








Stern and Donald, 1962) and crops (Pendleton and Seif, 1962; Willey and 

Osiru, 1972; Williams et al., 1978). 
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The interference between the root systems of plants has been,less ;care-

fully studied than shoot interference. Root interference is usually for 

nutrients and/or water (competitive interference) (Welbank, 1961; Donald, 

1963).. Allelochemicals released to the soil from living leaves (McPherson 

and Muller, 1969; del Moral and Muller, 1969 jGroner, 1974; Tren-

bath, 1976), living roots (Hirano and Morioka, 1964; Webb et al., 1967; 

Putnam and Duke, 1974), or dead and decaying plant parts (Welbank, 1961; 

Kimber, 1973) have also been reported as interfering with plant growth (non-

competitive interference). However, it is difficult or impossible to prove 

conclusively that true allelopathy is occurring under field conditions 

(McPherson and Muller, 1969). 

Several workers have attempted to isolate shoot and root interference 

(e.g., Donald, 1958; Aspinall, 1960; Caplenor, 1964; Schreiber, 1967; 

King, 1971; Snaydon, 1971; Eagles, 1972; Litav and Isti, 1974; 

) . Except Schreiber, all these other workers showed that root interfer-

ence was more intense and started earlier than shoot interference. This is 

possibly due to the root systems extending and intermingling before their 

shoot systems shade each other (Mann and Barnes, 1947; Donald, 1958; Mil­

thorpe, 1961; King, 1971) and/or the soil factors more commonly limit the 

growth of plants than does light. 

Bray (1954) concluded that root interference between plants is much 

greater for relatively mobile nutrients. Several workers have reported that 

plants interfere with each ?ther in order to acquire adequate supplies of 

nitrogen (e.g., Blackman and Templeman, ·1938; Donald, 1958; Nieto and 

Staniforth, 1961; Welbank, 1961, 1964; Litav and Wolovitch, 1971), potassium 

(e.g., Blackman and Templeman, 1938; Blaser and Brady, 1950; Mouat and 

Walker, 1959; Hall, 1974b), phosphorus (e.g., Mouat and Walker, 1959; Snay­

don, 1971; Jackman and Mouat, 1972a, b) and sulphur (e.g., Walker and Adams, 
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1958) . However, the relative importance of various nutrients will depend 

on· soil type,. plant species involved, and the experimental technique used. 

Donald (1963) stated that interference between plants for water 

generally occurs together with interference for growth factors such as 

nitrogen and light. The efficiency with which available water is used by 

pasture plants generally increases when fertilizers are applied. The suc-

cess of a plant or plant species in acquiring adequate supplies of available 

water depends on the rate and completeness with which it uses the soil water 

supply. Several workers have reported the interference between plants for 

water (e.g., Jackman and Mouat, 1972b; Evans, 1978). 

A number of workers have shown that the effects of simultaneous 

interference of soil and aerial factors in plant associations were greater 

than when the factors acted separately and independent of each other (e.g., 

Donald, 1958; Aspinall, 1960; Snaydon, 1971). Plants growing in natural 

habitats and those cultivated in the field are likely to experience inter-

ference of both soil and aerial factors during growth. The present knowledge 

of the inter-relations between the different growth factors is very limited 

and it is difficult to state categorically whether the factors interact with 

each other or that their effects are merely cumUlative (Hall, 1974a). De 

wit (1960) stated that the subdivision of plant interference (e.g. interfer­

ence for light, water, and- nutrients, etc.) is" . .. not necessary, always 

inaccurate and therefore inadvisable". However, other workers (e.g. Snay-

don, 1971; Eagles, 1972; Hall, 1974a, b) believe that though investigating 

the effects of an isolated factor or a combination of them on the growth 

development of individual plants or species (growing in association) may not 

reveal the true nature of the mutual influences occurring among plants in the 

field, the quantification of the effects of these factors may lead to a better 

understanding of the processes governing mutual influences between plants and 

indicate how they may be manipulated to advantage. 
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4.1.4 Plant Characteristics Which Determine Success jn 

Situations of Interference 

Sakai (1961) attempted to define which morphological characters 

determine the success of plants or species when in intra-specific and/or 

inter-specific interference. He looked at the correlation between 

morphological characters, such as plant height and plant weight, of a num-

ber of cereals and their success in competitive interference ('competitive 

ability') and concluded that no significant correlation existed. However, 

seed and seedling characters like size of seed (Le., embryonic capital) 

(Black, 1957, 1958; Aspinall and Milthorpe, 1959), seed polymorphism 

(Harper, 1964), relative rate of emergence (Harper, 1961; Haynes, 1980), 

and seedling vigour (Blaser et ai., 1956; Laskey and Wakefield, 1978); 

shoot characteristics like canopy height (Iwaki, 1959; Black, 1960; Don-

aId, 1963; Harper, 1964), leaf area (Norman et ai., 1971; Haynes, 1980), 

leaf architecture (Acock et ai., 1970; Haynes, 1980), leaf angle (Brougham, 

1958), leaves with C4 photosynthetic pathway (Black et ai., 1969), leaf 

transmissivity (Saeki, 1960), rate of stem elongation in response to shading 
I 

(Williams, 1964), and shade tolerance (Langer, 1973-); and root character-

istics like rate of penetration of soil (Harris, 1967; McCowan and Williams, 

1968), high root density (Andrews and Newman, 1970), high root/shoot ratio 

(Idris and Milthorpe, 1966), high root length/root weight ratio (Harris, 1967; 

Olsen and Kemper, 1968), long root hairs (Drew and Nye, 1969; Barley, 1970), 

higher uptake of nutrients (Idris and Milthorpe, 1966; Bowen, 1973), earlier 

uptake of water (Cohen, 1970; Troughton, 1974), lower root cation exchange 

capacity (Gray et ai., 1953; Mouat and Walker, 1959b), and symbiotic nitro-

gen fixation (Va'llis, 1978; Haynes, 1980) have been shown to endow success 

to some plant species over others, when growing in association with each other. 

Sakai (1955) postulated that the success in 'competitive ability' is 

genetically based and is not easily or readily definable in terms of pheno-

typic behaviour. However, Welbank' (1963), quoting Harper, disagrees with 



Sakai's postulation and states that "the concept of an innate quality of 

competitiveness as a property of a species and not an association of the 
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species with any particular competitor, may have no real meaning. If it 

were valid, the order of competitive effect of several species on ah 

indicator species ought not to be changed by substituting a different 

indicator" . He continues to say that there are many instances where the 

order of effects of two species might be reversed and therefore it is not 

possible to consider the 'competitive ability' of one species without ~Gf6r-

ence to the particular species 'competed' against. Furthermore, becau~o of 

the large number of morphological and physiological characters which can 

determine the 'competitive ability' of different species, it is unlikely that 

any uniform pattern of heritability would be present. Referring to the work 

of Oka, Donald (1963) stated that "when examined as a genetic character, 

'competitive ability' has shown very low heritability". 

4.1.5 Approaches to the Study of Plant Interference 

An agronomist's approach to the study of plant interference 

can be conveniently divided into the description of changes that occur in 

growth and development of plant communities and/or individual plants and 

attempts to relate these changes to the variations in the aerial and soil 

environment where the plants are growing. Several workers have described 

the vegetative and reproductive changes that occur when neighbouring plants 

interfere with each other by acquiring a disproportionate share of limited 

growth factors (e.g., Donald, 1958; Aspinall and Milthorpe, 1959; Aspinall, 

1960; Harper, 1961; Singh et al., 1967; Snaydon, 1971) or by the production 

of allelochemicals (Webb et al., 1967; Putnam and Duke, 1974). However, 

the presence of allelopathy cannot be conclusively established under field 

conditions (McPherson and Muller, 1969; Trenbath, 1976). The techniques 

used to study plant interference can be broadly categorized as: firstly, 

those which describe the effects of plant interference over time (commonly 
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known as 'growth analysis') where some of the physiological changes that are 

responsible for the observed effects -become apparent, and secondly, those 

based on the principles and procedures essentially developed by De wit 

(1960), where competitive and non-competitive interference can be distinguished 

and quantified (e.g., Hall, 1974a, b; Ivens and Mlowe, 1980). 

In the following study, growth analysis techniques were used to 

evaluate the nature of the physiological changes that occur in populations of 

seedling yarrow when in association with certain specific crops and their 

effects on the growth of yarrow. Growth analysis is a technique by which 

the dynamics of photosynthetic production can be followed through time by 

measuring the changes that occur in the size of the assimilatory apparatus and 

production of dry matter. Kvet et al. (1971) stated that it could be used 

to investigate ecological phenomena such as interference among species~ In 

studies of plant growth analysis, either a 'classical' app~oach or a 'funct-

ional' approach can be adopted. In the 'classical' approach, the changes 

that occur in plants (i.e., either single plants or plant populations) are 

followed through a series of relatively infrequent, large harvests. In the 

'functional' approach, the harvests are comparatively smaller but taken more 

frequently. Unlike in the 'classical' approach, where the short-term 

fluctuation in the growth and development in plants can be obtained (i.e., the 

changes in growth between two adjacent harvests), in the 'functional' approach 

the general trends of these plant characteristics over the entire period of 

experimentation can be studied by fitting smooth 'curves of best fit' to all 

the raw data. In the following study, where the effects of barley (Hordeum 

vulgare) and pea (Pisum sativum) plants on the growth and development of seed­

ling yarrow needed to be evaluated both during the period of crop growth and 

after the crops were harvested, a 'functional' approach was considered to be 

more appropriate. Details of 'functionat approach are given in Appendix 8. 

Previous observations showed that yarrow was not a problem weed in 

barley crops even when they were sown in fields which had a history of yarrow 
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infestation (Kannangara.:, illlpublished). However, the converse was true 

when pea crops were cultivated on such fields (Bourd6t, White ann l"iE'ld, 

1979). As these crops facilitated two extremes of behaviour of yarrow 

plants growing in association with them, they were selected for the follow­

ing study. 

4 . 2 MATERIALS AND METHODS 

4.2.1 Experimental Site; Design and Treatments 

The experimental site situated at Lincoln College, New Zealand, had 

Wakanui silt loam soil that was free draining. It had been under lucerne 

(Medicago sativa L.) since 1973 and had no previous history of the presence 

of yarrow. . The land was CUltivated in the first week of September 1979, to 

get a seed bed of good tilth. The experimental plots were 6 x 3 m, and 

arranged in a fully randomized block design with 1 m between adjacent plots. 

The treatments were as follows: 

1. Pure stand of yarrow. 

2. Yarrow in association with barley plants (Hordeum 

vulgare cv. Zephyr). 

3. Yarrow in association with pea plants (pisum sativum 

cv. Huka). 

4. Pure stand of barley. 

5. Pure stand of peas. 

Each treatment was replicated 6 times. 

4.2.2 Soil sterilization 

The soil in each plot was fumigated to kill the resident seed and 

other plant propagules. Only seedling plants of yarrow, barley and peas 

established after soil sterilization were allowed to grow. The few plants 
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of shepherd's purse (Capsella bursa-pastoris (L.) (Medic.), fathen 

(Chenopodium album agg.) -, and white clover (Trifolium repens L.) that 

emerged from time to time were removed by hand before they reached the two 

true leaf stage. 

Three plastic containers (0.5 Z capacity) were placed at the middle 

of each plot at regular intervals along its length. One end of a gas 

applicator tube was directed into each container, while the other end, where 

the gas (fumigant) cans fit, was outside the plot. The plot was covered 

with a sheet of black horticultural grade polythene (14 x 4 m); liver 

pails were placed on the plot at regular intervals before covering to ensure 

that the sheet was not in contact with the soil surface. The edges of the 

sheet were buried in a 15 cm trench dug around the plot so as to 'seal' the 

area under the polythene sheet. 

When the soil temperature of the plot at 10 cm depth was 15
0

C (i.e., 

on 15 September 1979), methyl bromide gas was applied via the applicator 

tubes; 
-1 

"Dowfume MC-2 Penetrating Fumigant" containing 980 g kg methyl 

-1 
bromide and 20 g kg chloropicrin was applied at the rate of 5, 0.45 kg cans 

2 
per 18 m plot. The applicator tubes were' drawn out immediately after 

delivery of the gas and more soil was added along the edges of the polythene 

sheet and compacted to prevent the escape of the fumigant. One week later 

(i.e., on 22 September 1979), the polythene sheet was removed and the soil 

allowed to ventilate for another 7 days before sowing the trial. 

4.2.3 Density of Yarrow 

The density of the yarrow stand to be established was determined 

after plant counts were made on natural stands of seedling yarrow. Ten 

2 
0.12 m quadrant counts were taken at random, on 15 September 1979, from fields 

close to the experimental site. The mean number of plants per unit area was 

-2 
taken as the density to be established (i.e., 250 plantsm ). 

I 
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4.2.4 Seed Material 

Sun dried yarrow seed heads were collected in March 1979 from 

naturally growing populations of yarrow found close to the experimental 

site. They were lightly rubbed on a wire mesh to dislodge the seed and the 

chaff and light seed were blown away by directing a regulated air flow. 

The cleaned seed was placed in a black polythene bag and stored at room 

temperature until used in the experiment. Certified barley and pea seed 

were used. 

Laboratory germination tests were carried out in accordance with the 

recommendations of the I.S.T.A. (1976}, where imbibed yarrow seed were supplied 

with 20 - 30
0

C alternating temperature and 8 h light day-l (3875 lux intensity; 

refer Chapter 2). The imbibed barley and pea seed were incubated at 20
0

C in 

diffuse light. Mean germination percentages of 98 (S.E. 1.4), 96 (S.E. 2.0) 

and 98 (S.E. 2.0) were obtained for yarrow, barley and peas, respectively, 

after 21 days incubation. 

4.2.5 Establishment of Plants 

Barley and pea seed were drilled with a Stanhay precision drill into 

the appropriate plots in rows spaced 15 cm apart; the seeds were sown to a 

-1 
depth of approximately 2 em at. the rate of 150 and 300 kg ha ) respectively. 

-2 
The amount of yarrow seed required for each plot (i.e., 250 seeds m 

assuming complete germination) was worked out according to a previously cal-

culated relationship between seed weight and seed number (Appendix 6); forty 

per cent more seed was added as an allowance for possible lower field germinat-

2 
ion, giving 1.014 g seed per 18 m plot. The yarrow seed for each plot was 

thoroughly mixed in 4 l of slightly moist river sand and evenly broadcast by 

hand on 29 September 1979; a similar quantity of sand was broadcast on each 

plot that did not receive yarrow seed. Calm weather prevailed during this 

operation. A light irrigation was carried out on the following day using an 
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oscillating irrigation spray line; no further irrigations were carried out. 

As the land had been under lucerne for the 7 previous years, the fertility 

of the soil was high. Therefore, no fertilizer was applied to the plots. 

4.2.6 Sampling and Measurement Procedures 

Three-weekly samples were taken, starting from 26 October 1979, over 

a period of 15 weeks after seedling emergence; a further 4 samplings were 

carried out at 6 weekly intervals, after the barley and pea crops were har-

vested. On the day of sampling, the total amount of photosynthetically 

active radiation (PAR) available 1 m above the crops and pure stand of yarrow 

and at the surface of the yarrow populations in association with the crops 

were measured. A Licor C-275 quantum sensor was levelled with a spirit 

level before the measurements were made; the measurements are given in 

Appendix 7 as a percentage of the total available PAR. 

2 
Plants within a randomly selected 0.12 m quadrant were removed from 

each treatment by digging the soil to a depth of 20 cm. Care was taken to 

collect all rhizome material. A 30 cm border strip was left around each 

sampling area. Individual samples were washed 

# 

in running water to remove the 

soil adhering to the subterranean parts. 

At each sampling, the number of yarrow plants within the quadrat area 

was counted. The root fraction of each sample was discarded. The yarrow 

plants were fractionated into green and dead leaves, stems, and rhizomes; the 

crop plants were fractionated into leaves (i.e., lamina in barley plants; 

lamina + petioles + auricles in pea plants) and stems (inclusive of leaf 

sheaths in barley plants). 

The areas of the green leaves were measured using a Licor model 3100 

area meter. The separate plant fractions were oven dried at BOoC to a con-

stant weight. At 15 weeks after seedling emergence, the machine-dressed seed 

2 
yields of barley and pea crops were determined from 1 m samples from their 

#Effective root nodules were nresent in the pea plants. 



respective plots. The barley crop was machine-harvested, leaving the 

~tubble to a height of about 10 cm; the pea crop was harvested by hund, 

leaving only the root fraction in the soil. 
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Apart from the above detailed sampling and measurement proceduLes, 

further samplings were carried out at weekly intervals, from the time of 

yarrow seedling emergence in pure stands (i.e., from 5 October 1979), to 

record the developmental stages up to 21 weeks (Appendix 13) . 

4.2.7 Analytical Procedure 

separate and suitable mathematical functions, represented by smooth 

curves, were fitted to the total weight, leaf area, leaf weight, stem 

weight, and rhizome weight data of seedling yarrow recorded from 3 to 15 

weeks after seedling emergence. An outline of the principles involved and 

the mathematical aspects of the technique used is given in Appendix 8. 

Similarly, curves were fitted to the total weight and leaf area data of 

barley and pea crops over the same period of time. Only the trends in total 

growth and rhizome growth of the three stands of yarrow, from 15 to 33 weeks 

after seedling emergence, were of specific interest in the current study. 

Therefore, curves were fitted only to the total weight and rhizome weight 

data of the yarrow, over this period. The respective relative growth rates 

were derived from the fitted functions. The specific leaf area, leaf 

weight ratio, leaf area ratio, and net assimilation rate of the different 

stands of yarrow, from 3 to 15 weeks after seedling emergence, was derived 

from their respective fitted functions. 
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4.3 RESULTS 

SECTION I: Yarrow in Association with the Barley Crop 'and the Pea Crop 

4.3.1 Plant Population 

The first seedlings of barley,peas, and yarrow, emerged from the 

soil on 5 October 1979, one week after sowing. The majority of seedlings 

emerged during the following week, although there was continued emergence 

of a few yarrow seedling until the end of October 1979. The yarrow seed-

lings were uniformly distributed in their respective plots. The crop stands 

-2 
were even and had 146 and 90 plants m of barley and peas, respectively. The 

5th of October 1979 was considered as the first day of emergence of all seed-

lings and the base date for subsequent measurements. 

2 
The objective of establishing 250 plants of yarrow per m was not 

realized, owing to its poor germination and establishment. Three weeks 

after seedling emergence (26 October 1979} , the number of plants growing in 

association with the barley crop was significantly higher than in the pea 

crop and pure stand of yarrow (Table 4.1). However, from 6 weeks after seed-

ling emergence, there was no significant difference in the populations of 

yarrow plants, either in association with the crops or in pure stands. There 

-2 
were approximately 82, 67, 55, and 58 plants m at 6, 9, 12 and 15 weeks 

after seedling emergence respectively (Table 4.1). From 3 to 6 weeks after 

seedling emergence, the decrease in the density of the yarrow population in 

association with the barley crop was significantly higher than in the pea 

crop and in the pure stand of yarrow (Table 4.2). 

4.3.2 Total Dry weight 

The dead leaf fraction of yarrow was included in the total weight 

-
measurements; the root fraction was excluded (S~d:.·ion 4.2.6) ~ The changes 

) 



Table 4.1: Seedling yarrow plants present in the pure stand and in association with barley and pea crops. 

Each value is a mean of 6 replicates. 

Plants m 
-2 

Sampling Date Yarrow (Pure Stand) Yarrow in Barley Crop Yarrow in Pea Crop LSDO. 05 
C.V. 
(%) 

I 26 October 1979 120.0 174.7 127.8 36.6 16.6 

, 
16 November 1979 76.7 84.2 83.8 7.6 14.3 

7 December 1979 66.5 68.0 67.4 2.7 7.1 

I 
28 December 1979 54.8 56.8 54.3 3.6 6.7 

18 January 1980 56.7 57.1 58.6 3.3 4.8 

--L- __________ --- ------- -----

I 

I 

-....J 
U1 



* Table 4.2: The loss or gain of seedling yarrow plants between adjacent sampling dates. 

mean of 6 replicates. 

Plants m 
-2 

Sampling Date Yarrow (Pure Stand) Yarrow in Barley Crop Yarrow in Pea Crop 

26 Octoer to 

16 November 1979 
46.7 94.1 42.0 

16 November to 

7 December 1979 
10.8 18.4 16.4 

7 December to 

28 December 1979 
12.2 11. 3 13 .3 

28 December 1979 

to 18 January -2.3 -1.3 -5.1 

1980 
~-- --- - - - - - - --- - - --- -- ~-

* The negative values indicate a gain. 

Each value is a 

LSDO. 05 
C.V. 
(%) 

42.4 16.9 

13.4 12.7 

2.2 8.2 

5.3 6.8 

-..J 
0'1 



in leaf weight (Fig. 4.5), stem weight (Fig. 4.7), and rhizome weight 

(Fig. 4.9) with time were reflected in the growth trends of log total 
e 

weight (W) (Fig. 4.1). A cubic model adequately described the changes 

in W of the yarrow populations and barley crop while a quadratic model 
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best described the changes in W of the pea crop; the observed mean values 

are given in Appendices 10 and 11. The fitted model for each crop was 

identical whether it was in pure stand or in association with yarrow. 

From 6 weeks after seedling emergence W of yarrow in pure stand, 

in barley crop, and in pea crop, were significantly differen~ from each 

other (Fig. 4.1); the only exception being at 15 weeks after seedling 

emergence, when W of yarrow in the pure stand and in the pea crop were not 

statistically different. When comparing the effects of the two crops, 

the barley suppressed W of yarrow to a significantly greater extent than 

the peas. As the total weights of the crops increased (Fig. 4.1), the W 

of the yarrow populations in association with them were increasingly 

retarded. At 10 weeks after seedling emergence, the barley and pea crops 

flowered and from then onwards their leaf areas declined rapidly (Fig. 4.3). 

During this period, there was a marked increase in the W of the yarrow 

populations growing with the crops (Fig. 4.1). 

The above described changes in W of yarrow populations in pure stand 

and with the crops were associated with differences in their respective 

relative growth rates (RGR) (Fig. 4.2). The RGR of the pure stand of 

yarrow, at 6 and 9 weeks after seedling emergence, was significantly higher 

than in the populations growing with the crops; at 3, 12 and 15 weeks after 

seedling emergence, the RGR of the yarrow in association with the pea crop 

was significantly greater than when barley plants were growing in association. 

