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Abstract

Wild radish (Raphanus raphanistrum L.) is a major weed of winter crops

including wheat (Triticum aestivum L.) in southern Australia. It is one of the most

serious and competitive broad-leaved weed species on Australian farms. Despite arange

of chemical and non-chemical management techniques, wild radish appears to be

increasing in abundance and distribution. The literature review revealed that wild radish

has strong competitive ability with field crops, as well as features that contribute to its

persistence in the field. There is a lack of information about the effects of wild radish

and wheat densities on interspecific competition and reproductive output of wild radish.

Moreover, the literature review indicated that the mechanism of wild radish seed

dormancy is not clear and there is confusion about the relative contribution of pod and

seed coat to the expression of seed dormancy.

Field experiments investigating the nature and extent of interference in

monocultures and mixtures of wild radish and wheat were conducted in 2003 and 2004

at Roseworthy, South Australia (Chapter 3). Intraspecific and interspecific interference

between wild radish and wheat was investigated in the field using an additive series

design. The experiments were established as a factorial combination of wheat (0, 100,

200 and 400 plants/m2) and wild radish (0, 15, 30 and 60 plants/m2) densities. Wild

radish was superior to wheat in both interspecific and intraspecific interference. There

was evidence for niche differentiation indicating the two species are only partly limited

by the same resources. Wheat ear density was the yield component most influenced by

both wheat and wild radish density. The results indicated that higher densities of wheat

were able to suppress seed production of this weed species. From apractical view point,

this study shows that increased wheat density in the range of 200-400 wheat plants/m2

can reduce wild radish seed production as well as crop yield loss and could be an

important component of an integrated weed management program. The hyperbolic

models provided a good fit to the data on wheat yield loss due to wild radish density.

There was also a hyperbolic relationship between wild radish seed production and wild

radish density under different wheat densities.

Studies on seed dormancy showed that wild radish employs a combination of

mechanical (pod and seed coat) as well as physiological mechanisms of dormancy.

These mechanisms enable this species to be a persistent problem in cropping systems in
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southern Australia. Studies also showed that expression of seed dormancy was

influenced by water stress during reproductive development. Therefore, variability in

spring rainfall could have a major influence on the level of dormancy in seeds of this

weed species produced in different growing seasons.

Simulation of wheat-wild radish interference with APSIM showed that the

model performance was excellent in the monoculture but only satisfactory in the

mixtures. Indeterminate growth habit of wild radish may have contributed to this

difficulty in simulating growth and reproductive output. The relationship between plant

height and stem weight in the model is assumed to be linear. However, research clearly

showed this relationship to be hyperbolic in nature. Incorporation of this change into the

model is expected to improve its prediction of plant growth in mixtures.
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CHAPTER 1.. INTRODUCTION

Weeds cause considerable reductions to the yield of crops by competing for

nutrients, moisture and light. Weeds affect both the quantity and quality of agricultural

products. They cause yield losses due to competition, and by acting as alternate hosts to

pathogens and insect pests. The presence ofweeds can lead to increased effort needed

during harvesting and indirectþ cause crop damage with the application of weed control

agents. Losses to crops caused by weeds vary with weed density, nature of weed

species, growth habit and vigour of the weeds, stage and period of weed competition,

relative time of crop and weed emergence and soil fertility.

Effective weed management is crucial for profitable farming systems. Improved

weed management, primarily through herbicide use, in the second half of the 20ü

century resulted in abundant food supply in developed nations (Kropff andLotz 1992).

However, the widespread and repeated use of herbicides led to the appearance of

herbicide resistant weed biotypes which has often increased the cost of weed control- In

the wider community this reliance on herbicides has also raised concerns about the

negative effects of herbicides on the environment. Over time, integrated weed

management (WM) strategies have been developed to decrease the amount of herbicide

use in the environment and also to enhance the effective life of available herbicides

(Cowan et aI. 1998). A successful IWM system requires an understanding of the impact

of a given population of weeds on crop yield and weed seed production (Chtrkoye et al.

lees).

