,  respectively, that the P 
concentration in both wh ite clover and perennial ryegrass were affected by 
soi l moisture. I n  ryegrass, an increase in %P occurred with increasing soil 
m oisture from 2 1  to 67 g water/1 00 g soil at the same level of soil P supply 
(Low and P iper 1 960) . I n  contrast, the P concentration of white clover 
increased with increasing soil moisture up to 54 g water/1 00 g soil, and then 
decreased at h igher levels of soi l  moisture (Low and Piper 1 960) . 

The findings of Jackman and Mouat (1 972b) suggest that browntop may have 
the abi l ity to indirectly reduce the availabil ity of P to white clover by increasing 
the rate of soi l drying. Soi l  moisture contents in a field trial have been found to 
be lower in the top 25 mm of soil when white clover plants were grown with 
browntop compared with when wh ite clover monocultures were grown, 
s uggesting that browntop accelerates the rate of moisture loss from soi l  
(Jackman and Mouat 1 972b). Whether this is a property specific to browntop 
or if it would have occu rred with other grasses is not known. In any case, the 
valid ity of th is finding can be questioned, as the herbage dry matter production 

i 
of m ixtu res o( browntop and white clover appeared to be greater than for 

' 

m onocu ltures 'of wh ite clover (Jackman and Mouat 1 972a), and the growth of 
browntop had been st imu lated by the application of ferti l iser N.  However, 
exact detai ls of dry matter production for the m ixtures were not given. 

If  browntop does accelerate the rate of soil drying in the field, this wi l l  have 
serious consequences for white clover plants growing in association with 
browntop. In a field study, about 80% of the total activity of roots of browntop 
and white clover for 32p uptake was measured in the top 25 mm (Jackma':l and 
Mouat 1 972b) , so this drying out of surface soil may have an important bearing 
on P uptake (Nye and Tinker 1 977). Th is wou ld affect white clover plants 
growing in association with browntop plants in two ways. Firstly, wh ite clover 

- . .  

plants are not wel l  adapted to low soil moisture conditions, and secondly, the 
lower soil moistu re content would decrease soil P availabi l ity, wh ich would 
have a more damaging effect on wh ite clover than browntop as browntop can 
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grow at lower soil solution P concentrations than can white clover (Jackman 
and Mouat 1 972b).  Water use efficiency (WUE) or transpiration ratio (defined 
as g H20 transpired/g dry matter produced) of the two species is another factor 
that may influence P uptake. 1t is known that species that are tolerant of low 
soil moisture supply tend to transpire less water to produce the same amount 
of d ry matter (Johnson and Bassett 1 99 1  ) , however data on the water use 
efficiencies of browntop and wh ite clover is apparently unavai lable in the 
l iterature. 

Soil moisture content can also affect P uptake by plant roots indirectly. There 
is evidence to suggest that morphological responses of plants to soil water 
defic its are more sensitive than physiological responses (Turner and Begg 
1 978) . Dry soil conditions have been known to reduce nodal root production 
by wh ite clover plants by 50% (Ueno and Yosh ihara 1 968) . Detai led effects of 
soil moisture on root production by browntop are not known. Usually, 
temperate grasses are less affected by dry soil conditions than temperate 
pasture legumes (Haynes 1 980) poss ibly due to the less ram ified root system 
of legumes compared with grasses (Evans 1 977, 1 978). Not surprisingly, roots 
of white clover and perennial ryegrass only penetrate soil to the depth of wet 
soil , and do not penetrate into zones of air dry soi l  (Cullen et al. 1 972) . lt is not 
known whether the same occurs for browntop. One cou ld envisage that if 
browntop roots dry out soil at a faster rate than white clover, then this may 
have: a deleterious effect on the spread of white clover roots i nto patches of 
soil where browntop is growing during times of low rainfal l .  

1 .3.2 Plant properties 

Differential uptake of P between p lant species can be due to morphological 
and/or physiological properties of roots, and to the metabolic activity of the 
plant as a whole. These properties affect how plant roots interfere with each 
other. 

Plant properties wh ich influence P uptake by plants are also important for root 
competitive abi l ity (Ti lman 1 990), such as the ability to take up P at very low 
concentrations of P_ at the root surface (Fitter and Hay 1 987). The way that 
these plant properties affect the acquisition of P by a sing le plant species is 
relatively simple in comparison to their operation in mixtures of plants, which 
can be extremely complex (Newman 1 973). 
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1 .3.2. 1 Absorotion from solution 

Plant species vary greatly in their abil ity to acquire phosphate from the soil 
solution (Barber 1 980). White clover requ ires a higher soil sol ution P 
concentration than browntop to attain simi lar relative yield and maximum 
growth (Mouat 1 983b). Mouat { 1 983b) found that white clover plants grown in 
a solution cu ltu re achieved maximum growth at 5 J..LM P, wh ile browntop 
requi red a solution P concentration of only 3J..LM P. In addition to requ iring a 
greater soil solution P concentration to achieve maximum growth, wh ite clover 
was not capable of reducing the P concentration in the soil solution to the 
same level as browntop. 

In general ,  grasses are known to have a lower threshold P concentration 
(Cmin , below which roots cannot absorb P) than legumes. The apparent 
m in imum concentration required for P absorption (Cmin) of several pasture 
species was measured by Mouat ( 1 983a) using a modified solution cu lture 
method in which the solution was percolated through a column of Ram iha soil 
(a soil with h igh water stable aggregation and h igh phosphate adsorption 
capacity (Cowie 1 976)) .  The Cmin values measured for browntop, ryegrass, 
and wh ite clover were 0.04, 0.08, and 0.54 J..LM P, respectively. 

An attribute comm only found in low-fertil ity tolerant plant species, is the abil ity 
to acquire P ir excess of their requirements, i .e . ,  luxury uptake. P lants which 
tolerate stress tend to be unresponsive, in terms of dry matter production ,  to 
luxury levels of P s upply, reflected by the low solution concentration requ i red 
by browntop to ach ieve maximum growth (Mouat 1 983b). However stress 
tolerators general ly do not repress P uptake and may have h igh tissue 
concentrations at luxury levels of P supply {Ciarkson 1 985) .  The abi l ity of a 
plants' roots to take up  P in excess of its requirements, depends on its abi l ity to 
continue to respond to increasing soi l solution P concentration by increasing P 
uptake. For example, Fox et al. ( 1 986) found the root saturation value for wh ite 
clover was only 1 56 J..LM P, compared with 3 1 3  J..LM P for ryegrass. Luxury 
absorption of P in browntop has been noted (Mouat and Walker 1 959a). 
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1 .3.2.2 Physical exoloration and rate of extension of roots 

The extent of soil exploration by roots determines the volume of soil from 
which plants can obtain water and nutrients (Ozanne et al. 1 965; Asher and 
Ozanne 1 966}. Soil exploration by roots is most important for access to 
relatively immobile nutrients, such as P (Nye and Tinker 1 977; Fitter and Hay 
1 987). An increase in local root density has been shown to increase uptake of 
phosphate by roots of browntop and perennial ryegrass (Fitter 1 976) . Thus, 
the more fibrous root system of browntop compared with white clover 
(Caradus 1 980) would give browntop access to a larger pool of soil P than 
white clover, especially under conditions of low soi l  solution P concentrations 
and in h igh phosphate fixing soils. 

The level of interference occurring between plant roots will depend on their 
density in the soi l ,  and their pattern of distribution (Haynes 1 980; Clarkson 
1 985; Fitter and Hay 1 987). Plant roots compete for mobi le nutrients, such as 
n itrate (N03-) ,  at much lower root densities than for immobi le nutrients such as 
P, because the zone of soil around the roots from which ions are extracted is 
m uch smal ler for P (Nye and Tinker 1 977; Caldwell 1 987). In terms of 
competition for soil P, the sign ificance of greater root exploration by browntop 
compared with white clover will depend on root density, �hat is, whether or not 
roots �re in close enough proximity for depletion zones to overlap (Andrews 
and N�wman 1 970) , and on root distribution in the soil profile. I n  the field, it is 
in the top 25 mm of soil that competition for P between browntop and white 
clover would most l ikely occur if root densities were h igh enough as this is 
where most root P uptake activity has been measured (Jackman and Mouat 
1 972b (see Section 1 .3. 1 .3)) .  lt has been suggested that because grass roots 
are longer and more frequent than white clover roots, that a greater proportion 
of al l  white clover roots would l ikely be in competition with grass roots than 
grass roots in competition with wh ite clover (Evans 1 977) . 

Root growth rate (root extension) is also important for access to P in soil 
because it is a measure of the abi l ity of a plant to exploit soil that has not yet 
been depleted of P (Ciarkson 1 985}. Some species of plants are able to 
respond to localised patches of nutrient supply, so that plant root densit ies wil l 
be g reatest in these soil zones (F:itter and Hay 1 987}.  The abil ity of roots to 
change patterns of growth, and physiologically relocate zones of active 
absorption (Jackson et al. 1 990} may be of significant advantage to a plant 
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growing with other plants under conditions of low soi l nutrient supply 
(Caldwell 1 987). Competition between roots may be al leviated if plant roots 
are able to make physiological and physical adjustments in the i r  zones of P 
uptake. 

The number of root tips per unit volume of soil has be�n used to measure root 
exploratory abil ity, as this g ives an indication of the number of root growing 
points exploring new sources of P (Jackman and Mouat 1 972b) . In a pot trial, 
49 days after sowing, the d istance between root tips in the top 25 mm of soil 
was 6.3 and 2 .0  mm for white clover and ryegrass, respectively, suggesting 
that at that stage of growth ryegrass explored the soil more effect ively than 
wh ite clover (Jackman and Mouat 1 972b). In  a mature sward the distances 
between root t ips wou ld probably be smaller, and competition would be more 
likely under conditions of low P supply. 

Root hairs increase the volume of soil exploited by roots. They are therefore 
m ost important in promoting uptake of nutrients where diffusive supply rather 
than mass flow is the rate l imiting process, such as in the uptake of phosphate 
(Fitter and Hay 1 987) . Increasing the length of root hairs has been found to 
increase P absorption in wh ite clover plants if they are not mycorrh izal 
(Caradus 1 98 1  b). The root hair zone has been shown by the use of 
autoradiograp�s to be largely depleted of nutrients (Bhat and Nye 1 973) . 
Whether or no' root hairs play a sign ificant role in competition for soi l  P is sti l l  
under debate as the root hair depletion zones are extremely local ised, 
however if the zones of depletion do overlap, competition for P would occur. 
Root hair lengths and the volume of the root hai r cylinder of roots of browntop 
are far g reater than for white clover (Caradus 1 980) , and would play an 
important role in the abil ity of browntop to ful ly exploit a soi ls P supply in 
localised regions. 

Root architecture may also affect the abi l ity of roots to explore soi l .  A "herring 
bone" system was considered by Fitter ( 1 987) to be more efficient in terms. of 
soil vol ume explored for a g iven construction cost than a diffuse branched 
system ,  and he suggested that under conditions of a l imited nutrient supply 
that a herring bone system is more commonly found. 
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1 .3.2 .3 Modification of the rhizosohere 

The properties of the soil directly adjacent to plant roots are different from the 
bulk soi l .  Th is region of the soil is cal led the "rhizosphere". Due to the effects of 
roots on soil properties, the supply of P to roots cannot be accurately predicted 
from the d iffusion of ions from the labile pool only (Ciarkson 1 985) . 

1 .3.2.3 . 1  Polysaccharide secretions 

There is evidence that soil-root contact may be improved by fibril lar 
outgrowths of polysaccharide chains projecting into the soil from roots, and the 
presence of granular mucilage in the rh izosphere (Ciarkson 1 985). C larkson 
( 1 985) suggested that a greater soil-root contact wil l  give plant roots greater 
access to immobile nutrients, such as P. However, this may not be important 
because P is absorbed by plant roots from the soil solution. 

1 .3.2.3.2 Acid secretion 

The rhizosphere pH may be as much as two un its greater or less than the 
surrounding bulk soi l  (Marschner et al. 1 986). In many species, the pH in the 
rh izosphere is affected by the balance of cation and anion uptake, leading to 
the release of either OH- or H+ from roots (Smi ley 1 974; Mengel and Kirkby 
1 982; De Swart and Van Diest 1 987) .  Some plant species that are known to 
be effective in obtain ing phosphate from P deficient soi ls, acidify their 
rh izospheres by proton extrusion (Ciarkson 1 985). 

Some researchers have claimed that organic acids, such as citrate, are 
capable of form ing chelates wh ich could compete with P for sorption sites on 
soils (Parfitt 1 979), and solubil ise some soil P (Barber 1 968). However, 
Hedley et al. ( 1 982a) found that the release of organic acids by roots was 
insufficient to explain the solubil isation of P in the rhizosphere of rape 
seed l ings. 

The form of nitrogen suppl ied to the plant has a major influence on acid 
secretion in many -species (Marschner et al. 1 986; Kirlew and Bou ldin 1 987), 
although rape roots are known to extrude protons even when supplied with 
NQ3- (Hedley et al. 1 982b). In young rape plants, the length of roots extruding 
acid and the total amount of protons released increased as P deficiency 
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increased (Moorby et al. 1 988). Protons released from the roots of rape 
solubi l ise acid-soluble P, however the impact of th is on P supply to rape roots 
wil l depend on the properties of the soil on wh ich the rape plant is growing 
(see Section 1 .3. 1 .2). 

1 .3.2 .3.3 Enzyme release 

P deficiency may lead to increases in cel lu lar levels of phosphatase (Dracup 
et al. 1 984; Clarkson 1 985), a hydrolytic enzyme that catalyses the hydrolysis 
of phosphate bonds in complex organic compounds (Caradus 1 990) . This has 
been demonstrated in many plant species, including subterranean c lover 
( Trifolium subterraneum) (Dracup et al. 1 984) , wh ite clover (Caradus and 
Snaydon 1 987) and rape seedlings (Hedley 

_
et al. 1 982b) . Most phosphatase 

activity occurs on the surface of roots (Bieleski and Johnson 1 972). The 
enzyme may leak into the cell wal l  at the root surface, and then leak into the 
rh izosphere (Dracup et al. 1 984) . The mechanism by which phosphatase 
activity increases the availabil ity of P to plant roots is not clear. lt is not known 
whether the enzyme releases organic P in the soil or traps P esters that may 
leak from roots, converting P into a reabsorbable form (Ciarkson 1 985). 

The importance of phosphatase activity in the rhizosphere of one species on 
the acquisition �f P by other adjacently-growing plant species is not known. lt 
is possible that �ne species may benefit from phosphatase released into the 
rh izosphere by another species. 

However, some researchers have argued that phosphatase activity may not 
be as important as has been previously thought. Hedley et al. ( 1 982b) found 
that a lthough phosphatase activity in the rhizosphere of rape seedlings 
increased 1 0-fold after 35 days, compared with in control soi l ,  there was no 
marked increase in the concentration of soluble P in the soi l solution of 
rh izosphere soil . Also, they found that the organic P fraction increased rather · 
than decreased during the experiment, suggesting that hydrolysis of orgaQic P 
by phosphatase was not sign ificant. However, the conditions u nder which th is 
research was carried out were unusual in that the plants were grown in  thin 
layers of soi l so that root densities were extremely h igh, creating a layer of 
rhizosphere soil . Root and m icrobial competition for soi l  P wou ld have been 
severe under these conditions. lt is possible that P released from organ ic 
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m atter by hydrolysis from phosphatase activity may have been qu ickly 
recycled. 

1 .3.2 .3.4 Microbes in the rhizosphere 

M icroflora in the rh izosphere can affect plant growth by influencing the 
availabil ity and uptake of n utrients (Curl and Truelove 1 986) . Microorganisms 
are more abundant in the rhizosphere than in the bulk soil due to nourishment 
from roots in the form of root exudates and root debris. Th is may be of benefit 
or harm to plants. Beneficial effects include the heterotroph ic mineral isation of 
organic phosphate compounds resulting in the regeneration of 
orthophosphate, and the solubi l isation of AI , Fe, and Ca phosphates (Curl and 
Truelove 1 986) . An example of harmful effects is the immobil isation of 
inorgan ic P by autotrophic and heterotrophic microorganisms which lowers 
the rhizosphere P supply (Curl and Truelove 1 986) , and may compete with 
plant roots for l im ited soil inorganic P (Barber et al. 1 968) . 

1 .3.2 .3.5 Mycorrhizae 

Vesicu lar-arbuscu lar (V.A.) mycorrhizae are known to enhance the growth of 
many pasture species growing on soils of low P supply {Alien and Alien 1 990; 
Bolan 1 991 ) , and have been known to tap phosphate several centimetres 
away from roots (Rovi ra 1 978; Kucey et al. 1 989) , by increasing soil 
exploration (Kucey et al. 1 989; Bolan 1 991  ) .  lt appears that mycorrh izal plants 
ut i l ise the same sources of P as uninfected plants, but mycorrh izae uti l ise 
solution P sources more efficiently than uninfected roots by having an 
increased affin ity for P ions which decreases the threshold concentration 
required for absorption (Bolan 1 991  ) . 

Mycorrhizal infection of roots is known to affect the balance of plant 
communities, and plant responses to V.A.mycorrh izal infections in 
monocultures and m ixtures are not always related (Alien and Alien 1 990) .. 

Mycorrh izal infection may be deleterious to a species even at low soil P 
supply, if an associated species is able to take advantage of the symbiosis 
more effectively (Fitter 1 977) . For example, in a replacement series 
experiment, Hall ( 1 978) found that the addition of P had a sim ilar effect to · 

inoculation with V.A.mycorrhiza', on competition between perenn ial ryegrass 
and wh ite clover. Competition for soil P favoured the grass in m ixtu res with 
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non-mycorrh izal white clover. Th is competitive effect of the grass on white 
clover was al leviated by the addition of P or by V .A.mycorrh izal infection of the 
white c lover. This has also been demonstrated by other workers (Crush 1 974; 
B uwalda 1 980) . 

1 .3.2 .4  Root cation exchange capacitv and negative adsorption 

The cation exchange capacity (CEC) of roots is made up of fixed electro­
negative sites in the root tissue (Epstein 1 972), in particu lar, in the cel l  wal l  
(Mouat 1 983c) . These negative charges influence the proportion of  ions of 
different valencies present at the root surface. The importance of root CEC in 
the adsorption of cations onto root surfaces is well recognised (Epstein 1 972) , 
but its d i rect impact on the acqu isition of anions, such as phosphate, is 
debatable. 

In  theory, the root CEC wi l l  affect the m igration of anions, such as phosphate, 
to the root surface. The effect of root CEC on phosphate concentration at the 
root su rface has been termed phosphate exclusion or negative adsorption of 

· phosphate (Mouat 1 983c). The level of repulsion of anions at the root surface 
wil l  depend on the root CEC and this should affect the concentration of 
phosphate ions found at the root surface available to plants roots to take up 
(Butler et al. 1 962; Mouat 1 983c). 

The CEC of roots ,of browntop has been found to be lower than white clover 
(Mouat and Walker 1 959b). Mouat and Walker ( 1 959b) argued that severe 
competition for soil P by browntop with white clover was due to the difference 
in root CEC between these two species, resu lting from a greater repu lsion of P 
an ions from root surfaces of white clover than browntop (Mouat and Walker 
1 959b; Mouat 1 983a,c). However, the uptake of P is an active process, moving 
phosphate ions against concentration and electrical gradients by an 
e lectrogenic pump (Bowling and Dun lop 1 978; Dunlop 1 980). Also the 
concentration of P at the root surface is far lower than in the bulk soi l  so that 
there is a net movement of P towards roots. Therefore the significance of 
repu lsion of phosphate anions by root electro-negative charges is open to 
debate. Th is casts some doubt _on the importance of root CEC in altering the 
balance of competition for soi l P acqu isition between roots of plants of two or 
m ore species. The question of how the concentration of P at the root surface, 
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· as influenced by the root CEC, wil l  affect the active uptake of P into roots 
needs to be considered. 

Root CEC has been shown to be negatively correlated with P concentration in 
hybrids of perennial ryegrass and Ital ian ryegrass (Lolium multiflorum) (Butler 
et al. 1 962). However, P concentrations in these hybrids have also been found 
to be strongly correlated with the abi l ity to respond to decreasing P supply by 
decreases in shoot: root ratios (Mouat 1 983a). The smaller a plants root CEC, 
the greater the change in shoot: root ratio. Browntop has a lower CEC than 
white clover, and also a greater capacity to increase relative root growth ( in 
relation to shoot growth) in response to lim iting P supply (Mouat 1 983a). The 
correlation between root CEC and the abil ity of plants to respond to decreases 
in P supply by decreasing shoot: root ratios casts further doubt on the 
importance of root CEC in explaining the competitive effects of browntop on 
white clover at low soil P supply because changes in shoot: root ratios may be 
more important than root CEC. 

1 .3.2 .5 Metabolic activitv of plants 

The partitioning between inorganic and organic pools of P in roots, and 
transport to shoots of absorbed P may play an important role in the regu lation 
of P uptake rates by roots (White 1 973) . Plant growth rate, and thus plant 
demand,  is also known to have a substantial influence on the rate of uptake of 
P, particularly at suboptimum levels of soil P supply. P uptake capacity varies 
between species largely due to differences in plant demand (Lambers and 
Poorters 1 992) .  A low demand, related to low growth rate as a consequence 
of plant investment in carbon storage and defenses against grazing (Campbell 
1 990) , has long been recognised as an adaptive feature of plants able to grow 
on soi ls with deficient P supply (Rorison 1 968) . 

1 .3.3 Effects of defoliation on nutrient uptake by plants . 

Most work on the effects of defol iation on plant growth have focused on the 
above-ground plant parts, i .e. , the sward canopy (King et al. 1 978), probably 
due to the obvious d ifficulties associated with studying roots. However, the 
deleter ious effects of shoot defo_l iation on roots has been known for many 
years (e.g . ,  Jacques 1 937; Butler et al. 1 959; Davidson and M ilthorpe 
1 966a,b) .  Defoliation is known to not only reduce the P uptake rate per plant, 
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but also to decrease P u ptake per un it root weight (Caradus and Snaydon 
1 986}. The impact of defol iation on plant growth is more severe when soi l 
n utrient supply is inadequate, because the removal of expanded leaves also 
removes an internal sou rce of labi le nutrients (Davidson and Mi lthorpe 
1 966a) . 

1 .3.3. 1 Root death and rate of elongation 

The effects of shoot defoliation on root growth are rapid (Troughton 1 973) , with 
the root growth of some pasture grasses (cocksfoot and brome grass) known 
to be arrested with in 24 hours of defoliation (Oswalt et al. 1 959}. Severe 
physiological shocks may stop root growth completely (Ennik 1 966) . Shoot 
defoliation has been reported to cause root death (Butler et al. 1 959) , reduce 
the growth rate of roots (Davidson and Mi lthorpe 1 966b; Evans 1 973a,b) ,  
produce thinner roots (Jacques 1 937) , and reduce the number of  roots per 
t i l ler in pasture grasses (Jacques 1 937). 

The deleterious effects of defoliation on roots of browntop are more severe 
than for roots of white c lover, red clover, perenn ial ryegrass, t imothy, and 
cocksfoot (Evans 1 973b). White clover roots are particularly tolerant of shoot 
defol iat ion, with the roots and nodules of white clover plants lost fol lowing 
recurrent defoliation being rapidly replaced by new root growth from stolons 

' 

(Butler et al. 1,959}. The n itrogen fixing capacity of individual nodu les on white 
c lover roots is; temporari ly reduced by defoliation (Chu and Robertson 1 974). 

The abil ity of white clover roots to recover more rapidly than b�owntop roots to 
the deleterious effects of defoliation (Evans 1 973b), may allow white clover 
roots growing in association with browntop to acquire a greater proportion of 
soi l  P when both species are defoliated than when undefol iated. 

1 .3.3.2 Carbohvcirate SUJWIV 

Plant roots requ i re energy to actively absorb P (Davidson and Mi lthorpe 
1 966b; Ueno and Wil l iams 1 967; Harris 1 978), and also for root growth . The 
severity of the effects of defoliation on inh ibiting root growth depend on the 
amount of shoot material removed (Butler et al. 1 959; Davidson and M i lthorpe 
1 966b} . Ueno and Wil l iams ( 1 967) found that white clover had a lowered 
uptake of P per un it of roots at nodes where leaves were removed. The main 
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effect of defoliation on P uptake· is due to reduced carbohydrate supply 
affecting act ive uptake processes (Davidson and Mi lthorpe 1 966b). However, 
when soil P supply is low, nutrient avai labi l ity may override the effects of 
carbohydrate depletion (due to leaf removal) in reducing regrowth, due to 
removal of labile sources of P in defol iated plant material (Davidson and 
Mi lthorpe 1 966b} . 

1 .3.4 Indirect mechan isms affecting P uptake by plant roots 

The nature of interference occurring between plant roots is extremely complex. 
Factors other than the properties of the soil and of individual plants have a 
major influence on the acqu isition of P by plant roots. 

1 .3.4.  1 Shadina 

The abi l ity of roots to acqu ire soil P is affected by shading of the shoots. The 
effects of shading and defoliation of the shoots on roots are sim i lar. For 
example, heavy shading of white clover inh ibits elongation of roots, and leads 
to a loss of roots and nodules (Butler et al. 1 959) due to a reduction in the 
carbohydrate supply from shoots (as explained in Section 1 .3.3.2). 

Competition for l ight between shoots of two species, influences the 
interference occurring between their roots (Donald 1 958; Snaydon and 
Baines 1 981 ) .  Overshadowing of one plant species by another reduces the 
growth of the subordinate species by shoot competition, and also reduces the 
root competitive abil ity of the shaded species, worse!"!ing the immediate effects 
of shading (Newman 1 973).  For example, in a microsward and box trial, 
shading of white clover shoots by pasture grasses (perenn ial ryegrass, 
browntop and Yorkshire fog (Holcus lanatus)) prevented wh ite clover from 
responding to P appl ication (Snaydon and Baines 1 981 ) .  Yet, wh ite clover 
responded to appl ied P where roots-on ly (and not shoots) were associated 
with othe r  species. Therefore grazing management strategies employed t� 
reduce shading of wh ite clover in pastures are important. Snaydon and 
Baines ( 1 98 1 )  concluded that under their experimental condit ions shoot 
competition was more important than root competition, although root 
competit ion is usually more severe than shoot competition (Snaydon and 
Howe 1 986; Wilson 1 988) . Unfortunately Snaydon and Baines ( 1 98 1 )  did not 
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examine what the roots were competing for. Other  types of root interferences 
may have been involved, as detai led below in Section 1 .4. 

Defol iation and thus grazing, has a significant effect on the level of shad ing 
occu rring between plants. Generally, defol iation reduces the amount of 
shading by al lowing more l ight to penetrate the canopy, reducing competition 
for l ight (Evans 1 973b; Rhodes and Stern 1 978). 

1 .3.4.2 Grazing management and oreference 

Most studies on the effects of grazing on pasture species have been 
interpreted in terms of competition for l ight. However, the effects of g razing  on 
plant roots cannot be ignored. Defol iation is known to alter the balance of 
n utrient acqu isition between roots of pasture species (O'Brien et al. 1 967; 
Rem ison and Snaydon 1 980a) and of desert species (Caldwell et al. 1 987) .  
Variation in the effects of defoliation on root death and on the rate of 
elongation of d ifferent pasture species (Evans 1 973a,b; Rem ison and 
Snaydon 1 980a) , and therefore P uptake, has an important bearing on the 
nature of interference occurring between roots of d ifferent species. For 
example, the resu lts of Remison and Snaydon ( 1 980a) suggest that frequent 
defol iation reduced the root competitive abil ity (assessed by "aggressivity" 
(McGi lchrist and Trenbath 1 97 1 )) of cocksfoot (Dactylis glomerata) m ore than 
perennial ryegra�s despite the in itially greater root competitive abil ity of 
cocksfoot. \ 

Given the opportunity, grazing an imals are selective in their choice of diet. 
Sheep tend to graze more discrim inatingly than cattle (Frame and Newbould 
1 986). The chosen d iet depends on palatabil ity and accessibil ity of feed 
available (Watkin and Clements 1 978). This has a marked effect on the 
botan ical composition of pastures, partly by reducing the P uptake by roots of 
plants that are preferred feed. White clover is known to be grazed in 
preference to temperate grasses if  avai lable usually due to accessibi l ity . 
(Frame and Newbould 1 986). White clover survives selection due to its 
plasticity in growth by developing a more prostrate, smal ler leaved growth 
habit (Curl l  1 982) ,  and by the abil ity of its roots to recover rapidly from the 
effects of defol iation (Butleret al. 1 959; Evans 1 973b). 
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1 .3.4.3 Supplv of other nutrients 

P uptake by plant roots is influenced by the availabil ity of other nutrients. For 
example, P uptake can be stimulated by the major cations and N ,  but is 
inhibited by sulphate (Andrew and Johansen 1 978) . In some species, i n  
particular soybean and alfalfa (Aguilar and Van Diest 1 981 ) ,  the source of N 
suppl ied has an effect on soil pH . Nodulated legumes that fix atmospheric 
n itrogen (N2) ,  rather than relying on n itrate uptake, take up more cations than 
an ions since uncharged N2 enters roots, wh ich in turn affects the soil P supply 
due to acidification of the rhizosphere (Marschner 1 986) , depending on the 
soils' m ineralogy, as explained in Section 1 .3. 1 .2.  

Genetic d ifferences are known to exist between plants in the interaction of P 
with other ions, in  particular, trace elements (Andrew and Johansen 1 978). For 
example, AI (alumin ium) toxicity reduces P uptake in white clover (Dunlop and 
Hart 1 987) . 

1 .3.5 Summarising comments 

The factors affecting the ability of browntop and white clover to acqu i re 
phosphate from soi l  and the effects of management practices on their 
persistence in hi l l  country pastures have been conside.red. How this 
knowledge aids in understanding the nature of interference between plants, in 
particu lar between browntop and white clover, is demonstrated below. 
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1 .4 Plant growth interference 

Popu lations of plants of one or more species may interact in a number of 
ways. This is called "interference", defined as "the response of an individual 
plant or plant species to its total environment as this is modified by the 
presence and/or g rowth of other individuals or species" (Harper 1 964; Hal l  
1 974). I nterference between plants may be either detrimental or beneficial . 
Competition between plants is only one type of detrimental plant interference. 
Alle lopathy is another. Posit ive interferences (beneficence) occur when either 
one, or both of two popu lations l iving together benefit from the association, 
with neither of the two species suffering from the association. 

Many researchers often speak of competition when they are not actually 
aware of the nature of the interference occurring. Researchers shou ld 
endeavour to u se the term "interference" in preference to "competition" (Hal l  
1 974; Harper 1 977) . 