The initial differences in RGR of these yarrow populations led to the marked 

divergence in W with time (Fig. 4.1). However, the rapid increase in RGR of 

yarrow in association with the pea crop from 10 weeks after seedling emerg-

#Indicated by the lack o~ overlappinq of their confidence bands at each 

sampling date. 



Fig. 4.1: 
-2 

Progress curves of total dry weight m The points 

are the observed means of the logarithms of total 

dry weight of: (a) seedling yarrow in pure stand and 

in association with the pea and barley crops, and 

(b) the'pea and barley crops in association with the 

yarrow stand. The lines are the curves fitted to 

all individual samples. The bars are the confidence 

limits for the derived values (95% probability); 

they apply equally to all the curves in their respect-

ive sets. The curves for (a) and (b) (refer above) 

form different sets. As the fitted curve for each 

crop in association with yarrow is identical to its 

curve when growing in puree stand! only the former is 

presented in the figure. 

'.Ie., • 
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Fig. 4.2: Progress curves of relative growth rate of total dry 

weight of: (a) seedling yarrow in pure stand and in 

association with the pea and barley crop, and (b) the 

pea and barley crops in association with the yarrow 

stand, derived by differentiation of Fig. 4.1. The 

bars are the confidence limits for the derived values 

(95% probability); they apply equally to all the 

curves in their respective sets. The curves for Ca) 

and (b) form different sets. As the derived curve 

for each crop in association with yarrow is identical 

to its curve when growing in pure stand, only the 

former is presented in the figure. 

~a 
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Figure 4.3: 
-2 

Progress curves of leaf area m The points are 

the observed means of the logarithms of total leaf 

area of: Ca) seedling yarrow in pure stand and in 

association with the crops, and (b) the crops in 

association with yarrow. The lines are the curves 

fitted to all individual samples. The bars are 

the confidence limits for the derived values (95% 

probability); they apply equally to all curves in 

their respective sets. The curves for (a) and Cb) 

form different sets. As the fitted curve for each 

crop in association with yarrow is identical to its 

curve when growing in pure stand, only the former 

is presented in the figure. 
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ence, compared to the continued decline in the RGR of the pure s-t.and of 

yarrow (Fig. 4.2), enabled it to have a W which was not significantly dif-

ferent from the pure stand at crop harvest, 15 weeks after seedling emerg-

ence (Fig. 4.1). There was no difference in the RGR of the crops and 

they declined from 3 to 12 weeks after seedling emergence (Fig. 4.2). 

4.3.3 Total Leaf A~ea 

The changes with time of log leaf area (LA) was adequately 
e 

explained by a cubic model; Figure 4.3 shows that the observed data 

(Appendices 10 and 11) fit the model extremely well. Even though the 

density of yarrow plants in the barley crop was much greater than in the 

pea crop and pure stand (Tabl~ 4.1), the leaf area of the three yarrow 

populations were similar at 3 weeks after seedling emergence (Fig. 4.3). 

The LA of the yarrow populations in the pea crop and pure stand increased 

with time. There was a decrease in the LA of yarrow growing with the 

barley crop from 3 to 9 weeks after seedling emergence; this was followed 

by a rapid increase in its LA when the LA of the barley crop fell below 

2 -2 
1.2 m m (Fig. 4.3). A similar trend in the qrowth 'of LA of the yarrow 

population in the pea crop was evident from 9 weeks after seedling emerg-

ence when the LA of the pea crop declined. The increase in LA of the pure 

stand of yarrow was significantly greater than when it grew in association 

with the crops (indicated by the lack of overlapping of their cOnfidence bands 

at each sampling date) (Fig. 4.3). The development of LA in yarrow was 

most retarded in the presence of the barley crop; it was significantly less 

than when the yarrow plants had pea plants as their neighbours. 

The above-described differences in the LA of the three yarrow popu-

lations can be readily explained by examining their relative growth rates 

(RGR
A

) (Fig. 4.4). Although the RGR
A 

in the pure stand of yarrow declined 

throughout, up to 9 weeks after seedling emergence it was significantly 

greater than in the yarrow populations in the barley and pea crops. Even 
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Figure 4.4: Progress curves of relative growth rate of leaf 

area of yarrow, derived by differentiation of 

the appropriate equations in Figure 4.3. The 

bars are the confidence limits of the derived values 

(95% probability); they apply equally to all 

curves. 
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Figure 4.5: Progress curves of leaf dry weight m-
2 

The points 

are the observed means of the logarithms of total 

leaf dry weight of seedling yarrow in pure stand 

and in association with pea and barley crops. The 

lines are the curves fitted to all individual 

samples. The bars are the confidence 

limits for the derived values (95% probability); 

they apply equally to all curves. 
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though the values for RGR
A 

of the yarrow populations in association with 

the crops were greater than in the pure stand from 12 weeks after seedling 

emergence, the initial advantage of a comparatively higher RGR
A 

enabled 

the pure stand of yarrow to have a significantly higher LA up to 15 weeks 

after seedling emergence (Fig. 4.3). Similar trends in RGRA were evident 

between the yarrow populations in association with the barley and pea 

crops, with the latter being significantly higher than the former at 3 and 

6 weeks after seedling emergence (Fig. 4.4); hence the yarrow stand in the 

pea crop had a higher LA compared to the yarrow population in the barley 

crop (Fig. 4.3). 

4.3.4 Total Dry Weight of Green Leaves 

A cubic model best described the change in log leaf weight (LW) 
e 

with time (Fig. 4.5); observed mean values are given in Appendix 10. 

The LW of yarrow in pure stand and in association with the crops were 

similar at 3 weeks after seedling emergence and generally increased with 

time. Owing to a significantly higher relative growth rate of LW (RGR
LW

) 

of the pure stand of yarrow from 6 to 9 weeks after seedling emergence 

(Fig. 4.6), its LW increased more rapidly than in the yarrow stands in the 

crops during this period. Even though the RGR
LW 

of the yarrow stands 

in association with the crops increased rapidly after 9 weeks from seedling 

emergence, while the RGR
LW 

of the pure stand of yarrow continued to decline, 

the LW of the pure stand remained significantly higher owing to the initial 

advantage of its higher RGR
LW

. The LW of the yarrow populations in assoc-

iation with the barley and pea crops increased at a diminishing rate up to 

9 weeks after seedling emergence (Fig. 4.5), owing to their declining RGR
LW 

(Fig. 4.6); from then onwards the steeply rising RGR
LW 

of these populat-

ions enabled them to exhibit rapid growth. The RGR
LW 

of the yarrow stand 

in the pea crop was consistently higher than for the yarrow population in 

association with the barley crop (Fig. 4.6) and thus the LW of the former 
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Figure 4.6: Progress curves of relative growth rate of leaf 

dry weight, derived by differentiation of 

Figure 4.5. The bars are the confidence 

limits of the fitted values (95% probability); 

they apply equally to all curves. 
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Figure 4.7: 
-2 

Progress curves of stem dry weight m The points 

are the observed means of the logarithms of total 

stem dry weight of seedling yarrow in pure stand and 

in association with the pea and barley crops. The 

lines are the curves fitted to all individual 

samples. The bars are the confidence limits for 

the derived values (95% probability); they apply 

equally to all curves. 



86 

yarrow stand was significantly greater than the latter ,(Fig. 4.5). 

4.3.5 Total stem Dry Weight 

The log stem weight (SW) of yarrow in the pure stand and in assoc­
e 

iation with the crops generally increased with time and a cubic model 

adequately described the changes (Fig. 4.7); the observed mean values are 

given in Appendix 10. From 9 weeks after seedling emergence, the SW of 

the pure stand of yarrow was significantly higher than the yarrow populat-

ions in the barley and pea crops. The growth in sw of yarrow in the pea 

crop was, however, suppressed to a significantly lesser extent than when 

barley plants were in association with the yarrow population. The sig-

nificantly higher relative growth rate of SW (RGR
SW

) of the pure stand of 

yarrow, compared to the yarrow populations in association with the crops, 

from 6 to 12 weeks after seedling emergence (Fig. 4.8), was responsible for 

the higher stem weight of yarrow in monoculture (Fig. 4.7). 

The significantly higher RGR
SW 

of the yarrow stand in the pea crop, 

compared to the yarrow population in the barley crop, at 3, 6, and 15 weeks 

after seedling emergence (Fig. 4.8) enabled it to attain and maintain a 

higher SW than in the yarrow stand in the barley crop (Fig. 4.7). 

4.3.6 Rhizome Dry weight 

Eight weeks after seedling emergence, rhizomes were initiated in the 

pure stand of yarrow (Appendix 13, Plate 6). The increase in log rhizome 
e 

weight (R W) with time was best explained by a linear model (Fig. 4.9); 
z 

observed mean values are given in Appendix 10. The constant relative 

growth rate of R W (RGR ) (Fig. 4.10) was responsible for the linear increase 
z Rz 

in weight: , Rhizomes were present in the yarrow populations in association 

with the crops at 15 weeks after seedling emergence (Fig. 4.9). The R W 
z 

. -2 
of yarrow in the barley crop (0.01 g m ) was significantly less than when 
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Figure 4.8: Progress curves of relative growth rate of 

stem dry weight, derived by differentiation of 

Figure 4.7. The bars are the confidence limits 

of the fitted values (95% probability) i they 

apply equally to all curves. 
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Figure 4.9: Progress curve of rhizome dry weight m-
2 

The 

points are the observed means of the logarithms 

of total rhizome dry weight of seedling yarrow in 

pure stand and in association with the pea and 

barley crops; in the yarrow stands in the crops, 

rhizomes were present only at the final harvest. 

The line is the curve fitted to all individual 

samples in the pure stand of yarrow. The bars 

are the confidence limits for the fitted values 

(95% probability) . 
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Figure 4.10: Progress curve of relative growth rate of rhizome 

dry weight, derived by differentiation of Figure 4.9. 

The bars are the confidence limits for the fitted 

values (95% probability) • 
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-2 
yarrow was in association with the pea crop (10 g m ) and in pure stand 

-2 
(37 g m ); the latter two R W values were also significantly different 

z 

from each other. 

4.3.7 Specific Leaf Area, Leaf Weight Ratio, and Leaf Area Ratio 

The specific leaf areas (SLA) of all yarrow stands declined steeply 

from 3 to 7 weeks after seedling emergence (Fig. 4.11). Thereafter, while 

the SLA of the yarrow stand in the barley crop continued to increase, the 

SLA of the yarrow stands in association with the pea crops and in pure 

culture increased for 4 and 5 weeks respectively and then declined rapidly. 

The SLA of the yarrow stands in the crops were significantly greater than in 

the pure yarrow stand at 3 weeks after seedling emergence. At 6 weeks 

after seedling emergence, the SLA of the yarrow stand in the pea crop was 

significantly higher than in the yarrow stands in association with the 

barley crop and in pure culture. The above detailed difference in SLA 

between the yarrow stands in the pea crop and barley crop was also evident 

3 weeks later; at 15 weeks after seedling emergence, the'converse relation-

ship was true. 

The leaf weight ratio (LWR) of the yarrow stand in the pea crop 

generally increased with time (Fig. 4.12). However, the LWR of the yarrow 

stands in the barley crop and in pure culture increased up to 8 and 10 weeks 

after seedling emergence,respectively. Thereafter, the LWR of the yarrow 

in association with the barley declined for 4 weeks and then increased 

again while it continuously declined in the pure stand of yarrow. How-

ever, in spite of these differences in the trends of the LWR of the yarrow 

stands, they were not significantly different from each other. 

The leaf area ratio (LAR) curves of the yarrow stands in the crops 

and in pure culture followed similar trends as detailed for the SLA (c.f. 

Figs 4.11 and 4.13). At 3 weeks after seedling emergence, the LAR of the 

yarrow stands in association with the crops were significantly greater than 



Figure 4.11: Progress curves of specific leaf area, derived by 

subtracting the appropriate fitted log LW 
e 

(Figure 4.5) form its fitted log LA (Figure 4.3). 
e 

The bars are the confidence limits of the derived 

values (95% probability) and are presented to the 

left and right of the points on the curve to which 

they apply, in the case of yarrow populations in 

the barley crop and in pure stand, respectively; 

the confidence limits which apply to the points on 

the curve of the yarrow stand in the pea crop are 

presented on them. 
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Figure 4.12: Progress curves of leaf weight ratio, derived by 

subtracting the appropriate fitted log W 
e 

(Figure 4.1) from its fitted log LW (Figure 4.5). 
e 

The bars are the confidence limits of the derived 

values (95% probability) and are presented to the 

left and right of the points on the curve to which 

they apply, in the case of yarrow populations in 

the barley crop and in pure stand)respectivelYi 

the confidence limits which apply to the points on 

the curve of the yarrow stand in the pea crop are 

presented on them. 
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Figure 4.13: Progress curves of leaf area ratio, derived by 

subtracting the appropriate fitted log W 
e 

(Figure 4.1) from its fitted log LA (Figure 4.3). 
e 

The bars are the confidence limits of the derived 

values (95% probability) and are presented to the 

left and right of the points on the curve to which 

they apply, in the case of yarrow populations in 

the barley crop and in pure stand) respectively; 

the confidence limits which apply to the points 

on the curve of the yarrow stand in the pea crop 

are presented on them. 
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in the pure stand of yarrow. At 15 weeks after seedling emergence, the 

LAR of the yarrow in the barley crop was significantly greater than the 

other two yarrow stands. 

4.3.8 Net Assimilation Rate 

The net assimilation rates (NAR) of all three yarrow populations 

increased up to 6 weeks after seedling emergence (Fig. 4.14). Thereafter, 

while the NAR of the pure yarrow stand declined, the NAR of the yarrow in 

the crops declined for 4 to 5 weeks and increased again. From 3 to 9 and 

6 to 9 weeks after seedling emergence, the pure stand of yarrow had a sig­

nificantly higher NAR compared to that of the yarrow in the barley crop 

and pea crops, respectively. The NAR of the yarrow stand in the pea crop 

was significantly greater than in the yarrow in association with the barley 

crop at 3 and 15 weeks after seedling emergence. 

4.3.9 Crop Yield 

There was no significant difference between the grain yield of the 

barley crop growing in association with the yarrow population or as a pure 

stand (Table 4.3). However, the yarrow growing in association with the 

pea crop significantly reduced the machine dressed seed yield of the crop as 

compared to its yield in the pure stand. 

4.3.10 Other Observations 

By 13 weeks after seedling emergence, many yarrow plants in the 

pure stand had flower clusters at the centres of their leaf rosettes 

(Appendix 13, Plate 7). 

flower. 

The yarrow in association with the crops did not 



Figure 4.14: Progress curves of net assimilation rate, 

derived by differentiation and division of the 

appropriate fitted curves of log W (Figure 4.1) 
e 

and log LA (Figure 4.3). 
e 

The bars are the 

confidence limits of the derived values (95% 

probability) and are presented to the left and 

right of the points on the curve to which they 

apply, in the case of yarrow populations in the 

barley crop and in pure stand, respectively; 

the confidence limits which apply to the points 

on the curve of the yarrow stand in the pea 

crops are presented on them. 
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Table 4.3: Effect of seedling yarrow on the seed yield of barley 

and peas. (Each value is a mean of 6 replicates.) 

! * 
Treatment 

Mean Seed Yield 
kg ha-l 

Barley 

- with yarrow 4723.65 

- without yarrow 4876.65 

L.S.D· 0 . 05 
319.43 

C.V. (% ) 18.7 

Peas --

- with yarrow 1698.11 

- without yarrow 2327.01 

L.S.D· 0 . 05 
500.96 

C.V. (%) 10.5 

*Dried to constant weight at 30
o

C. 

SECTION II: Yarrow after Crop Harvest 

4.3.11 Total Dry Weight 

The dead leaf fraction was included in this measurement. 

The changes in the log dry weight (W) of yarrow from 15 to 33 weeks after 
e 

seedling emergence (i.e., up to 18 weeks after the crops were harvested) 

was adequately explained by a cubic model (Fig. 4.15); the observed means 

are given in Appendix 12. The changes in dry weights of the leaves, stems, 

and rhizomes (Appendix 12) of the three yarrow populations were reflected 



Figure 4.15: 
-2 

Progress curves of the dry weight of yarrow m 

after crop harvest and in the pure stand. The 

points are the observed means of the logarithms of 

the total dry weight. The lines are the curves 

fitted to all individual samples. The bars are 

the confidence limits for the derived values (95% 

probability); they apply equally to all the 

curves. 
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Figure 4.16: Progress curves of the relative growth rate of 

yarrow dry weight, derived by differentiation 

of Figure 4.15. The bars are the confidence 

limits of the fitted values (95% probability) ; 

they apply equally to all curves. 
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in the trends followed by W with time. The relative growth rates of 

the three yarrow populations were not significantly different from each 

other (Fig. 4.16). However, the initially higher W of the yarrow which 

was previously in association with the pea crop and in pure stand, com-

pared to the yarrow population in the barley crop (i.e., at 15 weeks 

after seedling emergence), enabled them to maintain significantly greater 

w up to 33 weeks after seedling emergence (Fig. 4.15). The W of the three 

yarrow populations increased until the end of summer and then declined up 

to mid-autumn; they increased again in late autumn. 

4.13.12 Total Rhizome Dry Weight 

The change in log rhizome weights (R W) of the yarrow e - z 

populations after barley and pea crops were harvested and in the pure 

yarrow stand during the same period was adequately explained by a cubic 

model (Fig. 4.17); the observed mean values are given in Appendix 12. 

The R W in all three yarrow stands increased from 15 to 23 weeks after 
z 

seedling emergence (i.e., for 8 weeks after the crops were harvested); 

thereafter they decreased for the next 6 to 7 weeks, during the early part 

of autumn, before increasing again. The R W of the yarrow population 
z 

which was previously in association with the barley crop was significantly 

less than in the other two yarrow stands throughout the growth period 

(Fig. 4.17). The relative growth rate of R W (RGR ) of the yarrow populat-
z Rz 

ion which waS previously in association with the barley crop was signifi-

cantly higher than in the other two yarrow populations at 15 weeks after 

seedling emergence (Fig. 4.18). However, its comparatively lower rhizome 

weight at 15 weeks after seedling emergence (Fig. 4.17) and the faster rate 

of decline of the RGR
RZ 

over the following 6 weeks (Fig. 4.18) did not allow 

its R W to increase to a similar level as that in the other populations 
z 

(Fig. 4.17) . 



Figure 4.17: Progress curves of rhizome dry weight of yarrow m-
2 

in pure stand and after the crops were harvested. 

The points are the observed means of the logarithms 

of total rhizome dry weight. The lines are the 

curves fitted to all individual samples. The bars 

are the confidence limits for the derived values 

(95% probability); they apply equally to all the 

curves. 
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Figure 4.18: Progress curves of the relative growth rate 

of rhizome weight, derived by differentiation 

of Figure 4.17. The bars are the confidence 

limits of the fitted values (95% probability); 

they apply equally to all curves. 
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4.4 DISCUSSION 

When individuals of different species are released into a favourable 

environment, such as a cultivated field which is free of vegetation, 

initially their numbers increase rapidly-(Harper and Gajic, 1961). However, 

this rate of increase does not continue indefinitely and as the established 

plants develop and grow, the intensity of interference between them increases. 

Harper (1961) stated that the time at which interference between plants 

starts is a function of their density. Therefore, depending on the plant 

numbers present, with time, the total population moves towards relative 

stability through process of mortality and plasticity (Harper and Gajic, 

1961), with the popUlation becoming self-regulatory within the framework of 

the powers of adaptability of individual species present. In an experiment 

where the weed Agrostemma githago was grown in pure stands and in association 

with wheat and sugar beet crops, Harper and Gajic (1961) observed that higher 

numbers of the weed established among the crops compared to its pure stand. 

It was suggested that at the initial stages of establishment, the presence 

of these crop plants provided a micro-environment which was more suitable 

for the germination and establishment of the A. githago seedlings. 

In the present study, at 3 weeks after seedling emergence, there was 

a markedly higher number of yarrow seedlings in association with the barley 

crop, compared to their density in the pea crop and pure stand (Table 4.1). It is 

possible that the vigorously growing barley plants (Fig. 4.1) provided a more 

favourable environment for the germination of yarrow seeds and the emergence 

and establishment of their seedlings than did the comparatively slower growing 

pea plants or the open environment situation. However, with time, the 

density of yarrow plants growing with the crops and in pure stand stabilized 

and were not markedly different from each other by 9 weeks after seedling 

emergence (Table 4.1). In the early stages (i.e., up to 6 weeks after seedling 

emergence) the yarrow plants in association with the crops and in pure stand 
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were small, as indicated by their low total dry weight (Fig. 4.1) and were 

uniformly distributed in the field (Section 4.3.1). Therefore, it. is 

unlikely that the loss of 52%, 34%, and 36% of the seedlings from the yarrow 

populations in association with barley and pea crops and their pure stands, 

respectively, from 3 to 6 weeks after emergence (Tables 4.1, 4.2) was assoc-

iatedwith density-dependent self-thinning. The exact reason for this 

decline in density is not clear, though it is possible that some of the 

earlier emerging seedlings of yarrow may have been weakened by traces of the 

soil sterilant (methyl bromide + chloropicrin) remaining in the soil, lead-

ing to their subsequent mortality. However, the greater loss of yarrow 

seedlings from the population in association with the barley crop (from 3 to 

6 weeks after seedling emergence), compared to the other two populations 

(Table 4.2), suggests that the presence of barley plants was detrimental to 

the yarrow plants. The nature of this detrimental effect was not studied, 

but is clearly different from the microclimate advantage offered by the 

barley that was discussed earlier. Overland (1966) reported that alkaloid 

substances present in barley plants are responsible for the poor germination 

and growth of Stellaria media in association with them. A similar allelo-

pathic effect and/or the greater 'competitive' interference of barley plants 

with yarrow seedlings may have been responsible for the above observations. 