An analysis of the annual costs of the 15 most important weed species in seven

winter crops across Australia showed that the financial cost of these weeds was

AU$1,182 million over the 1998-1999 growing season (Jones et a\.2005). The main

components of this cost were herbicides (AU$571 million), the competitive effects of

residual weeds (AU$3S0 million), and tillage (AU$206 million) while weed

contamination of grain was a minor cost (AU$25 million). Across all regions, the most

economically important weeds were annual ryegrass, wild oats, and wild radish.

Wild radish (Raphanus raphanistrumL.), a member of Brassicaceae family, is a

widespread annual weed of agriculture worldwide. It is an important weed of wheat in

Australia, England, Kenya and South Africa (Holm et al. 1977). It was first reported in

Victoria in 1860 and in NSV/ in 1867. Since that time it has spread throughout the



cereal growing areas of Australia @iggin et aI. 1978). V/ild radish is a winter annual

plant, which is one of the most common and competitive broad-leaved weed species on

Australian farms. The weediness of the species has been attributed to its strong

competitive ability with crops, flexible germination requirement, high reproductive

capacity, seed dormancy and seed bank longevity, the presence of herbicide resistant

populations and its ability to emerge and set seed at various times of the year

(Blackshaw et at. 1999; Code and Donaldson 1996). These characters of wild radish

make it difficult to control. Wild radish has a wide range of genetic polymorphism in

flowering time (Cheam 1986), flower colour (Holm et al. 1997), and herbicide

resistance (Hashem et al.200l; V/alsh et al.200I). This genetic diversity enables wild

radish to persist under different environmental conditions and management strategies.

To establish an effective IWM program in wheat, an understanding of wild

radish biology is required. Wild radish has developed multiple herbicide-resistance

across several modes of action Qìashem et al.200l Walsh et aL 2004). With the advent

of herbicide resistance in wild radish populations and cost of its chemical control, it is

desirable to seek alternative strategies which suppress weed growth in the current year

and also reduce the production of weed seeds that cause infestations in the following

years. Recent research on annual ryegrass (Lotium rigidum L.) has shown that increased

crop density can be used to minimize yield loss and achieve weed suppression (Gill and

Holmes 1997; Lemerle et at. 2004; Medd et al. 1985). Wild radish is a much more

aggressive species than annual ryegrass; would this strategy work for wild radish?

Would increased crop density reduce replenishment of the weed seedbank? It is

anticipated that the approaches taken in this thesis will shed light on these questions.

A successful weed management program for the control of wild radish cannot be

implemented without a clear understanding of the competitive interactions between wild

radish and field crops. Although many studies have documented the effects of densities

of wild radish on the reduction of wheat yield, there are few reports about the

comparative growth of wheat and wild radish in monoculture and mixtures. Moreover,

there is not enough available information about the effects of wheat on wild radish

growth and seed production. This thesis will also provide the biological data needed for

the development and validation of simulation models for interference between these two

plant species.

As knowledge of agriculture increases, qualitative results are replaced by

quantitative scientific results and mathematics can be used as a reliable tool for
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expressing biological hypotheses (Cheeroo-Nayamuth, 1999). To establish a successful

weed management strategy, quantitative knowledge on crop-weed interaction and

population dynamics is crucial (Bastiaans et aL 2000). Simulation models are valuable

tools which can be used to quantiff weed-crop competition. Agricultural systems are

very complex and it is nearly impossible to define this intricate system completely

through mathematical equations. However, mechanistic models are more reliable than

other approaches, because they can mimic the physical, chemical or biological

processes and describe how and why a particular behaviour occurs (Cheeroo-Nayamuth

te9e).

For the first time, Spitters and colleagues developed eco-physiological models

for interplant competition in the early 1980's. They aimed to obtain a better

understanding of the detrimental effects of weeds on crop productivity. Rather than just

focusing on the effects of weeds on the crop, studies should also highlight the effects of

the crop on weeds with particular emphasis on weed seed production @astiaans et aI.