The term "interference" does not carry the ideas associated with the word 
competition (Harper 1 961 , 1 977) . Plants are sometimes unconsciously 
imagined behaving as human beings, in a competitive world, somewhat akin 
to the environment in which most research is carried out. In spite of m uch 
debate and criticism , competition tends to dom inate as the type of plant 
interference used to explain plant and animal relat ions (Schoener 1 982) . 
Many studies in  �h ich competition has been al leged to have occurred have 
failed to truly e luc idate the mechanisms of the interference occurring between 
plants perhaps due to ignorance of forms of plant interference other than 
compet it ion. 

In the study of plant interference, both beneficial and detrimental types of plant 
interferences should be considered. The s imu ltaneous occurrence of negative 
interferences (competition and allelopathy) and positive interferences 
(beneficence) can have a sign ificant effect on shaping the plant comm uniW 
structu re (Hunter and Aarssen 1 988) . The term •beneficence" in th is thesis 
refers to plant interference where neither p lant or species is disadvantaged by 
the association, and one or bo�� plants or species benefit from the association. 
This is an area of research that has not been studied in great detail . 
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1 .4 .1  Negative i nterference 

There are three main types of negative interferences that may occur between 
plants: al lelopathy, physical impedance, and competition. There is the direct 
interference of one plant on another by the release of toxic substances 
(allelotoxins) (Nye and Tinker 1 977) , or by physical means, such as the 
manner in which th ick browntop mats prevent the spread of other pasture 
species (Harris 1 974). Competition for nutrients can be more specifically 
referred to as exploitat ive competition . Exploitative competition is indirect, 
acting through shared l imiting resources (Connell 1 990) . Certain situations ,  
such as spatial segregation of two species in the field, are often attributed to 
exploitative competition or allelopathy, when it may be due to other 
mechanisms, such as the abundance of natural enem ies of one species 
(Connell 1 990) . Connell ( 1 990) referred to this as "apparent competition" 
where the mechanisms occurring are not due to "real competition" ,  but mimic 
their effects. 

1 .4. 1 . 1 Competition 

Competition can be defined as •a negative interaction between individuals 
brought about by a shared requirement for resource in lim ited supply, and 
leading to reduced growth, reproduction , and/or survival of one or more 
indiv:iduals concerned" (adapted from Begon et al. 1 986) . The definition g iven 
above encompasses both the mechan ism of the interference and the outcome 
of the interference. Although, this defin ition states that individuals suffer in a 
competitive situation , a more competitive species may perform better in 
m ixtures with a less competitive species than in monoculture. This occurs 
when intraspecific competition for a resource of the more competitive species 
is more severe than interspecific competition . 

Evidence of competit ion between browntop and white clover i n  h i l l  country 
pastures is presented and discussed in detail below in Section 1 .6. 

1 .4. 1 .2 Allelooathv 

Allelopathy may be defined as "the detrimental effect of one plant on another 
by the production of harmful che.m icals" (Nye and Tinker 1 977) . There have 
been few studies that have been tru ly conclusive in proving the mechanisms 



of allelopathy occurring.  In order to show that al lelopathic interference is 
occurring, several criteria must be met (adapted from Wardle 1 987). Those 
criteria are: 

[ 1 ]  a toxin m ust be produced, 
[2] the toxin m ust be identified, 
[3] the plant must be capable of releasing the toxin, 
[4] plants must be inhibited by the toxin, 

and  [5] other factors which could influence interference must be  identified. 

Research into the nature of al lelopathic interferences between white clover 
and browntop has produced some conflicting resu lts. Extracts of shoot and 
root t issue of browntop, and shoot tissue extract of white clover have been 
found to stimu late the germination of wh ite clover, while inhibiting the 
germination of browntop (Scott 1 975). Scott (1 975) was not able to ident ify the 
al lelotoxin involved. Allelopathic effects may depend on the amount of donor 
material (plant material or leachate from soil on which plant was growing) 
available (Macfarlane et al. 1 982a). At h igh levels of donor material ,  wh ite 
clover red uced the level of germination of browntop, perennial ryegrass, and 
wh ite c lover, whi le at low levels of donor material, the germ ination of perennial 
ryegrass, and white clover were not affected (Macfarlane et al. 1 982a) . 
However, shoot and radicle growth of both browntop and white clover were 
reduced. Phenol ics were suggested as the probable toxin involved. 

Although there is
' evidence to suggest that allelopathic effects of some species 

may cause a reduct ion in P uptake due to the presence of toxins (Newman 
and Mi l ler 1 977; N ye and Tinker 1 977), this has not been demonstrated for 
white c lover (Newman and Mi l ler 1 977) or browntop. 

Auto-al lelopath ic effects of white clover on its own growth have been 
suggested by quite a few researchers (e.g. ,  Newman and Rovira 1 975; 
Macfarlane et al. 1 982a,b). The allelopathic toxins involved have not been 
identified. However, there is evidence from the field to support the sugge�tion 
that auto-al lelopath ic effects of white clover are important, as it is known that 
local patches of white clover tend to migrate from year to year (Lieth 1 960) and 

- --

that white c lover and perennial ryegrass (two auto-allelopathic species) are 
posit ively associated (Kershaw 1 959; Harris - 1 974). Newman and Rovira 
( 1 975) _ suggested that if white clover was auto-al lelopathic, it cou ld g row better 
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in m ixtu res than in monocultures, providing interspecific competition effects 
were not more severe than auto-allelopathic effects. 

1 .4.2 Positive i nterference 

Posit ive interference usually arises when one plant amel iorates the physical ,  
chem ical, and/or biological environment of roots of another plant (Connel l  
1 990). The direct stimu lation of one species by another, e.g. , n itrogen fixed by 
white clover becom ing avai lable to associated pasture grasses (Hal l  1 974; 
Vall is 1 978) , is a good example of positive interference. The better 
performance of grasses grown in association with legumes is due to n iche 
d ifferentiation in terms of nitrogen sources used when the nitrogen supply is 
l im iting to the grass (Weiner 1 980; Martin and Snaydon 1 982) .  

H unter and Aarssen ( 1 988) suggested that the same neighbou ring plants that 
may compete under conditions of resource demand exceeding supply may 
a lso s imultaneously interact beneficial ly. However, positive interferences 
occu rring below ground require further investigation because problems with 
studying roots have made progress in this area of research d ifficu lt (Hunter 
and Aarssen 1 988) . 

1 .4.2 . 1  Phosohorus transfers between mvcorrhizal plants 
\ 
I 

Mycorrh izal connections between roots may provide a passage for 
phosphorus transfer from plant to plant. This has been demonstrated by 
injection of 32p into shoots and roots of one plant, and detection of the label led 
P in neighbouring plants of the same and different species (Ch iarel lo et al. 

1 982; Whittington and Read 1 982; Francis et al. 1 986; Newman and Ritz 
1 986). Findings to date have not been conclusive in determining the transfer 
mechan ism involved, i .e. ,  whether the transfer is directly through mycorrhizal 
l inks or indirectly through leakage into the soil (Newman and R itz 1 986) . 
However, there is good evidence to suggest that transfer in the short term. is 
most l ikely through direct l inkages rather than through leakage, reabsorption 
and translocation (Whittington and Read 1 982). 

Whether or not there is l ikely to be a net transfer of P in one di rection through 
mycorrhizal connections from one species to another is sti l l  under debate. lt 
has been suggested that mycorrhizal connections are most l ikely to be of 
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significance in  patchy environments, a l lowing transfer of P from a plant 
g rowing in a soil patch with h igher P supply, to a neighbouring p lant growing 
in a n utritional ly poorer soil patch (Alien and Alien 1 990). Simi larly, one could 
envisage that a plant species with roots able to absorb large quantities of soil 
P u nder conditions of low supply, could transfer P through mycorrhizal 
connections to a not so well adapted neighbouring species. lt is poss ible that 
for a net flow of P through mycorrhizal connections to occur, a n utrient 
concentration gradient m ust exist (Alien and Alien 1 990) .  However, a net 
transfer of P would not be of benefit to the P donor plant. 

Vesicu lar-arbuscu lar mycorrh izal fungal species common in New Zealand h i l l 
country soils include Glomus fasciculatus and Acaulospora laevis (Powel l  
1 976). The sign ificance of hypha! connections between roots of plants in a hi l l  
country pasture community is unknown. However, recent research s uggests 
that the movement of phosphorus between plants may be too slow to have a 
s ign ificant effect on pasture plant community structures (Newman and Eason 
1 993) . 

1 .4.2.2 Rhizosohere effects 

A classic example of one species of plant benefiting for P acqu isition by 
growing in association with another species, was demonstrated by Marschner 
et al. ( 1 986). W�eat plants were shown to have a greater P uptake per unit 
length of root when grown in m ixtures with wh ite lupins (Lupinus a/bus L.) than 
when grown in monocultures. This was due to the mobi l isation of sparingly­
soluble i ron and alum inium phosphates by exudation of chelat ing substances 
(probably citrate) and the net excretion of H+ by proteoid  roots of wh ite lupin 
(Marschner et al. 1 986) . Lupin mobil ised P in excess of its own requi rement, 
a llowing the wheat roots to acquire the surplus P. 

The potential for growing m ixtu res of plants that wou ld a llow one species to 
benefit from the •m ining• of less available pools of soil P by another spec)es 
has also been suggested by other researchers (e.g. ,  Clarkson 1 985}. This 
mechan ism of beneficence has not been demonstrated in many studies, but it 
has often been suggested to explain the better performance of some species 
in m ixtu res compared with the i r  performance in monocu ltures. However, 
a lthough perenn ial ryegrass is able to remove more P from less readi ly­
exchangeable pools of soil P than white clover, white clover does not appear 
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to acquire any of the P mobil ised by ryegrass (Sorn-Srivichai 1 985) . Th is- may · 

be simply due to the abi l ity of ryegrass to obtain P from lower soil solution 
concentrations than white clover. 

1 .4.2.3 Microoraanisms in the rhizosohere 

Plant species differ in their rh izosphere microbial population due to the 
d ifferent substances that exude from their roots and leach from their shoots 
into the soi l  (Trenbath 1 976). These microbes can affect n utrient uptake and 
plant growth (Rovira 1 978) , as explained in Section 1 .3.2.3.4. However, 
Hed ley et al. (1 982b) argued that m icrobial effects in the rh izosphere could not 
whol ly account for increased P avai lability in the rhizosphere of rape 
seedl ings. 

I n  terms of the effect of one species of plant on another, i t  has been 
demonstrated that fungi, and to some extent bacteria, are more abundant in 
the rhizosphere of mixtures of plant species than in monocultures (Christie et 
al. 1 978). Through the beneficial and harmful effects of m icroorganisms on P 
supply to plants (Section 1 .3.2.3.4) , m icroorganisms may affect the balance of 
positive and negative interferences occurring between plant species. 

The. abundance of fungi and bacteria present in the rhizosphere of grassland 
plan'

t species (sweet vernal (Anthoxanthum odoratum L.), perennial ryegrass, 
planta in (Plantago lanceolata L. ) and white clover) is known to be influenced 
by the presence or absence of other species (Christie et al. 1 978). When 
perenn ial ryegrass and plantain were grown in mixt�res, fungi and bacteria in 
the rh izosphere were more abundant than when plants were grown in 
monocultures. Correlated with this was an increase in the growth rate and 
n utrient content of perennial ryegrass. 1t was not possible to determine 
whether th is was due to the rh izosphere microbes influencing the growth of 
perenn ial ryegrass, or if the better physiological condition of perennial 
ryegrass grown in m ixtures, compared with in monocu ltures, provided be�ter 
conditions in the soi l  for the growth of rhizosphere microbes, although the 
latter mechan ism seems most l ikely. 
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1 .4 .2 .4  Allelopathy 

The better growth of some plants in m ixtures compared with in monoculture 
wou ld suggest that there was a positive interference occurring between the 
two species, whereas the mechanism involved may actually be a negative 
interference occu rring between plants of the same species, as explained in 
Section 1 .4. 1 .2. 

Positive al lelopathic effects have also been suggested. Root exudates 
col lected in leachates from white clover plants grown on sand have been 
shown to stimu late P uptake per unit root dry weight of sweet vernal (Newman 
and M i l ler 1 977) .  The effects were not due to pH differences between the 
leachates (Newman and M i l ler 1 977). 

3 3  



1 .5 Methods of studyi ng plant interferences 

The methods developed to study plant interference are numerous. Only the 
most commonly used and most significant methods are described here. 

1 .5. 1 Monocultures 

The severity of intraspecific competition between plants in monocu ltures has 
been studied using increasing plant densities. As plant densities increase , 
and competition between plants becomes more severe, the mean s ize of 
surviving plants is  reduced (Donald 1 963; Firbank and Watkinson 1 990) . 
Some researchers have argued that the equi l ibrium reached in m ixtures of 
species can be predicted from the performance of the individual species 
grown in monocu ltures (e.g. ,  Tilman 1 990) . The basic assumption of this 
theory is that interspecific interference is consumer-resource based, and that 
the competitive abil ity of a plant species depends on various plant t raits, such 
as relative growth rate, m in imal tissue n utrient concentration requ i red for plant 
g rowth,  and proportion of biomass in the root (Tilman 1 990) . 

Th is mechan istic approach may help to explain, in principle, the performance 
of individual plant species in mixtures. However, as demonstrated in previous 
Sect ions, interference between plants is often very complex; different species 
have different resource requirements, d ifferent growth patterns and most 
important ly, modify the envi ronment of each other (Firbank and Watkinson 
1 990). I nterference between plants may be non-competitive, for example, 
al lelopath ic interference (Newman and Rovira 1 975) , or one species may 
affect the colonization of roots of another species by bacteria and fungi 
(Christie et al. 1 978) . Competition by resource depletion is only one type of 
root interference known to occur between plants. lt is not always possible to 
accu rately predict the performance of a species in a mixture from its 
performance in monoculture (Harper 1 977; Austin et al. 1 985; G race 1 988). 

Another approach to predicting the performance of individual species in 
m ixtu res from their growth in monocultures is Grime's model (Grime 1 979; 
Grime et a/ . 1 988) which considers plant growth strategies. The theory is 
based on c lassifying plant specie� into strategies they have adapted to survive 
in their habitats, as shown in Table 1 .2. Because habitats of interm ediary 
intensit ies of stress and disturbance exist, plants may have varying degrees of 
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Table 1 .2 Primary strategies of plants found in habitats of h igh and low stress 
and/or d istu rbance (from G rime 1 979) 

Inte n s ity of stress 
Intensity of 
d i stu rba n c e  Low H igh 

Low Competitors Stress-tolerators 

High Ruderals no viable strategy 
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the three main strategies of competitors, ruderals, and stress tolerators. 
Grime's theory predicts landscape vegetation patterns well .  

1 .5.2 Additive series 

The addit ive series design involves holding the density of one component 
(species) constant, whi le that of the other is varied. This method has been 
used wide ly (e.g. , C latworthy 1 960) , but it has also attracted m uch crit icism. 
This is because both the plant density and proportion are varied at the same 
time, thus confounding the effects of total density and frequency (Harper 1 964; 
Si lvertown 1 987; Snaydon 1 991 ). By employing the additive series design, 
the effects of intraspecific interference cannot be separated from the effects of 
interspecific competition . However, Snaydon { 1 99 1 )  has argued that the 
additive design gives valid and interpretable values for indices of competit ion, 
in spite of changes in plant densities and proportions, stating that the design 
does not confound overall density with proportion of components "as the 
overal l  density has no biological or statistical meaning, in the same way that 
the total amount of toxin supplied has no meaning". The additive design may 
be usefu l in certain situations. For example, in a study of the effects of a weed 
infestation on a crop planted at fixed density (Si lvertown 1 987) . 

A study on the effects of perennial ryegrass and browntop on white clover 
provi�ed an interesting example of the use of the additive design. Clatworthy 
( 1 960} found that only 40 plants of perennial ryegrass were required to 
prevent 1 0  plants of white clover from forming stolons, compared with 1 60 
plants of browntop. These results high l ight a problem with the use of various 
experimental designs, in that researchers employing a different design have 
found browntop to be more deleterious to the growth of white clover than 
ryegrass (Mouat and Walker 1 959a) . However, the conflicting f indings may 
have been due to d ifferences between the experiments in plant sizes or  
stages of growth (Firbank and Watkinson 1 990). 

1 .5.3 Replacement · series 

A replacement series is created when a range of proportions of two plant 
components is obtained by replacing individuals of a monocu lture of a f i rst 
component by individuals of a second component, unti l a monocu lture of the 
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second component is achieved (Harper 1 977). The total plant density is held 
constant. 

The replacement series was extremely popular for many years and was 
accepted by som e  researchers as the on ly way to describe compet it ion 
between two species (Hal l  1 978; Trenbath 1 978). Part of the apparent 
e legance of th is experimental design was that it al lowed inter- and 
intraspecific plant interferences to be separated. The results can be described 
using easily-calcu lated indices, such as relative yields and relative c rowding 
coefficients (Hal l 1 974; Harper 1 977). However, it is now clear that the results 
obtained using a replacement series are density dependent (Weiner 1 980; 
Firbank and Watkinson 1 990; Snaydon 1 991  ). For example, Taylor and 
Aarssen ( 1 989) found that relative yield totals of pasture grasses g rown in 
replacement series were sensitive to changes· in the total density of the m ixed 
stands. As a resu lt this experimental design has recently received m uch 
criticism (e.g . ,  Jol iffe et al. 1 984; Firbank and Watkinson 1 985; Snaydon 
1 99 1  ). Despite th is criticism , replacement series experiments have proven 
valuable in the study of effects of single factors on the outcome of interference 
between two species (Firbank and Watkinson 1 990). 

1 .5.4 Addition series/bivariate factorial design 

Plants respond d ifferently to d ifferent combinations of frequency and density 
I 

(Firbank  and Watkinson 1 990). Most competition experiments carried out to 
date have not fu l ly described the nature of interference occurring between two 
species as th is has not been taken into consideration in the expe(imental 
designs  used. The addition series attempts to overcome this problem. 

An addition series is created by setting up  m ixtu res at a range of densities and 
proportions (Si lvertown 1 987). One approach taken is to repl icate a 
replacement series (Firbank and Watkinson 1 990) or additive series (Snaydon 
1 99 1 ) at a range of plant densities. A bivariate factor ial design has been 
proposed by Snaydon ( 1 99 1 )  as the best method to study plant interference. 
Using th is m ethod, results can be analysed as an additive m ixture ,  g iving 
measures of competit ive abi l ity;-resource complementarity, and severity of 
competition, presented in two dimensional pl()ts.The advantage of these 
designs is that the effects of both plant density and proportion are considered 
(Firbank and Watkinson 1 990), but the number of treatments requ i red to 
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conduct such an experiment is many, and thus such trials are t ime consum ing 
to conduct. Also in a field situation plants rarely occur as two- species 
m ixtu res, the addition series does not completely solve the problem of ful ly 
understanding the interferences that shape plant communities. Competition 
studies in the glasshouse shou ld be conducted to e lucidate possible 
mechan isms of interference occurring between plants in the fie ld, rather than 
to completely m imic the field situation. Findings from the glasshouse can then 
be related to findings from field trials. 

1 .5.5 Dual labell ing 

Radio- isotopes have been used to study interference between plants for many 
years (e.g. , Woods and Brock 1 964; Whitcomb et al. 1 969) , but have generally 
not been recogn ised as an important tool in the study of root competition . 

32p has been used extensively to study the depths in soil from which plant 
roots acquire P (O'Brien et al. 1 967; Newbould et al. 1 971 ; Goodman and 
Coll ison 1 981 ; Abbott and Fraley 1 991 ) . O'Brien et al. ( 1967) attempted to use 
resu lts of this type of work to explain competition but were unable to elucidate 
the mechan isms involved. Others have used 32p to study the effects of 
neighbouring plants on P acquisition (Ashokan et al. 1 988) ,  but using a single 
isotope does not al low intra- and interspecific interferen.ce to be compared 
conc�rrent ly. 

Dual label l ing of soil with 32p and 33p has proven far more usefu l than single 
label l ing with 32p in the study of plant competition. Th is involves the injection 
of 32p and 33p separately into soil interspaces on opposite sides of a central 
indicator plant, half way between the central plant and two plant species on 
e ither side (Caldwell et al. 1 985) . The two isotopes are then counted in the 
harvested material of the central plant. One advantage of this method is that it 
does not employ changes in competitive sett ing, one of the major drawbacks 
of other methods. 

The dual label l ing technique has advantages over other methods of studying 
plant competition , in that the mechanisms of plant root interference are 
exam ined rather than the manifestations of those interferences. Competitive 
settings need not be altered, intra- and interspecific interference can be 
observed simultaneously, effects of treatments such as defol iation can be 

3 8  



easily exam ined, rapid plant responses to treatments can be observed, 
interference occurring between mature plants can be observed without the 
cumulative uptake of P in a plant's l ifetime interfering, and the technique can 
easi ly be used in a field situation. D isadvantages include cost and risks 
involved in the use of isotopes. 

Sorn-Srivichai ( 1 985) also attempted to use dual label l ing with radioactive P 
to study root competition between ryegrass and white clover. Unfortunately, 
the method employed involved the use of competitive settings in wh ich 
changes in plant density confounded the plant association treatments. 
However, she did find that ryegrass and white clover acquired P from the 
same pools in both monocu ltures and m ixtures, with ryegrass acquir ing more 
P from less readi ly available pools than white clover. 

1 .5.6 Divided pots 

The use of d ivided pots has been employed as a technique to separate the 
effects of root and shoot interferences. This involves the use of partitions to 
physically separate roots and/or shoots of individual plants or plant species. l t  
is known that the effects of above- and below-ground associations of p lants 
are not additive, but interactive (Donald 1 958). As already mentioned, shading 
affects the abil ity of roots to acquire soil P. In the use of partitions, one needs 
to be aware of the. compl ications that this technique introduces (Harper 1 977), 

; 
as explained below. 

1 .5.6. 1 Aerial partitions 

Aerial partit ions have been used to prevent intermingling of the above ground 
parts of plants (e.g . ,  Donald 1 958; Rennie 1 974) ,  al lowing root interference to 
be considered in the absence of shoot interference. A serious problem with 
the u se of aerial partitions is that the radiation cl imate (Warren and Li l l  1 975; 
Harper 1 977) and air flow are altered (Warren and Lil l 1 975) , and may 
promote a more aggressive species and suppress a lesser species in a 
competit ive s ituation (Yamada 1 985), or vice versa, thus biasing the results of 
the experiment. 
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1 .5.6.2 Below ground partitions 

When employing below ground partitions, the soi l  weight per plant m ust be 
held constant to avoid confounding the effects of treatments with plant density. 
A partition below ground that prevents roots from interm ingling may also 
d ivide soil resources and space for roots to spread, as was the case in the 
experiment conducted by Groves and Wil l iams ( 1 975) (Harper 1 977) . 
Experiments can be designed to avoid changes in the resources avai lable per 
plant (e.g . ,  Aspinal l  1 960). However, it has been suggested that interm ingl ing 
of roots may resu lt in a more efficient use of environmental factors in 
monocultures than when roots are separated (Rennie 1 974) . Grown at the 
same number of plants per soi l  weight, Renn ie ( 1 974) found that cotton plants 
( Gossypium hirsutum L.) grew better with other cotton plants than when grown 
separately. However, Rennie ( 1 974) fai led to consider root densities and the 
spread of roots throughout the growing containers. A more efficient exploratory 
pattern of root growth in the larger containers may have explained their 
find ings.  
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1 .6 Evidence of competition for P between roots of 
browntop - and white clover 

Research on the nature of interference occurring between roots of browntop 
and white clover has concentrated on competition for soil P. The l ikelihood of 
othe r  forms of interference being involved has largely been ignored. Fol lowing 
is a critical review of the major work in this area of research.  

1 .6.1 Field surveys 

In f ield surveys, associations between species are described. For example, 
positive associations occur when two or more species occur together more 
often than would be predicted by chance (Silvertown 1 987) . Perennial 
ryegrass and white c lover have been found to be positively associated with 
each other, whi le both being negatively associated with browntop (Harris 
1 974; Simpson et al. 1 987) . Harris (1 974) suggested that this was because 
browntop produced a dense mat of l iving and dead til lers, rhizomes, and root 
t issu e  which physically prevented the ingress and growth of other species. 

H arris ( 1 974) considered that competition for soi l  P ,  as suggested by Jackman 
and Mouat ( 1 972a, 1 974) , was of less importance in explain ing the absence of 
wh ite clover from browntop-dominated hi l l  country pastu res than competition 
for l ight, and that grazing management was a major influence in manipulating 
the botanical co�position of a hill country pasture. Grime's theory (Grime 

I 

1 979) of plant growth strategies support Harris's claim. According to Grime 
{ 1 979) , wh ite clover is a ruderal perennial herb/competitive ruderal (Table 
1 .2 ) .  The occurrence of white clover at a site is dependent on the intensity of 
disturbance (grazing/treading). That is whether the disturbance is sufficient to 
enervate more greatly the associated more strongly competitive perennial 
herbs. At adequate levels of nutrient supply, browntop is potentially fast 
growing and moderately to h ighly competitive (Grime 1 979; Table 1 .2) .  Whi le 
under severe m ineral deficiency, browntop is a stress tolerator (Table 1 .2) due 
to its low growth rate when stress is h igh (Grime 1 979). 

Although Harris { 1 974) found that associations of white c lover and ryegrass 
---

were found in soil patches of h igher ferti l ity and browntop in low ferti l ity soil 
patches, th is may not necessarily be due to root competition from browntop in 
the low ferti l ity- s ites, but is possibly due to browntop plants being better 
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adapted to low soil fertil ity conditions than white clover. 1t is possible that the 
occurrence of wh ite clover in low fert i l ity soi l  patches may have been low, 
even in the absence of browntop. In contrast to Harris ( 1 974) , S impson et al. 

( 1 987) did not find any relationship between the distribution of wh ite clover 
and soil P or K (potassium) supply in hi l l  swards in mid-Wales. 

1 .6.2 Abi l ity of roots to absorb P 

The relative abil ities of white clover and browntop to absorb P from low soil 
solution concentrations have already been described in Sect ion 1 .3.2. 1 .  Using 
a mechan istic approach (Section 1 .5 . 1  ), one wou ld predict that brown top 
wou ld be at a competitive advantage over white clover for P acquisition at low 
soil P supply. However, as already pointed out, it is not possible to predict 
whether browntop and wh ite clover wil l compete in mixtures solely from their  
growth in monoculture. Whether or not competition for soil P wi l l  occur 
depends on the root densities and distribution of roots (Nye and Tinker 1 977). 
Also, if they do compete, other types of plant interference may alter the 
balance of competition . 

1 .6.3 Competition experiments 

Competition experiments carried out to study the importance of competition for 
soil P between roots of browntop and white clover have not been very 
exten's ive, and those that have been done have not been eas ily interpreted 
due to the experimental designs used. One needs to be aware that the resu lts 
of an experiment based on changes in competitive s�tt ings may be a reflection 
of the design used. A competitive setting may be changed by a ltering one or 
more of a n umber of factors between treatments (e.g. ,  absence or presence of 
partit ions, absence or presence of associated species) . A badly designed 
experiment can provide a setting that wil l guarantee the occurrence of 
competition between plants. 

1 .6.3.1 Glasshouse trials 

The first detailed study on competition for soil P between browntop and wh ite 
clover was undertaken by Mouat and Walker ( 1 959a) using a pot trial carried 
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out in a glasshouse. They claimed to have demonstrated severe competition 
for soil P between browntop and white clover. The resu lts indicated that 
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browntop did have a more deleterious effect on P acquisition by white clover 
than did perennial ryegrass. However, a close examination of the 
experimental design used, and the way in which the dry matter data were 
presented, reveals some flaws in the interpretation of this experiment. 

The description g iven of the experimental design used by Mouat and Walker  
( 1 959a) was ambiguous. E ither the experimental design used was a d ial lel  
series (replacement series) , or the plant density in mixtures was twice that of 
the m onocultures (variation of an additive series) . No clear details were g iven 
about the plant densit ies in the monocu ltures and m ixtures, although the 
description g iven did suggest that a replacement series design was used. The 
dry m atter results were presented as "dry matter yield per pot". If the 
experiment was a dial lel series, then the decreased yield per pot of wh ite 
clover in m ixtures with browntop, compared with in monocu lture may have 
been simply due to there being less white clover plants in the pots with 
m ixtu res. I f  however, an additive type design had been employed, the lower 
yield of dry matter per pot of white clover in mixtu res with browntop, compared 
with that in monocu lture may have been due to a h igher total plant density in 
the m ixtu re. 

Another shortfal l  was that a comparison of intra- and interspecific interference 
of browntop wa� not d iscussed by Mouat and Walker ( 1 959a) . An examination 
of the resu lts for\ P concentration and P content in herbage reveals that 
browntop d id not benefit in  terms of P acquisition by growing in association 
with wh ite c lover, compared with when grown in monoculture. In a 
replacement series experiment, this would not have been the e�pected resu lt 
if browntop was a more aggressive competitor for soil P than white clover. Had 
the experimental design used been a variation of the additive series, th is 
resu lt may have been d ue to a greater density of plants in mixtures than 
m on ocu ltu res. 

I n  spite of the problems with Mouat and Walkers' ( 1 959a) experimental 
design ,  their resu lts did suggest that competition for soil P may occur between 
browntop and white clover. They argued that as application of P increased 
white clover production increased when grown in association with browntop, 
this proved severe competition for soil P wa_s occurring. The lower rate of 
respo!'ls.e to P application of white clover grown in association with browntop 
compared w ith the white c lover monoculture also suggests that interspecific 
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competition was more severe than the intraspecific competition between white 
clover plants, but th is may have been due shading from browntop, or, 
depending on the experimental design used, a greater plant density in 
m ixtures than in monoculture. There is evidence that shoot competition 
between browntop and wh ite clover may be more important than root 
competition (Snaydon and Baines 1 981  ) ,  particularly in mature swards where 
browntop has formed a thick mat that heavily shades wh ite clover stolons 
(Harris 1 97 4 ) .  