Black (1958) found that when two cultivars of Trrfolium subterraneum 

were grown in association, the larger seeded type with greater seed reserve 

produced a larger leaf area and was able to obtain a higher proportion of the 

available light; this enabled it to become the dominant cultivar. Similarly, 

Aspinalland Milthorpe (1959) and Aspinall (1960) showed that though barley 

(Hordeum vulgare) had a lower RGR than white persicaria (Polygonum persicaria), 

the larger seed size of barley gave rise to larger plants at emergence and 

this initial advantage led to the divergence in growth between the two species 

with time. This resulted in the growth of white persicaria becoming more and 

more suppressed. Other workers have stated that the success of one species 
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over the other, when they are growing in association, depends on their 

relative times of emergence, relative seedling size at emergence, and sub-

sequent RGR (Milthorpe, 1961) and the variations in their growth habit 

(Trenbath, 1976). 

-1 
Yarrow seeds are very small, 0.16 mg seed (Appendix 6), compared to 

-1 -1 
-those of barley (87 mg seed- ) and peas. (240 mg seed ). Owing to the com-

paratively small mass of seed reserve, the yarrow seedlings at emergence 

were much smaller than those of the crops. The yarrow seedlings also had a 

more or less prostra1:e vegetative growth. habit (Appendix 13, Plate 7) com-

pared to the more erect growing crop plants. Therefore, although yarrow and 

crop seedlings emerged at the same time (Section 4.3.1), and the 

yarrow in association with the barley and pea crops were 1.1 and 

RGR
W 

of the 

-1 
2.3 g g 

-1 -1 -1 
week compared with 1.0 and 0.8 g g week of the crops, respectively, 

at 3 weeks after seedling emergence (Fig. 4.2), the relatively smaller seed-

ling size and growth habit of yarrow led to a rapidly established initial 

divergence in the dry weight of the yarrow populations and the associated 

crops (Fig. 4.1). 

When different species of plants grow in close proximity to one 

another, they have been found to 'competitively' interfere with each other 

for the limited resources of light, water, and nutrients (Donald, 1963). 

Apart from or in addition to; 'competitive' interference, various forms of 

'non-competitive' interference, including alle10pathic effects (Overland, 

1966; Rice, 1979) or the presence of certain species, promoting disease 

incidence in another species (Chamblee, 1958; Sandfaer, 1970) or the promot-

ion of lodging of one species by another (Probst, 1957) have been reported 

to occur. Both kinds of interference lead to the suppression of growth and 

development of plants (Trenbath, 1976). 

Since there was no observable disease incidence or the possibility 

of lodging of yarrow plants growing in association with the barley and pea 

crops, 'competitive' interference for light or water or mineral nutrients or 
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any combination of them and/or the allelopathic effects of the crop plants 

on yarrow may have been responsible for the delayed rhizome initiation 

(Section 4.3.6), total suppression of flowering (Section 4.3.10) and the 

retardation of vegetative growth of yarrow (Fig. 4.1). 

With the growth of the barley and pea crops, their LA increased up 

to 6 and 9 weeks af.ter seedling _emergence, respectively. (Fig. 4.3). Being 

relatively taller plants than the yarrow, their increasing LA intercepted 

an increasingly higher proportion of the incident light and the photo­

synthetically active radiation (PAR) available to the yarrow populations 

present beneath the crop canopies decreased (Appendix 7). This interference 

for light between the yarrow and the crops may be an important factor 

responsible for the above detailed suppression of the growth and development 

of yarrow stands in association with the crops. However, throughout the 

growth and development of the crops there was a substantially greater light 

availability to the yarrow stand in association with the pea crop than with 

the barley crop (Appendix 7). The markedly lower LA of the pea crop, com-

pared to the barley, up to 6 weeks after seedling emergence (Fig. 4.3); the 

greater length of time the pea crop required to attain its maximum LA; the 

lower maximum LA of the pea crop compared to the barley crop; and the dif­

ferences in the leaf architecture and orientation of the leaves in the two 

crops, no doubt contributed to the observed differences in light transmission. 

Even at the time of crop harvest, the yarrow population in association with 

the barley crop received only 21% of the total available PAR compared to 84% 

received by the stand in the pea crop (Appendix 7). At this time, the 

greater PAR availability to the yarrow stand in the pea crop was partly 

associated with the shedding of the dead leaves by the pea crop, which allowed 

greater penetration of light to the yarrow stand. In contrast, the dead 

leaves of the barley crop remained on the plants and may have acted as a bar-

rier to light penetration to the yarrow stand beneath it. The greater 

availability of light to the yarrow stand in the pea crop may have been an 
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important reason for its markedly better growth and development, compared 

to the yarrow population in the .barley crop (Fig. 4.1). 

During the period of crop growth and development, the amount of 

rainfall, which was the only source of replenishment of the soil water, 

decreased while the air temperature increased (Appendix 1). The rising 

.temperature.may have led to the faster rate.of growth of the crops and this 

in turn would have resulted in an increased depletion of soil water by 

these plants. Therefore, it is possible that interference for water 

between the crop plants and yarrow growing with them would have occurred. 

This may have been an additional factor responsible for the observed 

retardation in the growth and development of yarrow plants (Fig. 4.1). 

The present study did not allow the separate assessment of whether inter­

ference occurred between the crops and yarrow stands for mineral nutrients 

and/or whether other forms of 'non-competitive' interference, including 

allelopathy, were present. However, it is possible that the rapidly 

growing crops would have obtained a greater share of the limited supply of 

soil nutrients. The presence of root nodules on the pea plants (Section 

4.2.6) would have enabled them to fix atmospheric nitrogen. Thus, the 

yarrow plants in association with the pea plants, may have. had a relatively 

greater supply of soil nitrogen available to them than when they were growing 

with the barley plants, leading to improved growth and development of yarrow 

in association with the pea crop (Fig. 4.1). Overland (1966) found that 

a11e10pathic substances produced by the barley plants played an important 

role in suppressing the growth of Stellaria media. There is no published 

evidence to suggest that pea plants are capable of exerting similar 'non-

competitive' interference effects on other species. Therefore, it is not 

unreasonable to suggest that the al1e10pathic effects of the barley plants 

on yarrow may have contributed to the greater suppression of the growth and 

development of the latter species. 
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Interference between yarrow and the respective crop stands 

resulted in a retardation of the development of LA (Fig. 4.3) and the growth 

of LW (Fig. 4.5), SW (Fig. 4.7) and RW (Fig. 4.9) of yarrow. OWing to the 
z 

large errors involved in recovering the yarrow roots from the soil and 

subsequently separating them from the crop roots, it was not possible to 

assess the effect of interference on root growth and development. However, 

other studies have shown that the reduced availability of light alone sup-

pressed the growth of yarrow roots (Bourdot, 1980; Table 3.4). Since 

interference for light (Appendix 7) and other factors, discussed earlier, 

occurred between yarrow and the two crops, it would have undoubtedly sup-

pressed the growth of the yarrow roots. Reduction inthe growth and develop-

ment of the root systems of plants has been found to affect their ability 

to utilize the available water and mineral nutrients and this in turn resulted 

in the reduced growth and development of their shoot systems (Harper, 1977). 

The effects of interference on the differential growth and development of the 

root and shoot systems of plants are closely inter-related, but were not 

determined in the present experiment. 

The suppression of the LA of the yarrow populations in association 

with the crops (Fig. 4.3) resulted from the marked reduction in their RGR
A 

compared to the values in the pure stand of yarrow, up to 9 weeks after seed-

ling emergence (Fig. 4.4). Even though the RGR
A 

of the yarrow stands in 

the crops increased substantially during the latter stages of crop growth and 

development, the initial retardation continued to be evident even at the time 

of crop harvest with the LA of yarrow in the barley and pea crops being 

2 -2 2 -2 2 -2 
0.08 m m and 0.6 m m , respectively, compared to 5.42 m m of the pure 

stand of yarrow (Fig. 4.3). Although both crops suppressed the development 

of LA in the yarrow stands in association with them, the suppressive effect 

by the pea crop was markedly less than by the barley crop (Fig. 4.3). This 

was due to the significantly higher RGRAOf the yarrow in the pea crop, up 

to 6 weeks after seedling emergence, compared to the RGR
A 

of the yarrow 
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associated with the barley crop (Fig. 4.4). The higher availability of PAR 

to the yarrow stand in the pea crop compared to-when yarrow was in assoc-

iation with the barley crop (Appendix 7) would have undoubtedly been, at 

least partially, responsible for the above detailed difference in RGR
A 

between the yarrow stands in association with the crops; the differences 

in interference for other factors, discussed earlier, may have also con-

tributed. OWing to the difference between the RGR
A 

of the two yarrow 

stands in the crops, an initial divergence was established in their respect-

ive LA (Fig. 4.3) and this was maintained through time, even though after 12 

weeks from seedling emergence the RGR of the yarrow in the barley crop was 
A 

higher than in the yarrow stand in association with the pea crop (Fig. 4.4). 

The relatively higher RGR
A 

of the yarrow in the barley crop compared to 

when it was in association with the pea crop, after 12 weeks from emergence, 

was certainly not due to higher PAR availability (Appendix 7). The lesser 

interference for soil factors between yarrow and the barley crop compared 

to between yarrow and the pea crop may have been responsible for the dif-

ferences in their RGR
A 

during the latter stages of crop growth. The RGR
A 

of the yarrow in the barley and pea crops increased rapidly from 6 and 9 

weeks after seedling emergence, respectively (Fig. 4.4). This period of 

increase in RGR
A 

coincided with the decline in the LA of the respective crops 

(Figs 4.3 and 4.4) and appears to be closely related to the amount of PAR 

available to the yarrow stands (Appendix 7). As a result of increasing 

light availability, the photosynthetic rate of plants usually increases 

(Black, Chen and Brown, 1969). The above detailed changes in RGR
A 

and LA 

of the yarrow stands in association with the different crops may have 

resulted from the increased availability of photosynthetic material as a 

consequence of increased PAR availability. 

The RGR
LW 

(Fig. 4.6) and RGR
SW 

(Fig. 4.8) and the resulting LW and 

SW (Figs 4.5, 4.7), of the yarrow stands in association with the crops and 

in pure stand followed similar trends to their respective RGR
A 

and LA 
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(Figs. 4.3, 4.4). The close relationship between the amount of PAR 

available to the different yarrow stands and their likely photosynthetic out­

put may be responsible for the observed similarities in trends of the 

relative growth rates of LA, LW, and SW and the resulting total weights. 

Plant growth and development is affected by environmental factors, 

such as light, water, mineral nutrients, oxygen, and carbon dioxide (Donald, 

1963; Trenbath, 1976) and physiological factors, including translocation, 

transpiration and partitioning of metabolites for new tissue synthesis and 

storage (Black, Chen and Brown, 1969). However, the primary determinant 

of growth and development of plants can be considered to be the amount of 

effective photosynthetic material they produce. Leaves are the most import-

ant photosynthetic-organs, and light interception and photosynthetic rate 

depend to a large extent, upon the leafiness. (LAR) and efficiency of the 

leaves (NAR) of the plants (Causton and Venus, 1981). Interference among 

plants can lead to changes in their LAR and NAR, and as a result affect 

their rates of carbon assimilation. For example, Aspinall (1960) found that 

when white persicaria (Polygonum lapathi"folium) and barley (Hordeum vulgare) 

plants were grown together, the LAR of white persicaria was increased, while 

its NAR decreased, compared to values obtained in a pure stand. However, 

the increasing LAR was unable to adequately compensate for the declining 

NAR; this would have undoubtedly resulted in a reduction in the quantity of 

assimilate available to the white persicaria plants growing in association 

with the barley plants. The reduced availability of assimilates would have 

been responsible for the suppression of RG~ which in turn resulted in reduct­

ion in the growth (W) of white persicaria, compared to its pure stand. 

When yarrow was growing with the crops, its LAR, at 3 weeks after 

seedling emergence, was markedly higher than in the pure stand of yarrow 

(Fig. 4.13). This is a typical response to shading (Hughes, 1965; Bourdot, 

1980) . As there were no marked differences in the proportion of the total 
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assimilate retained by the leaves (LWR) of yarrow stands in the creps and 

in pure stand (Fig. 4.12), the higherleafiness of-the yarrow stands in the 

crops was associated with their thinner and more expanded leaves, as 

measured by a higher SLA (Fig. 4.11). At the same time, there was no 

marked difference between the NAR of the yarrow in the pea crop and in the 

pure stand (Fig.4.14)~ This, plus the increase in LAR,-resulted in the 

relatively higher RGR
W 

of the yarrow in the pea crop compared to the pure 

stand of yarrow (Fig. 4.2). However, the w of the yarrow in the pea crop 

and in pure stand, at 3 weeks after emergence, were similar (Fig. 4.1). 

This would have resulted from the RGR
W 

of the pure stand of yarrow being 

greater than that of the yarrow in the pea crop at some stage prior to 3 

weeks after seedling emergence. In the yarrow stand associated with the 

barley crop, at 3 weeks after seedling emergence, the effect of the 

decreased NAR was greater than the increase in LAR and this resulted in the 

RGR
W 

being more suppressed compared to the yarrow growing with peas and 

yarrow in the pure stand. However, the W of the yarrow in the barley crop 

was not markedly different from the other two stands of yarrow, at 3 weeks 

after seedling emergence (Fig. 4.1). The reason for this is similar to 

that discussed above in relation to RGRw and W of the yarrow in the pea crop 

and in pure stand. 

From 3 to 9 weeks after seedling emergence, the LAR of all three 

yarrow stands declined rapidly (Fig. 4.13) while the NAR of the yarrow in 

the crops were markedly suppressed, compared to the pure stand of yarrow 

(Fig. 4.14). This led to the reduction in the RG~ of the yarrow growing in 

association with the crops (Fig. 4.2), resulting in their markedly lower W 

compared to the pure stand of yarrow. However, as the SLA (Fig. 4.11) and 

NAR (Fig. 4.14) of the yarrow in the pea crop was relatively less retarded 

than when the yarrow was in association with the barley crop, the RG~ of 

the former stand of the yarrow remained comparatively higher than in the 

latter yarrow population, up to about 7 weeks after seedling emergence 
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(Fig. 4.2). In the latter stages of crop growth and development, the 

- increase in- RGR
W 

of the yarrow in the barley crop (Fig. 4.2) resul ted from 

the increase in its LAR and NAR (Figs 4.13, 4.14). The rapid increase in 

NAR (Fig. 4.14) more than compensated for the decline in the LAR (Fig. 4.13) 

in the yarrow in association with the pea crop, from 12 to 15 weeks after 

-- seedling emergence, and this resulted in its increased RG~ (Fig. 4.2). 

However, as the rapid increase in NAR in the yarrow population in association 

with the pea crop was markedly greater than the combined increase in LAR and 

NAR in the yarrow stand in ~e barley crop, from 12 to 15 weeks after seed­

ling emergence, the RG~ of the former population of yarrow increased 

relatively more rapidly than in the latter population (Fig. 4.2); the 

rapidity of increase in RG~ of the yarrow in association with the pea crop 

enabled it to reach a W which was not markedly different from that of the 

pure stand of yarrow, by 15 weeks after seedling emergence (Fig. 4.1). As 

the amounts of PAR available to the different yarrow stands were closely 

related to their trends in LAR and/or NAR (Appendix 7; Figs 4.13 and 4.14), 

which in turn was related to their RG~ (Fig. 4,2), shading appears to be an 

important factor responsible for the markedly different growth of the three 

yarrow populations (Fig. 4.1). Differences in interference for water and 

mineral nutrients and possibly the allelopathic effects of barley may have 

also been responsible for the differences in W of the three yarrow stands. 

However, as interference affected LAR and/or NAR, there is no doubt that the 

differences in the amount of photosynthetic assimilate available to the 

yarrow stands led to their observed growth trends. 

Studies on the effect of crop interference on the reproduction of 

weed populations are limited. Aspinall and Milthorpe (1959) found that as 

the LA and root growth of barley plants declined with the onset of flowering, 

white persicaria growing in association with the crop, flowered and produced 

abundant seed. The ability of the white persicaria to flower in the latter 

stages of crop growth and development appears to be due to the reduced 
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interference for light and soil factors between the two species; In the 

present -study-, though reductions in interference for light (Appenrl;X 7) and 

possibly for soil factors occurred in the period after flowering of the 

crops (i.e., 10 weeks after seedling emergence), sexual reproduction was 

totally suppressed in the yarrow populations in association with the barley 

and pea crops (Section 4,3-.10) . Earlier work showed that 23.7% of total 

available PAR was sufficient to initiate flowering in individually growing 

seedling yarrow plants (Table 3.1). However, although the yarrow populat-

ion in the pea crop received more than 23.7% PAR up to 15 weeks after 

seedling emergence (Appendix 7), they failed to flower, while the yarrow 

population in pure stand initiated flowering at 13 weeks after seedling 

emergence (Appendix 13) . Therefore, it appears that in the presence of 

adequate light, other types of interference between the yarrow and pea plants 

and possibly intra-specific interference between yarrow plants themselves 

prevented flowering. In the yarrow stand in association with the barley 

crop, the low PAR availability from 6 to 9 weeks after seedling emergence 

(Appendix 7), as well as other types of interference discussed above, may 

have prevented flowering. In addition to the total absence of flowering, 

rhizome initiation was also delayed by 5 to 6 weeks in the yarrow stands in 

association with the crops (Fig. 4.9; Appendix 13, Plate 6). However, the 

-2 -2 
R W of the yarrow in the pea crop was 10 g m compared to 0.01 g m when in z 

association with the barley crop (Fig. 4.9). The higher PAR availability to 

the yarrow stand in the pea crop (Appendix 7) may have been an important 

factor responsible for the improved growth of rhizomes. 

The final grain yield of the barley crop was not suppressed by the 

yarrow growing in association with it (Table 4.3). There is no doubt that 

this was associated with the marked retardation of yarrow growth by the barley 

crop (Fig. 4.1). However, the comparatively better growth of yarrow in the 

pea crop led to a-substantial reduction in the pea seed yield (Table 4.3). 

since W of the pea crops in pure stand and in association with the yarrow 
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were not different from each other up to 12 weeks after seedling emergence 

(Fig. 4.1), .it is not unreasonable to suggest that the decline in pea seed 

yield was not due to the suppression of the early vegetative growth of the 

crop. The reason for the decline in pea seed yield is not clear, and since 

the main objective of the present study was to assess the effects of the 

crops on .the growth and development of seedling yarrow, the effects of 

yarrow on crop performance was not investigated in depth. However, as 

flowering in the pea plants occurred at approximately 10 weeks after seedling 

emergence, it is likely that early interference from yarrow may have sup-

pressed flower primordia initiation as well as retarded the growth and 

development of the flower primordia that were initiated. Apart from or in 

addition to the above detailed effects on the sexual reproduction of pea 

plants, interference may, also. lead to the decrease in the rate of flowering, 

reduce the number of flowers formed at each node, increase flower abortion, 

shorten the duration of the flowering period, and also adversely affect 

other yield components, such as the number of pods per plant, seeds per pod, 

and seed weight. Detrimental effects on any of the above components or on 

a combination of them would undoubtedly lead to a reduction in the final pea 

seed yield. 

In the first 6 weeks after the crops were harvested, the W of the 

yarrow stands which were in association with them increased rapidly (Fig. 4.15); 

there was a 2 and 8 fold increase in W of the yarrow stands which were in the 

pea and barley crops, respectively. Maximum temperature of over 20
0

C and 

increased rainfall (Appendix 1), together with the increased PAR availability 

after crop removal and lack of other types of interspecific interference, dis-

cussed above, would have contributed to the increased growth of the yarrow 

stands during this period. The increase in R W (Fig. 4.17) was the single z 

most important factor contributing to the increase in W, although increases in 

LW and SW also occurred (Appendix 12); the R W of the yarrow stand from the 
z 

-2 -2 
barley crop increased from 0.1 g m to 9.0 g m in the 6 weeks period immed-
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iately following crop harvest, while in the yarrow stand from the pea crop 

-2 -2 it. increased from 10 g m to 221 gm during the same period. Although 

the RGR
R 

W of the yarrow stand from the barley crop was higher than in the 
z 

yarrow stand from the pea crop (Fig. 4.18), the markedly higher R W of the 
z 

latter stand at crop harvest (Fig. 4.17), compared to the former yarrow 

.s_tand, was . .responsible for the continued differences in R W of the two yarrow 
z 

stands during this period. A similar explanation can be presented for the 

markedly higher W of tHe yarrow stand from the pea crop compared to the 

yarrow from the barley crop (Figs 4.15, 4.16); at the end of 6 weeks after 

-2 
crop harvest, the W of the yarrow from the pea crop was 944 g m compared to 

-2 
52 g m of the yarrow population previously associated with the barley crop. 

The W of the two yarrow stands previously associated with the crops 

declined from 6 to 13 weeks after crop harvest (Fig. 4.15) and this was 

mainly due to the death of the older leaves which was reflected in the decline 

in LA and LW (Appendix 12); R W also declined during this period (Fig. 4.17). 
z 

The reduction in solar radiation and the lower temperatures during this period 

(Appendix 1) may have been responsible for the loss of the older and larger 

leaves of yahrow stands from the crops; smaller and thicker leaves were 

formed during this period (autumn) in these yarrow stands (Appendix 1J) and 

is clearly an adaptation to the coming winter. The reason for the decline in 

R W from 6 to 13 weeks after crop harvest is not clear, although the reduced 
z 

availability of photosynthetic material, due to the respective decrease in 

light availability (Appendix 1) and LA (Appendix 12), may have led to the 

death of newly-formed rhi~omes. 

In late autumn (13 to 18 weeks after crop harvest), the W of the 

yarrow stand which were previously associated with the crops increased (Fig. 

4.15) due to the increase in their RGRw (Fig. 4.16). Similar to the period 

of increase in W for the first 6 weeks after crop harvest, the rapid increase 

in R W (Fig. 4.17) was mainly responsible for the increase in W during the z 
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late autumn period; the stem and leaf fractions showed very slow growth 

(Appendix 12). A lack of sUbstantial growth of the aerial parts ufthe 

yarrow stands from the crops may have enabled most of the photosynthetic 

material available at this time to be utilized for rhizome growth and 

development. A high rate of rhizome growth in late autumn was also observed 

by Bourdot (1980). 

The W, LA, LW, SW, and R W of the pure stand of yarrow followed 
z 

similar trends as detailed for the yarrow stands from the crops, during the 

18 weeks period from 15 weeks after seedling emergence (Figs 4.15, 4.16, 

4 .17, 4 .. 18; Appendix 12) . 