2000). There have been few attempts at simulating wheat-wild radish interactions. A

simulation model for crop-weed competition will enable researchers to avoid the need

to repeat research under different environmental conditions'

Seed dormancy is essential for the survival of annual species in Mediterranean

areas and contributes to persistent weed infestation. Wild radish seeds are dormant at

the time of production (Cheam 1986), but the exact mechanism of seed dormancy in

wild radish has not been well described. There has been some confusion in the literature

about the relative contribution of the pod and seed coat in the expression of dormancy in

wild radish seeds. According to some researchers, wild radish dormancy is largely due

to the pod surrounding the seed (Cheam 1986), while others believe that the seed coat is

the major contributor to dormancy (Young 2001). There is a lack of information about

the effects of climatic factors on wild radish dormancy. Water deficit is a common

occurrence in spring in southern Australia, but the consequences of this stress on wild

radish seed dormancy have not been investigated. There is also a need to investigate the

effects of maternal environment, such as plant competition on wild radish seed

dormancy. This thesis will:

o review the literature on weed-crop competition, seed dormancy and

simulation models with a special focus on wheat-wild radish

relationships to develop a sound understanding of their impacts on each

other;
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a

a

a

a

study the effects of various densities of wild radish and wheat on growth

and yield of wheat in mixtures and monocultures;

quantiff the influence of various wheat and wild radish densities on wild

radish growth and seed production;

study the intra- and interspecific competition effects for wheat and wild

radish in monoculture and mixtures and assess the competitive ability of

wheat and wild radish;

assess the effectiveness of APSIM module for simulating the relationship

between wheat and wild radish; and

study seed dormancy behaviour in wild radish seeds.
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CHAPTER 2. REVIEW OF THE LITERATURE

2.1. lntroduction

'Weeds are detrimental to the productivity of agricultural systems. Jones et al.

(2005) reported that in 1997-98 growing season more than $4U571 million was spent

on herbicides in 7 major crops in Australia. In order to reduce herbicide usage for

environmental and economic reasons, integrated weed management strategies are

needed. A basic requirement for the development of integrated weed management

strategies is an understanding of the impacts of various factors that aflect weed-crop

competition, including the impacts of the densities of weeds and crops on each other.

Wild radish is one of the most widespread and troublesome weeds of winter

crops in southern Australia. This review aims to describe the biological attributes of

wild radish that enable this weed to be a successful and persistent weed on Australian

cropping systems. It also aims to identiff management strategies with the goal of

recognising current deficiencies and set directions for future research.

2.2.lmportant characteristics of wild rad¡sh

Before describing wild radish, characteristics of a successful weed are discussed

to determine whether wild radish possesses any of these features.

2.2.1.ldeal characteristics of a weed

Many researchers have catalogued a list of characteristics which describe a

successful weed (Baker 1974;Bazzaz 1990; Patterson 1982). These characteristics can

generally be classified as longevity (survival) aids and interference aids:

Longevity (survival) aids:

1) Physiological andlor morphological crop mimicry

2) Vigorous vegetative growth

3) Abundant and continuous seed production

4) Seed production in a wide range of environments

5) Short and long distance dispersal of reproductive components

6) Cross-pollination, when it occurs, by unspecializedvisitors or wind

7) Internal control over dormancy and longevity of seeds

8) Non-specif,tc germination requirements
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Interference aids:

1) Effective physical or chemical interspecific interference mechanisms

(e.g. smothering growth, climbing habit, allelopatþ)

2) Phenotypicplasticity

3) Photosynthetic efficiencY

a) High water use eff,rciencY

5) High initial relative growth rate and rapid growth

It must be stressed, however, that ecological success in the form of weediness

cannot be measured exclusively from the agricultural viewpoint of noxiousness. The

number of individuals, the range of habitats occupied, and the ability to continue the

species through time must be considered foremost when evaluating success of a species

as a weed (Radosevich et aI. 1997).