1 .6.3.2 Field trials 

Jackman and Mouat ( 1 970) continued research into competition for P between 
browntop and wh ite clover with a long term field trial. Convinced that browntop 
was a strong competitor for soi l P (Mouat and Walker 1 959a), they exam ined 
what they referred to as the "grass effect". The "grass effect" is the additional 
amount of superphosphate needed to produce the same amount of herbage 
and fixed N from clover growing with a grass as from clover growing in 
monoculture under the same conditions (Jackman and Mouat 1 970, 1 972a). 
The resu lts of this particular field trial have been referred to in the literatu re 
(Jackman and Mouat 1 972a) as evidence that browntop roots are strong 
competitors with wh ite clover roots for soil P (e.g. ,  Haynes 1 980; Dun lop �nd 
Hart 1 987; Caradus 1 990) . Competition for P from browntop roots affecting P 
acqu

'
jsition by wh ite clover was not the major finding of the trial. Evidence that 

competition for soil P does occur between roots of browntop and wh ite clover 
was only suggestive because white clover had a greater soi l  P requirement 
than browntop (Jackman and Mouat 1 972a), as noted by other researchers 
(Grant et al. 1 98 1 ; Edmeades et al. 1 984). Factors other than competition for P 
may also explain the effect of browntop on white clover. For example, shading 
of clover stolons by browntop (Jackman and Mouat 1 972a) , the effect of 
browntop on soil moisture (Jackman and Mouat 1 972a), and a greater plant 
densitiy (and therefore possibly root density) in the m ixtures of browntop and 
wh ite clover than in white clover monocultures may have been important 
factors. 

Jackman and Mouat were not able to show the mechanism of root competition 
for soil P if it was occurring. Below is a synopsis of the results of the trial, with a 
crit ique of the conclusions drawn. The field trial is described below in greater 
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detai l  than wou ld  usually be appropriate for a l iterature review, in order to 
clarify the problems associated with it. 

Two white clovers ( T. repens L. var. •Grasslands Huian and •Grasslands 
4700•) were each grown alone or with browntop on a P deficient soi l at 1 5  
rates of superphosphate. Browntop was used because it had been reported to 
be a strong competitor for soil P (Mouat and Walker 1 959a) , and partly 
because Jackman and Mouat ( 1 970) claimed that, at low N supply and when 
m own, it would persist and wou ld not shade white clover. However, t hey later 
rea l ised that the c lover growing with browntop produced longer and m ore 
erect petioles than the clover growing in monocultures because it was being 
shaded by browntop (Jackman and Mouat 1 972a). 

In the second paper detail ing further harvests of the same trial, i t  became c lear 
that shading was an important factor involved in the reduction in white clover 
herbage yield when grown with browntop (Jackman and Mouat 1 972a) .  When 
large appl ications of superphosphate were applied, there was sti l l  a large 
reduct ion in the g rowth of white clover due to the presence of browntop 
(Jackman and Mouat 1 972a) . The P concentration in shoots of white c lover 
was reduced by the presence of browntop in only two of the five harvests, both 
of which were du ring dry summers (N .Z. Meteorological Service) . The 
reductions in P concentration in wh ite clover herbage during those' two 
summers were 0 .027 and 0.021 % in 1 968-69 and 1 969-70, respectively. As 

I 

considered earlier, th is may possibly have been due to browntop increasing 
the rate of soil drying on the availabil ity of soil P. Note that the experiment was 
establ ished in January, 1 968. Shading, and drying of the soil by browntop in 

·-

the m ixtures (Jackman and Mouat 1 972b) , may explain the lower P 
concentration in the herbage of white clover in m ixtures. Thus, the effect of 
b rowntop on P acqu isition by white c lover may not necessarily have been 
through direct competition between roots, but by an indirect mechanism that 
produced effects that m im ic competition between roots for soil P ("apparent 
competition") . Of course, d i rect root competition may also have been i nvolved, 
but apart from the obvious effects of shading of white clover stolons by the 
browntop mat (Jackman and Mouat 1 972b), no definite conclusions can be 
m ade. 

As the field trial progressed, the deleterious·· effects of browntop on white 
c lover became less severe (Jackman and Mouat 1 972a). Worthy of 
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consideration is that negative associations between browntop and white 
clover are known to develop with time (Harris 1 974). In  order for one plant to 
interfere with another, they must be in close proximity. In it ially, the swards 
wou ld have had a fairly random distribution of browntop and wh ite clover, so 
that interspecific plant interference would have been possible. However, as 
the two species became negatively associated with t ime, the level of 
interference between them would have lessened. 

Thus the resu lts of the field trial of Jackman and Mouat ( 1 972a) suggest that 
"apparent competition" for P occurs between browntop and white clover but 
research to date has failed to prove that roots of browntop and wh ite clover 
compete d irectly for soil P, although this may actually occur. 
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1 .7 Con c l u d i ng com ments 

The effects of management practices on the herbage production and botan ical 
composition of h il l  country pastures are wel l  known (Suckling 1 964, 1 975; 
Grant et al. 1 98 1 ; Luscombe et al. 1 98 1  ) .  However, to be able to make further 
advancements in h i l l  pasture management, the mechanisms of the deleterious 
effects of b rowntop on the growth and persistence of white clover, m ust be 
known. 

Research to date has fai led to prove that exploitative competition occurs 
between roots of browntop and white c lover. The exact nature of interferences, 
positive and/or negative, occurring between roots of browntop and white 
clover needs to be elucidated. The impact of preferential defol iation of wh ite 
clover on these interferences is an area of research that has not been 
explored. The possibi l ity that other factors (such as soi l moistu re, physical 
impedance of the growth of white clover by browntop mat, nutrient 
requ irements of individual species (separate from root competit ion)) may be 
more crucial in determining the botan ical composition and herbage yields in 
h il l  country pastures needs to be clarified. 

The fol lowing  fou r  chapters present the results of four  trials designed to 
exam ine the nature of root interferences between browntop and white clover 
by employing thr�e d ifferent techniques. Firstly, the p lant strategy theories of 
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G rime { 1 988) were applied to the results of a monoculture P response trial of 
browntop and white clover, and related to their known performance in h il l  
country pastures. The fol lowing two chapters (Chapters Three and Four) 
present f indings of two dual label l ing trials aimed at determining the 
mechan isms of root interferences between browntop and white clover as 
affected by P supply and defoliation. Final ly, a competitive settings pot trial 
was carried out to compare with the findings of the dual labell ing tria l .  The 
various experimental techniques used in the trials were assessed for their 
usefu lness and abi l ity to elucidate plant root interferences, and a summary of 
what has been learnt, and what is known, about root interferences between 
browntop and white clover has been presented. 
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CHAPTER TWO 

RESPONSE OF THE GROWTH AND PHOSPHORUS 
UPTAKE OF BROWNTOP AND WHITE CLOVER 

TO INCREASING EXTERNAL PHOSPHORUS SUPPL V 

2.1 I ntroduction 

Browntop is known to be less sensitive to P shortages than wh ite clover. The 
lowest solution concentration required to allow absorption of phosphate by 
roots has been measured using solut ion cultures and found to be only 0.04 
J.!M P for browntop, and 0.54 11M P for wh ite clover (Mouat 1 983b), al lowing 
browntop to grow at much lower soil solution phosphate concentrat ions than 
those required to sustain wh ite clover growth. Also, browntop attains maximum 
production at a lower level of P appl ication than wh ite clover (Jackman and 
Mouat 1 972b) , and requires a lower P concentration in the plant than wh ite 
clover at maximum production (Jackman and Mouat 1 974) . Browntop has also 
been noted for luxury consumption of phosphate, where P is absorbed beyond 
the needs for plant growth response (Jackman and Mouat 1 974) . 

Response curves provide information about growth rates, phosphorus 
requ i rements (external and internal), and type of response for the species 
studi�d .  Glasshouse response trials have been shown to be usefu l  in 
h igh lighting gross differences between species (Caradus and Snaydon 1 988), 
although they wil l not necessarily be related to responses measured in the 
f ield, due to the complexity of the field. 

In the P response trial described in this chapter, observation of the effects of 
phosphorus supply on browntop and white clover wi l l provide information on 
the relative abi l ities of the two species to obtain phosphorus from the h igh 
phosphate-fixing Ramiha soi l ,  on the efficiencies of phosphorus use within the 
plants, and on their phosphorus response curves. 



2. 1 .  1 Objectives 

The ma in  objective of this trial was to exam ine the possible ways i n  which 
either b rowntop or wh ite clover m ay have a competitive advantage when 
grown at low soil phosphorus supply. Th is was achieved by: 
[ 1 ] determ ining the shape of. the growth response curves to phosphorus for 
browntop and white clover in monocultures, 
[2] determin ing if there was an internal and/or external threshold requirement 
for phosphorus for either species when grown on P deficient Ramiha subsoi l ,  
[3] calcu lat ing arbitrarily chosen critical values for P concentration in (level of 
n utrient supply at which 50% and 90% of maximum yield is obtained) 
browntop and white c lover, 
[4] comparing the total P uptake and concentrations of P in shoots and roots 
between browntop and white clover to gain an insight into the abi l ities of the 
two species to desorb P from the soil and absorb P into the roots, and 
[5] comparing the two species for effic iency of P uti l ization and al location of 
phosphorus with in the plant. 
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2.2 Mate rials and methods 

The P response trial was carried out in pots i n  a g lasshouse. The design of the 
experi ment was a 5 x 2 factorial combination of treatments with fou r  replicates 
in randomised blocks. There were 40 pots altogether. Two factors were 
examined ; level of phosphorus supply : 0, 20 , 50, 1 00 and 200 mg P/kg subsoi l  
applied as monocalciu m  phosphate ; and plant species: Browntop (Agrostis 
capillaris) and white c lover (Trifolium repens) . 

2.2.1 The soi l 

Ramiha soi l ,  a yel low brown earth-yel low brown loam intergrade (Cowie 
1 976) was collected from Tuapaka Farm, Aokautere, New Zealand. Ramiha 
soi l  was chosen for this study because phosphate deficiency is prevalent on 
th is soi l ,  and i t  supports h i l l  cou ntry pasture where browntop is common. Soi l  
was collected from a depth of 5-20 cm, and is referred to as Ramiha subsoi l .  
This subsoi l  has a medium to high phosphate fixing capacity (a P retention of 
68%, according to the method of Saunders 1 965) and was extremely deficient 
in P (Oisen P = 5 Jlg g-1 soil) . Air dry soi l (500 g) ,  sieved to < 5 mm,  was 
weighed into free-draining pots after bei ng thoroughly mixed with the 
appropriate amount of monocalciu m  phosphate, as detai led above. Basal 
nutrients were applied in solution to the subsoil at the start of the experiment 
befor� planting. The basal nutrient solution contained 60 g/1 MgS04.7H20,  80 
g/1 KCI ,  0. 1 92 g/1 Na2Mo04.2H20, 1 .3 g/1 MnS04AH20, 1 g/1 CuS04.5H20,  1 

' 

g/1 ZnS04. 7H20 and 0.68 g/1 Na28407. 1 OH20. This solution was applied at a 
rate of 5 ml  per 500 g of subsoil . Fol lowing application of the basal nutrients, 
the subsoil was al lowed to dry and was thoroughly mixed. Before planting the 
subsoi l  was watered to a gravimetric water content of 40% (i .e. , 75% of water 
content at 50 cm suction) and was maintained at this level by wateri ng to 
weight. At 59 days from planti ng a solution of 5.4 g/1 NH4N03 was applied at a 
rate of 50 mV500 g subsoil to provide supplementary N .  

2.2 .2  Planting 

Ramets were used to propagate plants from fou r  single parent plants of each 
species. The parent - plants were collected from the established h i l l  country 
pasture at the site from which the subsoi l  was collected. Smal l  leaved white 
clovers were selected as they are more common on h i l l  country pastures than 
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larger leaved ecotypes (Kemp, P.D. pers. comm.) .  The ramets were planted as 
m onocultures into the pots at a rate of 7 plants/500 g subsoi l ,  and were 
thinned to 6 plants/500 g subsoil two weeks later. All wh ite clover plants were 
inoculated with Rhizobium trifolii at planting. 

2.2.3 Harvesting 

All  plants were harvested 93 days from planting. Shoots were cut at soil level, 
and the roots were washed from the subsoil using a hydro-pneumatic 
e lutriation system of root washing (Smucker et al. 1 982) ,  an automatic root 
washer that uses jets of water to remove subsoil from the roots. 

Strictly speaking, plant material considered to be shoot material was "above 
ground material"; rhizomes and ti l lers of browntop, and stolons, petioles and 
leaves of white c lover. Browntop shoots were further separated into rhizomes 
and t i l lers. 

Al l  p lant m aterial was dried to constant moisture percentage in an oven at 
65"C, weighed and then ground. The Kjeldahl-type digest m ixture of 1 00 g of 
potassium su lphate and 1 g selenium powder in 1 litre of concentrated 
su lphuric acid (Twine and Wil l iams 1 971 ) was used to d igest samples. 
Phosphorus and

\ 
n itrogen contents were measured on a Techn icon auto­

analyser (Techn l,con 1 973). 
' 
' 

2.2.4 M itscherl ich response curves 

M itscherl ich curves were fitted to the data for shoot dry weight responses to P 
application. The M itscherlich equation is a widely used model that is often 
applicable to plant responses to nutrients (Campbell and Keay 1 970; Bennett 
and Ozanne 1 972; Spencer et al. 1 980) . This form of the response curve 
impl ies that each successive increment in nutrient supply produces a 
d im in ishing increment in yie ld .  The Mitscherl ich equation is described by:. 

Y=A[1-Be-CXj . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [2. 1 ]  

where Y is yield at a given level of P application, x is level of P application, A 
is m aximum yield of the plant when the nutrient (e.g . ,  P) is not l imiting. 
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Rearrangement of Equation 2 . 1  gives 
B = (A-YojA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [2.2] 

where 0 < B < 1 ,  and 
C= - 1/x[/n(A-Y xfA.B)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [2.3] 

Factors wh ich affect A include plant species, climate, soil type, pests, 
management and adequacy of supply of other nutrients (Bennett and Ozanne 
1 972) . However, due to the asymptotic shape of the Mitscherl ich curve, an 
arbitrary level of yield below the maximum is general ly chosen to make 
comparisons between plant species and genotypes, for example ,  90% of 
maximum yield. 

Factors wh ich affect B include the P status of the virgin soil, P h istory and plant 
species. B is related to the difference between yield on the unamended soi l 
and the maximum possible yield, and (1 - B) is the proportion of maximum 
yield when no P is applied. B can be thought of as the responsiveness of the 
plant on that soi l or at that site (Bennett and Ozanne 1 972).  

C reflects the curvature of response, and reflects the rate of approach of the 
cu rve to the asymptote. lt depends on the amount of P that becomes avai lable 
to plants in a soil (e.g., sand has a h igh C value because l ittle P is adsorbed) 
and the abi l ity of the plant to take up P, and can be thought of as indicating the 
effectiveness of the appl ied nutrient (Bennett and Ozanne 1 972) .  C depends 
largely on root structure (Bennett and Ozanne 1 972). 

On occasions, in soils with low in itial soil P status and/or for some plant 
species, a response curve with a sigmoidal shape is observed. In such cases 
a Mitscherlich-type response curve is only appropriate at P additions above a 
certain th reshold level of P applied. 

2.2.5 Statistical analyses and curve fitting procedures 

Analysis of variance using a General Linear Model procedu re was used for 
analysis of the experiment. The computer programme used for the statistical 

- ·-

analyses was SAS (Statistical Analysis System) on the computer network 
system avai lable at Massey University. The results were analysed as a 
random ised complete block design (Zar 1 984). Curves were fitted to the 
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individual replicate data using an iterative procedure with a computer 
programme, Curvefit ( Kolb 1 979). 

The LSD presented in the graphs can be used to make comparisons between 
al l  m eans, un less otherwise stated. 
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2.3 Resu lts 

The resu lts of the glasshouse P response pot-trial have been presented below 
as P-response curves. Yield responses have been presented fi rst (Figures 2. 1 ,  
2.2, and 2.3, and Tables 2. 1 ,  2.2, and 2.3),  followed by P concentrat ions 
(Figures 2.3, 2.4, and 2.5). Lastly, the means for N concentration have been 
presented (Figures 2.6, 2.7, and 2.8) 

2.3.1 Yield response curves 

2.3. 1 . 1 Shoot vields 

The growth responses of browntop and wh ite clover shoots fol lowed a 
Mitscherl ich-type response curve (Figure 2. 1 ). The predicted maximum yield 
(A value) for wh ite clover was greater than for browntop (Table 2. 1 ,  Figure 
2. 1 ), and was attained at a h igher rate of P applied (Figu re 2. 1 ). The maximum 
yield of wh ite clover was not reached at 200 mg P applied/kg subsoi l .  The rate 
of increase in shoot yield towards the maximum shoot yield with increasing P 
supply was greater for browntop than wh ite clover, as indicated by the more 
pronounced curvatu re of the response curve for browntop (Figure 2.2) ,  and by 
the lower C value for wh ite clover than for browntop (Ta_ble 2 . 1  ) .  

The increase i n  shoot dry weight with P application for wh ite clover was more 
substantial than for browntop (Figure 2. 1 ) ,  as indicated by the greater B value 
for wh ite clover (Table 2. 1  ) .  The addition of monocalcium phosphate to 
unamended Ramiha subsoil produced a 3.4 fold incr�ase in shoot d ry weight 
to the maximum possible predicted yield of white clover, but only a 2.2 fold 
increase for browntop. This yield increase was estimated using the fitted 
Mitscherlich cu rves, and, as mentioned earlier, the maximum dry weight of 
shoots for white clover was not reached at 200 mg P applied/kg subsoi l .  

2.3. 1 .2 Tiller and rhizome vields of browntop • 

The response curves of ti l ler and rhizome weights of browntop were the same, 
and, l ike the shoots; fol lowed the Mitscherlich response curve with around 
70% of the shoot weight al located to the ti l lers at all levels of P appl ied (Table 
2.2). 
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Figure 2 . 1 Actual and fitted response of dry weights of shoots of (a) browntop, 
and (b) white clover grown in monocultures on Ramiha subsoil to P 
appl ication as monocalcium phosphate. Values for Mitscherl ich coefficients of 
fitted curves are g iven in Tabl�_ 2. 1 .  

5 5  



Table 2. 1 Coefficients of the fitted Mitscherlich curves for shoot dry weights of 
browntop and white clover, including t test comparisons between the 
coefficients for the two species. 

Mits c h erl i c h  Browntop Wh ite clover t 

coeff ic ient 

A 2 .33 5. 1 4  36.97 

p > 0.00 1 

8 0.54 0.71 8.50 

p > 0.001  

c 0.056 0.01 5 7.28 

p > 0.001 

to.oo1 (2),38 = 3.566 
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Figure 2.2 R elative yield responses of dry weights of shoots of browntop and 
wh ite c lover g rown in monocu ltures on Ram iha subsoil to P appl ication as 
monocalciu m  phosphate, calcu lated from the fitted Mitscherlich response 
curves. 
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Table 2.2 Effect of  P appl ication as monocalcium phosphate to Ramiha subsoil 
on the dry weights of ti l lers and rhizomes of browntop g rown in monoculture. 

Dry weight(g/pot) of 
ti l lers and rhizomes of Browntop 

P appl ied Ti l lers R h izomes 
(mgP/kg mean(st.error) mean(st .error)  
su bsoi l )  n = 4 n = 4 

0 0.79 (0.08) a 0.29 (0.1 0) a 

20 1 .37 (0.20) b 0.54 (0. 1 9) ab 

50 1 .60 (0. 1 3) b 0.68 (0. 1 6) b 

1 00 1 .67 (0.08) b 0.71 (0. 1 4) b 

200 1 .60 (0.06) b 0.66 (0. 1 3) b 

p COfl"4)arison LSD: 5% 0.47 LSD: S% 0.26 

Means within each plant d ivision ( i .e. , t i l lers or rhizomes) with d ifferent letters 
differ significantly (p � 0.05). 
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Most of the dry weight produced in browntop shoots was al located to the ti l le rs 
rather than to the rhizomes (Table 2.2), with the proportion al located to the 
rh izomes being, on average, around 28% of shoot dry matter. 

2.3. 1 .3 Root:shoot ratios 

The root:shoot ratio of browntop plants was greater than for wh ite clover 
(Table 2 .3). There was no effect of P application on the root:shoot ratio of white 
clover, whi le the root:shoot ratio of browntop was increased by P addit ion 
(Table 2 .3). However, it is general ly accepted that root:shoot ratios decrease 
with i ncreasing P supply (e.g. ,  Bradshaw et al. 1 960; Hart 1 981  ). The data 
suggest that a substantial amount of root material may have been lost during 
the root wash ing process (Appendix 5) because the root: shoot ratios were 
lower than expected (Mouat 1 983a). Also there appeared to be greater root 
loss at lower levels of P supply where roots may have been finer. 

Due to the atypical nature of the response in the browntop root: shoot ratios to 
increasing P supply, the results presented here concentrate on the data for 
weights and P uptake by shoots. However, means for P and N concentration 
in roots were presented on the assumption that the samples of roots collected 
were representative of the whole root system. 

I 

2.3.2 External 'P requi rements for shoot growth 

Browntop requ i red a lower application of P as monocalcium phosphate to 
reach the same relative yield as white clover (Figure 2.2). From the fitted 
curves (Figu re 2. 1 ), the level of P application required to produce an arbitrary 
level of g rowth relative to the predicted maximum possible yield was 
calcu lated. To produce half of the predicted maximum yield of shoots, 1 .4 and 
23 mg P appl ied/kg subsoil were needed for browntop and white clover, 
respectively. S imi larly, the level of P appl ication required to attain 90% of 
predicted maximum shoot g rowth was determined. These predicted val ue� 
were 31 and 1 31 mg P applied/kg subsoil for shoots of browntop and white 
clover, respect ively. Also, 90zo_ of predicted maximum growth of browntop 
t i l lers was attained at 28 mg P applied/kg subsoil. The higher C value (greater 
curvatu re of response) and lower B value (greater relative yield) of browntop 
were a reflect ion of its lower external P requ irement. 
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2.3.3 P content of shoots and internal P requirements 

2.3.3. 1 P concentration in shoots 

The P concentration in shoots of browntop and white clover increased l inearly 
with P applications (Figure 2.3). The rate of increase in P concentration in 
shoots with increasing P supply was greater for browntop than wh ite clover 
(Figure 2.3). Browntop had an internal P concentration requirement of only 
0. 1 2% P in shoots (til lers and rh izomes), to produce maximum yield, wh ile 
white clover required greater than 0. 1 5% P. The exact internal P requirement 
for wh ite clover shoots could not be determ ined from this trial as the top level 
of P applied was not enough to produce maximum yield. 

Up to 50 mg P applied/kg subsoi l ,  there were no significant differences 
between the two species for P concentration in shoots at the same level of P 
applied. However, at 1 00 and 200 mg P appl ied/kg subsoil the P 
concentration in shoots of browntop was greater than in wh ite clover (Figure 
2.3) .  

2.3.3.2 P content of shoots 

For white clover the P content of shoots responded to P application in a sim ilar 
manner to the shoot d ry weights. All additions of P appl ied produced an 
increase in the P content of shoots of white clover. Up to 50 mg P applied/kg 
subsoil , the P content of shoots of browntop also responded to P application in 
a manner sim i lar to the shoot dry weights. Nevertheless , with P appl ications 
greater than 50 mg P/kg subsoi l there was a marked increase in the P content 
of shoots of browntop that was not observed for the shoot dry weight (Figure 
2. 1 a),  due to the increase in P concentration in the shoots with al l  appl ications 
of m onocalcium phosphate (Figure 2 .3). 

There was no difference between the two species for P content at 0 and 2.0 mg 
P applied/kg subsoil , with the P contents being 1 . 1 and 2. 1 mg P/pot, 
respectively. At h igher levels of P appl ication the P content of shoots of wh ite 
clover was greater than in shoots of browntop due to the greater shoot dry 
weights of white clover (Figure 2._1 ) . At 200 mg P applied/kg subsoil the P 
contents of browntop and white clover were 5. 1 and 7.6 mg P/pot, respectively. 
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Table 2 .3 Effect of application of P as monocalcium phosphate to Ram iha 
s ubsoil on the root:shoot ratio of browntop and white clover plants grown in 
monocu ltures (LSD = 0. 1 1  for P by species interaction) . 

P aggl ied B rown top White clover 
(mgP/kg 
subsoi l) 

0 0.23 0 . 1 6  

2 0  0.29 0. 1 2  

50 0.32 0. 1 5  

1 00 0.39 0. 1 4  

200 0.38 0. 1 4  
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Figure 2.3 Effect of appl ication of P as monocalcium phosphate to Ramiha 
subsoil on the P concentration in shoots of browntop and white c lover grown 
in m onocultures. 
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2.3.3.3 P content of rhizomes and tillers of brown top 

The P concentration in rhizomes and ti l lers increased with P appl ications of 
1 00 and 200 mg P/kg subsoil (p $; 0.05) (Figure 2.4) .  The P concentration in 
rh izomes was sign ificantly lower than in ti l lers (p $; 0.000 1 )  at al l  levels of P 
application. I nterestingly, the P concentration in rhizomes was the same as the 
P concentrations found in the roots at the lower levels of P application , but was 
greater than in roots at 200 mg P applied/kg subsoil (Figure 2.4) .  

2.3.4 P concentration in roots 

The P concentration in roots of browntop was lower than in wh ite clover (p � 
0.0001 ) (Figure 2.5) .  At 90% of predicted maximum shoot dry weight, the P 
concentration in roots of browntop was 0.08% P, · about half that found in roots 
of white clover (0. 1 8% P). The response of P concentration in roots of both 
browntop and white clover to P application appeared sl ightly sigmoidal. 
Appl ications of 1 00 and 50 mg P/kg subsoil were required to produce 
s ignificant increases in P concentration in roots of browntop and white clover, 
respectively (Figure 2.5) .  

2.3.5 N concentration in  shoots and roots 

The responses to P .application of N concentration in shoots of browntop and 
white clover contrasted (Figure 2.6) . The N concentration in shoots of 
b rowntop was reduced from 2.4% in plants grown on unamended subsoil to  
2 .0% with the first appl ication of P (20 mg P/kg subsoil) ,  most l ikely due to 
d ilution with increased shoot dry weight. Further appl ications of P did not affect 
the N concentration in browntop shoots significantly. The N concentration i n  
wh ite c lover shoots did not increase sign ificantly unti l 50 m g  P/kg subsoil h ad 
been applied, and did not increase above that level although the roots were 
n od u lated . 

At al l  levels of P appl ied, except in plants grown on unamended subsoi l ,  the N 
concentration in white clover shoots were h igher than in browntop plants 
(Figu re 2.6) .  The N concentration in browntop shoots (til lers and rh izomes) 
was low, below 2% at 50, 1 00 and 200 mg P appl ied/kg subsoil. Despite th is, 
b rowntop plants showed .no symptoms of n itrogen deficiency (Plate 2 . 1  ) .  
However, the extremely low N concentrations found in the rhizomes of 

6 3  



browntop (Figure 2 .7) may account for the lack of N deficiency symptoms in 
shoots with the N concentration in ti l ler material-only being h igher (2.2 to 2.8% 
N) than for the whole shoots. The allocation of N between rhizomes and til lers 
was similar to the al location of P, with a greater concentration of N and P 
being found in the ti l lers. 

There was no effect of P application on the N concentration found in roots of 
either browntop or wh ite clover (Figure 2.8). Over al l  levels of P applied the N 
concentration in roots of white clover was greater than in roots of browntop. 
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2.4 Discussion 

In order to understand the possible ways in which either b rowntop or  white 
clover may be at an advantage to dominate pastures at low soil P supply, we 

n eed to consider plant traits that are known to enable s u rvival under 
conditions  of high P stress. The findings from the P response trial have been 
discussed below from an ecological viewpoin t. 

The P response trial was conducted under conditions of extremely deficient 
soil P supply. The P concentrations measured in shoots of browntop (tillers 
plus rhizomes) and white clover grown on unamended soil were only 0. 1 0  and 
0.08 %P, respectively. Although these P levels may be considered to be too 
low for the survival of plants, especially white clover, the plants in this trial did 
not  a ppear to be near death (Plate 2. 1 ) . The plants were cloned from 
naturalised ecotypes that may have adapted to survive and g row on low 
fertility soils at lower tissue P concentrations than bred lines. 

Browntop ecotypes collected from low P soils have been found to be more 
efficient at utilising P when P supply is low than ecotypes collected from soils 
of  higher P supply (McCain and Davies 1 983). H owever, it is generally 
accepted that less productive genotypes of plants tend to have higher shoot P 
concentrations when g rown under favourable conditions ,  as found in a s tudies 
of wh.ite clover ecotypes (Snaydon and Bradshaw 1 962; Spencer et al. 1 980; 
Caradus 1 986) . Yet, the results of the P response trial suggest that at  very 
deficient levels of soil P supply, white clover ecotypes collected from low 
fertility hill country sites may be able to survive under_ these conditions by 
being able to grow at very low shoot P concentrations, and by partitioning a 
large proportion of P to the roots (Caradus 1 986; Figure 2.5) .  

2.4.1 P stress tolerance 

Under conditions of nutrien t stress, the ability of plant species to withstand 

s tress is  considered to  be more important than competitive ability. According to 
G rime ( 1 979) ,  plants indigenous to in fertile habitats conserve nutrients, as 
opposed to maximising the rate of  capture of  nutrients. 

Browntop is considered to be a competitor, a stress-tolerator, and a ruderal, 
while white clover is a competitor and a ruderal (Grime et al. 1 988) . Because 
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the P response trial was conducted under conditions of h igh P stress, stress 
tolerance is the most important plant trait to compare between browntop and 
white clover under these condit ions. Below is an examination of how the 
f indings of the present tria l compare with the theory of Grime ( 1 979; Gr ime et 

al. 1 988). 

The lower shoot growth measured for browntop compared with wh ite clover 
(Figu re 2 . 1 )  agreed with the findings of other researchers that some Agrostis 
species have low g rowth rates (Ciarkson 1 967). S low g rowth is considered to 
be an adaptive feature of low fert i l ity-tolerant grasses {Ciarkson 1 967) and 
other  n utrient stress tolerant species (Hobbie 1 992) when grown under 
cond it ions of low soi l nutrient supply. The growth of browntop plants in th is trial 
was not l im ited by N deficiency as indicated by the N concentrations 
measured in the t i l lers (Figure 2. 7; An drew and Johansen 1 978) . 

Low g rowth rate creates a low demand for soi l  nutrients { Hobbie 1 992). The 
importance of a low growth rate to survival on low P soils has been 
emphasised by some plant ecologists, who have concluded that interspecific 
d ifferences i n  P m etabolism ,  u ptake and uti l isation are not as important as 
growth rate (Chapin and B ieleski 1 982; Chapin et al. 1 982). 