The present study clearly indicated that the barley crop was superior 

to the pea crop in suppressing the growth and development of seedling yarrow. 

The higher initial seedling vigour, quicker attainment of maximum LA, higher 

maximum LA, more efficient shading of the yarrow plants and possibly the 

higher interference for water and mineral nutrient and the possible allelo-

pathic effects of barley on yarrow, enabled barley to suppress the growth and 

development of seedling yarrow better than the pea crop. It is suggested 

that other crops, particularly other cereals, with similar growth character-

istics to barley, may be equally efficient in suppressing seedling yarrow 

infestations on arable land. The rapid growth of the surviving yarrow seed-

lings after crop harvest indicates the need to destroy these seedlings immed-

iately after the crops have been removed from the field. A delay of 6 weeks 

in destroying the surviving yarrow seedlings could lead to a substantial 

increase in rhizome bud reserves and greatly complicate the management of 

yarrow on arable land. 

I 



CHAPTER 5 

THE NATURE OF INTERFERENCE BETWEEN 

SEEDLING YARROW AND BARLEY OR PEA PLANTS 

AND THE AGGRESSIVITY OF YARROW 

5.1 INTRODUCTION 
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Higher plants are known to hinder or promote the growth and 

development of one another when they grow as neighbours. The hinderance 

of the activity of one plant by another, whether of the same species or of 

a different species, may occur owing to competitive interference between 

them for limited soil and aerial resources (e.g., water, mineral nutrients, 

and light); and/or by non-competitive interference such as by the release 

of toxic substances to the environment (allelopathy) or modifying the 

environment and thus providing for the prevalence of pests and diseases 

(Harper, 1964). In other instances, a plant species may promote the growth 

and development of an associated species by providing nutrients of limited 

supply (e.g., legumes supply nitrogen to non-leguminous plants, (DeWit, 

Tow and Ennik, 1966; Hall, 1974b», by protecting it from predators 

(Harper and Sagar, 1953) and other pests and diseases (Harper, 1964), or by 

modifying the environment to such an extent that it is more favourable for 

the germination, establishment and growth and development of other species 

(e.g., conditions may become increasingly conducive for 'shade-tolerant' 

plants) . 

In a field situation, where diversity of species is the rule and 

monoculture the exception, both the density and proportion of species present 

vary in space and time. In 'additive' experimental designs used to study 

the behaviour of two species growing together, both the effects of density 

and relative proportions of the species are confounded and it is not possible 

to separate the intensity of their independent effects. De Wit (1960) used 
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a 'substitution' design which was able to overcome the above detailed prob-

lems of the_' addi ti ve' design. In this technique, species 'A' and 'B' 

were grown in varying proportions (i.e., OA:IOOB, 25A:75B; 50A:50B; 

75A:25B; and 100A:OB) while maintaining the overall density constant. 

Harper (1977) stated that in most plant populations, changes in the proport-

ions of species. over time is invariably accompanied by changes in their 

densities and thus De Wit's technique does not truely represent what occurs 

in the fie Id . However, the use of substitution designs in field and pot 

experiments has the distinct advantage of removing the requirement for 

special and artificial methods of separating root and shoot systems, as in 

other techniques (e.g., Donald, 1958; Snaydon, 1979). Because the tech-

nique enables the study of the effects of relative density of comparable 

species upon the interactions between them, many workers have used it in 

studies on plant interference (e.g., De Wit, 1965; Van den Bergh and Elberse, 

1970; Hall, 1974b). 

In De Wit's technique, the substitution (or replacement) of one 

species by another species is complicated by the fact that the effect of a 

single plant of one species may not be equivalent to that of another. It 

is usually assumed that the effects of a single plant of each species is 

equivalent at the optimum plant density for that species growing in mono-

culture. On this basis, the equivalent density for a species is calculated. 

For example, if (a) the optimum density of species 'A' in monoculture is 

-2 
10 plants m and (b) the optimum density of species 'B' in monoculture is 

-2 
30 plants m ,then 1 plant of 'A' is considered 40 be equivalent to 3 plants 

of 'B'. This method of using optimum density to determine plant equivalence 

may not be very accurate. However, in the absence of a better technique, it 

is commonly used in studies of interaction between crop species (Martin and 

Snaydon, 1982). When interactions between a weed species and a crop are 

studied, the above detailed method of determining plant equivalence is no 

longer applicable as there is no such thing as an optimum density of a pure 
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stand of weeds. In such instances, many workers have assumed a 1:1 plant 

equivalence ratio (e.g., Schreiber, 1967; Ivens and Mlowe, 1980). 

In the above detailed 'Replacement Series' studies, the relative 

yield total (RYT) has been used by many workers as an agronomic assessment of 

the productivity of mixtures of plant species (e.g., Trenbath, 1974; Fisher, 

1979) . The RYT is the sum of the fractions of the yields of plant compon-

ents, relative to their monoculture yields, based on a per plant basis: 

[y" Y .. ] (McGilchrist and Trenbath, RYT 0.5 -2.l. + ~ 
Y .. Y .. 1971) 
~~ JJ 

where yield 
-1 

species 'i' with species 'j' Y .. plant of grown 
~] 

yield plant 
-1 

of species 'j , with species 'i' Y .• grown 
]~ 

yield 
-1 

of species 'i' in monoculture Y .. plant 
~~ 

yield plant 
-1 

species 'j' in monoculture. Y .. of 
]] 

However, Hall (1974a, b) found it suitable and convenient to represent 

the relative yields (r) of species 'a' and 'b' on a per stand basis: 

where 

relative yield of species 'a' 

relative yield of species 'b' 

Dab the yield of species 'a' 

Dba the yield of species 'b' 

M yield of species 'a' in 
a 

(r ) 
a 

in 

in 

mixture 

mixture 

monoculture 

~ yield of species 'b' in monoculture. 

with species 'b' 

with species 'a' 

1 ," 
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He calculated RYT by summing up ra and r
b

. The RYT is more USAf111 as an 

ecological assessment of mixtures than- an agronomic assessment (Martin, 

personal communication). 

De Wit (1960) suggested that: 

(a) if the RYT was significantly greater than 1, then the 

component "species were not in full competitive interference 

and were, at least partially, utilizing different environmental resources, 

(b) when RYT = 1, the species were either in complete interference 

('perfect competition ') or mutually exclusive CDf one another and 

using identical resources or were not interfering with each other, and 

(c) when the RYT was significantly less than 1, both competitive 

and non-competitive processes were in operation. These 

interpretations of RYT are now generally accepted (Trenbath, 1974). 

In the quantitative studies of plant interference by De wit and Van 

den Bergh (1965), De Wit, Tow and Ennik (1966) the observed effects were 

interpreted as 'competition for space' and interference for different growth 

factors and resources. De wit (1960) stated that the subdivision of this 

complex process " is not necessary, always inaccurate, and is therefore 

inadvisable" . However, Hall (1974a) pointed out that if the principal 

factor(s) for which interference occurred could be identified, the argument 

of whether or not interactions occur among the factors becomes irrelevant. 

He extended De Wit's analysis to identify interference between species for 

mineral nutrients (Hall, 1974a, b). Up to the present time, this technique 

has not been used to study the interference for light and water (i.e., the 

'replacement series' method). This may be owing to the greater difficulties 

involved in assessing these factors. 

The 'replacement series' type of experiment is also useful in 

evaluating the 'competitive ability' of the plant species at different 

relative densities. McGilchrist (1965) suggested a method for determining 

'competitive ability' based on the arithmetic increase or decrease in yield 
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of one species when grown in mixture, compared with its yield in pure 

stand and the increase or decrease. in yield of the other species s.L1ILi.larly 

calculated. Later, MCGilchrist and Trenbath (1971) modified the abuve 

method to measure the proportional changes in yield. They termed this 

measure 'Aggressivity' (A). For example, the aggressivity of species 'a' 

in relation to species 'b' is measured by: 

Aah 0.5 [Yab Y ] ___ ba 
Yaa Y

bb 

yield 
-1 

species 'a' in mixture with species 'b' , where Yah plant of grown 

yield 
-1 

of species 'a' in stand, Y plant pure 
aa 

Y
ba 

yield plant 
-1 

of species 'b' grown in mixture with species 'a' , 

and yield 
-1 

of species 'b' in stand. Ybb 
plant pure 

If Aab = 0 species 'a' relative to species 'b' is equally 'competitive' j 

if the yield of species 'a' is 30% greater when grown with species 'b' than 

in pure stand and the yield of species 'b' is similarly decreased, then the 

aggressivity of species 'a' is 0.3 and conversely that of species 'b' is -0.3. 

In this instance, species 'a' is the aggressor and species 'b' is suppressed. 

This method of evaluating the aggressivity has been used by many workers 

(e.g., Remison and Snaydon, 1980j Martin and Snaydon, 1982). 

Another technique that has been used in recent studies of plant inter-

actions was developed from the method used by Donald (1958) to study inter-

ference for aerial and soil factors separately or when both occur simultan-

eously. This allowed for the assessment of the relative importance of 

interference for 'above ground' and 'below ground' factors and the identificat-

ion of possible interactions between them. Donald's technique involved the 

growing of two plant species, in pots which had vertical soil and aerial 
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parti tions placed perpendicular to one another, so that there were four pos-

sible_conditions: no interaction between them or either their roots or 

shoots or both were able to intermix. Other workers used similar techniques 

1-, 
to study the nature of interference between plant species (e.g., Aspinall, 

1960; Lambert, 1967; King, 1971; Barrett and Campbell, 1974). However, 

there were major drawbacks to these techniques. _ Firstly, the amount of 

aerial space and soil volume available to the plants were different in 

treatments: secondly, the overall densities between the treatments varied. 

Other modifications of Donald's technique had some treatments with partitions 

and others without them (e.g., Rhodes, 1968; Eagles, 1972). However, 

their presence or absence, especially the aerial partitions, can modify the 

micro-environment of the plants (Warren and Lill, 1975) and markedly vary 

their growth (Rennie, 1974). 

Snaydon (1979) improved on the teChnique used by Schreiber (1967), 

who in turn had modified Donald's technique, by eliminating the drawbacks 

detailed above. In this technique and those by Schreiber (19671 Rhodes 

(1968) and Eagles (1972), it was possible to vary the overall density and 

stand size and the root and shoot densities could also be varied independ-

ently. However, unlike similar studies, Snaydon's method enabled the varying 

of the relative density of the interacting species, while still retaining 

the ability to study their root and shoot interactions separately. This 

enabled De Wit's (1960) analysis of 'crowding for the same space' to be 

studied in greater detail by separating the total interaction into inter-

ference for 'root space' and 'shoot space'. 

There are some limitations in Snaydon's technique for evaluating 

plant interactions. Firstly, the aerial partitions shade and reduce plant 

growth (Rennie, 1974; Warren and Lill, 1975); the use of reflective 

materials and the orientation of the partitions in north-south (N-S) direct-

ion minimizes this effect (Snaydon, 1979). Secondly, the interactions 

between plants is limited to one lateral dimension <Schreiber, 1967; Eagles, 
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1972; Snaydon, 1979). Thirdly, the aerial partitions can act as wind 

shelters or wind channels,. depending on the direction. of the wine., 3.nd the 

soil partitions restrict normal root development. All these can modify 

the growth and development of the plants and thus vary the nature of inter-

actions between them compared to that occurring in a field situation. 

Rennie (1974) and Snaydon(1979) state that the effects of these.limitations 

are not great. Even though there are limitations, many workers have con-

tinued to use Snaydon's technique (e.g., Remison and Snaydon, 1980; 

Martin and Snaydon, 1982) owing to the lack of a better method. 

In the present study, Snaydon's technique was used to evaluate the 

mechanisms of interference between seedling yarrow and barley or pea plants. 

The effects of the relative density of the species upon the interactions 

between them were studied by applying the 'Replacement Series' technique 

(De Wit, 1960). The nature of root interference was further investigated 

by chemical analysis of the shoot material to establish whether or not there 

was competitive interference for the mineral nutrients N, P, and K. 

5.2 EXPERIMENTAL RESULTS 

Experiment 1 

Evaluation of the effects of root and/or shoot interference from 

barley (Hordeum vulgare cv. Zephyr) plants on the growth and development of 

seedling yarrow. 

5.2.1 Materials and Methods 

5.2.1.1 Layout and Experimental Design 

Specially designed wooden boxes (0.9 x 0.9 x 0.3 m) were lined 

with horticultural grade polythene and drainage holes were made at the bottom. 

Each box was divided into self-contained compartments, 0.15 m wide, using 

galvanised iron sheets, both above and below ground. The aerial partitions 

c, . 
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were in the 0.9 x 0.15 m strips; this enabled the height of the a.hove-

ground partitions to be adjusted gradually as the plants increased in height. 

These partitions were lined with 'Mylar' reflector foil to ensure good 

distribution of light to the plants growing between them. The partiLions 

and the rows of yarrow and barley plants were arranged in four different 

ways (Fig. 5.1), -so as to create: (a) no interaction, (b) root interaction 

only, (c) shoot interaction only, and (d) both root and shoot interaction, 

between the species. 

The Wakanui silt loam soil used in the experiment had 32 parts/ 

1 6, . () 1 / 6 h h () 15 /1 6 . () o nltrogen N, 8 parts 10 p osp orus P, parts 0 potasslum K; 

the pH was 6.7 On 1 November 1980, N, P, and K were added to the shredded 

-1 -1 
soil at the rate of 357 kg ha ammonium sulphate (75 kg ha N), 250 kg 

-1 -1-1 
ha Flomaster super phosphate (20 kg ha p), and 125 kg ha potassium 

-1 
sulphate (50 kg ha K), respectively, and mixed thoroughly. This soil was 

filled into the boxes and lightly compacted. The soil surface in each box 

was flush with its upper edge. The soil was sterilized in a similar way to 

that detailed in Chapter 4, using methyl bromide gas and allowed to ventil-

late for 7 days. The boxes were appropriately arranged (Fig. 5,1) in the 

field, with the aerial partitions in a north-south direction to minimise 

shading, in a randomized block design. Each treatment (i.e., a, b, c and 

d in Fig. 5.1) was replicated 4 times. There were sufficient number of 

boxes to carry out 4 sequential harvests o,f each treatment. 

5.2.1.2 Seed Material 

Sun dried seed heads were collected in May 1980 and seed 

cleaning was done as detailed in Chapter 2. The cleaned seed was stored 

at room temperature in a polythene bag until used in the experiment. 

Barley seed was obtained from a commercial source. 
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Figure 5.1: Planting arrangements of yarrow ('Y ) and barley or pea, (0) 

plants (Experiments 1 and 2;respectively) to give Ca) no 

interference, Cb) root interference only, (c) shoot inter­

ference only, and (d) both root and shoot interference, 

between the species. Aerial partitions (full lines) 

arranged in a north-south direction. The soil partitions 

(dashed lines) are slightly displaced for clarity. 
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5.2.1.3 Establishment and Management 

On 15 November 1980, pregerminated yarrow and barley 

seed were planted in rows as indicated in Figure 5.1. Adj acen t. L'OWS 

were spaced 15 cm apart, while the within-row spacing of plants was 5 cm. 

The yarrow seeds were placed on the soil surface and covered with a thin 

layer of soil while the barley seeds were planted 1 cm deep. 

Seedlings of yarrow and barley emerged from the soil on 

20 November 1980. One week after emergence, the first set of aer'ial 

partitions were placed and their height was adjusted, by placing addit-

ional partitions, as the plants increased in height. All treatments were 

irrigated to maintain the soil close to field capacity throughout the 

experiment. 

5.2.1.4 Sampling Procedure and Measurements 

Each treatment was harvested at 21, 35, 49, and 63 days 

after seedling emergence. At each harvest, the soil was carefully 

washed from the roots of the plants. From the second harvest onwards, 

it was not possible to distinguish and satisfactorily dis-entangle the 

roots of the two species in the treatments (b) and (d) (Fig. 5.1). 

Therefore, this data was omitted from the evaluation of the performance 

of yarrow growing with the barley plants. Since a previous study had 

shown that seedling yarrow did not affect the vegetative growth of barley 

(Chapter 4), measurements were carried out only on the yarrow seedlings. 

The shoots of the yarrow plants were fractionated into leaves and stems. 

The leaf area of each sample was measured using a Licor area meter,. 

All plant fractions, including the rhizome fraction at the final harvest, 

were oven dried to a constant weight at 80
o

C. In the first 3 harvests, 

total dry weight included the leaf and stem weights only; in the final 
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harvest, total dry weight also included its rhizome weight. 

5.2.1.5 statistical Analysis 

Analyses of variance of leaf area, the weights of 

leaves, stems.and rhizomes, and total weight, were carried out using 

J 

the Genstat statistical package. 

5.2.2 Results 

5.2.2.1 Total Dry Weight 

The changes in dry matter accumulation in the leaf, 

stem, and rhizome fractions of yarrow plants in the presence of root, 

shoot or full interference were reflected in the total weight of yarrow. 

Root interference suppressed the growth of yarrow before shoot interfer-

ence had any effect (Fig. 5.2a). Compared to the growth of yarrow in 

the absence of interference between the species, root interference sup-

pressed its growth significantly more than when only shoot interference 

occurred. The decline in the growth of yarrow in the presence of full 

interference was less than the additive effects when each type of inter-

ference occurred independently. 

5.2.2.2 Total Leaf Area 

From 35 days after seedling emergence, root interference only 

and both root and shoot interference (full interference) between yarrow and 

barley plants significantly decreased the leaf area (LA) of yarrow, compared 

to when no interference was present (Fig. 5.2b). Though the intensity of 

shoot interference increased with time, leading to a ~reater decline in LA 

of yarrow, its effects were less than i~ the presence of root interference. 



Figure 5.2: Interaction diagrams showing the (a) total dry 

weight, (b) leaf area, ec) leaf dry weight, 

Cd) stem dry weight, and ee) rhizome dry weight 

of yarrow. 

o - indicates no interference; ~ - root 

interference only; () - shoot interference only; 

• - both root and shoot interference. 

Continuous and broken lines show the influence of 

introducing shoot and root interference, respectively. 

In Ca), (b), ec) and (d), the diagrams (i), Cii), 

(iii) and (iv) represent the harvest dates of 21, 

35, 49 and 63 days after seedling emergence,respect-

ively; ee) is at 63 days after seedling emergence. 
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In the presence of full interference between the species, the red~~tion in 

the LA of yarrow was less than the additive effects when shoot and =oot 

interference occurred independently. 

5.2.2.3 Total Leaf Dry Weight 

The decline in the leaf dry weight (LW) of yarrow occurred 

earlier in the presence of root interference than in the presence of shoot 

interference between the species (Fig. 5.2c). From 49 days after emerg-

ence, the LW of the yarrow plants in interference with either the roots of 

barley or in full interference was significantly less than when the two 

species were not interacting with each other. 

5.2.2.4 Total Stem Dry Weight 

Up to 35 days after seedling emergence, there was no differ­

ence in the stem dry weight (SW) of yarrow whether or not any form of inter­

ference occurred between the two species (Fig. 5.2d). Thereafter the SW of 

yarrow in interference with either the barley roots only or in full interfer­

ence was significantly less than when there was no interference between the 

species. 

5.2.2.5 Total Rhizome Dry Weight 

Rhizomes were present on the yarrow plants only at the final 

harvest (~3 days after emergence) and root or shoot interference from barley 

significnatly decreased the rhizome dry weight, of yarrow (Fig. 5.2e). How-

ever, the suppression of rhizome growth in the presence of full interference 

between yarrow and barley plants was not significantly different from when 

either the shoot systems or root systems of the two species were in interfer-

ence. 
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Experiment 2 

. EvaluationoL the effects of root and/or shoot interference from pea 

(pisum sativum cv. Huka) plants on the growth and development of seedling 

yarrow. 

5.2.3 Materials and Methods 

5.2.3.1 Layout and Experimental Design 

Specially designed galvanised iron boxes (0.30 x 0.30 x 0.15 m) 

with drainage holes at their bases, were divided into self-contained compart-

ments (10 cm wide) using galvanized iron partitions. The aerial partitions 

were 30 cm in height and were lined with 'Mylar' reflector foil. The above-

and below-ground partitions and the rows of yarrow and pea plants were 

arranged as shown in Figure 5.1. 

The Wakanui silt loam soil used in the experiment had 37 

6 6 
parts/10 nitrogen (N), and 18 parts/10 each of phosphorus (P) and potassium 

(K)i the pH was 6.1. On 15 April 1982, N, P and K were added to the shredded 

-1 -1-2 
soil at the rate of 357 kg ha ammonium sulphate (75 kg ha N), 250 kg ha 

-1 -1 
Flomaster Super phosphate (20 kg ha P) and 125 kg ha potassium sulphate 

-1 
(50 kg ha K), respectively, and thoroughly mixed. The soil was filled into 

boxes and sterilized as detailed in section 5.2.1.1. The boxes were trans-

ferred into a glasshouse in which the temperature was controlled (ca. 20
o

C) 

and arranged, with the aerial partitions in a north-south direction, in a 

randomized block design. Each treatment (Fig. 5.1) was replicated 4 times. 

There were sufficient boxes to enable three sequential harvests of each treat-

ment. 

5.2.3.2 Seed Material 

Sun dried yarrow seed heads were collected in February 1982 

and clean seed was obtained as detailed in Chapter 2. Laboratory germination 

tests of samples of this seed gave 97% (S.E. 2%) germination. Pea seed was 
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obtained from a commercial source. 

5.2.3.3 Establishment and Management 

On 5 May 1982, yarrow seed, imbibed in water and E::Al,:::,sed to 

3875 lux light intensity (incandescent and fluorescent light from a similar 

source as detailed in Chapter 2) for 24 h, and pre-germinated pea seed were 

planted in rows as indicated in Figure 5.1. Three yarrow seeds were placed 

on the soil surface at each appropriate planting site and covered with a 

thin layer of soil. The pea seeds were planted 1 cm deep and were inoculated 

with a peat culture of nitrogen-fixing bacteria recommended for peas (trade 

name - 'Rhizocote'). In a previous experiment carried out in the field, pea 

plants nodulated well (Chapter 4). In the present experiment, since the 

chances of entry of bacteria into the sterilized soil from outside sources 
~ 

was poor (experiment carried out in glasshouse), innoculation of the pea 
I' 

seed was to enable 'effective' nodulation. The spacing between adjacent 

rows of plants was 10 cm while within the row, they were 5 cm apart. I 

The seedling plants of yarrow and peas emerged from the soil 

on 12 May 1982. ~he yarrow was thinned to one seedling per planting site 

one week after emergence. The aerial partitions were erected after thin-

ning the yarrow. Irrigation was carried out throughout the experimental 

, 

period to maintain the soil close to field capacity. 