2.2-2. Botanical and morphological characteristics of wild radish

Wild radish (Raphanus raphanistrum L.) is a member of the Brassicaceae

(Cruciferae) family. Raphanus is the latinised form of the Greek raphanos, meaning

"appearing quickly", and was the Greek name for the cultivated radish because of its

rapid germination after sowing, raphanistrum is formed by the addition of the suffix -
istrum, meaning "in the form of', indicating that the plant is similar to its cultivated

form @arsons and Cuthbertson 2001). Depending on the region, it can be a winter

annual herb or a biennial plant (Nugent 1999). Wild radish is a cosmopolitan, self-

incompatible, weedy plant (Mazer and Wolfe 1992) and mature plants can reach 1.5m

in height (Nugent 1999). At the seedling stage, wild radish has heart-shaped and hairless

cotyledons which are 8 to 15 mm by 10 to 20 mm with a petiole 10 to 25 mm long

(Plate 2.1) (Cheam and Code 1995). After emergence, wild radish produces a rosette

and remains in this form until early spring. The first true leaves are serrated and as the

leaves mature, the serrations become more toothed. The lower stem leaves are grass

green to blue-green, 15 to 30 cm long and 5 to 10 cm wide, while the upper stem leaves

are narïow, shorter and often undivided @arsons and Cuthbertson 2001). As the plant

matures, it produces branches from near the base, which are covered with prickly hairs

(Cheam and Code, 1995).
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Plate 2.1. Wild radish seedling (top) and true leaves (bottom); photos from Virginia Tech Weed

Identification Guide.

Stems of wild radish are bluish green, often red at the base, erect and slightly

angled, 40 to 100 cm high, sometimes higher (Parsons and Cuthbertson 2001). In late

winter to early spring, the plant bolts and a flower stalk forms at the top. First flowers

form from 4 to 12 weeks after seedling emergence, and the plant can flower for 12 to 42

weeks. The flowers are generally white, pale yellow, purple or pink, often with light or

dark distinct veins, 2.5 to 4 cm diameter and have 4 petals (Plate 2.2) (Nugent 1999;

Parsons and Cuthbertson 2001). The flowers are affanged in racemes on the ends of

stem branches (Cheam and Code 1995). Flowers are visited by a wide taîge of insects

including bees and butterflies in the field (Stanton 1984b). Wild radish needs less than

600-degree days to flower, with no specific photoperiod requirement (Reeves et al.

19S1). This character allows it to reproduce in various seasons and environments. Wild

radish fruit is a cylindrical pod or siliqua, constricted between seeds and terminates in a
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seedless beak. The pods are indehiscent, 3 to 8 cm long and 3 to 6 mm wide' The pod

segments are 3 to 7 mmlong by 2 to 5 mm wide (cheam and code 1995; Nugent 1999;

Parsons and cuthbertson 2001). Two to ten seeds normally develop inside each pod

(Holm et al. 1997).

Plate 2.2. Wild radish flowers (left) and seed pods (right)'

The seeds are reddish or yellowish brown, 2 to 4 mm long, net-veined on the

surface, and do not shatter easily (Plate 2'3). Seeds ripen from the base of the

inflorescence upwards, so there may be ripe seeds and developing flowers in one

inflorescence (Parsons and cuthbertson 2001). Seeds near the base or in the middle of

the fruit are heavier than those near the style (Stanton 1984a). Distal seeds are smaller

than those in other positions because distal ovules are not fertilised until after those in

the other parts of the fruit have been fertilised. Thus, distal seeds do not have as much

time for development as the others (Mazer et al. 1986). Wild radish reproduces only

through seeds. The plant is an outcrossing, diploid species with 2n: 18 chromosomes'

Wild radish has a slender taproot 80 to 160 cm long which branches with depth and

rises to a mass of fibrous laterals in the upper 20 cm of soil (Figure 2.1) (Parsons and

Cuthbertson 2001).

Plúe 2.3. Wild radish seed (right) and orthogonal view of the seed (left), photographed by Adelaide

8
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Figure 2.1. Root pattern of wild radish (reproduced from Parsons and Cuthbertson 2001)

2.2.9. History and geograph¡cal distribution

Wild radish is native to the Mediterranean region, but it is now widespread

throughout the world (Figure 2.2) (Cheam and code 1995). Wild radish spread

northwards through Europe in the pre-Christian era as a companion species in the

cultivation of cereal rye, and was introduced to the British Isles during the Roman

occupation (Parsons and Cuthbertson 2001). It is now a weed of cropping areas in the

British Isles, throughout Europe, South Africa, in several areas of the United States and

canada,in chile, Mexico, Brazil,New Zealand and all Australian states (Reeves er a/.