The h igh  shoot dry matter production of white clover (Figure 2. 1 )  posed a 
problem i n  that the roots of white clover were unable to acqu i re phosphorus in 
large enough quantities to avoid suffering from P deficiency (Figure 2 .3) , 
which a lso inh ib ited the fixation of N in roots, reflected by the lower N 
concentration in  shoots of white clover grown on unamended soil (Figure 2.6) . 
Not ice that the P concentration in  roots of white clover was h igher than in  roots 
of browntop (Figu re 2.8) due to the h igh requirement for P in root nodules to 
a llow n it rogen fixation to occur (Dun lop and Hart 1 987) . Furthermore, the 
lower N concentration in white clover shoots at low P supply demonstrated 
that a h ig h  P concentration is requ i red to allow efficient N fixation. 

The lower shoot g rowth rate of browntop compared with that of white clover 
may part ly expla in the h igher P concentration found in  browntop shoots 
(Figu re 2.3) in term s of d i lution. The low efficiency of P use by browntop 
compared with wh ite clover (shoot d ry weight produced per un it of P 
absorbed) ,  m ay be partly a reflection of the slow growth rate of browntop. The 
h igher P concentration in browntop compared with white clover wou ld g ive 
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browntop an advantage for survival , particu larly du ring future periods of P 
shortage. Low efficiency of P uti l isation has also been found with other P 
stress-tolerant species (Chapin and Bieleski 1 982) .  

Browntop appears to have a mechanism which al lows its roots to continue 
phosphate absorption even wh�n the concentration of phosphate required to 
achieve maximum growth has been reached; a process termed " luxu ry 
consumption" (Hommels et al. 1 989). Luxury consumption al lows browntop to 
conserve P by maintaining an internal supply. Consistent with the findings of 
previous research (Sprague 1 934), surplus absorbed P was stored in the 
shoots of browntop (Figures 2.3 and 2 .4). Being mobile within the plant, 
phosphorus can be effic iently retranslocated to growing t issues (Epstein 
1 972) . Even with the low levels of soi l  P supply in the present tr ia l ,  browntop, 
but not wh ite clover, was able to store P because with its slow growth it was 
able to acquire P in quantities greater than its requirement for growth , result ing 
in luxu ry consumption at the levels of P applied of 1 00 and 200 mg P/kg 
subsoil (compare Figure 2. 1 a and Figure 2.3) . 

Luxury consumption is cons idered to be an adaptive feature of plants able to 
grow under conditions of low nutrient supply (Chapin 1 980) . Luxury 
consumption of phosphorus was observed for browntop as early as 1 934 
(Sprague 1 934) . The delayed onset of P deficiency in times of future shortage 
of soil . P supply by retranslocat ion of stored P would have a great impact on 
browntop because of its low growth rate. By conserving P internally browntop 
plants wou ld be able to sustain growth for a longer time than wh ite clover 
(Ciarkson 1 967; Rorison 1 968; Chapin 1 980) . 

2.4.2 External P requirement 

Another trait that contributed to browntops' tolerance of low P soils (Mouat 
1 983b) was the lower P appl ication required to produce maxim um shoot dry 
matter of browntop compared with wh ite clover (Figure 2.2) ,  as found by 
previous research (Jackman and Mouat 1 972b) . The lower soil P supply 
requi red for browntop to attain maximum possible shoot yield was due to the 
more pronounced curvature of response to P application compared with wh ite 
clover (Figure 2 .2), as indicated by the greater Mitscherlich C value for 
bro·wntop (Table 2 . 1  ) .  According to the predictions made from the fitted 
M itscherl ich curves, P deficiency in browntop was al leviated with an 
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appl ication of only 31  mg P/kg subsoil on the extremely deficient Ram iha 
subsoi l .  This would enable browntop to survive wel l  in the fie ld when growing 
on poor and/or unfert i l ized soi ls .  The maximum shoot yield for white clover 
was n ot even attained in this trial ,  p robably because the P supply was low in 
the Ramiha subsoi l  and P wou ld have been strongly adsorbed by the subsoi l .  

D ifferences in curvature of  response to P application by p lant species may be 
due  e ither to d ifferences in the amount of P in the soil that becomes available 
to the p lant or to the abil ity of the p lant to take up P (Bennett and Ozanne 
1 972). In comparing browntop and white clover, the most obvious of these 
explanations, one that relates to the abil ity of the plant to take up P, is that 
browntop has a more extensive root system than white clover. Browntop roots 
are m ore extensive than wh ite clover in terms of root and root hair length, 
f ineness of roots, surface area of roots, and length of roots with root hairs 
(Evans 1 977). For a n utrient of low mobil ity in the soi l ,  such as P,  these 
parameters are extremely important in terms of depletion of P from soil. The 
more fibrous nature of browntop roots (Caradus 1 980} provides access to a 
larger pool of available P than would be available to white clover (Fitter and 
Hay 1 987). 

A prob lem with the comparison made above for P uptake efficiency is that the 
functional ly active part of the root system (which is far less than the total root 
length) is not known. However, as apical regions are known to be more active 
than other regions of roots , the greater number of root growing tips of 
b rowntop than white clover (Evans 1 977) support the above argument. 

Browntop is better adapted to soils of low P supply than white clover, due to 
the  l ower productivity of brown top (Figure 2. 1 )  and slower relative root growth 
rate of white clover (Caradus 1 980). 

Edmeades et al. ( 1 984) found that browntop dominated pasture did not 
respond as wel l  as white c lover/ryegrass pasture to P application on P 
deficient soi l .  Not on ly was the production of shoot dry matter lowest in the 
reverted browntop-dominated pasture, but a h igher application of P was 
requ ired to reach maximum possible yield. The reason for this seemingly 
confl ict ing finding to the present glasshouse tria l ,  may be that with a low 
pro port ion of legume in the browntop dominated pasture, h igher rates of P 
appl ication were needed to stimulate increased wh ite clover production . 
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2.4.3 Nutrient cycli ng 

Another important, and often overlooked, plant trait that affects the distribution 
of p lant species is the rate of nutrient recycling. The rate of recycl ing of 
n utrients from l itter decomposition is affected by the amount of l ignin in ,  and 
the C :N  ratio of, the litter (Hobbie 1 992). The rate of decomposition of plant 
l itter is inversely proportional to the C:N ratio of the l itter (Hobbie 1 992) .  Low 
fert i l ity-tolerant plants tend to produce l itter that decomposes slowly. 
Considering that browntop has a lower N concentration than wh ite clover in 
both shoots (Figure 2.6) (except at 0 mg P applied/kg subsoi l )  and roots 
(Figure 2 .8) ,  it would be expected that the rate of return of P from browntop to 
the soi l  would be slower than from wh ite clover. The advantage of a slow rate 
of decomposit ion of browntop litter would be a reduction in loss of nutrients to 
leach ing and other organisms (Grime 1 979) . 

The consequence of a slow rate of cycl ing of P within a browntop dom inated 
pasture would be that because browntop has the capacity to absorb P in 
luxu ry quantities, even when grown on an extremely deficient soi l (as shown 
in th is P response trial) , large quantities of P may become tied up  in organic 
forms ,  l iving and dead. 

I n  terms of loss of P due to grazing, al location of P to roots may be of some 
advantage to wh ite clover plants. With severe grazing, browntop plants would 
lose large amounts of P stored in the shoots, particu larly as the P content and 
P concentration in ti l lers is substantial ly greater than in the rh izomes (Figure 
2 .4  and Table 2.2) , wh ich are less likely to be removed when browntop p lants 
are grazed. However, the greater root/shoot ratio of browntop {Table 2.3) may 
offset this difference. 
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2.4.4 Summa risi ng c o mm ents 

Despite the extensive amount of work on the deleterious effects of browntop 

on P u ptake by white c lover (Mouat and Walker 1 959a; Jackman and M ouat 

1 970, 1 972a, 1 972b,  1 974) , the com parative responses of browntop and whit e  

c lover t o  P appl ied have on ly been briefly d iscussed.  A general , and 

somewh at ambiguous, con clusion was d rawn by J ackman and Mouat 

( 1 972b) , based on the lower external P requ i rements of browntop, that ''the 

clovers were l ess efficient, . . .  , in  their response to P than were the g rasses". 

This was the basis of the i r  explanation for browntop decreasing the abi l ity of 

wh ite c lover to acqu i re soil P. However, it should be real ised that the f inding 

that w hite clover requ i res a m uch h igher application of P than browntop to 

p ro duce simi lar relative shoot yield,  also found in the p resent trial, may simply 

be a reflection of browntop being better adapted to g row under condit ions of 

low soi l  P supply than wh ite clover. 1t does not suggest that browntop i s  

capable of red ucing the availabi l ity of soil P to white clover roots. For th is  to 

o cc u r  an exam ination of the abil ity of browntop to red u ce the supply of P in the 

soi l  is  req u ired. However, it seems that i n  the long term , browntop m ay " lock 

u p "  large q uantit ies of P .  The im pact of this  on the botanical com posit ion of h i l l  

country pastures wou ld depend on the rate of cycl ing of P from browntop back 

into the soil (Hobbie 1 992) . Fu rther investigation i nto the l ikeli hood of P 

d e pletion zones overlapping between roots is also required in order to 

conclude that d i rect competition for P could occur. This would require 

consideration of the root densities within the soi l ,  determ ined from root 

l e n gths.  

The f in dings of  th is  tr ial h ighl ight the problems invo lved in attempting to predict 

the effect of soi l  P supply on root interact ions betwee n  two species from the i r  

responses t o  P appl ication when g rown i n  m onocultures (Harper 1 977).  That 

b rowntop is better adapted than white clover to g row on soi ls of low P fert i l ity 

does not p rove that b rowntop roots wil l  compete d irectly with white c lover 

roots.  The results do suggest that browntop wou ld be the "winner" ,  a n d  w� ite 

clover the " loser" if g rown togethe r  at low P supply. Slow growing p lants of low 

phosphorus req uirement may actually be poor competitors when g rown i n  

fert i le  soi ls with h igh producing n utrient demanding plant species. Ether ington 

( 1 983) claimed that in order to avoid such comp etit ion,  low ferti l ity-tolerant 

species m ay take refuge in harsh environments where the h igher p roducing 
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plant species cannot perform wel l ,  however it is inelegant to bestow the power 
of reason upon a plant. 

Although there is no evidence from the P response trial that browntop reduced 
the P s upply in the soil to a greater extent than wh ite clover, this did not 
d iscount the possibi l ity that browntop roots may compete directly with wh ite 
clover roots in the field through an overlapping of depletion zones (Grinsted et 
al. 1 982). The greater root length and root hair length of browntop compared 
with wh ite clover (Evans 1 977) makes this a strong possibi l ity. In the following 
Chapters Th ree and Four the nature of intra- and interspecific root interactions 
of browntop and wh ite clover are considered. 
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CHAPTER THREE 

THE EFFECTS OF SOIL PHOSPHORUS SUPPL V A N D  
DEFOLIATION ON THE INTER- A N D  INTRASPECI FIC 

ROOT I NTERFERENCES OCCU R R I N G  
I N  M I NISWARDS O F  BROWNTOP A N D  WH ITE CLOVER 

3.1  Introd uction 

Plant interference can be defined as the response of an individual p lant or 
plant spec ies to its total environment as modified by the presence and/or 
growth of other individuals or species (Hal l 1 974) . Competition does not 
embrace al l  the mutual infl uences of plants growing together (Hunter and 
Aarssen 1 988) . Root competition refers to the specific situation where soi l  
resources are in l im ited supply and the amount of a soi l  resource obtained by 
one plant is directly reduced by the presence of roots of another plant, wh ich · 

may be of the same or different species. If one species is more competitive 
than another species, that species will obtain more of a l im ited resource when 
grown with the less competit ive species than when grown with other p lants of 
the same species (Hal l 1 974) . The di rect st imu lation of one species by 
another is an example of non-competitive interference (Al ien and Al ien 1 990) . 

lt can be tempting to explain the distribution of p lant species in terms of plant 
I 

competit ion , especial ly if the exclusion of one species is associated with the 
presence of another. 1t has long been accepted that white clover is a weak 
competitor for phosphorus (Haynes 1 980) because of its poor abi l ity to 
acquire P at low levels of soil phosphorus supply (Jackman and Mouat 
1 972a) . Th is conclusion has been used to explain the absence of wh ite clover 
in browntop-dom inated h i l l country pastures in New Zealand (Mouat and 
Walker 1 959a; Jackman and Mouat 1 970) . Nevertheless, the evidence 
supporting the dominance of browntop over white clover due to superior 
competitiveness for P is not as good as is often assumed (refer to Section. 1 .6). 
The effect of browntop on phosphorus uptake by wh ite clover has been 
associated with indirect effects of shading {shoot competition for l ight) and soi l 
moisture stress ( int�rference by browntop on the environment of wh ite c lover 
roots) (Jackman and Mouat 1 974) . Also there is no evidence to date that 
browntop gains a competitive advantage for phosphorus uptake by growing in 
the -presence of wh ite clover. There is no doubt,  however, that browntop can 
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absorb phosphorus from extremely low soil solution concentrations {Mouat 
1 983a) , and that a reduction in soil P avai lab i l ity would have a more 
detrimental effect on white clover than on browntop (Jackman and Mouat 
1 974; Chapter Two) . However, it is not possible to predict the interactions that 
wi l l  occur  between species from their growth in monocu lture (Harper 1 977; 
F i rbank and Watkinson 1 990). 

There is good evidence that grazing may interact with competition for 
phosphorus (Caldwel l  et al. 1 987; Banyikwa 1 988) . The preferential 
defo liation of one plant may lead to the greater uptake of phosphorus from a 
l im ited supply by a neighbouring undefol iated plant of the same or d ifferent 
species. Using a dual label l ing techn ique, Caldwel l  et al. ( 1 985) found that 
Sagebrush (Artemisia tridentata) absorbed 86% of 32p or 33p from an 
interspace shared with a prairie bunch grass (Agropyron spicatum),  whi le 
absorbing only 1 4% from an interspace shared with another species of prair ie 
grass (Agropyron desertorum), and concluded that A desertorum was more 
competitive with Sagebrush than A. spicatum. This work was extended to 
show that competition for P was involved, by demonstrating that defo l iation of 
the n eighbouring Agropyron prairie grasses lead to an increase in  isotope 
acqu is ition by the centra l  Sagebrush plant with in 1 4  days (Caldwel l  et al. 
1 987} .  

U nder the same defoliation treatment white clover is known to m aintain root 
elongation better and suffer less root death than perennial  ryegrass (Evans 
1 973a) , and browntop (Evans 1 973b) .  However, it is not known how 
defol iation affects the interactions that occur between roots of browntop and 
white c lover i n  relation to phosphorus uptake. 

Most studies on competition between p lants measure the perfo rmance of 
plants i n  various competitive sett ings, for example, additive and replacement 
series experimental designs, or by the use of various aeria l  and/or soi l  
partit ions (Harper 1 977} I n  these types of experiments, competition may b.e 
inferred from how the performance of the plants is affected by the various 
experimental settings, but the mechan isms of direct interactions  between roots 
remains u nclear. 

A dual isotope label l ing t�chn ique has been used to demonstrate d i rect 
competition between roots of plants in the field, and the rapid effects of 
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defol iat ion on root competitive abi l ity (Caldwel l  et al. 1 987). The objective of 
the present study was to determine whether a technique of dual isotope 
labe l l ing with 32p and 33p could be used to determine the nature of the 
interactions between roots of browntop and wh ite clover. 

The questions to be answered in this trial were: 
[ 1 ] Does browntop gain a competitive advantage for soil phosphorus uptake 
by growing with its roots associated with roots of white clover plants compared 
with when grown with its roots associated with the roots of other browntop 
p lants? 
[2] Is white clover at a competit ive disadvantage for soi l  phosphorus uptake by 
growing with its roots associated with browntop roots compared with when 
grown with its roots associated with the roots of other wh ite clover plants? 
[3] Can defo l iation of either browntop or white clover or both al leviate the 
severity of competition for soil phosphorus with outer simu lated sward plants 
of the same or different species? 
[4] Is there any type of inter- or intraspecific root interference occurring in 
browntop-wh ite clover swards other than competit ion? 
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3.2  M ateria ls  and  methods 

3.2.1  Experimental design and treatments 

The basis of the design was to determ ine the relative amounts of phosphate 
that a row of plants (either browntop or wh ite clover) can absorb from two 
adjacent soil spaces, one dom inated by wh ite clover roots and the other by 
browntop roots. 32p was injected into the soil on one side of a central row of 
indicator plants and 33p into the other s ide (Figure 3. 1 ) .  The relative uptake of 
32p and 33p was assessed by harvesting the shoots and roots a short t ime 
after label l ing ,  in th is case seven and fourteen days , and then counting the 
two isotopes. 

The design of the experiment was a random ised complete block ,  with four  
repl icates. The treatments imposed were; level of phosphorus: 0 and 1 00 mg 
P/kg soi l ,  appl ied as monocalcium phosphate; central indicator species: 
browntop or wh ite clover; and defol iat ion : outer s imu lated sward browntop or 
outer s imu lated sward wh ite clover defoliated , or not defoliated . The 
treatments were imposed in twelve factorial combinations. 

The defol iation treatments were imposed on the same day as the injection of 
the carrier-free radioactive 32p and 33P .  The defol iation treatments and P 
isotope injections were carried out over four consecutive days, with one 
repl icate being treated each day. The defol iation treatment involved cutting 
the outer s imu lated swards on one s ide of the row of central indicator plants to 
a stubble height of 20 mm. Th is defol iation was considered to s imulate sheep 
g razing (Ciark et al. 1 984). 

3.2.2 The soi l 

Ramiha subsoi l  (see Section 2.2.2), col lected from Tuapaka Farm , Aokautere, 
N ew Zealand, was passed through a 5 mm sieve to remove debris, such �s 
plant m aterial ,  and to make it easier to create a homogeneous soi l m ixtu re. 
Soil was weighed into rectangular plastic trays of the dimensions 300 mm by 
400 m m ,  and 1 00 mm depth. The trays were separated into two sections with 
a partit ion m ade of perspex and sealed with s i l icon (Figure 3 . 1  ) .  4.5 kg of 
Ram iha soi l  was weighed into each sealed half after being thoroughly m ixed 
with the appropriate amount of monocalcium phosphate. The soi l in each 
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sealed half of the tray was further partitioned by pushing two plastic partitions 
into the soil (Figure 3. 1 )  separating the roots of plants in each sealed half of 
the tray into two harvests. 

A c losed system (i.e. , trays were not free draining) was used to a llow control of 
the soil water content and to reduce possible problems associated with the 
use of radioisotopes, e.g. , to prevent leakage. The bulk density of the sieved 
soil was 1 .036 g/m l. At 50 cm suction the gravimetric water content was 50%. 

3.2 .3 Watering 

The water content across the tray was carefully mon itored and kept constant 
because soi l  water content is known to have an effect on the avai labil ity of 
phosphate to plant roots (Low and Piper 1 960) . 

The soi l  water content was monitored daily throughout the experiment by 
weigh ing ,  and was occasionally checked across the tray by using an I RAMS 
time domain reflectometer {Topp et al. 1982) .  At planting the soi l  was watered 
up to 35% gravimetric water content. Later, as the demand for water by the 
plants increased, the soil was watered up to a gravimetric water content of 
40%. 

3.2.4 P lanti ng 

Ramets of browntop and wh ite clover were used to propagate plants from fou r  
single parent plants of each species. The chosen parent plants were col lected 
from the same site as the soi l ,  on Tuapaka Farm. For wh ite clover, the more 
stolon iferous small leaved ecotypes were chosen as they are more common 
in h i l l  country pastures than the larger leaved ecotypes. The ramets were 
planted into the trays as shown in Figure 3. 1 .  The soil was inocu lated with 
Rhizobium trifolii to encourage nodu lation of white clover roots. 

3.2.5 Aerial partitions 

Aerial partitions were used to separate the above ground parts of the central 
row of either browntop or white clover plants from the outer s imu lated swards 
of browntop on one side and white clover on the other (Figure 3. 1 and P late 
3. 1 ) .  The aerial partitions were made of sturdy cardboard covered in reflective 
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Figure 3. 1 The planting arrangement of ramets of browntop and white c lover, 
detai l ing posit ioning of points of P isotope injection, aerial partitions, and the 
soi l partition used to separate the tray into two harvests. 
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alumin ium foil, 1 00 mm h igh, and ran across the whole width of the tray. One 
aerial partition was placed on each side of the centra l  row of indicator plants, 
arranged between the three sections of the tray (Figure 3. 1 and Plate 3. 1 ). The 
partit ions were held in place with the aid of th in bamboo skewers. 

No shoot interactions occurred between the three sections of each tray so that 
only any root interactions between the central row of indicator plants and the 
outer s imu lated swards cou ld be examined. There were sti l l  shoot interact ions 
occurring between plants within each of the three sections in each tray. 

3.2.6 Basal nutrients 

A basal n utrient solution , simi lar to that recommended by Middleton and 
Toxopeus ( 1 973) was applied to the subsoi l .  The basal solution contained 
requ i red plant nutrients, m inus N, P, and Ca. The major nutrients stock 
solution contained 7.35 g/1 of K2S04, 2.22 g/1 of MgS04.7H20, 36 ml/1 of 1 N 
HCI.  The m inor nutrients stock solution contained 3.0 mg/1 of H3B03, 1 .0 mg/1 
of C uCI2.2H20, 20.0 mg/1 of MnCI2.2H20, 0.4 mg/1 of (NH4)Mo7024.4H20, 1 .5 
mg/1 of ZnCI2 and 0. 1 4  mg/1 of Fe citrate. Nutrient solution was made up by 
di lut ing 200 ml of each stock solution to a volume of 4.5 I before application to 
the trays. The nutrient solution was applied at a rate of 300 ml per half-tray at 
1 6, 22, 30, 61 , and 95 days from planting. 

\ 
3.2.7 ' I njection of carrier f ree radi oactive phosphates 

The method for P isotope injection into the soil was similar to that 
recomm ended by other researchers (Caldwell et al. 1 985, 1 987; Abbott and 
Fraley 1 991 ) .  P isotopes were injected on the same day the defoliation 
treatments were imposed, 1 09 days after the ramets were planted. The 
original carrier free solutions of 32p and 33p were di luted so that the two 
solutions would be at a simi lar level of activity (Table 3. 1 ) .  Carrier free 32p or 
33P was injected into the soi l ,  midway between the central row of indicator 
plants and the first row of plants in the outer simu lated swards, based on the 
ram et planting points (Figure 3. 1 ). 

H oles were made prior to injection in order to avoid the problem of soil 
blockages in the m icro-pipette tip. From each of two stock solutions of 32p and 
33p ,  0 . 1 ml was injected directly into the injection points in the soi l to a depth of 
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40 m m  with a micropipette. There were n ine injection points on either side of 
the four central indicator plants in each sub-plot (Figure 3. 1 ) .  The injection 
depth of 40 m m  was chosen as both browntop and white clover are known to 
have most of their P uptake activities above a depth of 70 m m  in a New 
Zealand h i l l  country pasture (Jackman and Mouat 1 974) . In replicates 1 and 3,  
32p was injected into the s ide with the browntop sim u lated sward adjacent, 
and 33p into the side with the white clover simulated sward adjacent. In  
repl icates 2 and 4 the sides were reversed; 32p was injected into the side with 
the wh ite clover simu lated sward adjacent, and 33P into the side with the 
browntop simu lated sward adjacent. Th is was done in case there was a 
preferential uptake of one of the P isotopes over the other. Fol lowing the 
injection of P isotope solution, the holes were careful ly fi l led to prevent root 
channel ing (Abbott and Fraley 1 99 1  ) . 

The radioisotopes were essentia l ly carrier free and the concentrations of the 
added radioactive phosphorus were too low to influence plant growth (Schenk 
and Barber 1 979). Also, the amount of phosphate in the 0. 1 ml al iquot was too 
low to be detected by the Murphy and Ri ley (1 962) test for phosphorus. 
Because phosphate ions are rapidly adsorbed by Ramiha soil, the P isotopes 
wou ld not have moved appreciably from the point of injection. 

3.2.8 Harvesti ng 
\ 

Plants were harvested either seven or fourteen days after imposing the 
defoliation treatments and the P isotope injections. The edge sub-plots were . 
harvested after seven days and the m iddle sub-plots were harvested after 
fourteen days (Figure 3. 1 ) .  The shoots of the central row of indicator plants of 
browntop and white clover, and the inner row of browntop plants in the outer 
s imu lated sward ( i .e . ,  d i rectly adjacent to the aerial part itions), were harvested 
by cutt ing at ground level. Shoots of wh ite clover in the outer s imulated 
swards were not harvested due to the d ifficulties involved in determ ining 
which plant material belonged to the inner row of white clover plants direqtly 
adjacent to the aerial partition, because of the stoloniferous prostrate growth 
habit of white c lover. Shoot samples were then dried in an oven at 65"C to 
constant weight. Al l shoot samples were ground using a hand-held Braun 
Aromatic KSM 2 coffee grinder. 
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Root sub-samples were collected by taking soil core samples with a special ly 
designed sampling core of the dimensions 2700 mm2 area (90 mm long and 
30 mm wide), and 1 00 mm depth, i .e. , a volume of 270 000 mm3. The soil was 
washed from the roots, using the hydropneumatic e lutriation system of root 
harvesting (Smucker et al. 1 982) .  Root samples were taken from the central 
indicator row of plants and from the m iddle row of the outer s imulated swards, 
parallel to the central indicator row of plants. 

The roots from the outer simu lated swards were sampled to al low an 
assessment of any differences in root density between the central ind icator 
plants and the outer simu lated sward plants that may have existed due to 
shading of central indicator plants by the aerial partit ions. Fresh weights and 
root volumes (measured by displacement of water) were recorded. These 
roots were then preserved in 80% ethanol. 

Root lengths were measured using a Comair root length scanner (Richards et 
al. 1 979) and the root density, Lv, (in cm cm-3 soil) and specific root length, 

SRL ( in m g-1 root weight) were calcu lated. The effective potential zone of 
soi l exploitation around each root, calcu lated as the half mean distance 
between any two roots, was g iven by the .mean radius r of a cylinder, where r 
=1 /( n Lv) (Grinsted et al. 1 982). The calcu lation of soil exploitation zone 
assumed completely random distribution of roots throughout the soil. As plant 
roots a re said to compete for P when P depletion zones around roots are 

I 

equal to, or greater than, the effective zone of soil exploitation around roots 
(Grinsted et al. 1 982), ·the time taken for depletion zones between roots to 
overlap was calcu lated using the mean square d istance, x, where x = ...f(2D. t) 
(Bieleski 1 976; Appendix 1 ) , and 0 (diffusion coefficient in soil in cm2 s·1 ) .  

0 = D1.0.f1.D.CUb.C. 0 ,  where: 
t = time in seconds, 
DJ = diffusion coefficient in free solution (0.9 x 1 o-5 cm2 s-1 ) ,  
0 = volumetric water content of soi l , 
fl = impedance factor, 
!!Cl = change in concentration of solution (mol m l- 1 solution) ,  calculated 

from adsorption/desorption isotherm {Appendix 1 ) ,  
D.C = amount of P removed from the soil (mol m l- 1 soil) for concentration 

change !!Cl, calculated from adsorption/desorption isotherm 
· (Appendix 1 ). 
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Data were presented as time (in days) predicted for P depletion zones of roots 
to overlap in the outer simu lated swards of browntop and white clover. The 
harvested roots of the central indicator row of plants were dried in an oven at 
ss·c to constant weight. Phosphorus (3 1 P) and n itrogen contents were 
measured on an auto-analyser, after Kjeldahl type digestion (Twine and 
Wil l iams 1 97 1 ) .  The d igestion mixture used was 1 00 g of potassium su lphate 
and 1 g selenium powder in 1 I of concentrated su lphuric acid. 
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Table 3. 1 Activities of 32p and ssp in the total 0.9 ml  of di luted stock solutions 
injected into each sub-plot, at the time of P isotope injection. 

Date of defol iation Total activities of P 

a n d  isotopes i njected 
P isotope injection Block number per sub-plot(kBq) 

32 p 33 p 

22/5/1 990 1 343 1 49 

23/5/1 990 2 327 1 45 

24/5/1 990 3 3 12  1 41 

25/5/1 990 4 297 1 37 
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3.2.9 Counting radioactive phosphorus-32 and -33 

The techn ique  used was to ash the plant material at 450"C and d issolve the 
ash in hydroch loric acid. Samples were weighed into round-bottom l ipped 
crucibles. Lids were placed on the crucibles, leaving a gap for air movement. 
The crucibles were placed in a cold muffle furnace and slowly heated to 
3oo·c. The temperature was held at 3oo·c for four hours, then it was 
increased to 45o·c and left at this temperature overn ight ( 1 2  hours). No 
problem of incomplete ashing was encountered by this technique. 

Approximately 2 m l  of 2.5M HCI was added dropwise to the ash in each 
crucible, taking care to avoid excessive effervescence. The crucibles were 
then p laced on a heating block and gently warmed for 30 m inutes. The 
resu lting solution was filtered through a Wh

.
atman No. 541 filter paper into a 

1 0  m l  volumetric flask. The volume was made up to 1 0  m l  with the 2.5M HCI. 

6 ml of the 2 .5M HCI digest was pipetted into a 20 ml glass scint i l lation vial 
and 1 4  ml of scinti l lation cocktail was added. Patterson and Greene's ( 1 965) 
scinti l lation cocktail 4 g of PPO (2,5 Diphenyl oxazole) and 0. 1 g Di-methyl 
POPOP (2,3 ,3,6-0,0 1 ,4-Di-(2-{5-phenyl-oxazoyl))benzene) d issolved in 670 
m l  of toluene and 330 m l  of Triton-X 1 00] was used. The lid was �crewed on 
and the m ixtu r� was shaken vigorously by hand forming a white opaque gel. 

1t was necessary to make standard solutions equivalent to the 0. 1 m l  aliquots 
that were injected into the soil. To make these, 0. 1 ml of carrier free 32p and 
33P solution was pipetted separately into two glass scinti l lation vials. To this 
5 .9  ml of 2 .5M HCI was added and gently shaken by hand to m ix. Then 1 4  m l  
o f  scinti l lation cocktail was added to make the final volume 2 0  ml .  These 
solutions were used to set the channel readings required to separate the 
counts for 32p and 33p in the shoot and root samples, as well as to determ ine 
the total counts of 32p and 33p that were injected into the soi l .  Quench ing 
effects of the ash were measured by counting 32p and 33p standards 
contain ing varying known weights of non-radioactive plant material and 0 . 1  m l  
of  either 32p or 33P. 32p and 33p were counted simultaneously on a three 
channel l iquid scint i l lation counter. Details of channel settings and 
calcu lations are given in Appendix 4. 
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Shoots of central indicator plants and outer simulated sward browntop plants, 
shoots of central indicator wh ite clover plants and roots of central indicator 
browntop and white clover plants were counted. As all samples were not 
counted on the same day, the unquenched data for both 32p and ssp were 
adjusted for decay to a single point in time, calculated using the half lives of 
32p and ssp_ Activities of 32p and 33p were normal ised in relation to the 
original carrier free solutions that were injected into the soi l ,  by dividing the 
activity of each sample by the total activity of each P isotope injected into each 
tray containing 4.5 kg of soi l .  The data were then expressed as normal ised 
activity per gram of shoot or root, and as total normal ised activity of shoots and 
roots for both 32p and 33P. lt was not possible to calcu late absolute un its of P 
uptake. However, the relative differences in uptake of 32p and ssp between 
samples was assumed to be proportional to phosphate uptake, from each 
side, from the soil labile pool for . the duration of the experiment from the time of 
P isotope injection to harvest (Newbou ld et al. 1 971 ; Caldwell and Virginia 
1 989). The assumption that 32p and 33p were translocated sim i larly with in the 
plant and that roots have the same affin ity for absorbing the two tracers was 
m ade (Caldwel l and Virginia 1 989) . 