~I 
I '. 

5.2.3.4 Sampling Procedure and Measurements 

Each treatment was harvested at 21, 35 and 49 days after seed-

ling emergence. For the same reasons detailed in section 5.2.1.4, the root 

fraction was discarded and measurements were carried out only on the shoot 

system of yarrow. The leaf area, leaf weight and stem weight were measured 
~,;, 

as detailed in Section 5.2.1.4. There was no rhizome initiation. At the 

latter two harvests the pea roots had effective nodules. 
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5.2.3.5 Statistical Analysis 

See section 5.2.1.5 for details. 

5.2.4 Results 

5.2.4.1 Total Dry Weight 

Root interference between yarrow and pea plants significantly' 

decreased the growth of the former species at an earlier stage of its 

development (i.e., 21 days after seedling emergence) than when only shoot 

interference was possible (Fig. 5.3a). However, with continued dew>lop-

ment of both species, the 'Suppression of the growth of yarrow in the pres­

ence of shoot interference was significantly greater than when only root 

interference was present. At all harvests, the greatest retardation in the 

growth of yarrow occurred when there was full interference between the 

species. However, this suppression of growth was not as great as the addit­

ive effects of root and shoot interference occurring separately. 

5.2.4.2 Total Leaf Area 

Compared to when no interference occurred between yarrow and 

pea plants, in the presence of root interference and/or full interference 

there was a significant decrease in the leaf area (LA) of yarrow from as early 

as 21 days after seedling emergence (Fig. 5.3b). However, at 35 and 49 days 

after seedling emergence, shoot interference between the species suppressed 

the LA of yarrow to a significantly greater degree than root interference. 

At all harvests, the greatest retardation of LA development in yarrow occurred 

in the presence of full interference between the species (p < 0.05). 

5.2.4.3 Total Leaf and Stern Dry Weights 

A significant decline in leaf dry weight (LW) of yarrow occurred 

earlier (i.e., 21 days after seedling emergence) in the presence of root 

interference than when only shoot interference occurred between the species 

(Fig.5.3c). With further growth and development, shoot interference alone 

suppressed the LW of yarrow significantly more than root interference. 

: 



Figure 5.3: Interaction diagrams showing the (a) total 

dry weight, (b) leaf area, (c) leaf dry weight, 

and (d) stem dry weight of yarrow. 

o - indicates no interference; ~ - root inter-

ference only; () - shoot interference only; 

• - both root and shoot interference. 

Continuous and broken lines show the influence 

of introducing shoot and root interference, 

respectively. In (a), (b), (c) and (d) the 

diagrams (i), (ii), and (iii) represent harvest 

dates of 21, 35 and 49 days after seedling 

emergence,respectively. 
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There was no significant difference in the stem dry 

weight (SW) of yarrow up to 49 days after seedling emergence, whether 

or not there was interference between yarrow and pea plants (Fig. 5.3d). 

Experiments 3 and 4 

Some aspects of interaction between yarrow and barley (Hordeum 

vulgare cv. Zephyr) plants (Experiment 3) and yarrow and pea (Pisum 

sativum cv. Huka) plants (Experiment 4) and the aggressivity of yarrow 

in association with barley or pea plants. 

5.2.5 Materials and Methods 

5.2.5.1 Layout and Experimental Design 

Wakanui silt loam soil was collected in late February 1982 

from a field grown in two consecutive crops of wheat; it had 34 parts/l0
6 

6 
nitrogen (N) and 15 parts/IO each of phosphorus (P) and potassium (K) 

and a pH of 6.1. The shredded soil was sterilized with methyl bromide 

gas as detailed in Chapter 4. To a quantity of soil sufficient to fill 

60 plastic containers of 5 1 capacity each, N, P, and K were added at 

-1 -1 
rates equivalent to 357 kg ha ammonium sulphate (75 kg ha N), 250 kg 

-1 -1-1 
ha Flomaster superphosphate (20 kg ha P), and 125 kg ha potassium 

-1 
sulphate (50 kg ha K) respectively, and mixed thoroughly. The soil 

was filled into the containers and lightly compacted; 30 containers were 

used for Experiment 3 while the remaining 30 containers were used for 

Experiment 4. 

The containers were transferred into a glasshouse, where 

the temperature was maintained at approximately 20
o

C, and arranged in 

randomized block designs; the containers in each experiment were in two 

separate locations in the glasshouse. 
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The treatments in each experiment (Fig. 5.4) werp 

replicated 6 times. The adjacent treatments in each replicate Nere 

spaced 0.5 m apart while each replicate was separated by a 0.75 m border 

strip. 

5.2.5.2 Seed Material 

Yarrow seed heads which had sun-dried were collected in 

February 1982 and seed cleaning was carried out as detailed in Chapter 2. 

The barley and pea seeds were obtained from a commercial source. 

5.2.5.3 Establishment and Management 

On 1 March 1982, pre-germinated yarrow, barley, and pea 

seed were planted as indicated in Figure 5.4. Two yarrow seeds were 

placed on the soil surface and a single barley (Experiment 3) or pea 

(Experiment 4) seed was planted at 1 cm depth, at each of their respective 

planting sites. One week later, when the plants had established, the 

yarrow was thinned to one seedling per site. Immediately after thinning 

the yarrow, a peat culture of nitrogen-fixing bacteria (trade name: 

'Rhizocote'), specially recommended for peas, was added to the soil surface 

of each treatment in Experiment 4 and watered into the soil (refer Section 

5.2.3.3). In order to minimize lateral illumination, which is rarely 

experienced by plants in the field, white plastic shields, with their 

inner surfaces lined with black polythene, were placed around each container 

and adjusted regularly to the height of the tallest plant. The soil in 

each experiment was maintained close to field capacity throughout the experi­

ment. 



Experiment 3 

Plant ratio 

Experiment 4 

Plant ratio 

Figure 5.4: Treatments in the yarrow/barley (Experiment 3) and yarrow/pea (Experiment 4) 

replacement series experiments. The symbol • denotes a yarrow plant; 

A denotes a barley plant; o denotes a pea plant. 

• • • • A • A • LI. A 

• • • A • A LI. LI. LI. LI. 

a A 100. 25 LI. : 75. 50 A: 50 • 75 A :25. 100 A: O. 

• • • • o • o • o o 

• • • o • o o o o o 

a 0: 100. 25 0: 75. 50 0: 50 • 75 0: 25. 100 0: a • 
f-' 
~ 
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5.2.5.4 Sampling Procedure and Measurements 

On 22 April 1982, 49 days after seedling emergence from 

the soil, the aerial parts of yarrow and barley plants (Experiment J) 

and yarrow and pea plants (Experiment 4) in each treatment were harvested 

separately and dried to a constant weight at BOoC to determine their 

respective dry weights. The roots were not included for reasons detailed 

in Section 5.2.1.4. The roots of the pea plants had effective nodules. 

The shoot material of each species, from each treatment, was separately 

milled into a fine powder in a 'Cyclone' grinder and chemically analysed 

to determine N, P, and K levels. Kjeldahl 'digestion followed by auto-

analysis of N, colorimetric determination of P, and flame emission 

spectrometric determination of K were carried out. The procedures used 

in the chemical analysis are given in Appendix 16. 

In each experiment the relative yields (r) of yarrow and 

the crop species and their relative yield totals (RYT) for total weight, 

nitrogen, phosphorus, and potassium, were calculated using the method of 

Hall (1974a; refer Section 5.1). The aggressivity of yarrow (competit-

ive ability) at each relative density of barley or pea plants was calcu-

lated using the method of McGilchrist and Trenbath (1971; refer Section 

5.1) . 

5.2.5.5 Statistical Analysis 

When two plant species are grown both in mono-

cultures and in mixtures of the species in replacement series type of 

arrangement, their respective relative yields, when presented in a replace-

ment diagram, follow linear trends (analogous to Raoult's Law; each linear 

o 
curve has a slope of 45 ) when there is no interference between the species 

(De wit, 1960; Hall, 1974a). . A linear trend (linear curve which has zero 
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slope) in the relative yield total of two species growing in association 

at different relative densities indicates that they are mutually exclusive 

(De Wit and Van den Bergh, 1965); that is, there is either no interfer-

ence between the species or the reduction in the relative yield of one 

species is compensated by an equal increase in the relative yield of the 

other species. 

In the present replacement series study involving yarrow 

and barley plants (Experiment 3) or yarrow and pea plants (Experiment 4), 

analysis of variance of the orthogonal regression components of the 

relative yields of dry weight (rw)' nitrogen (r
N
), phosphorus (rp ) and 

potasslum (r
K

) of each species were carried out separately. In each 

analysis the different relative densities of the species were the treat-

ments. A significant deviation from the linear trend of relative yield 

indicated the presence of interference. separate analyses of variance 

of the orthogonal regression components of the relative yield totals of 

dry weight (RYT ), nitrogen (RYT ), phosphorus (RYT ), and potassium 
W N P 

(RYT
K

) were carried out, in each experiment. A significant deviation from 

the linear trend of relative yield total indicated that the two species 

(i.e., the yarrow and barley plants or yarrow and pea plants) were not 

mutually exclusive. 

A separate analysis of variance was carried out on the 

I Aggressivity I data of yarrow in each experiment. 

5.2.6 Results 

5.2.6.1 Relative Yield and Relative Yield Total 

The per plant yields of dry weight, nitrogen, phosphorus 

and potassium of yarrow were reduced in mixtures with barley or pea plants 

compared to when the yarrow was in monoculture (Appendix 17). The con-

verse was true for the barley or pea plants grown in association with 
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yarrow. Owing to the difficulty involved in comparing the performance 

of the different species in absolute yields (van den Bergh, 1968), the 

changes in the yields of dry weight, nitrogen, phosphorus and potassium 

in each species were mathematically described by calculating their approp-

riate relative yields on a per stand basis (Hall, 1974a). 

The trends in the relative yields of dry weight (r
w
)' 

phosphorus (rp ) and potassium (r
K

) of yarrow .and barley plants deviated 

significantly from their respective linear trends (refer Section 5.2.5_5) 

when the two species were grown in association (Appendix 18; Fig. 5.5). 

The presence of barley plants in association with yarrow plants resulted 

in the reduction in the rW' r
N

, rp and r
K 

of the latter species; the 

converse was true for the barley plants. However, the decrease in the 

rw of yarrow in association with barley was greater than the corresponding 

increase in the rW of barley (Fig. 5.5). This resulted in the signifi-

cant deviation of the relative yield total of dry weight (RYT
w

) from the 

linear trend (Appendix 19; Fig. 5.5). The RYT
W 

of yarrow and barley 

grown in association was < 1. The decreases in the r
N

, rp and r
K 

of 

yarrow grown in association with barley were compensated for by correspond-

ing increases in their respective relative yields in barley (Fig. 5.5). 

Therefore, the trends in relative yield totals of nitrogen (RYT
N
), phos­

phorus (RYTp )' and potassium (RYT
K

) were not significantly different from 

their appropriate linear trends (Appendix 19; Fig. 5.5). 

When yarrow plants and pea plants were grown in association 

their respective r , r , r , and r , deviated significantly from their W N p K 

appropriate linear trends (Appendix 18; Fig. 5.6). 

r
K 

were decreased for yarrow and increased for the pea plants when the 

two species were grown together (Fig. 5.6). However, the decreases in 

the rW and rN of yarrow in association with the pea plants were less than 

the corresponding increases in their respective relative yields in the 

pea plants (Fig. 5.6). This resulted in the significant deviation of 

• 



Figure 5.5: Replacement series diagram in which the relative 

yields (ryi r
b

) of dry weight (---), nitrogen 

(----), phosphorus (-.-.-) and potassium (- ... _ .. ) for 

yarrow (species y) and barley (species b) and 

their relative yield totals (r
y 

+ r
b

) are 

plotted against the relative density (Zyi Zb) 

of each species. The dotted lines for ry and rb 

are their expected linear trends in the absence 

of interference between the two species. The 

linear trend of ry + rb which is expected when 

there is either no interference between yarrow 

and barley plants or when the two species are 

mutually exclusive is indicated by a dotted line. 
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Figure 5.6: Replacement series diagram in which t~e relative 

yields (r; r) of dry weight (---) , nitrogen 
y p 

(-----), phosphorus (_. -. -) and potassium ('"-- .. - .. ) for 

yarrow (species y) and pea plants (species p) and 

their relative yield totals (r + y 
r ) are plotted 

p 
against the relative density (Z ; z ) of each 

y p 
species. The dotted lines for r and r are 

y p 
their expected linear trends in the absence of 

interference between the two species. The linear 

trend of r + r which is expected when there is y p 
either no interference between yarrow and pea 

plants or when the two species are mutually 

exclusive is indicated by a dotted line. 
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their trends in RYT
W 

and RYT
N 

from the linear trend (Appendix 19; Fig. 

5.6) • The RYT
w 

and RYT
N 

were > 1 when yarrow and pea plants were grown 

in association. The trends in RYTp and RYT
K 

were not significantly 

different from their respective linear trends. 

5.2.6.2 Aggressivity of Yarrow 

The aggressivity (competitive ability) of yarrow grown in 

association with barley was low at all relative densities of the latter 

species (Table 5.1). with the increase in the relative density of barley 

there was a significant decline in the aggressivity of yarrow. Similarly, 

when grown in association with pea plants, the aggressivity of yarrow 

was low at all relative densities of the former species and significantly 

decreased as the relative density of pea plants increased (Table 5.1). 

Table 5.1: The aggressivity of yarrow# in association with different 

relative densities of barley or pea plants. 

is a mean of 6 replicates. 

Relative Density 
of Crop Species Aggressivity 

(Z) 

(i) Barley plants 

0.25 -0.60 

0.50 -0.72 

0.75 -0.82 

LSDO'.05 0.08 

CV (%) 14.73 

(ii) Pea plants 

0.25 -0.31 

0.50 -0.44 

0.75 -0.63 

LSDO. 05 
0.11 

CV (%) 19.43 

Each value 

#Forty-nine days after seedling emergence. 

I 
I 
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5.3 DISCUSSION 

The majority of studies carried out to separately evaluate the 

effects of shoot and root interference between different plant species, 

including Lolium perenne and Phalaris tuberosa (Donald, 1958), Dactylis 

glomerata and Holcus lanatus (Remison and Snaydon, 1980), and Hordeum 

vulgare and Vicia faba (Martin and Snaydon, 1982), have shown that root 

interference commenced earlier than shoot interference and continued to 

be of greater importance than shoot interference at least during the 

period of early vegetative ~rowth and development. It has been suggested 

that this is possibly due to their root systems extending and intermingling 

before the shoot systems interact with each other and/or that soil factors 

more commonly limit the growth and development of plants than does light 

(Milthorpe, 1961; King, 1971). In the present study, root interference 

between yarrow and barley plants markedly suppressed the growth and 

development of yarrow before shoot interference between the two species 

had a similar effect and it continued to be of greater importance than 

shoot interference up to the time when the experiment was terminated at 63 

days after seedling emergence (Fig. 5.2). Thus these results on inter-

ference between yarrow and barley plants are in agreement with the generally 

observed trend in interference between two plant species that was detailed 

above. Similarly, root interference between yarrow and pea plants 

markedly suppressed the growth and development of the former species earlier 

than when only the shoot systems of the two species were allowed to inter-

act (Fig. 5.3). However, with further time (i.e ., at 35 and 49 days 

after seedling emergence) it was observed that shoot interference between 

yarrow and pea plants was more important than root interference in suppres-

sing the growth and development of the yarrow. This result contradicts 

the finding by several other workers that root interference between dif- f.· 

ferent plant species continues to be of greater importance than shoot 

int~rference at lea~t during the first few months after seedling emergence 
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(e.g. Aspinall, 1960; Remison and Snaydon, 1980). The reason(s) for 

this observed difference clearly requires further explanation. Some 

workers have stated that during the early stages of growth and development 

the nitrogen fixed by leguminous species is not available to other species 

growing in close proximity (Hall, 1974a; Harper, 1977). Therefore, when 

the roots of yarrow and pea plants initially intermingled, it is unlikely 

that the former species would have had access to the nitrogen which was 

symbiotically fixed by the pea plants. However, it has been suggested 

that the ability of leguminous species to symbiotically fix nitrogen 

decreases their dependence on the mineral nitrogen present in the soil and 

thereby leaves more of the soil nitrogen to be utilized by any non-legumin­

ous species growing in close proximity to them (De wit et al., 1966; 

Martin and Snaydon, 1982). This would undoubtedly decrease the competit-

ive interference between the leguminous and non-leguminous species for 

soil nitrogen. Thus there may have been a decrease in interference 

between the yarrow roots and nodulated pea roots for soil nitrogen when 

they were intermingled. The increased shading of the yarrow canopy by the 

pea canopy and the decreased interference between the root systems of the 

two species for soil nitrogen may have been principally responsible for the 

g-xeater importance of shoot interference compared to root interference in 

suppressing the growth and development of yarrow at 35 and 49 days after 

seedling emergence (Fig. 5.3). 

The results from the above experiments showed that the relative 

importance of either shoot interference or root interference between plants 

can vary depending on the species involved. Therefore, a generalized 

statement that root interference between plant species is more important 

than shoot interference during the first few months of growth and develop­

ment of seedling plants (Remison and Snaydon, 1980) does not appear to be 

always applicable. Schreiber's (1967) finding that shoot interference 

between Amaranthus retroflexus and Lotus corniculatus is more important than 



root interference between the two species in suppressing the growth of 

the latter sp_eciesfurther supports the above argument. 
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When the shoot and root systems of yarrow and barley plants or 

yarrow and pea plants were allowed to intermingle (full interference), 

the suppression of the growth and development of yarrow was greater than 

when either their respective shoot systems or root systems were allowed 

to interact (Figs. 5.2, 5.3). However, the suppression of yarrow in 

full interference with barley or pea plants was not additive. That is, 

the reduction in the growth and development of yarrow in full interference 

with barley or pea plants was less than the sum of the reductions when 

shoot interference or root interference occurred separately, indicating 

that there were interactions between shoot and root interference. The 

nature of these interactions was not evaluated in the present study. 

Similar findings of non-additivity of the separate effects of shoot and 

root interference between different plant species have been reported by 

other workers (e.g. Donald, 1958; Aspinall, 1960). 

Plant species growing as neighbours competitively interfere with 

each other for incident light, water and mineral nutrients necessary for 

their growth and development (Clements et al., 1929; Donald, 1963; 

Haynes, 1980). It is also possible that non-competitive interference, 

including allelopathic interactions (e.g. McPherson and Muller, 1969; 

Putnam and Duke, 1974; Kimber, 1913); the greater availability of 

mineral nitrogen to non-leguminous species growing in association with 

nodulated leguminous species (e.g. De Wit et al., 1966; Hall, 1974b; 

Martin and Snaydon, 1982); the transfer of symbiotically fixed nitrogen 

from leguminous species to non-leguminous species (e.g., Harper, 1964; 

Haynes, 1980), can occur between some plant species. The competitive 

interference between the shoot systems of plant species is principally 

for incident light. When the root systems of plant species intermingle 



competitive interference for water and nutrients and non-competitive 
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Owing to a relatively taller and more spreading growth habit of 

the barley and pea plants compared to the prostrate rosette-like nature 

of the yarrow plants, it is likely that the latter species would be 

shaded by either of the two former species when they grow in_close proxim-

ity. This was evident in previous studies carried out in the field 

(Appendix 7). It was also observed that the decreased availability of 

incident light suppressed the growth and development of seedling yarrow 

plants (Tables 3.1, 3.2, 3.4). Therefore, it can be presumed that inter-

ference for incident light was an important factor responsible for the 

suppression of the growth and development of seedling yarrow grown in full 

interference with barley or pea plants (Figs. 5.2, 5.3). 

In addition to the interference for incident light, the marked 

deviations in the relative yields of nitrogen (r
N

) , phosphorus (rp ) and 

potassium (r
K

) of yarrow and barley plants or yarrow and pea plants from 

their respective linear trends, when grown in mixtures (Figs. 5.5 and 5.6; 

Appendix 18), indicated that there was competitive interference between 

the appropriate species for the available soil N, P and K (refer section 

5.2.5.5) • The preSence or absence of interference for other 'mineral' 

nutrients between yarrow and barley plants or yarrow and pea plants was 

not evaluated. In the present replacement series experiments adequate 

water-was supplied to the soil to maintain it at field capacity (section 

5.2.5.3). Therefore, it is unlikely that there would have been interfer-

ence for water between yarrow and the associated barley or pea plants. 

However, under field conditions, where the soil moisture level can fluct­

uate rapidly over short time periods, interference for soil moisture 

between yarrow and barley or pea plants is a possibility. 

When-the -relative yield total (RYT) of two plant species growing 

in association is 1.0 it indicates that they are competitively interfering 
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with each other for the same growth factors or that there is no interfer-

ence between them (De wit and Van den Bergh, 1965). However, there are 

instances when the presence of one species either restricts or promotes 

the growth and development of another species due to non-competitive 

interference between them (Harper, 1964). When there is a restriction 

of growth and development of a species by another species their RYT is 

< 1.0 while the promotion of growth and development of a species by another 

species results in their RYT being> 1.0 (De Wit, 1960). This transgressive 

yielding of a mixture of two species has been described as 'underyielding' 

(i.e. RYT < 1.0) and. 'ov€p;yielding' (i.e., RYT > l.O) (Trenbath, 1974). 

When yarrow and barley plants were grown together their relative 

yield total of dry weight (RYT
W

) markedly 'underyielded' (Fig. 5.5; 

Appendix 19). This indicated that there was non-competitive interference 

between the yarrow and barley plants in addition to the above detailed 

competitive interference between these two species for light and soil N, 

P and K. The per plant yields of dry weight of yarrow and barley grown 

in mixtures, at different relative densities of the two species, indicated 

that the growth of yarrow was suppressed in the presence of barley plants 

while the converse did not occur (Appendix 17). In a previous study, it 

was observed that even though adequate amounts of light, water and mineral 

nutrients were supplied to barley and stellaria media plants growing in 

association, the former species suppressed the growth of the latter species 

(Overland, 1966). She attributed this to the allelopathic effect of the 

alkaloid substances exuded from the roots of the barley plants. Similarly, 

in the present study, the allelopathic effect of barley plants on the yar­

row plants growing in its vicinity may have been primarily responsible for 

the observed non-competitive interference between these two species. 