19g1). Holm et at. (1997) stated that wild radish is an important weed of wheat in

Australia, England, Kenya and South Africa. Ivanova andKazantseva (1975) found that

wild radish is one of the three commonest weed species of oats, wheat and peas in

cropping areas of Tatar (USSR).
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Figure 2.2. Distribution of wild radish in the world (reproduced from Holm et al' 1997)

In Australia wild radish was reported around Melbourne (Victoria) in 1860,

around Sydney (NS\Ð by 1867, around Adelaide (SA) by 1875 and in parts of

eueensland by 1913 (Cheam and Code 1995). It was probably introduced accidentally

into Australia as a contaminant of agricultural produce inaboutthe middle of the 19th

century (Donaldson 1986). At present, wild radish is distributed throughout the

cropping areas of Queensland, New South 
'Wales, South Australia and Westem

Australia @igure 2.3).It is one of the most troublesome weeds of cereals and grain

legume crops in southern Australia (Cheam and Code 1995; Piggin et al' 1978)'

Figure 2.3. Distribution of wild radish in Australia (reproduced from Parsons and Cuthbertson
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In Western Australia, it is rated as one of the major weeds of broadacare

cropping, particularly in wheallupin rotation which dominates the northern wheatbelt'

In New South Wales, wild radish infestations occur throughout all cropping areas. In

Victoria, wild radish is a significant weed of crops in north eastern and western districts

(Nugent 1999).

2.2.4. Germination and seedling establishment

The minimum temperature for seed germination is below 5oC, the maximum

above 35.C and the optimum 20"C (Cheam and Code 1995). Fluctuating daylnight

temperatures of between 5-20oC provide optimum conditions for germination of wild

radish (Nugent lggg).In Australia, the bulk of wild radish seeds germinate after autumn

rains, but a few continue to germinate sporadically, after tain, at any time over a period

of years (Parsons and Cuthbertson 2001). The persistence of wild radish has in part been

attributed to efficient seedling establishment and competitive growth (Cheam 1996;

piggin et al. 1978; Reeves et aL l98l). Wild radish seeds prefer darkness rather than

lighVdark for germination (Young 2001). Large seeds give rise to seedlings that are

larger than those produced by small seeds (Stanton 1984b; Stanton 1985). A large seed

has greater reserve energy that can be used by the seedling in the early stages of growth

than does a small one. However, seed size and time to emergence are not correlated in

wild radish (Stanton 1984a).

High weed densities increase the risk of mortality (self thinning) (Harper 1977).

panetta et at. (1988) found a difference in mortaltty of wild radish plants between

different recruitment cohorts in lupins. In the initial cohort (4 weeks after spraying

simazine), 305 plants/m' *er" recruited of which only 31 plants/m2 were present at

harvest (90%o mortahty). From the subsequent cohort (4 to 8 weeks after spraying),25

were recruited and 20 were present at harvest (20% mortality). However, this mortality

was mainly due to herbicide activity and presence of lupins did not have a substantial

eflect on seedling survival. They also concluded that survival in wild radish populations

could be divided into three phases, commencing with a period of mortality during the

active life of the herbicides and influenced by competition with the crop. This was

followed by a longer interval during which little or no mortality occurred, then a period

of increased mortality during senescence'

I
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Cultivation promotes germination of wild radish seeds (Nlugent 1999). Shallow

burial of wild radish seeds (1 cm) enhanced seedling emergence, leading to a more rapid

loss of the viable seedbank. Conversely, deep burial of the seed resulted in fewer

seedlings (Cheam 1936). Seedling emergence of greater than 73Yo was found in the

seeds burie d at a depth of 1 cm, I5%o at 5 cm and 0.5Yo at 10 cm (Reeves et al. l98l).