3.2. 1  0 Frequency distributions of normal ised activities of 
phosphorus-32 and -33 

The. frequency distributions for the sample popu lations of radioactivity 
me�surements were positively skewed. The non-normal ity of the distribution 
of the activities was associated with a non-constant variance. In order to 
perform statistical tests that assume a constant variance, the data were 
transformed to stabi l ise the variance, s2. Plots of In s2 against ln (sample value) 
showed points clustered along a l ine passing through the origin and of slope 
2 ,  suggesting that a log transformation was the most appropriate 
transformation (White et al. 1 987). Log transformation of data for count rates 
( cpm) has also been used by other researchers studying uptake of radioactive 
phosphate by roots in an inter-cropping system (Ashokan et al. 1 988). 
Because the sample variances were large and the number in each sample 
relatively small, Sichel's { 1 952) estimator (X5) (equation 3. 1 ), a maximum 
l ikel ihood estimat<?r, was used to give a more efficient measure of the true 
m ean, than the arithmetic mean, and variance(X5) (equation 3.2) was used to 
g ive a more efficient measure of the true variance of the population from which 
the sample was drawn. 
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X5 = exp(x) . [ 1 + V/2 + (n- 1 ) V 2/222! (n+1 )  

+ (n - 1 )2 V3/233!(n +1 )(n +3) + . . .  ] . . . . . . . . . . . . . . . . . . . . . . . . . . .  3. 1 

Vxs = exp(2x+ V ). [ exp( V/n ) {  1 + (n -1 ) v 2/2n 2 

+ (n - 1  )3V4/222!n 4(n +1 ) + . . .  )- 1 ] . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2 

Where X5 is S ichel 's maximum likelihood estimator, 
Vxs is the variance of X5 , 
x is the sample mean of logarithmically transformed data, 
i .e. , mean of lnX, 
V is the sample variance of logarithmical ly transformed data, 
i .e . ,  variance of In X, 

a n d  n i s  the n umber of observations 
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3.3 Results 

The 32p_33p dual isotope label l ing techn ique removed the need to determine 
pools of P isotope in the plant, assuming that the two isotopes behaved in the 
same manner within the plant. One problem encountered was the large 
variabi l ity in uptake of P isotopes, wh ich has been experienced by other 
researchers (Caldwel l  et al. 1 985; Abbott and Fraley 1 991 ) .  A few samples 
with exceptionally h igh activities, possibly due to individual roots being 
d irectly contam inated with P isotope during the injection process, were 
ignored and treated as m issing values in the statistical analyses. 

3.3. 1 Effect of species association on phosphorus acquisition 

The data for the effect of species association on P isotope acqu isition by the 
centra l  indicator species were averaged over the defol iation treatments. The 
species association by defol iation treatment interaction was not sign ificant. 
When grown on unamended soi l ,  central indicator browntop plants acqu i red 
more radioactive phosphorus (either 32p or 33P) from soil space shared with 
wh ite clover roots in the outer s imu lated sward than from space shared with 
roots of other browntop plants in the outer simulated sward, at both 7 and 1 4  
days from P isotope injection (Figure 3.2) . At the lowest level of phosphorus 
supply, i .e . ,  on unamended soi l ,  central indicator wh ite· c lover plants acqu i red 
less ·radioactive phosphorus from the soi l space shared with roots of browntop 

\ 
in  the outer simu lated sward than with roots of other wh ite clover plants in the 
outer simu lated sward, when harvested 7 days fol lowing P isotope injection 
(Figure 3.3a), however the d ifference was not sign ificant after 1 4  days (Figu re 
3.3b) . 

Unexpectedly, at 1 00 mg P appl ied/kg soil, central indicator wh ite clover had a 
greater uptake of phosphorus from soil space shared with browntop roots in 
the outer simulated sward than with roots of other wh ite clover plants in the 
outer simu lated sward, at both 7 and 1 4  days from P isotope injection (Figu re 
3.3). 

The data for P isotope uptake into roots were not presented because there 
were no sign ificant effects of species in the outer simulated sward on the P 
isotope concentration in roots. 
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3.3.2 Effects of defoliation on acquisition of radioactive 
phosphorus-32 and -33 

3.3.2. 1 Effects of defoliation of outer simulated sward species on P isotooe 
acQuisition bv central indicator browntQp and white clover 

There were no significant effects of defoliation of outer simulated sward plants 
on either the total P isotope activity in shoots of central indicator plants, or on 
the activity per g of shoots of central indicator plants, of either browntop or 
white clover. Acqu isit ion of P isotope was considered for each s ide separate ly, 
and for the total uptake from both sides. The activities were highly variable 
and there was no clear pattern apparent. 

3.3.2.2 Outer simulated browntoo swards 

The resu lts for P isotope acquisition by the browntop plants in the outer 
s imu lated swards were the same irrespective of the central indicator species 
present. Therefore, the data for outer simulated browntop swards grown with 
browntop as central indicator species were pooled with those of outer 
s imu lated browntop swards grown with white clover as central indicator 
species. The results for the acquisition of P isotopes, from the browntop side 
on ly, by the first row of plants in the outer s imulated browntop sward (directly 
adjacent to the aerial partitions) have been presented (Figures 3.4, and 3.5). 
S im i lar data for �h ite clover was not available due to the difficu lties described 

' 

i n  Sect ion 3.2.8. 

When browntop plants in the outer simu lated swards were defoliated, the P 
isotope concentration in shoots of these outer sward browntop plants ( i .e . ,  in  
the stubble and regrowth) was greater than when compared with undefoliated 
·outer sward browntop plants, grown at both 0 and 1 00 mg P applied/kg soil at 
both harvests (Figure 3.4) .  

Also, at the  f irst harvest with 1 00 mg P applied/kg soil, the activity per g i n  
shoots of  browntop plants in the  outer s imulated swards was greater when 
outer s imu lated white clover swards (i .e. , on the opposite side of the tray) were 
defol iated than when there was no defoliation treatment, but not as great as 
when the outer s imu lated browntop sward, itself, was defoliated (Figure 3.4a). 
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The total amount of P isotope found in the shoots of defoliated browntop 
plants in the outer s imu lated sward ( i .e. ,  in the stubble and regrowth) was 
lower than in shoots of undefoliated browntop plants in the outer swards at 
both harvests (Figure 3.5). Interestingly, the defoliation of white clover in the 
outer sward led to an increase in the total P isotope acqu isition by browntop 
plants in outer swards ( i .e. ,  on the other side of the central indicator plants) 
compared with when there was no defoliation treatment, at both P levels at the 
first harvest (Figure 3.5a), and at 1 00 mg P appl ied/kg soil at the second 
harvest (Figure 3.5b).  

3.3.3 Root properties 

The root density, L v , in outer simulated swards of browntop was 
approximately four  t imes greater than for wh ite clover. The overall average Lv 
for browntop was 37 cm/cm3, wh ile for white clover it was only 9.2 cm/cm3. 
Root density increased with P appl ication for both species (Figure 3.6). There 
was a lso a sign ificant interaction (p < 0.05) between outer sward species and 
P application. The root density of white clover was more responsive to the P 
application of 1 00 mg P/kg soil to unamended soil than browntop (Figure 3.6) .  

In  contrast to the root density, the specific root length (SRL) of browntop roots 
in the outer swards decreased by 1 8% with an appl ication of 1 00 mg P/kg soil 
to unamended subsoil. There was no significant effect of P application on the 
SRL \of white c lover plants in the outer simu lated swards (Figure 3.8b). The 
SRL of browntop was 2.4 times that of wh ite clover when grown on 
unamended subsoi l ,  and double at 1 00 mg P/kg soil. 

3.3.3. 1  Effect of central indicator soecies on root oroperties of plant species in 
the outer simulated swards 

There was no effect of central indicator species on any of the root properties 
exam ined for browntop plants in the outer swards; root density, root lengt� . 
and specific root length (Figures 3.6a, 3 .7a, and 3.8a) . Similarly, there was no 
effect of central indicator species present on root properties of  wh ite clover 
plants in the outer swards when grown on unamended subsoil (Figures 3.6b, 
3.7b, and 3.8b). 
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However, when browntop was present as central indicator species, at 1 00 mg 
P/kg soil , there was a greater root density of wh ite clover plants in the  outer 
swards than when the central indicator species was white clover (Figu re 3 .6b). 
This increased root dens ity was due to an increase in total root length (Figure 
3. 7b) and root weight because there was no effect of central indicator species 
on the specific root length of white clover plants in the outer swards (Figure 
3 .8b). 

3.3.3.2 P deoletion zone around roots 

The estimated effective zone of potential soil exploitation around each root of 
b rowntop plants in the outer swards was less than around roots of wh ite clover 
plants in the outer swards, at both levels of P supply (Figure 3.9). 

The large d istance between roots of white clover plants in the outer swards 
g rown on unamended soil (2 x 0.23 mm = 0.46 mm), meant that the time 
predicted for P depletion zones around roots to overlap was extremely long 
(>4000 days, Figure 3. 1 0). 

When grown on u namended subsoi l ,  the est imated time taken for depletion 
zones around roots to overlap was far less for browntop than for wh ite clover, 

·, 

whereas there was no significant d ifference in t ime between the two species 
at 1 00 mg P appli�d/kg soi l  (Figure 3 . 1  0) . Although the time for P depletion 
zones to overlap was m uch lower at 1 00 mg P applied/kg soil than at no P 
appl ied, it was sti l l  longer than the total time that the trial was conducted.  
C learly, based on th is criteria, the roots were not apparently compE?ting for P .  
However, there is  the possibil ity that roots may have competed for P because 
the root length measurements made may have fai led to include the total root 
length of fine root hairs which may have been lost during the washing 
process, and, if present, may not have been detected and recorded by the root 
length scanner. 

3.3.3.3 Root volume of central indicator olants and plants in the outer 
simulated swards 

Root volumes were measured for root sub-samples from central indicator 
plants and from the outer swards. Root volumes were measured at the first 
harvest to- determ ine whether there were any d ifferences in root density 
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Figure 3. 1 1  Effect of P application on the root volume of (a) browntop (LSD = 
0.6), and (b) white clover (LSD = 0.4) plants in the central indicator and outer 
s imu lated sward positions for the fi rst harvest, (means with d ifferent letters 
were significantly d ifferent for comparisons within each species, p < 0.05). 
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between different sections of the tray. At 1 00 mg P applied/kg soil, the volume  
of roots of white clover was greater in the soi l below the central row of 
indicator plants than in the m iddle row of the outer s imulated sward (Figure 
3. 1 1  b) .  However, when grown on unamended subsoil there was no s ign ificant 
effect of plant position in  the simu lated sward on the root volume of wh ite 
clover (Figure 3. 1 1  a). There were no effects of plant position on the root 
volume of browntop at either level of P appl ication (Figure 3. 1 1  a). 

3.3.4 Shoot and root weights of central indicator plants 

The shoot dry weights of central indicator browntop plants were greater than 
for central indicator white clover plants (Figure 3. 1 2) .  The root dry weights of 
central indicator browntop were also greater than for white clover (Figure 
3. 1 3). 

Both shoot and root d ry weights increased with P application (Figures 3. 1 2  
and 3. 1 3) with wh ite clover shoots being more responsive to P than browntop 
shoots. White c lover roots were as responsive as browntop roots. 

1 0 6 

The root/shoot ratio of central indicator white clover plants was greater than 
that of central indicator browntop plants when grown on unamended subsoil 
(Figure 3. 1 4) .  The root/shoot ratios were considered atypical ,  and may have 
resu lted due to the root harvesting method used, as explained in Appendix 5 .  
There was no sign ificant d ifference in root/shoot ratio between the two species 
at 1 00 mg P applied/kg soil. For white clover the ratio decreased with 
increasing P supply. However, for browntop there was no significant effect of P 
appl ication on the root/shoot ratio of browntop (Figure 3. 1 4) .  

3.3.5 P and N content of shoots 

The P concentrations in browntop shoots were 0. 1 0  and 0. 1 7% at 0 and 1 00 
mg P appl ied/kg soil ,  respectively, while in white clover shoots the 
concentrations of P were 0.09 and 0. 1 2% at 0 and 1 00 mg P applied/kg soil , 
respectively (Figu re 3. 1 5a} at the first harvest. Although these P 
concentrations were low, they were consistent with the P concentrations 
measured in  the P response trial (Section 2.3.3. 1 ) .  On unamended soi l  there 
was no difference in the P concentration in the shoots of the two species, 
however, at 1 00 mg P applied/kg soil the P concentration in browntop shoots 



was greater than in white clover shoots (Figure 3. 1 5a) . There was no effect of 
defoliation of outer sward plants on the P concentrations in shoots for either 
centra l  species: 

The total uptake of phosphorus into shoots by browntop was always greater 
than white clover (Figure 3. 1 5b),  largely because of browntop•s greater shoot 
weight (Figure 3. 1 2a), and also because of the greater P concentration in 
shoots of browntop at 1 00 mg P applied/kg soil (Figure 3. 1 5b). As expected, 
the total P uptake into shoots of both browntop and white clover increased 
with P application (Figure 3. 1 5b) due to corresponding increases in shoot 
weight (Figure 3. 1 2a) and P concentration (Figure 3. 1 5a). 

The N concentration in white clover shoots was substantially h igher than in 
browntop shoots (Figure 3. 1 6) .  Browntop plants grown at both levels of P 
applicat ion and white clover plants grown on unamended subsoil would have 
been s uffering from N deficiency. The N concentration in wh ite clover shoots 
increased from 1 .7% to 2.3% with an application of 1 00 mg P/kg soil (Figure 
3 . 1 6) .  The average overall concentration in shoots of central indicator 
browntop p lants was only 0.9%. 
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3.4 D i scussion 

3.4.1  Evidence of root competition for soi l P 

Browntop roots had a deleterious effect on P acquisition by white clover roots 
when g rown on unamended subsoil (Figure 3.3a). Browntop roots appeared 
to compete with white clover roots on unamended subsoil at the first harvest 
because central indicator browntop plants acquired more P isotope from the 
wh ite c lover s ide than the browntop side (Figure 3.2a), and central indicator 
white clover plants acquired less P isotope from the browntop side than from 
the wh ite clover side (Figure 3.3a). At the second harvest the deleterious effect 
of browntop plants in the outer swards on P isotope acqu isition by central 
indicator wh ite clover plants grown on unamended subsoil was not sign ificant 
(Figu re 3.3b) ,  a lthough browntop did obtain more P isotope from the white 
clover side (Figure 3.2b) . This suggested that browntop was m ore competitive 
for P than wh ite clover. 

However, the root densities of plants grown on unamended subsoil were low, 
and the predicted time taken for P depletion zones around roots (even in the 
browntop monocultures where root densities were highest) to overlap was 
m uch longer th�m the duration of the trial, ( i .e. , >> 1 1 6 days) (Figure 3. 1 0) .  
Therefore, i f  the assumption that roots were randomly distributed at the depth 
of the P isotope injections is made, suggesting that it was un l ikely that roots of 
browntop and �h ite clover would have competed directly with each other for 

I 

P. The relevance of predicting the onset of root competition for P between 
individual  roots by determ ining when depletion zones overlap may need to be 
invest igated further using plants g rown at realistic densities. G rinsted et al. 
( 1 982) used the theory of overlap of P depletion zones of roots to predict the 
onset of competition for P between roots of plants grown at unreal istically h igh 
root densities. 

However, because both browntop and white clover acquired less P isotope 
when g rown on unamended subsoil (Figures 3.2 and 3.3) with roots 
associated with browntop than with white clover roots, the resu lts do suggest 
that browntop may compete with white clover by reducing the availabil ity of P 
isotope in the soi l  to a greater -extent than white clover. Supportive of the 
explanation that browntop reduced the soil P avai lability to a g reater extent 
than �hite clover was that the application of P removed the deleterious effect 



of browntop on white clover. The greater P content of browntop shoots than 
wh ite clover shoots (Figure 3. 1 5) also suggested that this was a possibi l ity. 
The significance of browntop reducing the P availability in soi l  to a greater 
extent than wh ite clover wou ld be of even more importance in the field where 
the rate of cycl ing of P back to the soi l (see Section 2.4) would be slower with 
a greater proportion of browntop than white clover making up the sward 
botan ical composition in hi l l  country pastures in New Zealand (Harris 1 97 4 ) ,  
because Agrostis species are known to be associated with slowly 
decomposing l itter in g rass lands (Wil l iams and Gray 1 974) . 

The finding that defol iation of outer browntop swards did not alleviate the 
deleterious effects of outer sward browntop plants on P isotope acqu isition by 
central indicator wh ite c lover or browntop plants, is supportive of the 
conclusion that browntop roots were not competing directly with wh ite clover 
or  browntop roots, especially when the competitive abil ity of browntop roots in 
the outer swards was reduced by defoliation (Figure 3.5) . However, browntop 
had the abil ity to maintain a reasonable rate of P uptake following the severe 
defol iation, and had a greater concentration of P isotope in shoots of 
defol iated browntop plants ( i .e. ,  in the stubble) than in the shoots of the 
u ndefol iated plants (Figure 3.4) . 

The greater uptake of P by browntop from the white clover side than from the 
browntop side may have been partly related to N supply, with the N supply in 

\ 
the s,oi l being greater on the N-fixing white clover side than on the browntop 
s ide. Obviously, browntop plants were suffering from N deficiency (Figure 
3 . 1 6) which would influence P uptake. However, this explanation is h ighly 
specu lative. 

1t is feasible that browntop could reduce the P concentration in the 
u namended subsoil to a lower level than white clover because browntop is 
able to absorb P from much lower soi l solution concentrations than wh ite 
c lover (Mouat 1 983b) . Therefore, P isotopes would have been adsorbed r:nore 
strongly onto subsoi l  with browntop growing on it than with wh ite clover 
growing on it. lt is not clear whether browntop cou ld permanently reduce the P 
concentration in the_ soil within 1 1 6 days or if browntop acqu ires more P by 
regu lating the remaining P supply in the soil solution to a low P concentration 
as it becomes available, �lthough the latter explanation seems more feasible. 

- - - Had this been the case, the P isotope availabil ity would have been greater on 
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the wh ite clover side than the browntop side. Unfortunately, soil samples were 
not taken from under the growing swards to assess P availabi l ity. 

3.4.2 Evidence of other non-competitive root interference 

The appl ication of 1 00 mg P/kg soil caused a marked change in the nature of 
interference occurring between roots of browntop and white clover. Browntop 
acqu i red s im ilar amounts of P isotope from each side (Figure 3.2), so that with 
the P application of 1 00 mg Plkg soil browntop P acquisition no longer 
benefitted from growing with white clover. 

The m ajor f inding of this trial was that, at 1 00 mg P appl ied/kg soi l ,  wh ite 
clover acqu i red more P when with browntop roots than when associated with 
white clover roots (Figure 3.3). The greater acquisition of P isotope by central 
indicator white clover plants from the browntop side than from the wh ite clover 
side can be explained qu ite simply. Increasing local root density is effective in 
increasing the uptake of immobile ions, such as phosphate (Fitter 1 976; Bolan 
1 99 1  ), due  to a decrease in the d istance of diffusion of phosphate ions and an 
increase in the surface area of roots for absorption (Nye and Tinker 1 977). 
However, the reason for the greater root growth of white clover when grown 
closer to browntop plants is not so easily explained. Either, white c lover was a 
greater competitor against white clover than against browntop, or some non­
compet itive interference was involved. The appl ication of 1 00 mg Plkg soil 

\ 
removed the �ompetitive effect of browntop on white clover. Considering that 
browntop has long been recogn ised to be a h ighly aggressive competitor for 
soil P ,  especially with white clover, it was not expected that the competitive 
effect of browntop would be al leviated at such low levels of P supply that 
produced plants with P concentrations in their shoots of 0. 1 2% and 0. 1 8% for 
wh ite c lover and browntop, respectively. 

Surprisingly, the root yield of white clover plants was greater the closer they 
were to roots of browntop when grown at 1 00 mg Plkg soi l ,  but not on 
unamended subsoil. This effeCt was evident even when the white c lover 
plants were not growing directly adjacent to browntop, suggesting that it might 
not have been in response to browntop reducing the P avai labi l ity in the soi l .  
When browntop was present as the central indicator species, wh ite clover 
roots col lected from the m iddle row of the outer sward were m ore dense than 
when -wh ite clover was the central indicator species (Figure 3.6). The only 
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difference between these sub-plots was a small extra width of one species or 
the other. That is, a few extra plants in the central strip apparently had an 
effect on plants i n  the m iddle row of the outer sward . 

The greater root density of white clover was due to an increase in total root 
length (Figure 3.7) and root weight. Sim ilarly, the volume of roots of white 
clover was greater in the central indicator position than in the outer sward 
position (Figure 3 . 1 1 ). However, there was no effect of central indicator 
species on the root morphology (assessed by specific root length) of white 
clover plants in the outer sward (Figure 3.8). 

l ntraspecific competition of white clover may be more severe than interspecific 
competition with brown top at 1 00 mg P applied/kg subsoil. 1t is generally 
accepted that intraspecific competition is more severe than interspecific 
competition, because the more similar the needs of two plants, the greater the 
contest (Haynes 1 980). However, this seems un l ikely if the P concentration in 
the soi l was lower under browntop than under white clover. Also, there is 
d iminutive evidence to support the assumption that adding a resource wi l l  
reduce competitive effects (Wilson 1 988).  Applying P may have altered the 
competitive balance. 

E ither white clover may have had a deleterious effect upon its own root growth 
(autotoxicity) , or browntop had a beneficial effect on the root growth of wh ite 

\ 
clov�r (Figure 3. 1 7) .  Because the effect occurred a relatively large distance 
from the browntop outer sward (> or = 3 cm), autotoxicity of wh ite clover would 
seem to be the most feasible explanation, especial ly considering that there 
were not substantial quantities of browntop roots found in the soil cores taken 
from the middle row of the outer white clover swards. lt has been suggested 
that a water soluble factor in raw humus of some plants may inhibit root growth 
through interfering with respiration of root tissue (Robinson 1 971 ) .  

Some species are able to proliferate roots in nutrient rich patches (Lambe,rs 
and Poorter 1 992). As mentioned above, however, white c lover had less roots 
in the soi l below outer white clover sward than near browntop. This soi l  was 
most l ikely more rich in nutrients than in the outer browntop sward, providing 
more support to the argument that autotoxicity of white clover may have been 
occu rring. 
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b 

c 

Figure 3. 1 7  Possible inter- and intraspecific al le lopathic root interactions 
occurr ing with in a browntop-white clover sward; (a) white clover autotoxic with 
inter- and  intra-plant toxicity, (b) white clover autotoxic with intra-plant toxicity, 
and (c) browntop produces chemical that is stimu lative to white clover, i .e. ,  
inter-species stimu lat ion . 
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The effects of closeness of white clover plants to browntop on white clover root 
g rowth are analogous to the pattern of growth of autotoxie; plants in 
monocultures. When autotoxic plants are grown in m onocultures, edge plants 
grow larger than central ones (Fitter and Hay 1 987, pp. 329). There is 
evidence from the glasshouse (Newman and Rovira 1 975 ; Macfarlane et al. 
1 982b) and the field (Lieth 1 960; Kendal l  and Stringer 1 985) to suggest that 
white clover is autotoxic. White clover plants have been found to dominate 
local patches, however these patches have been found to m igrate from one 
year to the next (Lieth 1 960). Also, white clover is known to be positively 
associated with ryegrass (Harris 1 974; Simpson et al. 1 987) , another species 
that appears to be autotoxic (Newman and Rovira 1 975) . 

Phenol ics were suggested by Macfarlane et al. ( 1 982a) to be the chem ical 
involved in the toxic property of white clover. Phenolics and other short chain 
fatty acids (water soluble) may accumulate in soi l  and are known to be 
detrimental to root respiration , growth and root hair formation (Marschner 
1 986). These toxins are products of decomposition of organic substances, and 
their  phytotoxicity increases with decreasing pH (Marschner 1 986) . The pH of 
rh izosphere soil of white c lover was likely to be more acidic than the 
rh izosphere soi l of browntop, because soil pH decreases when legumes are 
N2 fixing due to H+ extrusion to offset a cation/an ion uptake imbalance 
(Marschner 1 986) . Therefore, it is possible that phytotoxins  wou ld have been 
more inhibiting in the soi l  adjacent to white clover than with browntop growing  

I 
on it. 'A nother possibil ity is that white clover may be more sensitive to 
phytotoxins than browntop. Further research is requ i red to investigate these 
poss ible explanations. 

I nterestingly, there is also some evidence that browntop may be stimulative to 
wh ite clover. Scott ( 1 975) found that extracts of browntop shoots and roots 
had a st imulative effect on the germination of white clover plants. However, i n  
the  field white clover has not been found to be  positively associated with 
b rowntop (Harris 1 97 4; Simpson et. al. 1 987) ,  although this may be due to. 
other  factors such as shading of white clover by browntop or soi l  moisture 
stress. 

Autotoxicity of wh ite clover is largely specu lative. These resu lts do not show 
that phytotoxicity was involved, as no toxin has been isolated or identified. Yet 

- there does not appear to be any other feasible explanation. 



Competition for P d id not appear to be an important plant interference at 1 00 
m g  P appl ied/kg soil. The t ime taken for P depletion zones to overlap (Figure 
3 . 1  0 )  suggested that direct competition for P could not have occurred, 
however if f ine root hairs were able to be measured by the root length 
scan ner, the root length measurements would have been longer and the P 
deplet ion zones around roots could possibly have been overlapping before 
the conclusion of the trial. Also the assumption that roots were even ly spaced 
is n ot very l ikely. In any case, had competition for P been occurring between 
roots of browntop and white clover, the greater root length of white clover in 
association with browntop compared with in association with white clover had 
an overriding influence, and th is also removed the benefit that browntop had 
for P acquis ition from growing with wh ite clover wh ich was evident when 
grown on unamended subsoil (Figure 3.2) . 

3.4.3 Ecological ly sign ificant plant traits 

The specific root length of browntop was greater than wh ite clover, which was 
expected.  Slow growing species tend to have h igher specific root lengths 
(Lambers and Poorter 1 992) ,  contributing to a more efficient use of biomass 
al location for soil exploration . The high specific root length of browntop would 
be important in terms of P acqu isition because of the low mobi l ity of P in the 
soil. Although the yield of browntop shoots in this trial was greater than that of 
white c lover sroots, browntop is considered to be a slow growing spedies 
relative to whii.e clover (Grime et al. 1 988) . 

' 

The specific root length of browntop decreased with P appl ication , thus the 
specific root length of browntop was more plastic than for wh ite clover. This 
was unexpected because general ly, white clover would be expected to be 
more plastic than browntop. Fast growing plant species tend to display a 
g reater plasticity in response to environmental factors (Lambers and Poorter 
1 992) .  H owever, specific root lengths tend to be unpredictable (Lambers and 
Poorter 1 992). 
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3.4.4 Summarising comments 

The dual  labell ing trial was useful to address al l  of the questions to be 
answered in this chapter. lt was also useful in elucidating some possible plant 
interactions that were not detected by the simple P response trial, therefore 
h ighl ighting the problems of attempting to predict the nature of interference 
between plants in m ixtu res from their growth in monoculture, as discussed in 
Chapter Two. The nature of interferences occurring between browntop and 
white clover is far more complex than has been shown by previous work 
which has concentrated on field trials and competitive sett ings trials that have 
not attempted to separate the effects of root interactions from shoot 
interactions. 

The resu lts of this dual label l ing trial suggest that the deleterious effects of 
browntop on white c lover observed in the field are possibly not the result of 
d i rect exploitative competition between roots of browntop and white clover, 
providing that soil P supply is not of an extremely severe deficient level. 
However, root densities measured for browntop-dom inated h i l l  country 
pasture in New Zealand have been found to be substantially h igher (80 to 1 60 
cm/cm3) (Barker et al. 1 988) than those measured in the dual label l ing tria l 
( 1 0 to 40 cm/cm3) (Figure 3.6). Therefore, it is possible that competition for P 
could play an important role at the higher root densities 'found in the field, 
especial ly considering that, in the present trial, browntop was shown to 

\ 
acqu i r,e more total P isotope than white clover. The deleterious effects of 
competition for P from browntop on white clover would be in balance with 
autotoxic effects of wh ite clover on its own root growth if the suggestion that 
wh ite clover is autotoxic is correct. 

The non-competitive interference e lucidated in this dual label l ing trial needs 
to be considered further. In  the following chapter, root interference between 
browntop and white clover g rown at adequate to luxury levels of soil P supply 
were investigated using the dual labell ing technique to determine whether 
non-competitive root Interferences between white clover and browntop occur 
at h igher levels of soi l  P supply. 
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CHAPTER FOU R 

THE EFFECTS OF SOIL PHOSPHORUS SUPPL V A N D  
DEFOLIATION O N  THE INTER· AN D INTRASPECIFIC 

ROOT INTERFERENCES OCCU RRING I N  M I N I-SWARDS 
OF BROWNTOP AN D WH ITE CLOVER G ROWN AT 

A DEQUATE TO LUXURY LEVELS OF SOIL P SUPPLY 

4.1  Introduction 

At deficient levels of soi l P supply, direct competition for P between roots of 
browntop and white clover was found to be not as important as has been 
previously suggested (Chapter Three) . Some type of root interference, other 
than interspecific root competition was occurring in the browntop-white clover 
simu lated sward. The unidentified interference was revealed by white clover 
roots acquiring more P isotope when they were associated with browntop 
roots than with roots of other white clover plants, when grown on Ramiha 
subsoi l  at 1 00 mg P applied/kg soi l .  The possibi lities of intraspecific root 
competition being greater than interspecific root competition and autotoxic 
effects of white clover on its own root growth were considered (Section 3.4) .  