The relative yield total of dry matter of yarrow and pea plants 

markedly 'overyielded' when the two species were grown in mixture (Fig. 

5.6; Appendix 19) and indicated that they were, at least partially, utiliz-
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ing different environmental resources (De Wit, 1960). The 'overyielding' 

of the relative yield total of nitrogen when yarrow and pea plants were 

grown in mixture (Fig. 5.6; Appendix 19) showed that the two species were 

obtaining this nutrient from different sources. The most likely explanat-

ion for this is that the presence of effective root nodules on the pea 

.plants would have enabled them to obtain nitrogen by symbiotic fixation, 

thus leaving more of the soil nitrogen to be utilized by the yarrow plants. 

A similar conclusion was reached by other workers for the observed 'over­

yielding' between graminous and leguminous species grown in mixture (e.g., 

De Wit et al., 1966; Hall, 1974aj Martin and Snaydon, 1982). It is 

also possible that the greater seedling vigour of the pea plants compared 

to the yarrow plants (refer Chapter 4, Fig. 4.1) would have resulted in the 

two species utilizing environmental resources, especially soil nutrients, 

at different times. In other studies with cereal-legume mixtures, the 

'overyielding' of the relative yield totals were said to be due to the 

species using resources at different times (e.g., Osiru and Willey, 1972, 

1976). However, in the present study, the presence or absence of spatial 

differences in nutrient uptake were not evaluated. 

The aggressivity (competitive ability) of different plant species 

growing in association is dependent on many characteristics, including seed 

size (Black, 1957, 1958), seedling vigour (Laskey and Wakefield, 1978), 

canopy height (Harper, 1964), leaf area (Norman et al., 1971), rate of stem 

elongation in response to shading (Williams, 1964), shade tolerance (Langer, 

1973 ), rate of root growth and development (Harris, 1967), rate of uptake 

of water and mineral nutrients (Bowen, 1973; Cohen, 1970), and the ability 

to. fix nitrogen symbiotically (Vallis, 1978). The reLatively small seed 

size of the yarrow compared to the barley or pea seeds (Section 4.4); the 

low seedling vigour of yarrow in relation to the barley or pea seedlings 

(Fig. 4.1); the prostrate rosette-like growth habit of the yarrow plants 

compared to the taller and more spreading nature of the barley or pea 
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plants; lower leaf area of the yarrow canopy in relation to the leaf 

area of barley or pea plants (Fig. 4.3) and the inability of its stem to 

elongate in response to shading before flower initiation (Bourdot, 1980); 

the suppression of the growth and development of yarrow in shade (Tables 

3.1, 3.2 and 3.4); the reduced availability of soil N, P and K to yarrow 

plants growing in association with .the barley 01;" pea plants (Figs. 5.5, 

5.); and the suppression of the growth of yarrow plants by allelopathic 

influences of the barley plants (Fig. 5.5) are undoubtedly some of the 

factors responsible for the low aggressivity of yarrow grown in associat­

ion with the barley and pea plants (Table 5.1). 
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CHAPTER 6 

GENERAL DISCUSSION 

Since the inception of crop farming, weeds growing among culti­

vated species have brought about losses in the economic yield of plants. 

In attempts to overcome the problems caused by weeds, various manual, 

mechanical, cultural, biological, and chemical techniques or different 

combinations of them have been developed and used to exert such pressures 

that the growth and development of the economically useful species is 

favoured over that of the weed species. Until the early 1950's, these 

weed management techniques were generally applied without a clear 

understanding of the biology of the weed species. Chancellor (1968) 

emphasised the need to understand the points of strength and frailties 

of the weed species in order to exploit their weaknesses. He stated 

that such an approach would shorten the 'endless road' to effective and 

long-term management of weeds and also enable the development of com­

pletely new techniques to be used in the war against problem weeds. In 

recent times, weed scientists have realized the importance of such an 

approach and many studies on different aspects of the biology of weeds 

have been carried out (e.g., Harper, 1959; Thurston, 1961; Chancellor, 

1970; Hill, 1977). 

Yarrow, which was a component in mixtures of species used in the 

development of high country pastures in New Zealand, spread to arable 

land and has since become a problem weed in many crops, including beans 

(Phaseolus vulgaris), field peas (Pisum sativum) and beet (Beta vulgaris) 

and in white clover (Trifolium repens) grown for seed (Bourdot et al., 

1979; _Bourdot and Butler, 1981). It is a perennial species which has 

the ability to regenerate from seeds as well as from rhizome buds (Korsmo, 
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1954; Reynolds, 1961). Although the relative importance of the sexual 

and vegetative methods of reproduction are likely to vary depending on 

such factors as seeding history and the time and depth of soil cUltivat­

ion, many workers believe that yarrow plants formed from rhizome fragments 

are almost always of major significance as a weed problem in crops (Hil-

gendorf and Calder,. 1952; Bourdot and Butler,1981). However, it has 

been observed that in certain instances the seedling yarrow plants are 

more detrimental to crops than the yarrow plants establishing from rhizome 

fragments (Field, personal communication). This is due mainly to the 

difficulties involved in planning and carrying out effective control 

measures before the actual density of the seedling yarrow population is 

observed in the crop and the limitations of the post-crop emergence control 

measures that are available, including the lack of suitable selective post­

emergence herbicides. 

Although yarrow has been recognized as a problem weed in arable 

land in Canterbury, New Zealand, for several decades (Hilgendorf and 

Calder, 1952), it was only recently that detailed studies of the biology 

of this species were carried out (Bourdot, 1980, 1982; Bourdot, Field 

and White, 1982). However, these studies were mainly on the growth and 

development of the rhizome system of yarrow, while in the present study, 

some aspects of the biology of the seeds and seedlings of the species 

were evaluated. 

This final discussion attempts to co-ordinate the current know­

ledge on the biology of the seeds, seedlings and the rhizomes of yarrow 

and to determine the persistance and aggressivity characteristics of the 

species as a weed in arable crops. Some of the current information is 

directly applicable to formulating control strategies for the weed. 

The persistance of weed species is dependent on many of their 

inherent characteristics, some o{ which were identified by Sagar (1968). 

The following is a generalized list of some of the characteristics that 
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determine the persistance of weed species and a description of the 

present knowledge on the persistance of yarrow: 

(i) Quantity of seed produced. 

(ii) Dispersal and dormancy of seeds. 

(iii) Survival of seeds in the soil and depth of emergence of 

seedlings. 

(iv) Periodicity of germination of seeds (season). 

(v) Seedling adaptability to changes in the environment. 

(vi) Ability to reproduce vegetatively. 

(vii) Seasonal variations in the growth and development of the 

vegetative reproduction system. 

(viii) Dormancy and survival of the vegetative buds in the soil. 

(ix) Seasonal patterns of new shoot production from vegetative buds. 

In the field situation, pure stands of rhizomatous and seedling 

yarrow were estimated to produce approximately 900,000 and 243,000 seeds 

-2 
m , respectively, in a single season of sexual reproduction (Bourdot et 

al., 1979; Appendix 14). Owing to the light weight and small size of 

the yarrow seed (Appendices 6, 13), they are likely to be wind-blown for 

short distances from the parent plants while some seed may be dispersed 

over a wider area by their entanglement in sheep's wool (Reynolds, 1961').. 

However, since the seeds do not possess special structures to aid in wind 

dispersal (Appendix 13, Plate 1) and are known to have poor aerodynamic 

efficiency (Bostock, 1978), it is not unreasonable to presume that most 

of them are shed close to the plants on which they are produced. If the 

land is subsequently cultivated it would result in large quantities of 

yarrow seed being incorporated into the soil. Roberts (1966) reported 

that when the seeds of different plant species present in the soil seed-

bank were encouraged to germinate by regular cultivation of the soil, it 

took approximately seven years to reduce the seed popUlation to 1% of its 
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original level, provided further seeding was prevented. Therefore, one 

season of seeding of a yarrow population present on arable land would 

substantially enhance the persistance of the species. 

The light weight and small size of the individual yarrow seeds 

(Appendices 6, 13) indicates that they have a low amount of embryonic 

capital. Therefore, it is essential that they germinate on or near the 

soil surface for successful seedling establishment to occur. Further-

more, owing to the small seedling size at emergence (Kannangara, unpub­

lished) and the prostrate vegetative growth habit of yarrow (Appendix 13) 

it is important that their seeds germinate in open sites which are 

relatively free of other vegetation, so that early interspecific inter-

ference is minimised. A single batch of yarrow seeds had at least five 

types of conditionally dormant seeds (Tables 2.1, 2.2, 2.3). While the 

availability of direct light was able to break the innate dormancy of all 

the viable yarrow seed, alternating temperature or presence of nitrate ions 

or cold temperature stratification or scarification was able to substitute 

for the light requirement in 30% to 50% of these seeds (Tables 2.1, 2.2, 

2.3) . The above environmental cues that promote the germination of 

yarrow seeds are more prevalent in open situations, at or near the soil 

surface (Thompson et al., 1977; Hart, 1978). Therefore, the dormancy 

characteristics of the yarrow seeds are of strategic importance in that 

they help ensure that germination occurs in habits where the chances of 

successful seedling emergence and establishment are high. 

Tillage of the land by conventional methods usually cultivates 

the soil to a plough depth of approximately 20 - 25 cm. The yarrow 

seeds lying on the soil surface can thus be buried at various depths 

ranging from the soil surface to 25 cm down the soil profile. When yar-

row seeds were buried at 16 cm and 32 cm in the soil profile, approximately 

50% and 60% of the seeds remained viable after 2 years, respectively 

(Fig. 2.3). However, during the same period of time the yarrow seeds 
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buried in the soil at depths of 8 cm or less lost their viability at d 

more rapid rate and less than 10% of seed was viable after a period pf 2 

years. The low and stable temperatures at the deeper soil depths and 

the increasingly low oxygen and high carbon dioxide levels down the soil 

profile have been suggested as possible reasons for the longer survival of 

seeds in the deeper layers of the soil (Turner, 1933; Bibbey, 1948). 

Conversely, the more favourable environment at the shallower depths in the 

soil may result in the germination of seeds in situ (Evans, 1960; 

Schafer and Chilcote, 1970) and this in turn would be responsible for the 

relatively short period of survival of seeds buried at these depths. 

Although a half life of over 2 years was observed for yarrow seed buried 

at 16 cm and 32 cm in undisturbed soil, it is not clear from the present 

study whether the survival rate of the seeds would be decreased in arable 

land which is regularly cultivated. However, it is likely that deep 

tillage leading to burial of seed favours the longevity of viability of 

yarrow seed, thus contributing to the persistance of this species on 

arable land. The viable buried seeds can give rise to seedling plants 

when they are subsequently returned to the open environment by further 

tillage and/or by other agencies such as earthworms and insects (Harper, 

1977) . 

Except during the winter months most of the yarrow seeds lying on 

the soil surface germinated when adequate moisture was available (Fig. 

2.1) . The poor germination of seeds in the winter months was presumably 

due to the low temperature experienced at this time of the year (Appendix 

1) . In rain fed arable land in Canterbury, New Zealand, two main flushes 

of yarrow seed germination occurred, in spring and autumn (Appendix 15i 

Bourdot, 1980), when there was increased rainfall and the air temperature 

was sufficiently high for normal vegetative growth and development to 

occur (Appendix 1). In irrigated arable land, substantial germination 

of yarrow seeds was observed in spring, summer, and autumn (Kannangara, 

! --
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unpublished) . The germination of yarrow seeds in large numbers with 

the onset of favourable environmental conditions would undoubtedly increase 

the chance of at least a few of their seedlings establishing successfully. 

Although the growth and development of seedling yarrow plants was 

markedly suppressed when the amount of light available to them decreased 

(Tables 3.1, 3.2 and 3.4;. Bourdot, 1980), they were able to _survive at 

light intensities as low as 6.4% of full daylight (Section 3.3.1). The 

similar densities of seedling yarrow present either in association with 

barley or pea crops or in a pure stand (Table 4.1) also indicated that 

yarrow plants had a great capacity to survive in the presence of inter-

ference for light (Appendix 7), mineral nutrients (Figs. 5.5, 5.6) and 

water (Section 4.4). Additionally, the seedling yarrow plants were also 

able to withstand the allelopathic effects of barley plants (see RYT in 

Fig. 5.5; Section 5.3). After the barley or pea crops were harvested 

inlatesummer, the surviving yarrow seedlings underwent rapid growth and 

development (Figs. 4.15, 4.17; Appendix 9c), undoubtedly as a result of 

the removal of direct inter-specific plant interference. 

Seedling yarrow plants, established in pure stands in the spring, 

initiated rhizomes 8 weeks after emergence (Appendix 13) with the rhizome 

system undergoing rapid growth and developm~nt in the summer and autumn 

(Fig. 4.9, 4.17). Bourdot (1980) observed that there was a six-fold 

increase in the rhizome weight over the mild winter period experienced in 

the Canterbury Plains of New Zealand. Presumably as a consequence of 

apical dominance, most of the buds on the rhizomes attached to the parent 

plants remained in a quiescent state (Bourdot, 1980). This resulted in 

a substantial build-up of rhizome bud reserves in the soil (Bourdot, 

Field and White, 1982). They estimated that a pure stand of seedling 

yarrow establishing in early summer could produce approximately 24,000 

-2 
rhizome buds m ,by the following spring. When intact rhizomes were 

buried at 5 cm depth in the soil their buds remained viable for over 260 
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days and were able to produce new shoots when subsequently fragmented 

(Bourdot, 1982). However, all the buds on a rhizome fragment did not 

form shoots at· the same time (Bourdot, 1980; Bourdot et al., 1982). 

As the length of the rhizome fragments increased, a decreasing number of i 

the buds present on them 'germinated', while the other buds remained I 
quiescent until the shoots already growing on them were severed or 

destroyed and/or the rhizomes were further fragmented. The staggered 

'germination' of the rhizome buds is likely to prevent the rapid loss 

of the bud reserves present in the soil and also increase the chance of 

the successful establishment of independent yarrow plants from them. 

Overall characteristics of the seeds, the seedlings and the 

rhizomes of yarrow indicate that the species is well adapted to persist 

in field situations for a relatively long period of time. 

Many workers have shown that certain morphological and physio-

logical differences of plant species determine whether they are the 

aggressive or the suppressed species when grown in mixtures (Blaser et 

al., 1956; Black, 1957, 1958, 1960; Harper, 1961; Donald, 1963; 

Idris and Milthorpe, 1966; Black et al., 1969; Laskey and Wakefield, 

1978; Haynes, 1980). A generalized list of some of the characteristics 

that determine the competitive ability (aggressivity) of weed species is 

as follows: 

(i) The size and weight of seeds (i.e., the amount of embryonic 

capital in the seed). 

(ii) Time of emergence. 

(iii) Initial seedling vigour. 

(iv) Net assimilation rate. 

(v) Height, leaf area and leaf orientation. 

(vi) Adaptability to changes in the light environment. 

(vii) Development, growth and architecture of the root system. 
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(viii) Ability to fix atmospheric nitrogen. 

(ix) Efficiency of water and mineral nutrient uptake and utili?~tion. 

(x) Drought resistance. 

(xi) Allelopathic effects. 

In the present study, although yarrow and barley or pea seedlings 

emerged from the soil at the same time (Sections 5.2.1.3, 5.2.3.3), the 

aggressivity of yarrow was low when grown in association with either of 

the latter two species (Table 5.1). Presumably, owing to the small size 

of the yarrow seed (Appendix 13), and its comparatively lower seed 

weight (Section 4.4), the yarrow seedlings were substantially smaller 

than the seedlings of barley and peas at the time of emergence from the 

soil. Additionally it was evident that the seedling vigour of yarrow 

was markedly less than that of the barley or pea seedlings (Fig. 4.1); 

the yarrow plants exhibited a prostrate, rosette-like growth habit compared 

to the taller and more spreading nature of the barley or pea plants and 

this resulted in the reduced light availability to yarrow in mixture with 

either of the latter two species (Appendix 7); the yarrow plants were 

relatively less efficient in the uptake of nitrogen, phosphorus and potas­

sium than the barley or pea plants grown with them (Figs. 5.5, 5.6); and 

finally, allelopathic substances exuded by the barley plants appeared to 

suppress the growth of the neighbouring seedling yarrow plants (refer 

Section 5.3; RYT in Fig. 5.5). Therefore, it is not difficult to identify 

which factors were, at least partially, responsible for the low aggressivity 

of seedling yarrow when grown with barley or pea plants. There is no 

published evidence to suggest that other differences between seedling yarrow 

and barley or pea plants would have contributed to the low aggressivity of 

the former species. 

The vegetative growth and development, including rhizome growth, 

of the seedling yarrow stand grown in association with the barley or pea 
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crop was markedly suppressed compared to its pure stand (Figs. 4.1, 4.3, 

4.5, 4.7, 4.9), with barley being the more aggressive crop species. The 

greater penetration of light through the pea canopy (Appendix 7) and the 

absence of allelopathic effects by the pea plants (see RYT in Fig. 5.6) 

would have been partially responsible for the improved growth and develop­

ment of seedling yarrow in the pea crop, while the_ability of the nodulated 

pea plants (Section 4.2.6) to obtain symbiotically fixed nitrogen may have 

reduced their dependence on soil mineral nitrogen, and thereby making 

available a greater share of this nitrogen source for the growth and 

development of the associated yarrow plants. Furthermore, the ability of 

leguminous species to release symbiotically fixed nitrogen to the soil, 

especially during the latter stages of growth and development (Harper, 

1964; Vallis, 1978), suggests that the pea plants may have supplied nitro-

gen to the associated yarrow seedlings. This may have been an additional 

factor responsible for the improved growth and development of seedling 

yarrow associated with the pea crop. Such factors may be also responsible 

for yarrow being a problemmatic weed in leguminous crops such as field 

peas and beans, and white clover seed crops (Bourdot et al., 1979; Bourdot 

and Butler, 1981). 

The barley crop suppressed the growth and development of seedling 

yarrow to the extent that the latter species did not adversely affect the 

seed yield of barley (Table 4.3). However, the markedly improved growth 

of the seedling yarrow stand in the pea crop had detrimental effects on the 

reproductive phase of the crop and resulted in a significant reduction in 

the pea seed yield (Table 4.3). Thus in addition to the highly special-

ized characteristics of yarrow which enable it to persist on arable land, 

it can also be an economically undesirable weed in a crop such as field 

peas, which affords relatively poor interference and may thus be classed 

as an opportunistic species. 
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From the present knowledge of the biology of yarrow it can be 

presumed that arable land infested with this species would have substant­

ial seed and rhizome bud reserves in the soil. Owing to the poor aero­

dynamic efficiency of the yarrow seeds (Bostock, 1978), it is likely that 

the introduction of fresh seed from outside sources will be limited, while 

the-spreading of the species via rhizome buds has been observed to be 

localized to an area close to the parent plants (Hilgendorf and Calder, 

1952; Reynolds, 1961; Bourdot, 1980; Bourdot et al., 1982). Thus if 

the seeds and rhizome buds already present in the soil can be exhausted 

while preventing fresh ones from forming, the yarrow can be effectively 

controlled on arable land. However,· if such an approach of attrition 

is to be successful it is necessary to take into account all aspects of 

the plant's biology. 

In~the past, attempts to control yarrow on arable land were prin­

cipally directed towards exhausting the rhizome bud reserves by repeated 

soil cultivation (Saxby, 1944; Hilgendorf and Calder, 1952). The 

chopping of rhizomes into approximately 4 cm pieces by shallow tillage 

of the soil followed by repeated severing of the newly emerging yarrow 

shoots before they formed new rhizomes enabled the total exhaustion of 

rhizome bud reserves within a period of 80 days (Bourdot, 1982). However, 

owing to the ability of the buried yarrow seed to remain viable for a long 

period of time (Fig. 2.3), it is doubtful whether the exhaustion of rhizome 

buds alone would lead to effective control of the species on arable land. 

Although fallowing of yarrow infested land for a relatively longer period 

may lead to its effective control, such an approach would not be acceptable 

to farmers as the land is unproductive for a long time. To overcome this 

problem, various combinations of mechanical and cultural practices were 

used by the farmers in the Canterbury Plains of New Zealand. However, many 

of these control measures have had only limited success. _The lack of 
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knowledge of the biology of yarrow may have been a principal reason for 

the failure of these integrated measures to control the species. An 

alternative approach would be to use selective herbicides to control the 

yarrow growing in association with crops. However, at the present time 

no suitable selective herbicides are available for the post-emergence 

control of yarrow in crops such as £ield peas and beans and white clover 

seed crops (Field, personal communication). 

In more recent times, the integration of certain mechanical and 

cultural practices may have unwittingly assisted in the control of 

yarrow. These practices include the burning of plant stubble on the 

land before tillage to kill any yarrow seed lying on the soil surface 

(refer Section 4.4); the minimum tillage of the soil to prevent unearth-

ing yarrow seeds buried in the deeper layers in the soil profile (Fig. 

2.3); set stocking of the land with sheep, immediately after minimum 

tillage, to remove surface lying and/or partially buried rhizomes; and 

rotational cropping the land for 2 to 3 years with cereal (e.g. barley) 

and winter green feed (e.g. kale (Brassica oleracea» crops which 

effectively suppress the growth and development of yarrow. However, 

before effective integrated approaches to control yarrow can be positively 

formulated further studies are necessary to: (a) evaluate the long-term 

effects of minimum tillage on the growth and development of the crop 

species used in rotations; (b) identify other crop species which are as 

effective as barley in suppressing the growth and development of yarrow 

and could be used in arable cropping rotations; (c) evaluate 

different mechanical and/or cultural practices in relation to the time 

required for the exhaustion of the yarrow seeds and the rhizome buds from 

the soil; and (d) identify herbicides which selectively kill both seed-

lings and rhizomatous yarrow plants growing in association with crops. 

I 

I 



* APPENDIX 1: Climatic data for the experimental periods in Chapters 2, 3, 4 and 5 . 