Deep burial increases the persistence of the seedbank, therefore subsequent cultivation

needs to be shallow to avoid bringing seed bank to the surface where it may germinate

and cause infestation of field crops (Nugent 1999).

2.2.5. Seed production and dispersal

Wild radish is a prolific seed producer. Plant populations commonly produce up

to 17000 seeds/m2, but are capable of producing 40000 seeds/m2 under ideal conditions

(Nugent lggg). Piggin et aL (1978) found that wild radish produced large quantities of

seeds which germinated intermittently over several years and had a high dry matter in

cropping areas. Reeves et at. (1981) found that 52 wild radish plants per square metre

produced l7,Zl5 seeds/m2. In this study, wild radish showed tremendous plasticity in

response to density and increasing the density of wild radish plants decreased seed

production per plant. Seed production ranged from 1030 seeds/plant down to 67

seeds/plant as the population increased from I plantln.2 to 247 plants/m2' As expected,

increasing the density of wild radish plants increased seed production per square metre.

There was also a seasonal difference in seed production of wild radish in this study, so

that 10 plantsim2 produced 1000 seeds/rrf in 1977 and 6000 seedstn] in 1978. This

difference was attributed to spring rainfall which shows that wild radish has an

opportunistic capability and might hugely increase its population after a favourable

season.

Early emerging plants generally produce larger amounts of seed (Nugent 1999).

Cheam (1986) showed wild radish plants which emerged earlier produced more seeds

and there was a positive correlation between seed production and the number of days

from sowing to first flowering. Stanton (1984a) showed that seed weight had a

significant effect on the emergence and later growth of wild radish plants. Large seeds

produced plants which grew more rapidly and had greater biomass than plants which

Ì
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emerged from small seeds. It has been shown that an increase in seed number per plant

caused a decline in seed weight of wild radish (Stanton et al. 1987) which could be due

to competition for photosynthates. Panetta et al. (19SS) found that the presence of lupins

significantly decreased the seed production of wild radish. Vitou and Scott (2002)

showed that wild radish seeds from small pod segments had poor germination. Pod

segments in proximal positions on the silique had larger seeds and tended to germinate

earlier than seeds from distal segments on the silique' (Nugent, 1999)

Spread of wild radish is entirely due to the movement of seeds, which are

distributed by wind, water, animals and man. However, the main method of seed

dispersal is as a contaminant of agricultural produce, especially in grain and hay

(Nugent 1999; Parsons and Cuthbertson 2001).

The literature confirms that wild radish is a prolific seed producer and this is an

important attribute that has enabled its persistence and spread. However, there is still

need to undertake research on the effects of various densities of crops on the seed

production of wild radish. Such information would enable development of strategies to

reduce the seed production of wild radish and to deplete its seed bank'

2.2.6. Seed dormancy and longevity

Studies on the germination biology of weeds are useful for the development of

long-term weed management strategies. To improve management systems for specific

weed species, it is critical to have good information on seed dormancy, persistence,

production, seasonal germination, seedling emergence and variations among

populations. Dormancy in plants has been defined as "a state in which viable seeds,

spores or buds fail to germinate under conditions of moisture, temperature and oxygen

favourable for vegetative growth" (Harper 1977). Plants growing in unpredictable

environments have developed adaptations related to seed morphology and physiology,

such as dormancy, seed size variability and the presence of special structures for

dispersal to cope with uncertain conditions (Venable and Brown 1988). Seed dormancy

is essential for the survival of annual species in Mediterranean areas. Winter annual

species adapted to Mediterranean climate survive the summer as dormant seed in the

soil. An appropriate seed dormancy strategy will enable these species to germinate in
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favourable conditions of late autumn and winter and prevent germination after summer

rains which are almost always followed by a period of drought (Dunbabin and Cocks

1999). There are seven different types of seed dormancy:

l) physiological dormancy: It is caused by a physiological inhibiting

mechanism of the embryo that prevents radicle emergence. However,

structures that cover the embryo, including endosperm, seed coats and

indehiscent fruit walls, may play a role in preventing germination'

2) Morphological dormancy: at the time of dispersal, embryo is not fully

differentiated or differentiated but not fully grown (underdeveloped).