A second dual labell ing trial was conducted at higher soil P supply to 
determine whether the unknown root interference occurred at luxury levels of 

I 
soil P supply, where direct competition for soil P is un l ikely to occur because 
soil P supply shou ld be greater than the total demand for P by all plants. 

The effect of defol iation of outer swards on P isotope acqu isition by central 
indicator plants was examined again,  despite the lack of effects of defoliation 
found in the previous dual label l ing trial. The effects of defol iation are known 
to be rapid (Caldwell et al. 1 987) and the root densities in the soil in the first 
dual  labell ing trial were not considered high enough to prove that direct 
competition between individual roots was occurring. To overcome these 
problems encountered in the fi rst dual  labell ing trial, central indicator plants 
were harvested only four days after the defoliation treatments were imposed, 
and it was assume_d that root densities would be higher at the higher level of P 
supply. Using this approach the effects of direct root competition and toxicity 
(allelopathy) could be ex_amined simu ltaneously if they both occur. 
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4.1 . 1  Objectives 

The objectives of th is trial were: 
[ 1 ] To determ ine whether wh ite clover acquired more P isotope from a soil 
space dominated by browntop roots compared with when the soi l  was 
dominated by roots of other white clover plants, at adequate to luxury levels of 
soi l  P s upply. 
[2] To determ ine whether d i rect competition for soil P was occurring between 
roots of browntop and white clover at higher levels of soil P supply than used 
in the previous dual label l ing trial. 
[3] To elucidate whether there was evidence of plant root interference(s) other 
than root competition for P occurring in browntop-white clover m in i-swards. 
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4.2 Materials and methods 

4.2.1 Experi mental design and treatments 

The design of the second dual labell ing trial was similar to that outl ined in 
Chapter Three (Section 3.2). The major difference between the two trials was 
that the level of soil P supply in the present trial was greater than in the first 
trial. Th is was ach ieved by using Ramiha topsoil , instead of subsoil ,  and by 
applying higher rates of P to the topsoil .  

The experiment was a randomised complete block with four repl icates and a 
factorial combination of twelve treatments. The treatments imposed were; level 
of phosphorus supply (68 and 344 mg P/kg soi l ,  applied as monocalcium 
phosphate) , central indicator species (browntop or white clover) , and 
defol iation (outer browntop or white clover simu lated sward defol iated, or no  
defol iation). There was one harvest. 

Once again , the defol iation treatments were imposed on the same day that the 
isotopes were injected into the soil. This was done over four consecutive days, 
with one replicate being treated each day. The outer s imulated swards were 
cut to a height of 20 mm when the defoliation treatments were carried out. 

4.2.2 The soil 

Ramiha topsoil was col lected from Tuapaka Farm , Aokautere, New Zealand. 
The soil had a much higher Olsen P value ( 1 5  Jlg P/g soil) than the subsoil 
(Oisen P 5 Jlg P/g soil) . Topsoil was passed through a 5 mm sieve. 

The same plastic trays of the dimensions 300 mm by 400 mm and 1 00 mm 
depth were used. The trays were separated into two sections with perspex 
partitions (Plate 4. 1 ) . 4.5 kg of Ramiha topsoil was weighed into each half of 
the tray after mixing with the appropriate amount of monocalcium phosph�te. 
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Figure 4 . 1  Planting arrangement of ramets of browntop and white clover in the 
h alf-tray, showing positioning of aerial partitions and points of injection of 
radio- isotopes. 
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4.2 .3  Wateri ng 

The soil was origi nally watered to a gravimetric moisture content of 35% at 
planting , and was increased up to 40% when the demand for water by the 
plants i ncreased. The water content across the t ray was monitored using an 
I RAMS t ime domain reflectometer (Topp et al. 1 982), and by weighing daily. 

4.2.4 Plant ing 

Ramets were used to propagate browntop and white c lover plants from fou r  
s ingle parent plants of each species. The planting arrangement is shown i n  
Figu re 4.1 . The overal l  p lanting density was 35  ramets per 4.5 kg of soi l ,  
equivalent to a sub-plot. White clover plants were i nocu lated with Rhizobium 
trifolii to ensure good nodu lation of roots. 

4.2.5 Aeria l  pa rti t ions 

Aeria l  partitions were used i n  the same manner as the fi rst dual label l ing tria l  
(Figu re 4. 1 and Plate 4. 1 ) , as described in  Section 3.2.5. 

4.2.6 Basa l nutrien ts 

The basal nutrient solution applied was the same as that detai led in  Section 
3.2.6:  Nutrient solution was applied at planti ng , 43, and 65 days after planti ng.  

4.2.7 I njection of carrier-free radioactive phosphorus 

The method of isotope injection used is outli ned i n  Section 3.2.7. There were 
eleven injection points on either side of the row of five central indicator plants 
(Figu re 4. 1 ) .  0. 1 m l  of stock carrier-free solution was injected i nto each 
injection point at a depth of 40 mm. Isotopes were i njected on the same day 
that defoliation t reatments were imposed, 94 days after the ramets· were 
p lanted. In replicates one and three, 32p was injected into the browntop side 
and 33p was injected i nto the white c lover side (see Figure 4. 1 ) . This process 
was reversed in replicates two and fou r. 
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4.2.8 Harvesting 

The central indicator plants were harvested four days after imposing the 
defol iation treatments and the isotopes were injected. The tops were 
harvested by cutting al l  of the shoots (above ground plant material) from the 
roots. Root sub-samples were col lected by taking a core sample d i rectly over 
the crown of each plant with a soi l sampling core of diameter 27 mm.  The soil 
was washed from the root samples by hand using a fine sieve and a hose. The 
harvested plant material was then dried to constant weight in an oven at ss·c 
and weighed.  The shoot samples with more than 1 g avai lable were ground 
using a grinding mi l l .  Smaller shoot samples and root samples were cut with 
scissors. 

Samples were measured for counts due to 32p and 33p,  and n it rogen and 
phosphorus concentrations were measured on an auto-analyzer, after sample 
digestion by the Kjeldahl method (Twine and Wil l iams 1 971  ) . The d igestion 
m ixtu re used was 1 00 g of potassium su lphate and 1 g selenium powder in 1 I 
of concentrated su lphuric acid. 

4.2.9 Counting radioactive phosphorus-32 and -33 

The m ethod .used for counting 32p and 33p is outlined in detai l  in  Section 3.2.9. 
Counts were \measured for shoot and root samples. 

' I 

4.2. 1 0 Frequency distributions of normalised activities of 
radioactive phosphorus-32 and -33 

The frequency d istribution for the activities of the radioactive phosphates was 
posit ively skewed, as found in the previous dual label l ing trial (Chapter 
Three) .  A log transformation was performed on the P isotope activity data to 
stabi l ise the variance, as described in Section 3.3. 1 .  Log transformations were 
not requ ired to be performed on other data (e.g. ,  shoot d ry weights and P 
concentrat ions). Analysis of variance, using a general l inear model was 
performed on the data and log transformed activity data. Resu lts for P isotope 
activity were presented using X5, S ichel's ( 1 952) estimator. The computer 
programme employed to carry out the st�tistical analyses was SAS, available 
on the network computer system at Massey University. 



4.3 Resu lts 

4.3.1 Effect of species association on phosphorus isotope 

acquisit ion 
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Browntop acquired more radioactive P than white clover, with both species 
obtain ing more isotope from the side with simulated swards of the other 
species, at both levels of P application , irrespective of the defoliation treatment 
(Figu re 4.2) .  That is, there was a sign ificant central species by side (outer 
species associated) interaction . The P isotope concentration in central 
indicator browntop shoots was greater at 68 mg P appl ied/kg topsoil than at 
344 mg P appl ied/kg topsoil (Figure 4.2a) . The central species by P level 
interaction was sign ificant. 

There were sign ificant differences between the replicates (clones) . Therefore 
the variance of the P isotope count means was high. 

4.3.2 Effects of defol iation of outer plants on acquisition of 

rad ioactive ph osphorus isotopes by central i n dicator plants 

The effects of defoliation of outer species on P isotope uptake were presented 
as total isotope uptake/g shoots from both sides of the central indicator row of 
plants (Figure 4.3). None of the possible treatment interactions were 

\ 
sign ificant. 

There were no effects of the defol iation treatments on the total P isotope per g 
of shoots in central indicator plants of browntop (Figure 4.3a). The resu lts 
suggest that there may have been an increase in the acqu isition of isotope by 
central indicator browntop plants with the defoliation of outer browntop plants 
at 68 mg P appl ied/kg soil, however this was not sign ificant. 

At 68 mg P applied/kg topsoil, but not at 344 mg P applied/kg topsoil , the t,otal 
P isotope concentration in shoots of central indicator white clover plants was 
g reater when outer browntop plants were defoliated compared with the other 
two defol iation treaments ( i .e. , when outer white clover plants were defoliated 
and with no defoliation treatment) (Figure 4.3b) . 
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Figure 4.2 Effect of outer simulated sward species on P isotope acquisition 
(normalised activityx1 0-5/g ) by central indicator (a) browntop, and (b) wh ite 
clover plants, 4 days following the imposition of defoliation treatments and 
isotope injection. M eans with different letters differ significantly (p < 0.05) as 

. - indicated by the standard error (calculated from Vx5) of Sichel's estimator (X5) . 
Comparisons can be made between the two graphs. 
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Figure 4.3 Effect of defoliation of outer simulated swards on the total P isotope 
uptake (normalised -activityx1 o-s/g) from both sides by central indicator (a} 
browntop, and (b) wh ite clover plants, 4 days fol lowing the imposition of 
defoliation treatments and isotope injection . Means with different letters were 
significantly different (p < 0.05) as indicated by the standard error (calcu lated 
from Vx5) of Sichel's estimator (X5) . Comparisons can be made between the 

_ two graphs. 
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4.3.3 Dry weights and phosphorus concentration of shoots of 
central indicator plants 

1 3 1  

There was no  significant response of shoot dry weight to increas ing P supply 
from 68 to 344 mg P/kg soil for either central indicator browntop or white c lover 
plants (Table 4. 1 ) . The shoot dry weights were greater for browntop than for 
wh ite clover (Table 4. 1 ) . There was no significant interaction between species 
and P level for shoot dry weight. 

The P concentrat ions were h igh ,  even at 68 mg P appl ied/kg topsoi l ;  0.34 and 
0.33% for wh ite clover and browntop, respectively (Table 4. 1 ) . The 
phosphorus  concentrations in shoots increased significantly with P application 
(Table 4. 1 ) , but there was no corresponding increase in shoot weight. There 
was a s ignificant interaction between species and level of P supply for the 
shoot phosphorus concentration. At 68 mg P applied/kg topsoi l ,  the shoot 
phosphorus concentrations were sim ilar for central indicator browntop and 
white c lover plants, but at 344 mg P appl ied/kg soil the phosphorus 
concentration in browntop was greater than in white clover. Browntop was 
absorbing P to concentrations beyond it's requirement to ach ieve optimum 
shoot yield. 

As expected, due to the short t ime of only four  days between the defoliation of 
outer sim u lat�d swards and harvest of central indicator plants, there was no 
effect of the d�fol iation treatments on the shoot dry weights or on the P 
concentration of the central indicator plants. 

4.3.4 Nitrogen concentration in shoots 

The n itrogen concentration in the shoots of white clover was greater than in  
browntop (Table 4. 1 ) . Increasing the phosphorus supply led to a sign ificant 
reduction in the N concentration of browntop shoots, whi le the N concentration 
in white c lover shoots increased by 0.01 %. The decrease in %N in brown�op 
with increasing P supply was surprising in view of the lack of shoot response 
to P supply which m ight have caused a di lution of the n itrogen in the shoots. 



4.3.5 Dry weights. and phosphorus and n itrogen concentration of 
root sub-samples 

There was no effect of P appl ication on the root sub-sample dry weights or N 
concentration in  root sub-samples of browntop or white clover (Table 4.2) . The 
root sub-sample weight of browntop was around 3.5 t imes that of wh ite clover, 
whi le the N concentration in white clover roots was about double that in 
browntop roots. 

There was no significant difference in P concentrat ion in roots between the 
two species, and the P concentration increased by approximately 40% at the 
higher P rate (Table 4.2). 

4.3.6 P depletion zones around roots 

Root length measurements were not made in this trial, however the estimated 
t ime taken for depletion zones between roots to overlap were considered, with 
calcu lations made based on specific root lengths (SRL) of 30 and 20 m per g 
root for browntop and white clover, respectively. These SRL values were 
estimated from the results presented in Figure 3 .8b from the previous dual 
label l ing trial (Chapter Three) . The estimated times for P depletion zones 
around roots of browntop to overlap were 490 and 1 1  0 days at 68 and 344 mg 
P applied/kg soil, respectively. For white clover, the estimated times were 

I 
3000 and 500 days at 68 and 344 mg P applied/kg soil ,  respectively. 
Therefore the estimated times for P depletion zones to overlap were longer at 
the lower level of P supply due to the smaller diffusion coefficient of P in soil 
(Appendix 1 ) ,  i .e . ,  a slower rate of diffusion of P at a rower level of soil P 
supp ly. 
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Table 4 . 1  Effect of P appl ication as monocalcium phosphate o n  shoot d ry 
weight, and P and N concentrations in shoots of central indicator browntop 
and white clover plants. Means with different letters were significantly different, 
tested using LSDs (p < 0.05) . 

C entra l  P appl ied Shoot dry % P  % N  
spec ies  (mg P/kg weight  i n  i n  

so i l) (g) s hoots shoots 

B rowntop 68 2 .20 0.33 2 .6  

be a b 

B rowntop 344 2.26 0.44 2.3 

c c a 

White clover 68 1 .76 0 .34 3 .5  

a a c 

White clover 344 1 . 92 0.37 3.6 

ab b d 

Table 4.2 Effect of P application as monocalcium phosphate on root sub­
sample dry weight, and P and N concentrations in root sub-samples of central 
indicator browntop and wh ite clover plants. Means with d ifferent letters were 
s ign ificantly �ifferent (p < 0.05) . 

I 

Centra l  P appl ied Root dry % P  % N  
s pec ies (mg P/kg we i ght i n  i n  

so i l )  (g) roots roots 

Browntop 68 0.24 0.25 1 .2 

b a a 

Browntop 344 0 .21  0.36 1 . 1 

b b a 

White clover 68 0 .06 0 . 27 2 .5  

a a b 

White clover 344 0 .07 0 .36 2 . 4  

a b b 
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4.4 Disc ussion 

4.4.1 Evidence of root competition for P 

The competitiveness of browntop can be explained by the abil ity of browntop 
to acquire more radioactive P from the soil than wh ite clover, which would 
h ave been reduced by defoliation (Figure 3.5). Defoliation of outer browntop 
plants reduced their root competitive abil ity for soil P with central indicator 
wh ite clover plants at 68 mg P applied/kg topsoil (Figure 4.3 b) . Browntop 
acqu i red more P isotope from the white clover side than the browntop side 
(Figu re 4.2 a), supporting the suggestion that browntop was more competitive 
than wh ite clover for soil P. However, the net effect of outer wh ite clover plants 
on P isotope acqu isition by central indicator white clover plants was more 
harmful than that of outer browntop plants (Figure 4.2 b) . Some non­
competitive interference was also occurring, possibly autotoxicity of wh ite 
clover, masking the competitive effect of browntop on wh ite clover's P isotope 
acquisition (Figure 4.2 b). 

1 3 4 

The effect of defol iation reducing the root competitive abi l ity of browntop was 
rapid (four days), and it is interesting that this reduction was not evident in the 
first dual labell ing trial wh ich was harvested seven and fourteen days 
following the defoliation of outer plants. lt is possible that the reduction of the 
competitive effects of browntop by defoliation on white clover may be short 
l ived because browntop may quickly regain its root competitiveness. This may 
be through rapid root growth, or physiological increases in the rate of P uptake 
(Ciarkson 1 985) ,  as suggested by the abi l ity of browntop to continue to 

-

acqu i re P to h igher concentrations into the shoots fol lowing defoliation (Figure 
3.4). 

4.4.2 Non-competitive i nterference 

Overall, both browntop and white clover appeared to gain m utual benefit for P 
isotope acquisition from the presence of the other species (Figure 4.2 ), as 
found in the first dual- labell ing trial at 1 00 mg P applied/kg soil (Figure 3.2). 
Therefore, the competitive effects of browntop on white clover were not of 
overriding importance at adequate to luxury levels of P supply, or at 
intermediate levels of P supply (Chapter Three) . 
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Because central wh ite clover plants acquired more P isotope from the outer 
browntop s ide than from the outer white clover side at luxu ry levels of P supply 
it makes it possible to elim inate some factors (other than autotoxicity of white 
clover upon its own root growth (Section 3.4.2)) that may have contributed to 
th is apparent beneficence. Phosphatase activity is inhibited at high levels of 
soil P supply (Dracup et al. 1 984 ), therefore it was unl ikely that white clover 
roots g rowing in association with browntop roots cou ld have gained any 
benefit from any phosphatase activity associated with roots of browntop. 
Simi larly, it was not l ikely that wh ite clover had an increased P uptake from 
rh izosphere effects at adequate levels of P supply. Mycorrh izal infection would 
also be low at such high levels of soil P supply, as was the case even in the 
previous dual  label l ing trial at lowest level P supply, i .e. ,  grown on 
unamended Ram iha subsoil. Also, V.A. mycorrh izal transfer of P between 
plants would be too slow to explain the results (Newman and Eason 1 993). 
Therefore, the greater P isotope acqu isition by central indicator white clover 
plants associated with outer browntop plants compared with those associated 
with outer wh ite clover plants was probably due to greater soil exploration by 
roots of wh ite clover the closer they were to the outer b rowntop simu lated 
sward, as discussed in Section 3.4.2. 

4.4.3 Relative importance of interferences occurring between 
browntop and white clover in the field 

\ 
Recent d iscussion of the role of competition in community ecology by H unter 
and Aarssen ( 1 988) has revealed that some researchers have become 
dis i l lusioned with the importance placed on interspecific competition to 
explain commun ity structures. They concluded that there is substantial 
evidence to indicate that other types of plant interference my occur 
s imu ltaneously with interspecific competition. 

The s ignificance of competition for soil P between browntop and wh ite clover 
m ay have been over-emphasized. Other factors contributing to the succe�s or 
fai lu re of these two species in h i l l  country pastures in New Zealand have been 
considered by some researchers (Jackman and Mouat 1 972a; Harris 1 974). 
H owever, competition for soil P from browntop has often been considered to 
be of utmost importance in contributing to the lack of white clover in hi l l  country 
pastu res. 
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The results of the dual labelling trials (Chapters Three and Four) provide a 
"snap-shot" picture of the net effect of interferences that were occurring 
between roots of browntop and white clover in an establ ished s imu lated sward 
at the time of isotope inject ion. They do not g ive any indicat ion of the effect the 
two species have on the total P acqu isition of each other over their l ife span , 
wh ich can be determ ined by field trials and by the more traditional types of 
plant competition trials (additive and replacement series experiments) . From 
traditional plant competition trials the mechanisms of root competition between 
plants can only be inferred from the physiological performance of plants 
(Caldwell et al. 1 985) ,  while the dual P isotope labelling trial gives a real istic 
observation of the effect of two plant species on each others P acquisition , at a 
particu lar chosen point in time. 

From the P response trial (Chapter Two) and from field observations it is clear 
that browntop is better adapted than white clover to survive under conditions 
of low soil P ferti l ity. The lower growth rate of browntop compared with wh ite 
clover may be the most important factor contributing to the dom inance of 
browntop in hi l l  country pastures. Also of precedence is the mat forming nature 
of browntop (Jackman and Mouat 1 972a; Harris 1 974) . Jackman and Mouat 
( 1 972a) found in a field trial that the severity of competition for P between 
browntop and white c lover decreased in parallel with the increase with time in  
the bu ild up of  browntop mat. Th is reduction in  competition for P from 
browptop with white clover would be expected as a result of shading of white 
clover stolons and physical impedance by the browntop mat, leading to niche 
differentiation and thus, a negative association of browntop and wh ite clover. 

Grown on unamended subsoil, browntop displayed the abil ity to affect the P 
acqu isition by white clover roots (Figure 3.2b) . However, in the field white 
clover would gradually be physically impeded by the browntop mat which 
tends to be more dense under poor nutritional conditions ( Harris 1 974) . Thus 
the importance of competition for soil P from browntop may not be as important 
as the ousting of wh ite clover from areas of browntop dom inance, particu l.arly 
in view of the low mobil ity of P in soil. However in the long term browntop 
would h ave a major impact on soil P supply (Section 2 .4), especially if P 
fertil isers are not applied. 

The apparent beneficence gained by white clover from growing with browntop 
at intermediate to l uxury levels of P supply was a product of species diversity, 



because in  terms of root growth, wh ite clover would have performed worse in 
monocu ltu re than in m ixture with browntop. Again, the exclusion of wh ite 
clover by browntop mat when grown in the field wou ld reduce any possible 
impact of apparent beneficence between the two species. If this apparent 
beneficence from browntop was actually due to autotoxic effects of wh ite 

. clover on its own root growth, white clover may benefit from growing with other 
pasture species, and th is may help to explain the positive association found 
between white clover and ryegrass (Harris 1 974; Simpson et al. 1 987). 

Autotoxicity is an evolutionary paradox. The advantages of autotoxicity are not 
clear, and as Grime ( 1 979) points out, must be explained before allelopathy 
wil l  find acceptance. A further difficulty with accepting autoallelopathy as an 
adaptive plant interference is that phytoto?<ins are often compounds or 
breakdown compounds essential to plant growth, or are secondary chem icals 
that provide protection to plants from predators or pathogens (Grime 1 979). 
However, some researchers have argued that autoallelopathy plays an 
important role in regu lation of population size by self th inning (Whittaker and 
Feeny 1 971 ; Chou 1 987) and controls species diversity (Lieth 1 960) . 
Whittaker and Feeny ( 1 971 ) pointed out that some cases of autotoxicity wou ld 
be of no selective advantage to the plant, and suggested that in other cases, 
"adaptive auto-inhibitors" would control population numbers. 

M any succes� ional and seasonal plant species, and competitive ruderals 
' 

(Grime 1 979) have been suggested to be autoal lelopathic: wh ite clover 
m igrates from year to year (Lieth 1 960) ; alfalfa autotoxicity has been 
associated with autumn dormancy (Mi l ler 1 983); Gal/una vulgaris opens way 
to succession to Birch through self intoxication (Robinson 1 971  ). Grime 
suggested that if the highest concentration of phytotoxins occurs after the main 
g rowth period of the plant species producing the phytotoxin ,  and acts on 
another species with complementary phenology, and breaks down before the 
next main growth period of the producer, then autoallelopathy may be of 
advantage. However, evidence of seasonal allelopathy is only circumsta�tial 
(Grime 1 979) and the cause of cyclical phenology, m igration and/or 
succession of some plant species may be caused by autotoxicity and of no 
real advantage. 
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Jackman and Mouat ( 1 972a) claimed that shading of wh ite clover stolons by 
browntop was a most important component affecting white clover production in 
b rowntop pastures, along with competition for soi l  P. The results of the dual 
labelling trial suggest that competition for P may not be as important as 
shading. The dramatic effects of grazing management practises on the 
botan ical composition of h i l l  country pastures (Harris 1 974; Lambert et al. 
1 986) support this view. 

I n  the dual label l ing trials, the only evidence of direct competition for soil P 
between browntop and white clover was observed at adequate levels of P 
supply (Figure 4.3 b) where apparent beneficence had an overriding effect 
(Figu re 4.2 ). Also, the N supply in the second dual label l ing trial was 
adequate (Table 4. 1 ) ,  suggesting that in the field (where N supply would most 
l ikely be lower) browntop would be even less competitive. 

4.4.4 Summarising comments 

Browntop was more competitive for soil P, and acqui red more P isotope than 
wh ite c lover. The competit iveness of browntop was reduced by defol iation, 
and th is reduction was evident only four days following defoliation. At 
adequate to luxury levels of soil P supply, however, both browntop and wh ite 
clover appeared to gain m utual benefit for P isotope acqu isition from the 
presence of roots of each other (apparent beneficence). Therefore, the 

I 

com p'etitive effects of browntop roots on P acqu isition by wh ite clover were not 
of overriding importance. 

The d ual P isotope label l ing technique has proven to be useful  in elucidating 
more than one type of plant interference occurring within browntop-white 
clover sim ulated swards at the same time. The technique could also be used 
in the field. The dual labell ing technique demonstrated plant interferences that 
the more traditional types of plant competition (interference) trials have failed 
to elucidate. 1t may be useful to use more than one type of experimental 
design to gain a clearer picture of the nature of interactions occurring between 
roots of different species. The more traditional types of competition 
(interference) trials may be usefu l  to give an indication of the net resu lt of plant 
interferences on the growth of plants in mixtures by measuring the total P 
uptake and growth of plants over their life span. 



CHAPTER FIVE 

THE E FFECTS OF ADEQUATE TO LUXURY LEVELS 
O F  SOIL P S U PPL V ON TH E I NTER- AND INTRASPECI FIC 

ROOT I NTERFEREN CES OF I N DIVIDUAL PLANTS O F  

B ROWNTOP AND WHITE CLOVER G ROWN I N  POTS 

5.1  I ntroduction 

There is evidence that apparent beneficence for soi l  P acquisition may occu r 
between roots of established plants of browntop and wh ite clover at 
intermediate to luxury levels of soil P supply (Chapters Three and Four) .  This 
apparent beneficence has not been demonstrated previously, possibly 
because unsuitable techn iques have been used to study root competition 
between browntop and wh ite clover. 

There has been m uch debate over many years about the shortfal ls of the 
many types of experimental designs used to study root competition between 
plants (Harper 1 977; Snaydon 1 979, 1 991 ; Joliffe et al. 1 984; Firbank and 
Watkinson 1 985, 1 990; Taylor and Aarssen 1 989; also see Chapter One) . 
Neither the additive nor replacement series types of experiments have been 
shown to be completely adequate for studying plant competition between two 
species. The inadequacies of these designs need to be considered when 

I 

interpreting the results of such experiments. 

The resu lts of Chapters Three and Four contrast with the resu lts from 
com petitive settings types of designs used in previous research in that 
apparent beneficence for soil P acqu isition between browntop and white 
clover had not previously been demonstrated (Mouat and Walker 1 959a; 
Jackman and Mouat 1 972a, 1 974) . This may have been because root 
interferences between browntop and white clover have not previously been 
independently exam ined. The effects of shoot interference (Harris 1 974) ?nd, 
possibly, soil moisture (Jackman and Mouat 1 972b) may have had an 
overriding influence over the effects of root interferences between browntop 
and white clover. There is also the possibility that the effects of plant density 
may have confounded the results. However, it is difficult to draw a conclusion 
on this m atter, as the papers of Mouat and Walker ( 1 959a) and Jackman and 

· Mouat ( 1 972a, 1 974} did not give sufficient details on the plant densities used. 
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Another possibil ity may be that apparent beneficence only occu rs in 
establ ished swards of older plants. Many root interference studies e ither 
exam ine young plants or the final measurements are of the cumulative effects 
of the two plants on each other ·over their whole l ife span,  and therefore, may 
fail to e lucidate the interferences that are occu rring between two plants at the 
time of their harvest. 

1 4 0  

I n  the present trial, a more traditional competitive settings type of experiment 
was conducted, at adequate to luxury levels of soil P supply, to determ ine 
whether the apparent beneficent effects of browntop roots on soil P acquisition 
by white clover roots observed using the dual labell ing technique could be 
observed. The design of the competitive settings experiment attempted to 
overcome some of the problems encountered with previously used designs. 
As competition operates largely at the individual plant level (Rhodes 1 970), 
the effects of neighbouring plants on the growth and P nutritional status of a 
s ingle plant was studied. The approach enabled the effects of shading 
between plants to be removed by the use of an aerial partition that isolated the 
shoots of a single plant from shoots of neighbouring plants, whilst allowing 
roots to interact. 

The objective of this work was to compare the findings of the qual label l ing 
tr ial with a �ompetitive settings trial , to determine whether the interferences 
occu rring b�tween the roots of browntop and white clover were dependent on 

. i the expenmental methods used. 
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5.2 M aterials and methods 

The design of the experiment incorporated aspects of both additive and 
replacement series types of experiments. As plant density is known to affect 
the severity of root competition (Harper 1 977) , the soil weight:plant density 
ratio was held constant at 5 plants per kg of soil ( i .e. , one plant per 200 g soi l) .  
The experiment was designed to enable the effects of both inter- and 
i ntraspecific root interferences to be examined. This i nvolved the comparison 
of the g rowth and P nutritional status of a single central indicator plant in  a 
s mall pot (no interference with other plants) with the g rowth of a single central 
indicator plant i n  a larger pot with its roots associated with roots of plants of the 
same species ( intraspecific root interference) or  of different species 
( interspecific root interference) (Figure 5 . 1  ). 

The effects of three treatments were examined. The t reatments i mposed were; 
planting combination: roots of central indicator plant associated with roots of 
outer plants of the other species (combinations 1 and 2) or with roots of the 
same species (combinations 3 and 4) , or no association (combinations 5 and 
6) (Figure 5. 1  ) ; central i ndicator plant species : browntop or white clover; and 
level of P applied as monocalcium phosphate : 0, 1 00, 200 and 400 mg P/kg 
soi l .  There were five replicates,  giving a total of 1 20 pots. The experimental 
design was a randomised complete block with a factorial combination of 
t reatments. 

I 
' 

The central i ndicator plant was s urrounded by an aerial partition constructed 
from a waxed cardboard cup of 1 30 mm height and covered in reflective 
alu min ium foi l  (Figu re 5.2 and Plate 5.1  ) .  The purpose of the aerial partition 
was to ensure that the shoots of the central indicator plants in all planting 
combinations received the same amount of l ight, and that there was no 
shading (shoot interference) of the central indicator plant by the outer plants. 

5.2.1  Soil 

Air d ry Ramiha topsoi l was passed through a 5 mm sieve. After mixing 
thoroughly with the appropriate amount of monocalcium phosphate, 200 g of 
ai r dry soi l was weighed into the s maller i nner pot. This pot was placed i nside 
the larger pot and then 800 g of ai r dry soil m ixed with the appropriate amount 



l nterspecific root association 

lntraspecific root association 

No association 

\ l1 Brown top 'V ramet 

Aerial 
partition 

Small pot 

I. White clover 
r ramet 

Figure 5. 1 Planting com binations of ramets of browntop and wh ite clover, 
showing the three types of root associations between the central indicator 
p lant and outer plants, and the positioning of the aerial partition. 
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Aerial partitions 

Figure 5.2 Side view of pots for the planting combination 4 (Figure 5. 1 )  
al lowing intraspecific root interferences to occur between a central indicator 
browntop plant and fou r  outer browntop plants, showing the transplantation of 
the centra l  indicator plant 26 days after planting. 