.----. 
1979 

M A M J J A S 0 

Me an max. temp. (e) 18.6 17 .6 13.0 12.0 11. 7 10.3 14.9 15.6 

Mean min. temp. (e) 11.0 5.5 3.9 1.1 2.0 2.2 4.5 6.0 

Mean soil temp. (C) 

10 em depth 14.9 10.8 7.5 4.9 4.6 4.9 7.9 11.0 

20 em depth 15.7 12.1 8.7 6.1 5.6 5.9 8.5 11.3 

30 em depth 16.2 12.9 9.6 6.7 6.3 6.6 9.1 11. 7 

Rainfall (mm) 

(total for month) 
132.9 9.1 105.5 3.9 96.1 110.9 21.0 110.8 

Solar radiation 492.2 
-2 .-1 

(MJ m month ) 

N D J 

19.0 21.9 22.4 

8.7 9.9 10.6 

14.3 16.8 16.8 

14.9 17.4 17.5 

15.2 17.7 17.9 

50.9 33.3 134.9 

588.7 769.5 650.5 

1980 

F 

21.0 

10.7 

16.5 

17.6 

18.1 

55.3 

531.5 

M 

18.2 

9.9 

13.7 

14.6 

15.3 

105.8 

412.0 

, 

, 

I 

I 

I 

I--' 
(J) 
Ln 



APPENDIX 1: (cont I d ...• ) 

1980 1981 

A M J J A S 0 N D J F 

Mean max. temp. (C) 16.3 15.0 10.7 10.5 12.9 16.8 19.6 17 .2 20.3 23.7 22.9 

Mean min. temp. (C) 7.2 3.4 0.6 0.8 2.4 3.9 7.0 6.9 10.5 11. 7 12.4 

Mean earth temp. (Cl 

10 cm depth 11.4 7.4 4.4 4.0 4.7 8.3 12.5 12.8 16.1 18.7 17.7 

20 cm depth 12.4 8.9 5.6 4.9 5.7 8.9 12.4 13.4 16.6 19.3 18.7 

30 cm depth 13 .2 9.9 6.5 5.7 6.4 9.4 12.9 14.3 17 .1 19.8 19.2 

Rainfall (mm) 
46.6 8.3 79.3 39.9 47.8 1.1 12.7 85.4 28.7 25.4 12.0 

(total for month) 

Solar radiation 

(MJ m 
-2 -1 

month ) 
245.6 204.8 135.1 159.1 272 .0 415.6 579.9 633.5 652.8 696.t 509.0 

* 1. Solar radiation was measured at Christchurch Airport (about 15 km from experimental sites). 

2. All other measurements from Lincoln College Meteorological Station (about 0.5 km from experimental sites). 

M 

20.7 

10.7 

15.2 

15.9 

16.8 

41.2 

-

I-' 
0'\ 
0'\ 



Appendix 2: Effect of green 'safe' light on the germination of yarrow seed 

after incubation at 2S oC for 28 days (Chapter 2). 

Treatment Mean Germination (~ ) 

Continuous dark 3.8 

Continuous green 'safe' light 4.1 

Continuous white light# 97.6 

L.S.D· O. OS 
6.4 

c.v. (%) 10.7 

#From fluorescent + incandescent source (3875 Lux intensity). 

I-' 
0'1 
~ 



APPENDIX 3: Effect of depth and duration of burial on the germination# of yarrow seed in the dark. 

four replicates. (Chapter 2 - Experiment 4). 

f~, 
~ Duration of 
'~rial 

3 6 9 12 IS 18 21 

Depths (~ (28.6.79) (28.9.79) (28.12.79) (28.3.80) (28.6.80) (28.9.80) (28.12.80) at 
burial (cm) 

0 
(soil surface) 

1.3 1.3 1.0 1.0 1.0 1.0 1.0 

2 21.3 9.0 loS loS loS 1.3 1.0 

4 17.8 17.0 1.3 1.0 2.8 loS 1.0 

8 lS.3 lS.8 2.1 1.3 loS 3.0 2.0 

16 3.3 3.0 1.0 1.3 2.0 2.3 1.3 

32 1.8 3.0 2.0 1.3 1.3 1.8 1.3 

L.S.D· O. OS 
1.8 1.8 1.2 0.8 2.0 2.3 1.4 

I c.v. (%) 12.0 14.6 34.S 44.7 32.6 16.8 14.3 

Germination tests were carried out by supplying 20-30
o

C diurnal alternating temperature. 

Each value is a mean of 

i -

24 LSDO. OS 
c. v. I 

(28.3.81) (%) i 

I 

I 

I 

1.0 0.4 23.S I 

I 

1.0 1.1 16.4 I 

I 

1.0 1.6 19.7 ' 

, 

1.S 1.8 20.7 

1.3 2.7 21.8 , 

1.0 2.0 27.3 I 

0.8 

10.9 

f-' 
0'1 
00 



APPENDIX 4: Effects of depth and duration of burial on germination# of yarrow seed (Chapter 2 - Experiment 4) . 

I 
l 

Each value is a mean of four replicates. 

Duration of 
burial 

(months) 3 6 9 12 15 18 21 24 LSDO. 05 
Depths (28.6.79) (28.9.79) (28.12.79) (28.3.80 ) (28.6.80) (28.9.80) (23.12.80) (28.3.81) 

of 
burial (cm) 

-~ 

0 
66.8 42.5 34.5 4.5 5.5 1.0 1.0 0.0 4.0 

(soil surface) 

2 91.3 76.0 45.5 11.5 7.0 3.5 4.5 3.8 5.3 

4 97.0 91.3 65.0 43.3 35.0 20.5 13.5 13.8 5.9 

8 97.0 98.6 80.3 54.8 37.5 32.3 24.3 14.3 4.8 

16 97.5 96.0 94.8 97.3 84.5 70.8 52.3 51.0 5.3 

32 97.8 97.3 95.0 97.3 94.5 78.8 70.0 67.0 5.9 

L.S.D· 0 . 05 
6.0 5.6 7.2 4.3 4.1 4.8 4.1 5.8 

C.V. (% ) 4.5 4.5 7.9 5.6 6,3 9.3 9,9 15.5 

#Germination tests were carried out by supplying 20 - 30
0

C diurnal alternating temperature with 8 h light day-l 
(I.S.T.A. recommendations, 1976); mean germination values are directly proportional to percentage viability 
of seed (refer text for details) . 

C.V. I 

(%) I 

I 

I 

I 

13.9 I 

11.9 

8.5 

6.0 

4.5 

4.7 

I-' 
0\ 
\.0 



* APPENDIX 5: Temperature recordings within and outside the shade houses used in the 

shading experiment (Chapter 3). Values are daily maximums and minimums (Cl. 

Light Intensity (%Full Daylight) 

1---- -~QQ~---.. 46.8% 23.7% 6.4% 

. Max. Min. Max . Min. Max. Min. Max. Min. 

7 February 1980 26.0 8.0 26.0 8.0 26.0 7.5 26.0 7.5 

8 February 1980 25.0 6.0 25.0 5.0 24.5 4.5 24.0 4.5 

9 February 1980 28.0 11.5 28.5 13 .5 27.0 12,.9 27.0 12.0 

10 February 1980 24.0 6.0 24.0 6.0 23.5 5.5 23.0 5,0 

11 February 1980 10.5 2.0 15.5 3.5 15.0 3.5 15.0 3.5 

12 February 1980 18.5 2.5 18.5 3.0 18.5 3,0 19.0 3.0 

13 February 1980 22.0 6.0 22.9 6.5 22.4 6.1 22.3 5.9 

Mean 22.0 6.0 22.9 6.5 22.4 6.1 22.3 5.9 

Mean difference between 
shade treatment and +0.9 +0.5 +0.4 +0.1 + 0.3 ~0.1 

no shade 
----- --- -

* The thermometer in each shade house was situated on a white wooden post, placed at 
the middle of the plot, and was 25 em above ground level; it was oriented to 

the south. 

f-' 
--.J 
o 
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APPENDIX 6: The relationship between seed number and seed 

* weight of yarrow. The highest and lowest weight 

is given in parenthesis. 

Mean Seed 
Number Of Number Of Weight Per 
Seed Lots Seeds Per Lot 100 Seeds 

(mg) 

200 100 16.1 
(15.5 - 16.4) 

* Seed dried to constant weight at 30
o

C. 



APPENDIX 7: The percentages of the total available photosynthetically 

* 

* 

active radiation (PAR) received at the surface of the 

yarrow populations in the crops and in pure stand. 

value is a mean of 5 measurements (Chapter 4) . 

Each 

Weeks After Seedling 
Pure Stand Yarrow in Barley Yarrow in Peas 

Emergence 

3 100 Not available Not available 

6 100 7 36 

9 100 6 27 

12 100 14 51 

15 100 21 84 

PAR received by the yarrow populations in association with the crops 

were measured between two crop rows in their appropriate stands. 
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APPENDIX 8: Plant growth analysis - an outline of the basic concepts 

involved, 'classical' and 'functional' approaches, and 

the clarification of the statistical procedures used in 

the current studies (Chapter 4). 

(i) Basic Concepts of Growth Analysis 

173 

Many workers have explained in detail the basic concepts of plant 

growth analysis and their physiological implications (e.g., Gregory, 1917; 

Blackman, 1919; Heath and Gregory, 1938; Watson, 1952; Whitehead and 

Myerscough, 1962). Measurements of total dry plant material present (a) in 

whole plant, (b) above ground level, or (c) as some distinctive plant 

fraction (e.g., root, stem or leaf) and the magnitude of the assimilatory 

system of that plant material as (a) leaf area, (b) total photosynthetic 

area, (c) leaf protein, (d) leaf chlorophyll, etc. (Watson, 1952; Williams, 

1946) over time are required to carry out a growth analysis. The above 

measurements can be expressed as a 'per plot' or 'per unit area of crop' 

basis. The concepts of growth analysis can be applied to these measure­

ments regardless of the basis on which they are expressed (Hunt, 1978). 

In the study of the quantitative changes occurring when seedling 

yarrow plants interfere with either the barley or pea crops, growth analysis 

was carried out on the relevant measurements and expressed on a 'per unit 

area of crop' (Chapter 4) • This was because the use of the other concepts 

which are designed exclusively for the study of the growth of plant popu­

lations (Watson, 1952) does not enable the evaluation of the changes in the 

specific leaf areas and leaf weight ratios of the different yarrow stands 

and the effects of these changes on their leaf area ratios. 

The general formulae for the attributes of growth of populations 

studied in Chapter 4 are: 

growth rates of leaf area 

growth rate of leaf weight 

LW dLW/
dt 

growth rate of stem weight 

SW dSW/
dt 
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growth rate of rhizome weight 

total growth rate 

W = dW/
d t , 

where 't' is the time period of growth and 'LA', 'LW' 'sw' 'R W' and , 'z' 
'w' are the leaf area, leaf weight, stem weight, rhizome weight and total 

plant weight/respectively. The other attributes studied included: 

relative growth rate (RGR) 

RGR x 
1 

x 
dx 
dt 

leaf area ratio (LAR) 

LAR LA/W 

where 'x' can be LA, LW, SW, R W or W. 
z 

specific leaf area (SLA) 

SLA 
LA 
LW 

leaf weight ratio (LWR) 

LWR 
LW 
W 

net assimilation rate 

NAR 
1 

LA 
dW 
dt 

the letter symbols are as described above. 



The SLA and LWR are inter-related as: 

LA 
W 

LA 
LW 

x LW 
W 

(Radford, 1967). 

RGR, LAR and NAR are inter-related as: 
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At any instant of time, 

1 
W 

dW 
dt 

LA 
W 

x 
1 
LA 

dW 
dt 

(Briggs, Kidd and West, 1920). 

(ii) 'Classical' and 'Functional' Approach to Growth Analysis 

In the 'classical' approach to'growth analysis, the mean values of 

the various plant attributes, described above, are calculated over a given 

time interval (Radford, 1967). There are many limitations in this 

approach (Hughes and Freeman, 1967); the necessity to make assumptions 

regarding the complex phy~iological relationships between LA and W, which 

may deviate from the assumed linear relationship owing to the ontogenetic 

drifts of the population and the effects of the changing ambient conditions, 

has been indicated as one of the major drawbacks of the 'classical' 

approach to growth analysis (Radford, 1967). 

To overcome the major limitations in the 'classical' method of growth 

analysis, the 'functional' approach, which uses regression procedures, was 

evolved; Kvet et al. (1971) provides a complete description of this method. 

The principle of this method consists of choosing a suitable mathematical 

function, represented by a smooth curve, which best fits the recorded LA or 

dry weight values of LW, SW, R W or W; the fitted curve then approximates 
z 

the real growth curve. Fitted values of data are extracted from the smooth 

curve and used to calculate instantaneous values of other growth attributes 

described earlier (e.g., RGR, LAR, SLA, LWR, NAR, etc.). Their time course 

can be followed by plotting these derived values against time. 

The regression equations derived for LA, LW, SW, R W and W can be 
z 

linear, quadratic, cubic or of a higher order. In their generalized form, 

they can be represented as: 

Log LA 
e 

Log LW 
e 

1 
a

2 
+ b

2
t +. . . . . . . . . . . . . . . 



Log SW 
e 

Log W 
e 
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1 
a

3 
+ b

3 
t +. . . . . . . . . . . . . . 

+ 

The RGR of these plant attributes are derived by differentiation of 

the appropriate equation -

1 
LA 

1 
LW 

1 
SW 

1 
W 

1 
R W 

z 

dLA 
dt 

dLW 
dt 

dSW 
dt 

dW 
dt 

dR W 
z 

dt 

d CLogeLA) 

dt 

d (Log LW) 
e 

dt 

d (Log SW) 
e 

dt 

d (Log R W) 
e z 

dt 

d (Log W) 
e 

dt 

The various ratios were derived as follows: 

LAR 

SLA 

LWR 

LA 
W 

LA 
LW 

LW 
W 

= 

antilog (Log . LA - Log W) 
e e 

-
antilog (Log LA - Log LW) 

e e 

antilog (Log LW - Log W) 
e e 

I. 
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The NAR was obtained by: 

RGR 
w 

LAR 

d(Log W) 
e • 

dt 
antilog (Log LA-Log W) 

e e 

(iii) Statistical Procedures Used in Plant Growth Analysis (Chapter 4) 

The details of the statistical procedures followed are given in 

the Algol computer programme written by Hughes and Freeman (1967). 

Bourdot (1980) re-wrote the programme in Fortran and modified it to enable 

the fitting of polynomials of a higher order than cubics and the calcu­

lation of the variance of derived ratios and NAR when Polynomials of 

different orders were fitted to W and LA. It is this modified programme 

that was used for the analysis of the data in Chapter 4. 

Before the above computer programme was used, an analysis of 

variance of the orthogonal regression components was carried out on the 

relevant raw dry weight and leaf area data of the seedling yarrow and 

crops. In yarrow, the data subjected to this analysis were LW, SW, R W, 
z 

W and LA (Appendices 9A, 9C), while in the barley and pea crops their 

respective Wand LA were analysed (Appendix 9B). The best fit regression 

was chosen depending on the highest component declared significant for 

the tQme component. For example, in Appendix 9A, a cubic function was 

fitted to log yarrow leaf area factor. 
e 

(a) Curve fitting: A generalization of the statistical procedures 

followed in the calculation of the variance of the different growth analysis 

ratios and NAR when log A and log W were described by a quadratic and 
e e 

cubic function, respectively, as in Appendix 9B (barley crop in association 

with yarrow) is given below: 

Fitted cubic equation to log W: 
e 

Log W 
e 

23' 
a + bt + ct + dt +, e 

-1.776 + 2.89531 t - 0.3371111 t
2 + 0.013095679 t

3 

where the terms a, b, c, and d represent the 'true' curve 

(1) 

and e the error of observations. The errors are assumed to be independent 

and normally distributed with zero mean and same variance; they usually 

cancel out. 

. I 

. 1 



where 

and 
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It is convenient to present equation (1) as follows: 

(2 ) 

Const 1 Const 1 

Lin t + A Lin t - 7.50 

quad t
2 + Bt + C quad t

2 
15.00 t + 45.00 

cub t
3 2 3 

- 22.50 
2 

+ Dt + Et + F cub t t + 

150.30 t - 283.50 

A 

B 

E OConst) t] 

E(Const) 

E (Lin) t
2 

E(Lin) t 

C - E OConst) t
2

] + B E Oconst) t] 

D 

E 

F 

E(quad) t
3 

E(quad) t~ 

E(Const) 

E OLin) t
3

] + D E OLin) t
2

] 

E OLin) t] 

E(Const) t
3 

+ D E(Const} t
2 

+ E E(Const} t 

E(Const) 

-7.50 

-15.00 

45.00 

-22.50, 

150.30 

-283.50 



The coefficients aI' b
l

, c
l 

and d
l 

are estimated by the 'least 

squares' method: 

1 
== -- E (log W) 

n e 

E (lin) (log W) 
e 

E (Lin)2 

E (quad) (log W) 
e 

E(quad)2 

E (cub) (log W) 
e 

E(cub)2 

Variance 

2 
o 
n 

2 
o· 

E (lin) 2 

E(quad)2 

2 
o 

E(cub)2 

N.B. Summation is carried out over all data values; in this example, 

(n == 4 harvests x 6 replicates == 24) . 

By excluding the (cub) and d
l 

calculation and using the same 

procedure as above, a quadratic equation. was fitted to "log LA : 
e 

l·og LA 
e 

2 
a + bt + ct + e 

7.558 + 0.93752 t - 0.0770806 t
2 

+ e 

The error variance for log W: 
e 

2 
o 

log W 
e 

error SS 
error d.f == 

7.66 
15 

0.5107 
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(3) 



2 
The error variance for log LA ( cr LA), where a quadratic 

e log 
e 

function was fitted, is estimated by adding the sums of square of cubic 

component into the error sums of square (error SS) and div~dingby the 

revised degrees of freedom (d.f.): 

The 

2 
cr W 

log 
e 

2 
cr LA 

log 
2.41 + 24.49 

16 
e 

2 
of a fitted value cr W 

log 
e 

1 (lin)2 2 
[ -+ + 

(quad) 
n [(lin)2 [(quad) 2 

1.6813 

in equation (2 ) is calculated by: 

2 
+ 

(cub) ] 
[(cub)2 

The square root of (4) gives the standard error of the fitted 

value of t,og W. 
e 

Similarly for equation (3): 

The square root of (5) gives the standard error of the fitted 

log LA value. 
e 

The confidence limit of the fitted value is calculated by 

multiplying the standard error of the fitted value by the two tailed 

95% probability Students t value (t15eO.05) for logeW and t 16 (0.05) for 

log LA) . 
e 

(b) Derived functions from the fitted curves: 

1 
X 

dX 
dt 

d(Log X) 
e-

dt 

where 'X' can be LA, LW, SW, R W or W 
z 
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I 

i" 
I, .. 

(4) 
, ' 

(5) 



= d. Cal + b l (lin) + c l (quad) + d l (cub) ] 

dt 

b
l 

+ c
l 

(2 t + B) + d
l 

(3 t
2 + 2 Dt + E) 

variance of a fitted RGR value: 

0
2 W [. J (2t + -B) 2 (3 t 2 + 2 Dt + E) 2 

loge L(lin)2 + L(quad}2 + L(cub)2 

Square root of (6) gives standard error; the confidence limit 

of fitted RGR value is obtained in a similar way as described above. 

LAR 
LA 

W 
antilog (log LA - log W) . 

e e 
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(6 ) 

Variance of a fitted LAR value when quadratic and cubic functions 

have been fitted to log LA and log W respectively, are calculated as 
e e 

follows: 

2 1 (lin)2 2 2 
0 W [ -+ + 

(quad) 
+ 

(cub) ] log n L(lin}2 L(quad)2 L(cub}2 e 

(lin) 
2 2 

2 
- 2 c) [~+ (quad) ] + (0 1 LA + 

age n L (lin) 2 L(quad)2 

The 'c' in the above expression represents the covariance of the 

data of log Wand log LA: 
e e 

residual sum of products in ANOVA# 
error degrees of freedom 

#Analysis of variance 



The LWR and SLA are obtained in a similar way. 

NAR 
1 

LA 
dW 
dt 

RGR 
LAR 

1 
W 

dW LA .. 
dt W 
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Variance of a fitted NAR value when quadratic and cubic functions 

are fitted to log LA and log W 
e e 

where 

[ ri (fitted RGR) ] + [(fitted RGR) 2 x 0-
2 (fitted LAR) ] 

(fitted LAR) 2 

_ [2 fitted RGR 
fitted LAR 

x Cov (fitted RGR, fitted LAR) 

Cov (fitted RGR, fitted LAR) 

0-2 W (fitted LAR) (lin + quad(2t + B) 
loge E(lin)2 E(quad)2 

0- 2 W (fitted LAR) [lin + quad (2 t + B) + cub (3 t
2 

+ 2 Dt + E) ] 
loge E(lin)2 E(quad)2 E(cub)2 

+ c ( . LAR) [ lin f2tted + 
E(lin)2 

quad (2t + B) 

E (quad) 2 
] 

Standard errors and confidence intervals are calculated as 

described previously. 



APPENDIX 9A: Partitioned time sums of squares (obtained by ANOVA/of the appropriate raw data of seedling 

yarrow) by the use of orthogonal polynomials.# 

3 to 15 wee~s after seedling emergence. 

The time scale of the experiments was from 

Source d. f. Log LW Log SW Log W Log LA 
e e e e 

(i) Yarrow/Barley Experiment 

Time 4 998.83* 488.18* 716.39* 348.48* 
Linear 1 837.59* 449.17* 636.84* 331. 92* 
Quadratic 1 143.41* 22.98* 66.83* 1.16 ns. 
Cubic 1 14.04* 12.84* 11.47* 10.65* 
Quartic 1 (3.79) ns (2.19) ns (1.25) ns (4.75) ns 

Error 50 235.50 225.47 183.60 194.91 

(ii) Yarrow/Pea Experiment 

Time 4 1391. 82* 681.10* 980.11* 484.29* 
Linear 1 1231. 71* 648.90* 908.13* 464.11* 
Quadratic 1 135.41'" 15.67* 56.14* 9.72* 
Cubic 1 22.83* 16.47* 14.39* 10.32* 
Quartic 1 (1. 87) ns (0.06) ns (1.45) ns (0.14) ns 

Error 50 120.87 171.80 123.02 132.18 

(iii) Yarrow in Pure Stand Log R W 
e z 

Time 2 58.26* 
Linear 1 57.35* 
Quadratic 1 (0.91) ns 

Error 10 12.38 

#The details of the method of partitioning are given in Steel and Torrie (1960), Chapter ~f 
(a) Probability (95%) was tested against error variance W~'th the appropriate degree of freedom: 

* = significant; ns = not significant. 
(b) Values which were subsequently pooled with the error rm are given in parenthesis. 
(c) Each experiment was replicated 6 times. \ 

IAnalysis of variance. 