3) Morphophysiological dormancy: this is a combination of morphological

and physiological dormancy. In other words, the underdeveloped

embryos have physiological dormancy'

4) Physical dormancy: the impermeability of the seed coat to water is the

main cause of this type of dormancy'

5) Physical plus physiological dormancy: there are some species whose

seeds have impermeable coats and dormant embryos'

6) Chemical dormancy: in this type, dormant seeds do not germinate due to

the presence of inhibitors in the pericarp'

7) Mechanical dormancy: this kind of dormancy is due to the presence of a

hard, woody fruit wall @askin &Baskin' 1998)'

Nondormant seeds of Some species may reenter dormancy if environmental

conditions are unfavourable for germination. As seeds reenter dormancy, they first

become conditionally dormant during which they germinate over almost the full range

of conditions possible for the taxon. During progression through conditional dormancy

into dormancy, however, this range narrows until seeds finally do not germinate under

any condition. This dormancy is referred to as secondary dormancy @askin and Baskin

1ee8).

Seed dormancy and longevity are two important factors which contribute to the

success of wild radish as a common weed of agriculture (Cheam and Code, 1995). wild

radish seeds are dormant at the time of production, and even at start of the cropping

season, about 70%o of the seeds are still dormant (cheam 1996). Cheam (1986)

concluded that seed dormancy has a hereditary component in wild radish. Plants growTl

from seeds of wild radish collected at two sites were allowed to produce seeds at a third

site. The pattern of dormancy break was the same whether seeds were produced at the
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original site or in the third place (Cheam 1986). He also found that earlier sowing dates

of wild radish produced a higher proportion of dormant seeds'

The exact mechanism of dormancy in wild radish seeds has not been well

described. However, there are several factors that contribute to its dormancy. These

include mechanical and chemical effects of seed pods, genetic control, geographical

location and time of emergence. Mekenian and Willemsen (1975) have suggested that

the presence of a chemical inhibitor in pods is responsible for seed dormancy.Piggin et

aI. (1975) found that the removal of the seed pod greatly increased germination. He also

concluded that dormancy was mainly attributable to the presence of seed pods.

However, Young (2001) stated that the seed coat rather than the pod, plays an important

role in dormancy. As there has been some confusion in the literature about the relative

contribution of the pod and seed coat in the expression of dormancy in wild radish

seeds, more research is needed to identifr the relative role of these two important

elements in its seed dormancy.

Seed dormancy may be affected by the environment experienced by the parent

plant @askin and Baskin 199S). 
'Weed germination often differs among seeds collected

in different years and from different mother plants (Andersson and Milberg 1998).

There is a lack of information about the climatic effects on wild radish dormancy.

Spring rainfall in South Australia can be quite variable. This has a major impact on

grain yield, grain size and quality of crops such as wheat. Low spring rainfall could also

have an impact on the quality of weed seeds in particular their dormancy status. Several

studies have shown that water stress increases leaf senescence and reduces the number

of flowers, pods, seeds per pod, seed filling period and crop yield (Banios et al' 2005;

Brevedan and Egli 2003; Loss and Siddique 1997;Meckel et al. I984;Xia 1994;Xia

IggT). Although the studies in the literature of water stress effects on plant growth have

been done mostly with crop plants, there are some studies on the effect of water stress

on plant growth, competitive ability and seed dormancy of weeds. Some weedy species

that show a reduction in their competitiveness when subjected to water stress include

Galium øparine L. (Ivany et al. 1993), AvenafatuaL. (Akey andMorrison 1984; Peters

lgBZ), Echinochloa crus-galli L. , Xanthium pensylvanicum Wallr. (V/eise and

Vandiver lg70), and, Sinapis arvensis (Wright et aI. 1999). Moreover, the dormancy of

weed seeds produced under conditions of moisture stress can be reduced. Peters (1982)

and Wright et at. (1999) found there were reductions in seed dormancy of Avena fatua

and, Sinapis arvensis, respectively, when parent plants were subjected to moisture stress.
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Although the long tap root of wild radish enables it to withstand drought (Cheam and

Code 1995), water stress because of weather conditions, competition with crop or soil

type could affect the seed dormancy of this weed. As stated earlier, water deficit is a

conìmon occurence in spring in South Australia, but the consequences of this stress on

wild radish seed dormancy has not been investigated.