1 4 3  



' l ate 5 . 1 Photog raph showi n g the  pos 1t 1onmg of aer ia l  pa rt 1t 1ons in pot s 



of m onocalcium phosphate was weighed into the outer pot (Figures 5. 1 and 
5 .2). 

5.2.2 Measurement of nitrate and ammonium ions in  the soi l 

Nitrogen mineral isation on rewetting was measured to assess N03- and NH4+ 
levels in the soil. Four  replicates of 20 g of Ramiha topsoi l  were weighed into 
sealable plastic bags and moistened to a gravimetric water content of 38%. 
The moistened soil was incubated at 25"C for 72 hours. 6.5 g of moist soil 
(equ ivalent to 5 g of dry soil) was sub-sampled and extracted for 20 minutes in 
25 ml of 1 M KCI and filtered through a Whatman 40 filter paper, similar to the 
method of Adamsen et al. ( 1 985). 

N03- was measured colourimetrically on a Techn icon Series 1 1  auto-analyzer, 
us ing N-1 -Naphthylethyl-enediam ine dihydroch loride/Su lphani lam ide 
indicator (Litchfield 1 967). 

N H 4+ was measured co lourimetrically by titration using a phenolphthalein 
indicator. 1 0  ml of 1 M KCI filtrate extract was pi petted into a 50 ml  conical flask 
and 3 drops of phenolphthalein indicator was added. 0.002M NaOH was 
added dropwise until the solution was just alkaline, producing a pink colou r. 
2 .5  m l  of 40% neutralised formalin was added, producing a colourless 
solution. After standing for 5 minutes, the colourless solution was titrated with 

I 

0.002M NaOH, with the end point being a pink colour (Harwood and Kuhn 
1 970). The titration reaction is  given in equations 5. 1 and 5.2. 

4[H+ + NaOH ...,.<�----::�>� H20 + Na+] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [5.2] 

The level of N in the soil and N mineral isation were h igh (Table 5.4) , so it was 
not necessary to apply n itrogen in the basal nutrient solution. 

5.2.3 Plant ing 

Clones from five parent plants were selected for the five repl icates. The more 
stoloniferous types of white clover were selected for cloning in preference to 
the large leaved types. One ramet was planted into the small central pot in  
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each case. Five ramets were planted into the outer pots in planting 
combinations 1 ,  2, 3 and 4, and were thinned to 4 plants per outer pot 1 4  days 
after planting. No plants were grown in the outer pots in planting combinations 
5 and 6,  but soil was placed in them. The purpose of having soi l in the outer 
pots in combinations 5 and 6 was to maintain the soi l  temperature at the same 
level as combinations 1 ,  2, 3 and 4. To ach ieve this, the soil in the outer larger 
pot in combinations 5 and 6 was also watered. White clover plants were 
inoculated with Rhizobium trifolii to ensure good nodulation of roots. 

To encourage good establishment of the central indicator plants, they were 
original ly grown without any root association with outer plants unti l  roots were 
vis ible through the transparent small central pots. Twenty six days after 
planting, the contents of the small central pots, in combinations 1 ,  2 ,  3 and 4 ,  
were transplanted out of the small pot, and back into the centre of the !arger 
pot (Figu re 5.2) .  This al lowed roots of the central indicator plant to associate 
with roots of plants growing in the outer pot (Figure 5.2) .  

5.2.4 Wateri ng 

I n itia l ly the soil was watered up to a gravimetric water content of 30%. Two 
weeks after planting, the soil water content was increased to and held at 38% 
gravimetric water content, i .e . ,  75% of the gravimetric water content at 50 cm 
suction. \ 

' 
' 

5.2.5 Basal nutrients 

Basal n utrients, excluding N and P,  were appl ied as required. A stock solution 
of 60 g/1 MgS04. ?H20, 80 g/1 KC I ,  0. 1 92 g/1 Na2Mo04.2H20, 1 .3 g/1 
MnS04AH20, 1 . g/1 CuS04.SH20, 1 g/1 ZnS04.?H20 and 0.68 g/1 
N a2B407. 1 OH20 was used. 200 ml  of stock solution was di luted to 5 I before 
application to the pots. 

5.2.6 Spraying 

During the course of the experiment the plants were sprayed with Ben late 
(active ingredient: Benomyl) to treat a black spored fungus, and with a 
m iticide, N eoron 500 (active ingredient: Bromopropylate) . 
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5.2 .7 Harvesting 

All plant shoots and roots were harvested 69 days after planting. Fresh 
weights of tissue-dried roots were recorded and the roots were then preserved 
in FAA (i .e. , 1 3  ml Formalin , 5 m l  glacial acetic acid and 200 m l  50 % ethanol) . 
Shoots were dried in an oven at 65"C to constant weight. 

5.2.8 Measurements 

Dry weights of shoots and fresh weights of roots were recorded. 
Concentrat ions of N and P were measured using a Kjeldah l-type d igestion 
and measured colourimetrical ly on an auto-analyser, (see Section 2.2 .3) .  
Roots were assessed for V.A.mycorrhizal infection using the method outlined 
in Appendix 3. Root lengths were not measured as the samples were 
accidently discarded. 

5.2.9 Analysis of data 

Many indices, (e.g . ,  relative yield total, aggressivity, relative crowding 
coefficient), have been used to study plant interference (Snaydon 1 991  ) .  
However, due to  inconsistencies in their use, and confusion about their real 
sign ificance (Snaydon 1 991 ), they were avoided in the examination of the 
result,s of the present trial . Some indices can only be used under specific 
experimental conditions (Snaydon 1 991 ) . Instead, shoot dry weight, P content 
of shoots, and P and N concentrations in shoots data were used to exam ine 
the effects of the root association treatments. 

Curves were fitted to the responses of shoot dry weights to P appl ication using 
an iterative procedu re with a computer programme, Curvefit (Kolb 1 979). 
Curvefit uses a maximum likelihood method, rather than the least squares 
m ethod to determine the best fit of a curve. The curve of best fit was linear 
where :  

and ,  

Y= (m.x) + b 
Y = dry weight of shoots of central indicator plant, 
m = slope of l ine, 
x = level of P appl ied in mg P/kg soil , 

b = constant ( Y on unamended soil) . 



The slopes of the fitted l ines were compared using t-tests (Zar 1 984). 

An attempt was made to compare slopes of the responses of the P 
concentration in shoots of central indicator wh ite clover plants to P application 
under the d ifferent root association treatments. However, comparisons could 
not be made due to differences in the types of curves that best fitted the data 
for d ifferent root-association treatments. 
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5.3 Res u lts 

The resu lts have been presented under the sections of P response of central 
plant, inter- and intraspecific associations, P response of monocu ltures, and N 
concentrations in the soi l .  1t was difficult to present figu res and tables relating 
to these section topics in the same order because the relationships between 
the parameters measured and observations made were considered. 

5.3 .1  Response of central indicator plant to P application 

Both browntop and wh ite clover shoot dry weights (Figure 5.3) ,  and the P 
content of shoots (Figure 5.5) ,  increased with P appl ication. N was not l imiting 
(Figure 5.6). The s lope of the l inear response to P level of the shoot dry weight 
of the central indicator plant, grown with roots associated with outer plants, 
was greater for browntop than for white clover (Figure 5.7,  Tables 5.2 and 5.3) .  
For the central indicator plants, the P concentration in shoots was 0.3 % or 
greater in a l l  treatments, except for white clover grown alone on unamended 
soil (Figure 5.4). P concentration in shoots increased with P appl ication for 
centra l  indicator browntop plants in al l species-association treatments (outer 
species) , and for the central indicator white clover plants grown alone. At 200 
and 400 mg P applied/kg soi l ,  the P concentration in shoots of browntop was 
greater than in shoots of white clover (Figure 5.4). 

5.3.2 Inter- and i ntraspecific associat ions 

5.3.2. 1 Shoot drv wei(}ht of central indicator plant 

For the central ind icator browntop plant grown on unamended soil , there was 
no effect of the root association treatments ( i .e. ,  outer plants) on the shoot d ry 
weight (Figure 5.3a). However, at 1 00 mg P applied/kg soi l ,  the dry weight of 
shoots of the central indicator browntop plant grown alone was less than for 
the central indicator browntop plant grown with roots associated with eith�r 
outer browntop, or outer wh ite clover plants (Figure 5 .3a) . At 200 and 400 m g  
P appl ied/kg soi l ,  the shoot dry weight of the central indicator browntop plant, 
either grown alone, or with roots associated with outer browntop plants, was 
less than for the central indicator browntop plant grown with roots associated 
with outer plants of wh ite clover (Figure 5.3a). 
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Figure 5.3 Effect of root associations with outer plants on the response of · 

shoot dry weight of the central indicator (a) browntop, and (b) wh ite clover 
plant to P appl ication as monocalcium phosphate. The LSD of 0. 1 g al lows 
comparisons to be made between means for browntop and white clover 
(p < 0.05). 
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Figure 5.4 Effect of root associations with outer plants on the response of P 
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clover plant to P appl ication as monocalcium phosphate. The LSD of 0.07% 
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The slope of the l inear response of shoot dry weight of the central indicator 
b rowntop plant grown with roots associated with outer white clover plants was 
greater than when they were associated with outer browntop plants, or when 
grown alone (Figure 5.  7a, Tables 5.2 and 5.3) .  

There was no effect of the root association treatments on  the shoot dry weight 
of the central indicator white clover plant (Figure 5.3b) , or on the slope of the 
l inear response curve fitted to the data (Figure 5.7b, Tables 5.2 and 5.5) .  

5.3.2.2 Root weiahts of central indicator olants 

1 5 2 

The fresh weight of roots of central browntop was greater when grown with 
outer browntop plants than when white clover was the outer species at 1 00 
and 400 mg P applied/kg soil (Table 5. 1 ) . There were no other s ignificant 
effects of any of the species association treatments on the root fresh weights of 
central indicator white clover or browntop plants (Table 5 . 1  ) .  

5.3.2 .3 P concentration in shoots of central indicator plant 

There were no statistically significant effects of the root-association treatments 
on  the P concentration in shoots of central indicator browntop plants grown 
e ither on u namended soi l ,  or at 1 00 mg P applied/kg soil (Figure 5.4a). 
H owever, there was an overall trend for shoots of the central browntop plant to 
h ave a h ighe� P concentration when grown with roots associated with those of 
outer wh ite c lover plants than when grown with roots associated with outer 
b rowntop plants (Figure 5.4a) .  Also, P concentrations in shoots of central 
b rowntop plants were lowest when grown alone (Figure 5.4a). The P 
concentration in shoots of the central indicator browntop plant was 
s ign ificantly g reater when roots were associated with outer wh ite clover plants 
than when grown alone at 200 mg P applied/kg soil, and when grown alone or 
with roots associated with outer browntop plants at 400 mg P applied/kg soi l 
(Figu re 5.4a). 

The P concentration in shoots of the central indicator white clover plant grown 
alone, was less than when grown with roots associated with outer white clover 
plants when grown on unamended soil (Figure 5.4b). There were no other 
effects of root-association treatments on the P concentration of shoots of the 
central indicator white clover plant. 



Table 5. 1 Effect of root association with outer species and P supply on the 
fresh weights of roots (g) of central indicator plants. 

Root fresh weight (g). 

1 5 3  

with standard erro rs i n  brackets 

P appl ied Root Browntop Wh ite c lover 

(m g P/kg a ssoc i ation central  centra l  

s o i l) 

0 a l o n e  0.62 0.26 
.(0.2} {0.03} 

0 with outer 0.36 0 .23 
white clover (0.09) (0.05) 

0 with outer 0.52 0.25 
browntop (0.08) (0.04) 

1 0 0 a l o n e  0.40 0.29 
(0. 1 1 )  (0.02) 

1 0 0 with outer 0.60 0.27 
white clover (0. 1  0) (0 .03) 

1 0 0 with outer 0.95 0.28 
browntop (0. 1 2) (0.02) 

2 0 0  a l o n e  0.54 0.3 1 

f0. 1 3l (0.03) 
': 2 0 0  with outer 0.86 0 .34 

white clover (0. 1 9) (0.06) 

2 0 0  with outer 0.77 0.43 
browntop (0. 1 1) (0. 1 4) 

4 0 0  a l o n e 0.61 0 .34 
{0. 1 21 (0.02) 

4 0 0  with outer 0.86 0.46 
white c lover (0 .09) (0.06) 

4 0 0  with outer 1 . 1 6  0.42 
browntop (0. 1 8) (0.08) 



5.3.2 .4  P content in shoots of the central indicator Plant 

The effect of the root-association treatments on the P content of the central 
indicator browntop plant (Figure 5.5a) was sim ilar to that found for shoot dry 
weight (Figure 5 .3a). There was no effect of the root-association treatments on 
the P content of shoots of the central indicator browntop plant grown on 
unamended soil . At 1 00 mg P applied/kg soil, the P content of .shoots of the 
central indicator browntop plant grown alone was less than when grown with 
roots associated with either outer browntop, or outer white clover plants 
(Figure 5.5a). At 200 and 400 mg P applied/kg soil , P content of shoots of the 
central indicator browntop plant grown alone or with .roots associated with 
outer browntop plants, was less than when grown with roots associated with 
outer plants of wh ite clover (Figure 5.5a). 

For the central indicator wh ite clover plant, there was no effect of the root­
association treatments on the P content of shoots (Figure 5.5b). 

5.3.2.5 N concentration in shoots of central indicator plant 

There were no effects of the root association treatments or soil P supply on the 
N concentration in shoots of either browntop or white c lover,and the N 
concentration in shoots of browntop and white clover were sim ilar (Figure 5.6) .  
N itrogen was not l ikely to be l im iting the growth of browntop (Andrew and 
Johansen 1 978) or white clover (McNaught 1 970) . 

5.3.2.6 Outer Plants 

The effects of central indicator plant species on the growth and P status of 
outer plants was sim i lar to the effects of root associations with outer species 
on the central indicator plant. The replacement of a central ind icator browntop 
plant with a wh ite clover plant led to an increase in the P concentration in 
shoots of the fou r  outer browntop plants grown on unamended soil and at. 400 
mg P appl ied/kg soil (Figure 5 . 9) .  Also, the shoot d ry weight (Figure 5.8) and 
total P content in shoots (Figure 5 . 1  0) of outer brown top plants was greater, at 
200 mg P appl ied/kg soi l ,  when white clover was the central indicator p lant 
species rather than browntop. 
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Figure 5.5 Effect of root associations with outer plants on the response of P 
content in shoots of the central indicator (a) browntop, and (b) wh ite c lover 
plant to P application as monocalcium phosphate. The LSD of 0.4 mg al lows 
comparisons to be made between means for browntop and white c lover. 
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concentration in shoots of the central indicator (a) browntop, and (b) wh ite 
clover plant to P appl ication as monocalcium phosphate. 

1 5 6  



a .  

0 . 6  

0 . 5  § 
en 

- 0 . 4  8 
.J::. 
en . . 

. . 
. . 

- 0 . 3  
. . 

. . 
0 . . 

. . 
- . . 

- - · · 
.J::. . . 

C) . . 
. . 

'Qi . . 

0 . 2  . . 
. . 

:;:: · · · · · 

� • · • · No outer plants 
0 0 .  1 - Browntop outer 

- White clover outer 
0 . 0  

0 1 0 0 2 0 0  300  400 
P applied (mg P/kg soil) 

b .  

0 . 6  

0 . 5  

05 
-

en 0 . 4  
-8 
.J::. 
Cll 

0 . 3  ...... 
p ' 

-
.J::. 
.Q> 0 . 2  <1> 
:;:: 
� • • •  No outer plants 

0 0 . 1 - Browntop outer 

- White c lover outer 
0 . 0  

0 1 00 2 0 0  300  4 0 0  
P applied (mg P/kg soil) 
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Table 5.2 Coefficients for equations of l ines of best fit for responses of dry 
weight of shoots of central indicator browntop and white clover plants, g rown 
on Ram iha topsoi l ,  to P applied as monocalcium phosphate. 

Centra l  O uter 

i nd i cator species 

spec ies 

Browntop none 

Browntop browntop 

Browntop white clover 

White C lover none 

White Clover wh ite clover 

White C lover browntop 

Slope of 

l ine (m) 

0 .00043 

0.00055 

0.00090 

0 .00027 

0.00038 

0 .00033 

Constant Corre lat ion 

(b) - coeff ic ient 

(r2) 

0 . 1 8  0.60 •• 

0.20 0 .40 • 

0.20 0.59 • •  

0. 1 2  0 .62 •• 

0 . 1 1  0 .62 •• 

0 . 1 1  0 .67 ** 

Level of sign ificance 
** p�0.001 * �0.005 
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Table 5.3 t-tests to compare whether or not slopes (m) of lines of best fit are 
the same for responses of dry weights of shoots of central indicator plants, 
grown in the three root association treatments, to P applied as monocalcium 
phosphate to Ram iha topsoil. 

Treatm ents compared 

White clover Brown top 
a lone a lone 

White clover White clover 
a lone with WC 

White clover White clover 
a lone with BT 

Browntop Brown top 
a lone with BT 

Browntop Browntop 
a lone with WC 

Wh ite clover Brown top 
with WC with BT 

White clover Brown top 
with WC with WC 

White clover Brown top 
\ 

with BT with BT 

White clover White clover 
with WC with BT 

B rowntop Browntop 
with BT with WC 

Where BT = outer browntop plants , and 
WC= outer wh ite clover plants. 

Calculated t p 

t35 = 1 . 1 4  ns 

t35 = 1 .96 0 . 1 0  

t35 = 1 .22 ns 

t36 = 0.71 ns 

t36 = 2.70 0 . 02 

t36 = 1 .67 ns 

t36 = 4.49 0 . 00 1  

t36 = 2.20 0 . 1 0  

t36 = 0.89 n s  

t36 = 2.43 0 . 05 
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There were no effects of root associations with central indicator plant species 
on the shoot dry weight or P status of shoots of outer white clover p lants 
(Figures 5. 1 0, 5. 1 1 , and 5. 1 2) .  

5.3.3 P responses of monocultures: effect of position i n  pot 

There was no effect of position in pot (central or outer position) ,  on the shoot 
d ry weight per plant of either brown top or wh ite clover plants (Figure 5. 1 1  ) .  
However, the P and N concentration i n  shoots of outer plants was consistently 
less than in the central indicator plant at all levels of P applied, for both 
browntop and wh ite clover monocultures (Figures 5. 1 2  and 5. 1 3) .  

5.3.4 N concentrations in  the soi l 

N itrate levels in the soil increased following wetting. After 1 8  days, soil n itrate 
N levels had increased substantially from 0.6 mM at the start of the 
experiment, to 1 .5-2 .0 mM (Table 5.4) , and were unlikely to decrease 
sign ificantly due to plant uptake before harvest (69 days from planting) (pers. 
comm. A. Bramley) . The concentration of soil n itrate was h igh enough not to 
h inder plant growth (Russel l  1 973; Mengel and Kirkby 1 982) and therefore, 
wou ld not have affected the plants response to applied P. There were nodu les 
on the roots of white clover plants. lt is also un l ikely that plants wou ld have 
competed for soil N .  

\ 
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Figure 5.8 Effect of root associations with the central indicator plant, either 
browntop or white clover, on the response of shoot dry weights of the four ·  
outer plants of (a) browntop, and (b) wh ite clover to P application as 
m onocalcium phosphate. The LSD of 0. 1 6  g allows comparisons to be made 
between the means for browntop outer and white clover outer plants. 
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Figure 5. 1 0 Effect of root associations with the central indicator plant, either 
browntop or wh ite clover, on the response of the P content of shoots of the four 
outer plants of (a) browntop, and (b) white clover to P appl ication as 
monocalcium phosphate. The LSD of 0.62 mg al lows comparisons to be made 
between the means for browntop outer and white clover outer plants. 
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Figure 5. 1 1  Effect of plant position on the response of shoot dry weight per 
plant of (a) browntop, and (b) white clover plants grown in monocultu res, to P 
appl ication as monocalcium phosphate. The LSD of 0.09 g al lows 
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Table 5. 4  Nitrate levels measured i n  Ramiha topsoi l ,  either following 
incubation of wet soil for 0 and 3 days, or sampled after 1 8  days from pots with 
browntop or wh ite clover plants growing in the soil. 

Days incubated N0 3· N 0 3· 
(119 N/g soil) (mM N) 

0 days 20.2 (0.3) 0.6 

3 days 26.4 (0.7) 0.7 

1 8  days 
White clover 
monocu ltu re 

(mg P/kg soil) 

0 52.7 (0.7) 1 . 4 
4 0 0  53.3 (0.9) 1 . 4 

1 8  days 

\ 
Browntop 

Monocu l ture 
(ing P/kg soi l )  

0 76.0 (2. 1 )  2 . 1  
1 0 0 83.7 (3.5) 2.3 
2 0 0  52.0 (2.3) 1 .4 
4 0 0  56.7 (3.4) 1 .5 
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5.4 D i sc ussion 

5.4.1  Interference between browntop and wh ite clover 

The soil P acqu isition (Figu res 5.4a and 5.5a) and shoot growth of browntop 
plants (Figure 5 .3a) benefitted when grown with roots associated with outer 
white clover plants, compared with when grown with outer browntop plants, or 
alone, at luxury levels of soil P supply. Browntops' better performance in the 
presence of roots of white c lover compared with in the presence of other 
browntop roots was not due to an N sparing effect, as there was no effect of 
the root association treatments on the N concentration measured in  shoots of 
browntop (Figure 5.6). The h igh levels of soil N in the Ram iha topsoi l  used in  
the  pot trial wou ld have g iven browntop an  obvious competitive advantage 
over wh ite clover. The high growth of browntop at a high N supply wou ld have 
g iven browntop a h igh demand for P, and therefore a h igh level of P uptake. 
S imi larly, Donald (1 963) discussed the effect of N on grass growth in relation 
to increasing competition for soil K. 

Browntop was more responsive to P application than wh ite clover, as 
indicated by the slopes of the response l ines and the greater shoot dry 
weights measured. Although browntop is a low fertil ity toleran.t grass, with a 
low g rowth /ate at deficient levels of soil P and N supply, this grass has 
demonstrat

i
ed the abil ity to produce a greater shoot dry weight than white 

clover when the soil N supply was not lim iting and large quantities of P were 
applied. However, in the field situation , particularly in h i l l country pastures of 
New Zealand, it is unl ikely that soil P and N levels would ever be found at the 
luxury levels used in this tria l . 

The resu lts for the central indicator browntop plant suggest that wh ite clover 
was n ot as competitive as browntop for soil P at luxury levels of soil P supply. 
However, th is was not apparent in the findings for central i ndicator wh ite 
c lover plants. White clover did not appear to suffer from growing with outer 
browntop plants compared with when grown with outer white clover plants 
(Figu res 5.3b and 5.7b), despite the greater P uptake (content) of browntop 
compared with wh ite clover (Figure 5.5). 

�he .results of the P isotope dual- label ling trials suggested that it is possible 
that b rowntop was competing with white clover for soil P, and that autotoxic 
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effects of white clover upon its own root growth may have masked the effect of 
competition for P from browntop when comparing the two species association 
treatments: central white clover with outer browntop; and central white clover 
with outer white clover. That is, autotoxic effects of white clover may have been 
of a sim ilar severity to competitive effects of browntop for soil P. However, 
there was no evidence of autotoxic effects of white clover upon its own root 
growth in the present competitive settings trial (Table 5 . 1  ) .  However, browntop 
responded to being with other browntop plants by increasing root fresh weight 
compared with when white clover was the outer species at 1 00 and 400 mg P 
applied/kg soil (Table 5 . 1  ), possibly due to toxicity in rh izosphere of wh ite 
clover plants. 

5.4.2 The competitive settings design 

Idealistical ly, the competitive sett ings experiment could have been interpreted 
as a replacement series, by ignoring the data for the single central plant with 
no associations with roots of other plants, using the de Wit model (Hall 1 974). 
However, the P concentration in shoots of central and outer plants was not 
s imi lar (Figure 5. 1 2) ,  therefore confounding the results. Presumably the outer 
plants suffered from intraspecific competition while the central plant was sti l l  
enclosed in its small central pot before transplanting (Figu re 5.2) .  

Another problem with interpreting the results of the trial was the poorer growth 
I 

and P : uptake of the central indicator browntop plants grown alone in the smal l  
pot compared with the plants grown in the outer section of the pots (Figures 
5 .3a and 5.4a). The reason for the poorer performance of the single browntop 
plant is not clear, and has been discussed below. Therefore, interpretation of 
the comparison of the single central plant with a central plant grown with 
species root associations d ifficult. 

There are two possible mechanisms that may explain the better P acquisition 
by central indicator browntop plants grown in association with roots of ou�er 
plants, compared with when grown alone in the small central pot. Firstly, there 
may have been an effect of pot size, or secondly, the effect may have been 
due  to poorer growth of outer plants compared with with central indicator 
plants. The poorer growth of outer plants may have been due to an effect of 
the aerial partition or due to shading between outer plants. Alternatively, there 
m ay have been a difference in root distribution through the soil across the pot. 
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Although the total amount of soi l  resource per plant was held constant, there 
m ay have been a restriction in the exploration of the soil by roots in the smaller 
pots, part icu larly as the roots tended to be more concentrated at the bottom of 
the small pots in comparison with the root distribution in the larger pots. 

Rennie ( 1 974) suggested that the intermingl ing of roots with adjacent plants 
may have resu lted in a more efficient use of soil resources. Renn ie did not 
offer any suggestions as to how this may occur, but in this case, it can be 
specu lated that exploration of previously unexplored soi l cou ld be better in the 
larger pot than in the small central pot. Examination of the findings for 
m onocultures grown in the larger pots, comparing central indicator plants with 
outer plants, provide evidence that central indicator plants may perform better 
in root associations than alone due to the poorer acquisition of soi l  P by outer 
plants than by central indicator plants. Although the soil weight al location per 
plant was held constant, the lower P acqu isition by outer plants compared with 
central indicator plants, effectively means that the central indicator plants 
grown in root associations with outer plants may have access to more soil 
resources than the central indicator plant grown alone. 

Like previous designs used by other researchers involving different 
competitive settings ( i .e . ,  species associations in the present experiment) to 
compare inter- and intraspecific interferences between plants, the present 
design was d ifficult to interpret, in view of the d ifferences in performance 
between outer and central indicator plants. The legitimacy of comparing the 
central indicator plant with the no root association treatment with the central 
indicator plant g rown with outer species root associations is questionable. 

The effects due to changes in environmental conditions brought about by the 
d ifferent competitive settings could not be separated from the effects due to the 
d ifferent species root associations. The effect of intraspecific root association, 
determined from the comparison between the single central indicator plant 
grown alone and the central indicator plant grown in monoculture was 
confounded by changes in environmental conditions. The change in 
environmental conditions caused by the change in competitive sett ing was the 
due to the effect of the presence of outer plants on the resource al location per 
plant of the central indicator plant or due to effect of pot size. The level of 
interspecific root interference was also confounded in the same manner, and 
ttie comparison between inter- and intraspecific root interferences was sim i lar 



to a replacement series, and would be density dependent (Snaydon 1 991  ) .  
Keeping this in m ind, a conclusion can be drawn that when grown at a density 
of 5 plants per kg of soil, at luxury levels of soi l  P supply, young browntop 
plants (69 days old) ,  grew better and acquired more soil phosphorus in root 
associations with wh ite clover than in root associations with browntop plants. 
The dual label l ing trial also found that browntop plants acqui red more soil P 
when grown with roots associated with outer white clover plants than when 
grown with roots associated with outer browntop plants (Figures 3.2 and 4.2a) .  

Clearly, the acquisition of soil P by browntop was greater in the presence of 
wh ite clover roots than in the presence of roots of other browntop plants. 

White clover d id not seem to be greatly affected by the root association 
treatments. White clover was not affected more from g rowing in the presence 
of roots of outer browntop plants than with roots of other wh ite clover plants. 
This suggested that browntop did not benefit from competition with wh ite 
clover roots as wh ite clover did not appear to suffer from competition for soil P 
from roots of browntop. However, if white clover was autotoxic then this wou ld 
have disguised the competitive effects of browntop in this competitive settings 
trial .  A more feasible explanation may be that browntop roots were competing 
with other browntop roots, and this competition was les,sened when the 
browntop plants were growing in association with white clover roots. 
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Had the response of outer plants to P appl ication been the same as for central 
ind icator plants, the resu lts of this trial would have been more conclusive in 
determ ining the nature of the inter- and intraspecific i_nterference occurring 
between roots of browntop and wh ite clover plants, and al lowed interpretation 
as a replacement series. To improve the design of this experiment, the reason 
for the better P and N acquisition by central indicator plants compared with 
outer plants needs to be determined. The most obvious reason is that there 
was an effect of the plant position , particularly in relation to the aerial partition. 
Aerial partitions are known to influence the growth rate and growing 
environment of plants by altering the radiation climate and a i rflow (Warren and 
Lill 1 975) .  The plants in the centre of the aerial partit ion would possibly have 
been subjected to a different radiation climate and air flow from the plants in 
the outer section of the pot. The plants in the outer section of the pot wou ld 
also be shading each other. Air movement and shading was most likely to be 
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greater outside the aerial partition which would have affected plant growth and 
nutrient uptake (Donald 1 958) . 

5.4.3 Summarising comments 

The findings of this trial general ly support those of the dual label l ing trial. At 
adequate to luxury soil P supply browntop was found to acqu i re more soil P in 
the presence of roots of wh ite clover plants than in the presence of roots of 
other browntop plants. There was no corol lary evidence in the competitive 
settings trial to support that this was due to competition for soil P because 
wh ite clover did not suffer from the presence of browntop roots, and in fact 
performed as well in the presence of browntop roots as in the presence of 
roots of other white clover plants or when grown alone. However, intraspecific 
competition for soi l P between roots of browntop plants was most l i kely 
occurring,  considering the absence of other evidence to suggest otherwise, 
and this competition was al leviated by the substitution of outer browntop 
plants for wh ite clover plants. Autotoxicity of wh ite clover may have been the 
factor preventing the competitive effects of browntop on P acquisition by white 
clover from being e lucidated. 

l t  wou ld be expected that if intraspecific root competition between browntop 
plants was occurring,  then the single plants grown alone wou ld be expected to 
perform better than when grown with other browntop plants. However, the 
single central browntop plants grown with no root associations with outer 
plants grew poorer than central browntop plants grown with roots associated 
with outer plants. If the poorer growth of single central browntop p lants was 
due to less soil resource available per plant or pot size, then the comparison 
with centra l  p lants grown with outer plants is not valid. In order to assess the 
experimental design a single plant grown in a large pot was needed, but 
u nfortunately, this was not done. 