\ 
\ 
\ 

\ 

\ 
\ 
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CP 
w 



APPENDIX 9B: Partitioning of the time sums of squares (obtained by the ANOVA/of 

the appropriate raw data of the crops) by the use of orthogonal 

polynomials.# Time scale of the experiments was from 3 to 12 weeks 

after seedling emergence. 

(i) 

(ii) 

#The 
(a) 

(b) 
(c) 

Source d.L Log W Log LA 
e e 

Barley in Association with 
Yarrow 

Time 3 75.10* 50.15* 

Linear 1 60.01* 19.88* 
Quadratic 1 12.91* 27.86* 
Cubic 1 2.18: * (2.41) ns 

Error 15 7.66 24.49 

Peas in Association with Yarrow 

Time 3 145.67* 52.19* 

Linear 1 133.44* 32.82* 
Quadratic 1 11.50* 18.49* 
Cubic 1 (0.73) ns (0.88) ns 

Error 15 7.08 7,38 

details of the method of partitioning are given in Steel and Torrie (1960), Chapter~i 
Probability (95%) was tested against error variance with the appropriate degree of 
freedom: * = significant; ns = not significant. 
Values which were subsequently pooled with the error term a:o::e given in parenthesis. 
Each experiment was replicated 6 times. 

/ 1 . f . Ana ys~s 0 var~ance. 

I-' 
CD 

*'" 



APPENDIX 9C: Partitioned time sums of squares (obtained by ANOVA/of the appropriate raw data of 

yarrow) by the use of orthogonal polynomials.# Time scale of the experiments was 

from 15 to 33 weeks after seedling emergence (i.e., up to 18 weeks after the crops 

were harvested) . 

Source d.f. Log LW Log R W Log W Log LA 
~ e z e e 

(i) Yarrow/Barley Experiment 

Time 3 57.23* 275.71* 46.01* 28.28* 

Linear 1 6.77* 220.39* 25.24* 2.13 ns 
Quadratic 1 49.47* 44.02* 14.25* 18.06* 
Cubic 1 (0.99) ns 11. 30* 6.51* 9.09* 

Error 39 83.67 144.14 79.90 103.77 

(ii) Yarrow/Pea Experiment 

Time 3 38.15* 152.60* 21.92* 52.47* 

Linear 1 13.79* 111.65* 4.20* 20.11* 
Quadratic 1 21.73* 27.06* 12.15* 27.68* 
Cubic 1 (2.63) ns 13.88* 5.56* 4.68* 

Error 39 45.75 93.25 3~.36 44.88 
- - - -~-----

#same as in Appendix 9A. 

I . . 
Analysls of varlance 

I 

I 
I 

i 

I 
I 

I 

I 

I-' 
CXl 
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APPENDIX 10: 
-2 * The observed means m of the natural logarithms of LA, 

LW, SW, R Wand W of yarrow at different times after seedling 
z 

emergence (Chapter 4) • 

Weeks After Seedling Emergence 

3 

Leaf Area (LA) 

Yarrow in pure stand 4.0 

Yarrow in pea crop 4.l 

Yarrow in barley crop 4.0 

Leaf Weight (LW) 

Yarrow in pure stand -4.8 

Yarrow in pea crop -4.8 

Yarrow in barley crop -4.8 

Stem weight (SW) 

Yarrow in pure stand -2.2 

Yarrow in pea crop -3.1 

Yarrow in barley crop -3.3 

Rhizome Weight (R W) z-
Yarrow in pure stand 0 

Yarrow in pea crop 0 

Yarrow in barley crop 0 

Total Weight ew) 
Yarrow in pure stand -2.1 

Yarrow in pea crop -2.9 

Yarrow in barley crop -3.0 

* 2 The original values for LA were in em 
. -2 
l.n g m 

6 9 12 15 

6.3 9.8 10.6 10.7 

5.4 6.1 7.4 8.7 

3.4 3.9 4.4 6.7 

1.3 4.9 5.8 6.2 

-0.6 1.6 1.8 6.0 

-1.8 -0.5 -1.0 1.5 

0.2 3.1 4.7 5.6 

0.2 0.7 0.4 2.5 

-2.1 -1.4 -1.2 -0.9 

0 1.1 2.7 3.8 

0 0 0 2.3 

0 0 0 -4.6 

2.2 5.1 6.2 6.7 

0.7 2.0 2.1 6.1 

-1.2 0.7 -0.4 1.7 

-2 
m and for LW, SW, R Wand W 

z 



APPENDIX 11: -2 * The observed means m of the natural logarithms of 

LA and W of the barley and pea crops at different times 

after seedling emergence (Chapter 4) . 

Weeks After Seedling Emergence 

3 6 
- -9 .12 

Leaf Area· (LA) 

Pure stand of peas 8.3 9.3 10.3 9.9 

Pea crop with yarrow 8.3 9.8 10.5 9.8 

Pure stand of barley 9.5 10.5 9.7 8.4 

Barley with yarrow 9.6 10.7 9.4 7.8 

Total Weight eW) 

Pure stand of peas 3.1 4.7 6.2 6.6 

Pea crop with yarrow 3.2 5.0 6.4 6.5 

Pure stand of barley 4.2 6.1 6.4 6.9 

Barley with yarrow 4.2 6.3 6.5 7.1 

* 2 -2 The original values for LA were in cm m and for 
. -2 

W l.n g m 
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APPENDIX 12: 
-2 * The observed means m of the natural logarithms of LA, 

LW, SW, R W, and W of yarrow after the barley and pea crops 
z 

were harvested. The number of weeks from crop harvest are 

in parenthesis (Chapter 4) . 

Weeks After Seedling Emergence 

15 21 27 33 

188 

(0 ) (6) (l2 ) (18) 

Leaf Area (LA) 

Yarrow in pure stand 10.7 10.8 9.3 8.0 

Yarrow previously in pea crop 8.7 10.6 9.6 8.6 

Yarrow previously in barley crop 6.7 8.6 7.9 7.9 

Leaf Weight (LW) 

Yarrow in pure stand 6.1 6.7 5.1 3.7 

Yarrow previously in pea crop 2.3 5.4 5.9 5.7 

Yarrow previously in barley crop 1.5 3.8 3.3 1.6 

stern Weight (SW) 

Yarrow in pure stand 6.0 7.1 6.0 4.8 

Yarrow previously in pea crop 4.4 5.5 4.1 4.2 

Yarrow previously in barley crop -0.8 -0.1 2.2 3.4 

Rhizome Weight (R W) 
z-

Yarrow in pure stand 3.8 6.3 5.7 5.7 

Yarrow previously in pea crop 2.3 5.4 4.9 5.7 

Yarrow previously in barley crop -4.6 2.2 1.4 3.3 

Total Weight (W) 

Yarrow in pure stand 6.7 7.9 6.3 6.3 

Yarrow previously in pea crop 6.l 6.9 5.8 6.1 

Yarrow previously in barley crop 1.7 4.0 3.7 4.4 

* The original 
-2 

in g m 

2 -2 
values for LA were in ern m and for LW, SW, R Wand W 

z 

1-



APPENDIX 13: Vegetative development and sexual reproduction in spring­

germinating seedling yarrow (Chapter 4). 

Yarrow is an important weed in the arable lands of the Canterbury 
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Plains in New Zealand (Bourdot, White and Field, 1979). It has the ability 

to propagate by vegetative and sexual means, and is known to produce large 

quantities of rhizomes and seeds which are a potential source of infestation 

of farming lands. The seedling plants that emerge after spring cultivation 

grow in association with crops and often become a problem weed in white clover 

(Trifolium repens) seed crops, pea (Pi sum sativum) , beet (Beta vulgaris) and 

bean (Phaseolus vulgaris) crops (Kannangara, unpublished). 

It is evident from the recent literature review on yarrow (Bourdot, 

1980) that the information on the biology of seedling plants is sparse. The 

life history studies of yarrow seedlings, conducted by Bourdot (1980), were 

carried out on individual plants growing in undisturbed and interference-free 

environment. However, a population of seedling yarrow growing on an arable 

land may show marked variation in their development. The present observations 

were carried out to obtain a better understanding of the vegetative development 

and sexual reproduction of a spring-emerging seedling yarrow population growing 

on arable land. 

The experimental site and design (Section 4.2.1), soil sterilization 

method (Section 4.2.2), seedling density of yarrow (Section 4.2.3), yarrow seed 

used (Section 4.2.4), and the establishment of the pure yarrow stand 

(Section 4.2.5) are detailed in Chapter 4. The sampling procedure, measure-

ments, and observations made are as follows. 

Taking 5 October 1979 as the time of seedling emergence, weekly samples 

were taken over a period of 21 weeks. Plants within a randomly selected 
2 

quadrat area of 0.12. m were removed from each replicate at each sampling, care 

being taken to ensure that the least possible damage occurred to the subterranean 

parts of the plants. The soil was carefully washed from the subterranean parts 

of the plants. The plants from the 6 replicates were bulked together. 

During the first 7 samplings, the plants were separated into different lots, 

based on their visual size; at the following 6 samplings the plants were 

categorized on the presence or absence of rhizomes. From the 14 to 21 samp-

ling, the presence or absence of flowering stems was the criterion for grouping 

the plants. 

At each sampling, the group with the highest number of yarrow plants was 

taken to be representat~ve of its development stage, and a few of these plants 

were photographed to record their developmental stage (Plates ~ - 9) . 
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On 15 February 1980, when the first formed inflorescences were 

dehydrating, the number of flowering stems and capitula in a quadrant area 
2 

of 0.24 m was recorded in each replicate. Two hundred mature capitula, from 

which no obvious seed shedding had occurred, were randomly selected from each 
-1 

replicate and carefully dissected to determine the number of seed capitulum . 
-1 

The product of the mean seed number capitulum and total number of capitula 

gave an estimate of total seed production per unit area. 

ments are summarized in Appendix 14. 

The above measure-

After 21 weeks from seedling emergence, further visual observations 

were made, until 14 September 1980, to determine the time period of seed 

shedding, germination of shed seed, and fate of the parent plant. The 

observations and measurements made on spring-emerging seedling yarrow plants 

together with other information collected throughout the study period, were 

used to compile the life history diagram presented in Appendix 15. 



* APPENDIX 14: Components of seed yield in a population of spring-emerging seedling yarrow. 

Each value is a mean of six replicates. 

in parenthesis.) 

Flowering Stems Capitula Seed 

(The maximum and minimum values are given 

# 
Seed Estimated 

-2 -2 -1 
Weight -2 

Cq.pit;.ulum (mg) Seeds m m m 

127.0 12,319.0 19.7 0.158 242,684 

(124.0 - 131.0) (10,788.0 - 16,330.0) (16 - 25) (0.156 - 0.162.) (72,608 - 408,270) 

----- -- ----

* -2 Mean population size - 57.5 plants m 

#seed dried to constant weight at 30C. 

N 
o 
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APPENDIX 15 

Life history of spring --... ) and autumn (-----.) 

germinating seedling yarrow. 

* Vegetative/rhizome-growth and development. 

......• Growth and development of the parent plant after 
seed maturity. 



Rhizomatous plant 
continues growth 

and development 
with the onset of 

spring 

• 
-

Late Autumn and Winter 

*: Seeds shed in late 
autumn remain dormant 

in winter 

~ May to August 
-

.Flower stem die-back 
in late autumn 

to early winter 

• Death of older and 
larger leaves and 

production of thick 
small leaves 

• Plant over-winters 
as rosette 

• Rhizome growth and 
development in 

winter 

Late summer and autumn 

Seed maturity and 
shedding 

February to May, 

.> ••••• ~ 

Spring 

Seed germination and establishment 
of plants 

September to November 

Early Spring 

Seedlings with 12 to 14 
leaves initiate rhizome ,/ 

/ 
production ./ 

Mid-September .,. 
I 
I * 
I 
I 

,I 

Late summer to mid-autumn 

Seeds germinate and seed-
lings over-winter as 

V rosette plants 

February to April 

Summer to early autumn 

Flower stem elongation and 
flowering 

Late December to March 

L ______ _ 

_~ I 

-., 

. * I 

_J 

tv 
o 
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Appendix 16: The procedure of chemical analysis of the yarrow, 

barley and pea plant material to determine N, P and K 

levels (Chapter 5). 

Reagents and Standards 

1. 0.1 N sodium hydroxide solution (for autoanalyser dilution and 

neutralization) . 

2. Vanadomolybdate KMV solution (for P determination) : 

(i) 12 g ammonium molybdate was dissolved in 140 ml distilled 

202 

o 
water by warming to 50 C and the solution was allowed to cool 

to room temperature. 

(ii) 88 ml of concentrated nitric acid was added to 250 ml distilled 

water. 

(iii) The cooled solution of ammonium molybdate (i) was added to the 

nitric acid solution (ii) and mixed well. 

(iv) 2.5 g of ammonium metavanadate was dissolved in 100 ml of 

0.2 N sodium hydroxide. 

(v) 24 ml of the ammonium metavanadate solution (iv) was added 

to the ammonium molybdate/nitric acid solution (iii) and 

mixed ~ell. 

3. 2.8 N sodium hydroxide solution (for P determination). 

4. Catalyst (for Kjeldahl digestion). 

1 g elemental selenium (LR) was thoroughly mixed with 100 g anhydrous 

sodium sulphate (AR). 

5. Concentrated sulphuric acid (AR) (for Kjeldahl digestion). 

6. Standards. 

(i) Stock matrix solution: 

20 ml concentrated and 15.5 g of anhydrous sodium sulphate 

mixed in a 100 ml volumetric flask and the solution was 

made up to the 100 ml mark. 

added. 

No elemental selenium was 
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(ii) Stock composite solution: 

471.65, 43.9 and 170.25 mg of anunonium sulphate, potassium 

dihydroxen phosphate, and potassium chloride, respectively, 

were dissolved in 100 ml distilled water. This solution 

had 100, 10, and 100 mg N, P and K/respectively. 

(iii) Working series solutions (working standards): 

Procedure 

(a) 0, 2, 4, 6, and 8 ml of the stock composite was pipetted 

severally, into separate 100 ml volumetric flasks. 

(b) 10 ml of stock matrix solution was added into each volu­

metric flask and made up to the 100 ml mark. 

(i) Sample preparation: 

(a) The shoot material of each plant species, from each treat­

ment, was ground separately into a fine powder using a 

'cyclone' electric grinder. 

(b) The ground plant material was oven dried to a constant 

. h 0 welg t at 80 c. 

(ii) Kjeldahl digestion: 

(a) 0.1 g of ground and oven dried plant material from each 

treatment was weighed and transferred into separate 

100 ml 'Tecator' digestion tubes. 

(b) Approximately 1.5 g of the catalyst (4) and 3 ml concen­

trated sulphuric acid (6) were added into each of the 

above digestion tubes. 

(c) These digestion tubes were then heated for 1.5 h at 

420
o

C, until the charring disappeared, and for a further 

1.5 h at 240
0

C and then allowed to cool to room temperature 

before making up to a 100 ml mark with distilled water. 

(iii) Analysis: 

(a) Nitrogen (N) 

Aliquots from each digest solution (sample standard) 

were run through an autoanalyser to determine N. 

Before and after each run of a sample standard, the 

series of working standards were run as checks. 
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(b) Phosphorus (P) 

(i) To 20 ml of each sample standard and working 

standard,S ml of 2.8 N sodium hydroxided (3) was 

added and mixed well. Then, 5 ml of KMV reagent 

(1) was added into each standard and mixed well. 

These solutions were allowed to stand for 15 

minutes. 

(ii) Light absorbance at 420 nm was measured in each of 

the above solutions, using a Shimadzu uv 110 

spectrophotometer. 

(c) Potassium (K) 

(i) To 5 ml of each sample standard and working 

standard, 15 ml of distilled water was added. 

(ii) Atomic absorption or emission at 766.7 nm was 

measured in each of the above solutions using an 

air-acetylene flame. 

Calculation of total N-P-K in plant material 

The amounts of N, P, and K present in the total plant material of 

each species, in each treatment, was calculated by substituting their 

appropriate values in the following generalized formula: 

where n 

n 
0.1 

x y 

mg of N, P or K present in 0.1 g of the plant 

material, 

y total dry weight of plant material. 



Appendix 17: The per plant yields* of dry weight, nitrogen, phosphorus, and potassium of 

yarrow and crop# plants grown both in monoculture and in mixtures. 

(Chapter 5 - ExPeriments 3 and 4.) 

Mean weight 

Plant density (number of yarrow plants:number of crop plants 

4:0 3:1 2:2 1:3 0:4 

Dry weight (g) 

Yarrow/barley experiment 0.36 0.20; 2.72 0.11; 2.18 0.08; 1.66 1.41 
Yarrow/pea experiment 0.34 0.29; 1.64 0.26; 1. 36 0.25; 1.04 0.84 

Nitrogen (mg) 

Yarrow/barley experiment 9.18 7.60; 25.70 6.25; 21.30 6.20; 18.47 16.90 
Yarrow/pea experiment 9.73 8.57; 83.60 7.95; 65.20 8.20; 49.03 41.80 

Phosphorus (mg) 

Yarrow/barley experiment 10.38 9.40; 15.70 8.30; 15.70 8.70; 13.60 13.08 
Yarrow/pea experiment 10.20 8.57; 45.40 6.95; 41.35 5.30; 36.03 33.35 

Potassium (mg) 

Yarrow/barley experiment 15.33 13.90; 34.60 12.25; 34.55 13.50; 32.10 30.88 
Yarrow/pea experiment 15.55 12.63; 54.80 9.~5; 46.35 8.70; 39.30 35.10 

'-----. --

* Forty-nine days after seedling emergence from the soil. 
# Experiment 3: The crop was barley; Experiment 4: The crop was field peas. 

N 
o 
U1 
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Appendix 18: Partitioned sums of squares of relative yields (obtained by 

the analysis of variance of the appropriate relative yield 

data) by the use of orthogonal polynomials#. Significance was 

tested as 95% probability. (Chapter 5: Exp~riments 3 and 4.) 

Source d.L rW rN rp 

(i) Experiment 3 

Yarrow 4 3.940 * 3.670 * 4.144 * 

Linear 1 3.279 * 3.630 * 4.054 * 
Quadratic 1 0.598 * 0.036 * 0.014 * 

Cubic 1 0.057 * 0.003 * 0.068 * 

Quartic 1 0.006 ns 0.001·* 0.008 * 

Error 20 0.083 0.0001 0.00009 

Barley 4 4.229 * 4.763 * 5.875 * 

Linear 1 3.663 * 3.721 * 3.864 * 

Quadratic 1 0.553 * 1.041 * 2.003 * 

Cubic 1 0.008 ns 0.001 ns 0.005 ns 

Quartic 1 0.005 ns 0.0001 ns 0.003 ns 

Error 20 0.108 2.772 1.882 

(ii) Experiment 4 

Yarrow 4 3.895 * 3.792 * 3.649 * 

Linear 1 3.680 * 3.769 * 3.577 * 

Quadratic 1 0.214 * 0.020 * 0.054 * 

Cubic 1 0.001 ns 0.002 * 0.013 * 

Quartic 1 0.001 ns 0.001 * 0.005 * 

Error 20 0.045 0.003 0.003 

Peas 4 3.729 * 3.900 * 3.636 * 

Linear 1 3.375 * 3.437 * 3.441 * 

Quadratic 1 0.306 * 0.433 * 0.147 * 

Cubic 1 0.038 * 0.027 * 0.037 * 

Quartic 1 0.010 ns 0.003 * 0.011 * 

Error 20 0.046 0.007 0.009 

# Method of partitioning of sums of squares is detailed in 

Steel and Torrie (1960). 

r
K 

3.619 * 

3.604 * 

0.001 * 

0.009 * 

0.005 * 

0.00002 

3.600 * 

3.754 * 

1.003 * 

0.004 ns 

0.004 ns 

2.763 

3.762 * 

3.730 * 

0.030 * 

0.001 ns 

0.001 ns 

0.007 

3.522 * 
3.242 * 

0.207 * 

0.065 * 

0.009 * 

0.008 



Appendix 19: Partitioned sums of squares of relative yield totals (obtained by the analysis of variance 

of the appropriate RYT data) by the use of orthogonal polynomials#. 

tested at 95% probability. (Chapter 5: Experiments 3 and 4/ .) 

Source d. f. RYT
W 

RYT
N 

RYTp 

(i) Yarrow/barley experiment 

RYT 4 0.0746 * 0.00037 ns 0.001753 ns 

Linear 1 0.0697 * 0.00026 * 0.001643 * 

Quadratic 1 0.0048 * 0.00008 ns 0.000090 ns 

Cubic 1 0.0001 ns 0.00002 ns 0.000015 ns 

Quartic 0.00003 ns 0.000005 ns 0.000005 ns 

Error 20 0.0032 0.00076 0.00724 

(ii) Yarrow/pea experiment 

RYT 4 0.1796534 * 0.2033867 * 0.0028827 ns 

Linear 1 0.0016017 * 0.0022817 * 0.0026923 * 

Quadratic 1 0.1710012 * 0.1914298 * 0.0001702 ns 

Cubic 1 0.0064067 * 0.0091266 * 0.0000151 ns 

Quartic 1 0.0006438 * 0.0005486 * 0.0000051 ns 

Error 20 0.0040667 0.0026533 0.0063257 

# Method of partitioning of sums of squares is detailed in Steel and Torrie (1960). 

I Experiment 3: (i)i Experiment 4: (ii). 

Significance was 

RYT
K 

0.000067 ns 

0.000058 * 

0.000007 ns 

0.000002 ns 

0.000000 ns 

0.000253 

0.0027467 ns 

0.0025732 * 

0.0001627 ns 

0.0000106 ns 

0.0000002 ns 
, 

0.0154743 ns I 

N 
o 
-.-J 
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