Although the soil P supply was h igh, the h igh total P uptake by browntop 
suggests that there was a large demand for soi l  P by browntop roots. With the 
lower demand for soi l P by white clover plants and h igh soil P supply, they 
m ay have avoided competition. No evidence of white clover roots benefitt ing 
from the presence of browntop roots for soi l P acqu isition was found. However, 
the plants in the present �rial were younger and the plant density was lower 
than in the dual  label l ing trial. Also, the measurements made were the 



cumulative effects of the whole l ife of the plants, which may have masked any 
positive interferences that were found to occur between roots of wh ite c lover 
and browntop in a mature sward in the dual label l ing trial .  

I n  the fol lowing, and final chapter, the results of the preceding chapters are 
summarised and compared to what is already known about root interference, 
particu larly root competition for P between browntop and wh ite clover. 
Suggestions have been made for areas of research where further work is  
requ ired in order to fu l ly understand the nature of  root interference between 
plants in browntop-dominated hil l country pastures. 
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CHAPTER SIX 

S U M MARY A N D  CONCLU S IONS 

6 . 1  Overview 

A review of literature (Chapter One) indicated the need to investigate the 
mechanisms of root interference occurring between roots of browntop and 
white clover. Evidence was presented to show that the claim that browntop 
competes strong ly with white clover for soil P (Mouat and Walker 1 959a; 
Jackman and Mouat 1 970, 1 972a) has not been conclusive. Researchers 
have found that appl ication of P increases white clover production when 
grown in association with browntop (Section 1 .6.3; Mouat and Walker 1 959a; 
Jackman and Mouat 1 970, 1 972a)) ,  however this does not prove that 
competition between roots for P was occurring. 

The effect of defoliation on root interference between browntop and white 
clover was shown to be an important interacting factor worthy of investigation 
in relat ion to the effect of browntop on white clover, because grazing 
m anagement is known to be an important determ inant in control l ing species 
composit ion in hi l l  country pastures. 

Experiments were designed to exam ine the nature of root interferences 
betvJ.een browntop and white clover by employing th ree d ifferent techn iques: 
plant strategies; dual P isotope labelling (Caldwel l  et al. 1 985, 1 987); and a 
competitive settings trial employing aerial partitions. Plant growth and root 
interferences were studied at a range of levels of soil P supply. The 
techn iques used were assessed and compared for their usefu lness and abi l ity 
to e lucidate plant root interferences. 

The main findings have been summarised below in terms of plant growth 
strategies, and competitive and non-competitive interferences, and other 
factors that may contribute to the success or fai lure of browntop and white 
c lover in hi l l  country pastures have been considered in terms of their relative 
importance to root interferences. 

The growth of browntop and white clover and the nature of root interferences 
occurring within and between the two species was dependent on the level of 
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soil P supply. However, the h igher root density of, and therefore greater soil 
exploration and exploitation by browntop compared with wh ite clover 
appeared to be the most important factor determ ining the success of browntop 
at all levels of soil P supply regardless of whether or not roots of browntop 
were competing directly with roots of white clover. The greater root density of 
white clover plants g rown with roots adjacent to roots of browntop compared to 
when grown with roots adjacent to other white c lover plants (Figures 3.7b and 
3. 1 1  b) was associated with greater P isotope acquisition (Figure 3.3). For 
immobile ions, such as phosphate, increas ing local root density is effective in 
increasing uptake (Fitter 1 976; Bolan 1 991  ) .  



6.2 Plant strategy 

From the P response trial and field observations, the co.nclusion was made 
that browntop is better adapted than white clover to survive under conditions 
of low P supply. White clover requ i red a h igher P application to attain the 
same relative yield as browntop (Chapter Two) . The lower growth rate of 
browntop at low levels of P supply compared with white clover may be one of 
the most important factors contributing to the dominance of browntop in h i l l  
country pastures. Browntop's lower growth rate when growing under 
conditions of low nutrient supply gives it the characteristics of a stress tolerant 
plant (Grime 1 979). 

The possibi l ity that browntop may be capable of locking up large quantities of 
P, depending on the rate of recycl ing (decomposition) was discussed. 
Browntop had a greater P content than white clover which is important when 
the rate of P recycling in the field is considered {Chapter 3, Hobbie 1 992) .  The 
importance of a slow rate of recycling of P in browntop dom inated pastures 
may be significant considering that roots of browntop were finer than white 
clover because fine roots are known to have a low rate of turn over (Boot 
1 989) .  

According to Kemp {1 989) , there is evidence that d ifferences in  the 
productivity and persistence of white c lover selections grown on low P soils 

\ 
are related to root morphology rather than the commonly used m icro 
defin itions of P efficiency (Wi l l iams and Caradus 1 979; Simpson et al. 1 987) .  
Bolan et  al. ( 1 987) found that the greater uptake of P by ryegrass over white 
clover was only due to a larger root system and not due to efficiency of P 
absorption, which supports Kemp's ( 1 989) view. 

The main finding of the dual P isotope label l ing trial was that root density was 
a very important factor in determining the performance of plants in m ixtu res. 
Root size expressed in terms of root length is an important factor contribu�ing 
to root competitive abil ity (Boot 1 989) . Large total root length , e ither due to a 
large root dry matter, or a h igh SRL (specific root length) and a moderate 
root/shoot ratio favours uptake capacity and competitive abi lity (Boot 1 989). 
The root morphology of wh ite clover contributes to its poor competitive abi l ity. 
Although small leaved types of white clover were selected for this study (smal l  
leaved types of white clover have more fibrous root systems than large leaved 
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types of wh ite clover (Caradus 1 98 1a) ) ,  the SRL of browntop was greater than 
that of white clover. Also the SRL of browntop decreased with P application, 
therefore the SRL of browntop was more plastic than that of wh ite clover 
(Chapter Three) . Browntop had a more efficient use of biomass al location for 
soil exploration. SRL is particularly important for access to low mobil ity 
n utrients l ike P .  

Browntop is able to increase root growth relat ive to shoot growth more rapidly 
in response to a developing nutrient deficiency than white clover. Mouat 
( 1 983a) found that under P deficiency the root/shoot ratio of browntop was 
increased more than for wh ite clover when compared with at h igher levels of 
soil P supply. S imi larly, the findings of this thesis were that browntop had a 
h igher root/shoot ratio than wh ite clover at deficient levels of soil P s upply 
{Table 2.3) .  Increasing root/shoot ratio is a common adaptat ion to n utrient 
stress. However, absolute size of the root system is more important for 
phosphate uptake than root/shoot ratio. General ly, browntop acquired more 
phosphate (Figure 3. 1 5b and Table 4. 1 )  and phosphate isotope (Figures 3.2, 
3.3, and 4.2) than wh ite clover due to its greater root density and root weight 
(Figures 3.6 and 3.7, and Table 4.2). 

Browntop was more responsive to P than wh ite clover, even though browntop 
is known to perform better at P deficiency due to a low growth rate. At 
adequate to luxury levels of soil P supply there was a large demand for soi l  P 
by browntop roots. Browntop had the abil ity to acquire P to tissue 
concentrations greater than was required to ach ieve maximum growth (luxury 
consumption) .  The abil ity of browntop to grow fast and have a large demand 
for P at adequate levels of soil P supply g ives browntop a h igh 
competitiveness (Grime 1 979). I n  particu lar, a h igh rate of root growth wou ld 
be important in terms of the rate at which unexplored and unexploited soil is 
entered, i .e . ,  soi l volumes of a relatively h igher P concentration (Ciarkson 
1 985) .  However, it should be taken into account that the lower demand for soil 
P by white c lover and the h igh P supply may have enabled wh ite clover t<? 
avoid competition from browntop. 
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6.2. 1  Evidence of root competition between browntop and 
white clover 

According to the plant strategy theory of Grime (1 979) white clover is a 
competitor. Competitors grow wel l  under conditions of low stress and 
d isturbance. White c lover had a high dry matter production and was 
responsive to P at low N supply (Figure 2 . 1  ). White clover is not a stress 
tolerator. 1t does not have a low growth rate when grown under conditions of 
h igh nutrient stress ( low nutrient supply) (Figure 2 . 1  ) . 

At h igh P and N supply, but not at low P and N supply, browntop is a 
competitor. Under these conditions, browntop had a greater dry matter 
production than wh ite clover (Table 4. 1 ). The competitiveness of browntop 
was al leviated by defol iation at h igh P supply (Figure 4.3, at 68 mg P 
applied/kg soil) . Browntop's P acquisition was opportunistic. Luxury 
consumption of P led to extremely h igh P concentrations in shoots (Figu re 
5.4) .  Using Grime's theory, the greater competitiveness of browntop was 
reflected by browntop's abi lity to acquire more total radioactive P from the soil 
than wh ite clover (Figure 4.2) , and was due to its greater root length and 
weight (Table 4.2). 

On unamended subsoi l ,  browntop reduced P acqu isition by white clover, and 
had a greater P uptake in the presence of wh ite clover than with other 

\ 
brow�top plants (Figure 3.3), providing evidence of competition from 
browntop. According to the depletion zone calcu lations, the root densities 
were too low to prove that P depletion zones overlapped (Section 3.4. 1 ), and 
therefore did not support the argument that direct competition between roots 
for P was occurring. The findings of this thesis suggest that there may be 
shortcom ings with using the overlapping depletion zone theory to assess 
competition between roots. The results suggest that browntop may compete 
with white clover by decreasing the avai labil ity of P in the soil, explained by 
browntop's abi lity to acquire more total radioactive P from the soil than w� ite 
clover. This was supported by the finding that appl ication of P removed 
deleterious effect of browntop on white clover (Figure 3.3). The competitive 
effects of browntop_ were alleviated at low levels of P appl ication . Defol iat ion of 
browntop did not alleviate its competitive effect, probably because browntop 
had already decreased the P content in the soil, or because the defol iation 

. - effects upon browntop were not severe. 
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Evidence of d irect root competition between browntop and white c lover was 
found at adequate levels of soil P supply. Defoliation decreased the root 
competit iveness of browntop although browntop acquired more P isotope than 
wh ite clover. However, the net effect of outer browntop plants on P acqu isition 
of central white c lover plants was less harmful than that of outer wh ite clover. 
Some non-competitive interference, possibly autotoxicity, was masking the 
competit ive effects of browntop on white clover's P acquisit ion (discussed 
below in Section 6.2.3) .  

The effect of defol iation reducing the root competitive abil ity of browntop was 
rapid (four  days), and this reduction was not evident in the first dual labelling 
trial, which was harvested seven and fourteen days fol lowing defoliation of 
outer species. Possibly the reduction of root competitiveness by defoliation 
may be short l ived. Th is may be through rapid root growth, or physiological 
increases in the rate of P uptake. Browntop was able to acquire P isotope to 
h igher concentrations in shoots than when undefoliated (Figure 3.4). 

In  the competitive settings trial (Chapter Five) browntop benefitted in terms of 
soil P acqu isition and shoot growth by growing with white clover, compared 
with when grown alone and with browntop at luxury P supply (Figures 5.3a, 
5 .4a, and S .Sa) . This was not due to an N sparing effect (Figure 5.6) .  Browntop 
appeared to compete with white clover, and therefore benefitted from growing 
with roots associated with white clover, however competitive effects of 

I 
browntop on wh ite clover were not apparent at adequate to l uxury P supply. 

I 

Some other  factor, possibly autotoxic effects of white clover, may have masked 
the competitive effects of browntop. 

6.2.2 Evidence of non-competitive root i nterference 

At 1 00 m g  P applied/kg subsoil browntop did not benefit from growing with 
white clover (Figure 3.2), however, surprisingly white clover d id benefit from 
growing with browntop, in relation to with growing with other wh ite clover . 
plants (Figu re 3.3). This was found to be due to greater local root density 
leading to increased uptake of phosphate (Fitter 1 976; Bolan 1 99 1  ) .  The 
increased root density of_�hite clover was due to increases in root length and 
weight, but  no effect on SRL. 
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No defin ite conclusion cou ld be drawn as to why wh ite clover roots had 
greater density when grown with browntop, compared with when grown with 
other wh ite clover plants. The suggestion that rh izosphere acidity around 
roots of N fixing wh ite clover may lead to increased toxicity of phenolics from 
decomposition of organic substances (Marschner 1 986) was considered. The 
results suggest an autotoxic effect of white clover on its own growth.  The 
possibi l ity that browntop may be stimu lative to wh ite clover root growth shou ld 
also be considered. However, noth ing was proven in th is area as no toxic 
compound was identified. 

The harmful effects of competition for P from browntop on wh ite clover would 
be in balance with autotoxic effects of white clover on its own growth if the 
competition and autotoxicity were occurring s imultaneously. 

Overal l ,  both browntop and white clover appeared to gain m utual benefit for P 
acqu isition from the presence of roots of the other species (apparent 
beneficence), except when grown at very deficient levels of n utrient supply 
(unamended subsoi l ) .  Therefore, competitive effects of browntop were not of 
overrid ing importance at intermediate, adequate, or luxury levels of soil P 
supp ly. 

Apparent beneficence (where neither species is at a disadvantage from 
growing in association with each other) of browntop and white clover was not 

I 

due to .. phosphatase activity on browntop roots, or from rh izosphere effects 
because it is unl ikely that wh ite clover would have had an increased P uptake 
from rh izosphere effects, nor would V.A. mycorrhizal effects be important at 
such h igh levels of soil P supply. The advantage for P -acquisit ion gained by 
white c lover from growing with browntop was simply due to increased root 
growth of white clover associated with browntop. Direct competition between 
roots of browntop and wh ite clover was evident at adequate P, as 
demonstrated by the defoliation treatment, however, apparent beneficence 
had an overrid ing effect on the final outcome. 
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6.3 Other factors affecting i nterference between browntop 

a n d  wh ite c lover 

White clover is a ruderal species (Grime 1 979) capable of tolerating h igh 
levels of disturbance, in particu lar, defoliation (Evans 1 973b) . Grown at 
adequate to luxury levels of soi l  P supply, neither undefoliated browntop nor 
undefol iated white clover benefitted from defol iation of adjacently growing 
wh ite clover plants (Figure 4.3) , supporting finding of Evans { 1 973b) that wh ite 
clover is tolerant of defol iation. However, at lower P supply (1 00 mg P 
appl ied/kg soil ,  Chapter Three) defol iation of wh ite clover led to an increased 
P isotope acqu isition by nearby browntop plants (Figu re 3.5). Therefore, the 
demand for P isotope by wh ite clover was reduced by defoliation. 

Browntop was not as tolerant of defol iation as wh ite clover, as also found by 
Evans { 1 973b). White clover benefitted from defoliation of adjacently g rowing 
browntop at adequate P supply, 4 days from defoliation (Figu re 4.3b) , but 
there was no benefit at luxury P supply because the soil P supply was high 
enough to meet the demand by roots of wh ite clover (Figure 4.3b). However, 
browntop does demonstrate some plant growth strategies of ruderal species. 
Although the effect of defoliation on browntop was short l ived, i t  was 
associated with an increased physiological rate of P uptake (Figure 3.4). The 
response of browntop to defoliation was to increase the concentration of P 
isotope in stubble (Figure 3.4) .  

Also of importance is the mat forming behaviour of browntop. In the field, 
white clover would be physically impeded by browntop which tends to be 
m ore dense under poor nutritional conditions. Jackman and Mouat { 1 972a) 
found that in the field, the severity of competition for P between browntop and 
white clover decreased as there was an increase in  browntop mat bui ld up. 
The decrease in root competition would have been due to shading of wh ite 
clover stolons and physical impedance of white clover leading to n iche 
d ifferentiation , and therefore a negative association between the two species. 
That is, the roots wou ld not have been in close enough proxim ity to compete 
d i rectly for P. Browntop has displayed the abil ity to affect P acqu isition by 
wh ite c lover roots (Figure 3.3). However, in the field the importance of 
competition for soil P would not be as important as the ousting of white clover 
from areas of browntop dom inance by the browntop mat, particularly in view of 

- the low mobi l ity of P in soil . 
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The effect of browntop on white clover, by reducing the soil P availabi l ity, 
would be more sign ificant fol lowing the formation of bare patches of soil from 
treading and severe grazing, areas which may be colonised by wh ite clover 
(Lambert et al. 1 986). The low P supply and P recycling in soils previously 
dominated by browntop would be deleterious for wh ite clover. In the long term 
browntop wou ld have a major impact on soi l  P supply. 

The exclusion of wh ite c lover from browntop mat in the field wou ld reduce any 
possible impact of apparent beneficence due to autotoxicity of wh ite clover, 
and therefore white clover may benefit from growing with other pasture 
species other than browntop. Autotoxicity of white clover may possibly explain,  
partly at least, the positive association between white clover and ryegrass in 
the field (Simpson et al. 1 987) . 

Overal l ,  evidence suggests that shading of white clover by browntop is more 
important than root competition for P ,  supported by the known dramatic effects 
of grazing on botanical composition of h i l l  country pastures. 
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6.4 Usef u l ness of techniques to investigate the nature of 

root interferences 

1 8 3 

Problems of predicting interference in  m ixtures from their g rowth in  
monoculture (Harper 1 977) were considered (Section 2.4.4). The monoculture 
P response trial (Chapter Two) was enlightening when the plant strategy 
theory of Grime ( 1 979; Grime et al. 1 988) was used to make comparisons 
between browntop and white clover. 

The mechanisms of interferences occurring between roots of browntop and 
white clover were not e lucidated from studying their growth in m onocultures. 
However, the dual label l ing trial was usefu l  in elucidating some possible plant 
interferences that were not detected by the simple P response trial. Therefore, 
supporting the claim that the nature of intereference in mixtures cannot be 
predicted from their growth in monoculture (Harper 1 977; Austin et al. 1 985; 
Grace 1 988). 

The nature of interferences occurring between browntop and wh ite clover was 
shown to be more complex than has been shown by field and competitive 
settings trials. Previous studies have not attempted to separate the effects of 
root interactions from shoot interactions, or to separate inter- and intraspecific 
interf�rence. The present study found that by using several experimental 
techn iques, a clearer picture of the interferences that occur between browntop 
and white c lover was obtained. 

The dual labell ing method provided a •snapshot• picture of the effects of root 
interferences occurring between roots of browntop and white clover on P 
acquis ition in  an established sward at the time of isotope injection. The dual 
label l ing m ethod was usefu l for elucidating more than one type of plant 
interference, occurring in balance with each other simultaneously. However, it 
d id not give any indication of the effect of the two species on the total P 
acqu is ition of each other over their whole l ife-span, which can be determ i�ed 
from the more traditional types of plant competition trials (additive/replacement 
series) , or probably more accurately from field observations and trials. 

The competitive settings trial general ly supported the findings of the dual 
_ label l ing trial despite some problems with interpretat ion. The competitive 
settings design could not be interpreted as a replacement series, because the 



growth of central and outer plants was not sim i lar, confounding the results. 
The effect of plant position, due to the aerial partition affecting air  f low and 
shading and possibly uneven distribution of roots in the pots caused 
problems. l t  may have been more useful to conduct a traditional replacement 
or additive series trial, despite the shortfal ls of these designs. 

In order to gain a good understanding of the nature of interference between 
plant species it may be necessary to employ several techniques to obtain an 
overall picture. lt is necessary to consider the level of nutritional supply as 
plant growth and the nature of interference may change with increasing 
nutrient supply. 
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6.5 S uggestions for further work 

The dual  label l ing trial could be appl ied to a field situation, as u sed previously 
by Caldwel l  et al. ( 1 987). Such a trial would be less controlled, however, it 
would be usefu l  to determine how browntop and white clover roots interfere 
with each other  in a h i l l  country pasture situation. A study of this type would 
take into consideration the interferences occurring between shoots, and how 
this affects root interference. The issue of the relative importance of shoot 
interference and root interference needs to be studied more closely. 

lt was not clear whether browntop could permanently reduce the P 
concentration in the soil or if browntop acquired more P by regu lating the 
remaining P supply in the soil solution to a low P concentration as it becomes 
avai lable, a lthough the latter is more feasible. Measurements of soil P 
concentrations, and pools also need to be made. 

Final ly the possibility of autotoxic effects of white clover on its own growth, in 
particular due to rhizosphere acidity effects on the toxicity of phenol ics, needs 
to be studied. In order to do this the pH of the soil needs to be varied to 
determ ine if th is has an effect on plant root growth in the absence rh izosphere 
effects. 
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6.6 Concl uding comm ents 

The total root length of browntop appears to be an overriding factor 
determin ing the success of browntop in the field, and therefore the application 
of P to help promote maintenance of wh ite clover following oversowing will not 
be very useful. Although it is clear that browntop wil l reduce the level of soil P 
supply, and reduce the rate of recycling of P, direct competition for P between 
browntop and white clover was found not to be as important as previously 
suggested. Overal l ,  it is probably best to manipu late pasture botanical 
composit ion by good grazing management techniques, and to use P 
ferti l isation to enhance total herbage production . 
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Appendix 1 P buffer power of Ramiha top- and subsoi ls 

The buffer power or P buffering capacity (L1CIL1Ct ) of the soi ls was found from 
the inverse of the slope of the desorption isotherms (QI curves) at the 
appropriate level of desorbed P/g soil, for the level of P applied. The method 
used to determine the desorption isotherms is described below. 

2 1 2  

For Ramiha subsoil ,  with 68% P retention, the level of P desorbed was 
assumed to be around 0 �g P desorbed per g of soil for unamended subsoil, 
and 68 �g P desorbed per g of soil for subsoil with 1 00 �g P appl ied per g. 
Simi larly, for Ramiha topsoil , with 56% P retention, the level of P desorbed 
was assumed to be approximately 38 �g P desorbed per g of soil for topsoil 
with 68 �g P appl ied per g, and 1 92 �g P desorbed per g of soil for topsoil with 
344 �g P applied per g. Phosphate retention (PR) of the top- and subsoils was 
measured u sing the method of Saunders ( 1 965). 

The s lopes of the desorption isotherms (QI cuves) at the above mentioned 
levels of P desorbed/g soil (i .e. , L1CIL1CJ ) ,  and the buffer powers (L1C,v'L1C ) are 
g iven in the table below. 

Diffusion coefficient 
S o i l  Isotherm slope of solute i n  soil 

�C/�Ct ' D (cm2fs) 
Topsoil 3 1 00 4.07• 1 o- 1 0 

{68 �g P applied/g) 
Topsoil 6 1 5 2.os· 1 o-9 

(344 �g P appl ied/g) 
Subsoi l  9300 1 .36* 1 o- 1  o 

(0 �g P applied/g) 
Subsoi l  6200 2.02· 1 o- 1 o  

( 1  00 JlQ P appl ied/g) 

The speed of diffusion of phosphate, i .e. , the root mean square d istance, 
x =  ...f(2D. t) (Bieleski 1 976), was compared with the half the distance between 
roots to determine whether P depletion zones around roots were overlapping, 
as described in Section 3.2.8. 



2 1 3  

Method for determin ing P desorption isotherms for soi ls · 

Air d ried soil samples were forced through a 2mm s ieve. 2.5 g samples of soil 
were weighed into 30 ml centrifuge tubes. Samples were shaken with 25 ml of 
0.01 M CaCI2 (with 40 Jlg HgCI per ml to inh ibit m icrobial activity) containing 
varying amounts of P, as KH2P04 on an end over end shaker for 20 hours. 
The amounts of P in the solutions were equ ivalent to 0, 4, 1 0, 40, 1 00, and 400 
Jlg P/g soi l. After shaking the suspensions were centrifuged at 9000 rpm for 1 0  
m inutes, and the supernatant solutions were passed through a Whatman 42 
fi lter. I norgan ic P was determ ined in a 4 ml aliquot of the supernatant by the 
m ethod of M u rphy and Riley ( 1 962), and absorbance was measured at 
7 1 2  nm.  



Appendix 2 Dry weights, and P and N contents of ramets used 
for planting in the P response trial (Chapter Two). 

Parent plants of white clover ramets received basal nutrients. Plants were 
grown on Ramiha topsoi l .  

S pe c i es Dry weight P weight 
per ramet % P  per ramet % N  

(g) ( m  g) 

Browntop 0.0064 0.25 0.0 1 6  2 .6  
se (0.0005) se (0.01) se (0.002) se (0.0) 

White clover 0 .01 56 0 .35 0.054 3.6 
se (0.0001) se (0.02) se (0.003) se (0.2) 
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Appen d i x  3 Procedure for stain ing vesicular-arbuscular 
mycorrhiza for rapid assessment of infection 

Vesicular-arbu scu la r  mycorrhiza were stained according to the method of 
Phi l l ips and Hayman ( 1 970). Roots stored in F.A.A. were washed in tap water 
and placed in a smal l  g lass test tube. Roots were covered with 1 0% KOH 
solut ion and heated in a water bath at 90°C for one hour in a fume cupboard. 
KOH clears the host cytoplasm and nuclei, as wel l  as allowing stain 
penetration. The KOH solution was pou red off. Roots were rinsed with three 
changes of tap water, and then covered with alkaline H202 at room 
temperatu re for 20 m inutes to bleach roots. Alkaline H202 was made by 
adding 3 m l  of N H40H to 30 ml of 1 0% H202 and 567 ml of tap water. Roots 
were rinsed again with tapwater, and covered with 1 %  HCI. After four  m inutes 
the HCI was poured off, but not rinsed. 

Roots were stained with analine blue (0.325 g analine blue, 50 m l  lactic acid, 
1 00 ml water) , and heated to 90°C for 30 minutes. Excess stain was removed 
using lactic acid solution (50 m l lactic acid, 1 00 ml water). 

Roots were assessed for vesicu lar-arbuscular mycorrhizal infection by 
examining them through a stereoscopic m icroscope. Level of infection was 
assessed by u sing a rapid visual non-systematic scann ing procedure. Roots 
were c lassed from 1 to 5, depending on the percentage of roots colonised by 
V.A. mycorrh izae. 

Class  Roots 
co lon ised 

1 0-5% 
2 6-25% 
3 26-50% 
4 5 1 -75% 

5 76- 1 00% 
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Resu lts 

The resu lts from white clover and browntop roots examined from Chapter 
Three ( low P supply dual labelling trial) are presented. 

Spec ies U n a me n ded 1 00 mg P 
subsoil appl ied per kg 

subsoi l  

Browntop class 1 :  6 samples class 1 : 5 samples 

class 2: 1 sample class 2: 1 sample 

White clover class 1 :  4 samples class 1 : 5 samples 

class 2: 1 sample class 2: no samples 

I n  most root subsamples the level of infection was extremely low, and often 
there were no observations of V.A. mycorrhizal infection .  Therefore, not al l  the 
roots were classed. 
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Appen d i x  4 Method of counting radioactive phosphorus-32 and 

-33 in  harvested plant material . 

The three channels were set as follows: 

Channel one: channels 0-500. The counts in channel one were largely due to 
33p,  with some spillover of 32P. The spi l lover was calculated from the 
activity of s2p in channel two. 

Channel two: channels 600- 1 000. The counts in  channel two were due to 32P,  
with insignificant spil lover due 33p into th is channel. 

Channel three: channels 0-1 000. Total counts across all the channels were 
a lso m easu red. 

The u nits of measured radioactivity were counts per minute (cpm).  
In order to determine the counts attributable to each of the two isotopes in the 
shoot and root samples the following calculations were carried out: 

( 1 ] Readings for blanks with 2.5M HCI (contain ing no plant d igests) were 
subtracted from al l  the readings. The readings in each channel for the blanks 
were as fol lows: 

Channel one 
Channel two 
Channel three 

41 .7 cpm (se 2.2). 
1 7.4 cpm (se 0.5).  
67.2 cpm (se 2.3). 

[2] Channel one readings were adjusted to exclude counts ·due to the 
presence of 32P. The spil lover ratio of 32p into channel one was calculated 
from the counts measured in channel two (equat ion 3 . 1  ). This could be done 
as the counts in channel two were effectively due to 32P only. The amount of 
spi l lover varied with pre-ash weight of plant material in the 2.5M HCI digest. 

Spil lover ratio (CH 1 /CH 2) = SR 

SR = {24. 1 6  + (5.43 . Pre-ash wt(g)]}/1 00 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [3. 1 ]  
(r=0.9804 [5 df]) 

2 1 7  



The amount of actual spil lover into channel one was calculated using 
equations 3.2 and 3.3; 

32p in CH 1 (cpm) = SR .  CH 2(cpm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [3.2] 

2 1 8 

33p in CH 1 (cpm) = CH 1 reading(cpm) - 32p i n  CH 1 (cpm) . . . . . . . . . .  [3.3] 

[3] Finally, the quenching effect of ash on the amplitude of the counts was 
adjusted for. Al l readings were adjusted to a level equ ivalent to "no quench ing 
effect" ,  i .e . ,  at 0.00 g pre-ash weight in the 2.5M HCI digest. A dividing factor, 
D, was used (equation 3.4) . 

D = 1 - [0. 1 58 . pre-ash wt(g)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [3.4] 
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Appen d ix 5 Discussion on  root/shoot ratio data 

The responses of root:shoot ratios for browntop and white c lover to P 
application were atypical in that root: shoot ratios .tend to decrease with 
increasing P supply. For example, Bradshaw et al. ( 1 960) found that 
root:shoot ratios of browntop were 0.28 and 0. 1 6  at P suppl ies of 2 and 32 
ppm P, respectively, when grown in sand. Thus, the root weights were lower 
than expected, especially at low soil P levels. As roots were col lected from the 
s ubsoil in the pots using a hydropneumatic elutriation system (Sm ucker et al. 
1 982), there may have been a loss of root material during the wash ing 
p rocess. The h ighly stable aggregates of Ramiha subsoi l  were not completely 
broken down by the jets of water spraying into the subsoi l .  A substantial 
amount of fine roots may have remained in the peds and wou ld have been 
discarded with the waste soil . This is supported by the fact that more roots 
appeared to have been lost for the more finely rooted browntop plants than for 
wh ite clover. According to Smucker et al. (1 982) the degree of recovery of very 
f ine roots ( in the range 50-250 J.Lm diameter) is dependent on the technique 
employed. With the mean root diameter of browntop being in this range ( 1 60 
J..Lm (Evans 1 977)) ,  and white clover roots being thicker (260 J.Lm (Evans 
1 977)) ,  i t  is feasible to expect a lower recovery of browntop roots than white 
c lover roots, particu larly at low soil P supply, where browntop roots would 
probably be extremely fine. Increasing levels of P appl ication has been shown 
to reduce root fineness in  other grasses (Christie and Moorby 1 975; Bolan et 
al. 1 987). The hydropneumatic elutriation system of root harvesting may only 
be su itable for use with soi ls that break down into individual soi l particles or 
extremely small peds when wet. This is an area that requires further 
investigation . 
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