V/ild radish seeds have a relatively long life span (Cheam, 1996). Reeves et al.

(19S1) found that the number of viable wild radish seeds decreased with time. They

concluded that the viable seeds on the soil surface declined from 43.3Yo aftet 6 months

to 17.9o/o after 12 months and to 5%o after 24 months. They also concluded that seedling

emergence was greatest when seed was placed at lcm depth. Code et aI. (1987) studied

the seed longevity of wild radish and concurred with the results of Reeves et al- (1981).

It has been shown that nondormant seeds of wild radish can be induced into secondary

dormancy if they are exposed to low temperatures (Mekenian and Willemsen I9l5).

From the literature it is obvious that wild radish seeds have a high level of

dormancy at the time of production and even by the start of the cropping season' The

effect of increasing crop competition and variable environmental conditions that a

mother plant experiences (like water stress) on wild radish seed dormancy has not been

investigated.

2.2.7 . Herbicide res¡stance

Although millions of hectares of cereal crops have been sprayed annually with

phenoxy herbicides since the 1950s when these compounds were developed (Poole and

Gill l9B7), wild radish is still a problem in the Australian cropping system. Resistance

to herbicides in wild radish is another major problem for its control in cropping areas'

Cheam et al. (2000; 2001) reported the presence of triazine-resistant and diflufenican-

resistant populations of wild radish in Western Australia. Walsh et al' (2001) also found

that 2lo/o of randomly collected wild radish populations in Western Australia were

resistant to chlorsulfuron. Resistant populations have been selected with as few as five

applications of chlorsulfuron in a cereal-lupin rotation (Hashem et aI. 2001).

Chlorsulfuron, diflufenican and simazine have different modes of action. The spread of

herbicide resistance in wild radish populations will decrease the chance of its chemical
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control in cropping systems and amplifr the need for an integrated weed management

program.

2.3. Weed-crop interference
plant species growït in a mixture affect the probabilities of each other exploiting

some resource or being exploited or manipulated by some external agents. The general

term for interactions among species, or populations within a species, is "interference"

(Radosevich et al. l9g7). Burkholder (1952) catalogued a list of ten biologically

possible interactions between plant species growing in proximity. For a rapid definition

of the interaction between two species in a mixture, he used three symbols: *, 0, and -,

for stimulation, no effect, and depression, respectively. Among all possible interactions'

there are six main forms of interaction including: neutralism (0,0), competition (-,-),

mutualism (*,*), commensalism (+,0), amensalism (0,-), and parasitism, predation,

herbivory (+,-). The term "interference" has been proposed to describe all mutual

relationships between plants and it can be used to identiff a broader range of

interactions between individuals than can the term competition.

plants grow by capturing resources from the environment. Carbon dioxide and

nutrients are converted into biomass, while light and water are necessary for growth and

other physiological processes. Soil resources ate exhaustible and contrast with

conditions such as temperature and light that are not exhaustible. Competition for COz

and oz is rare (Altieri and Liebman 1988) and plants commonly compete for limited

fesources in the environment, such as light, water and nutrients (Berkowitz 1988).

Nutrient status, particularly nitrogen (N), may alter the competitiveness of crop and

weed species. Nitrogen is a major constituent of the photosynthetic apparatus. After

water, nitrogen is the major constraint to plant growth. Leaf area development is

responsive to N and so are crop growth rate (CGR) and radiation use efficiency (RUE).

Recent studies have shown that N concentration in the spike at anthesis correlates

closely with kernel number per squale metre and hence grain yield (Abbate et al. 1995)'

Nitrogen competition between weeds and crops reduces crop N uptake, resulting in a

reduction in grain protein (Hashem et at.2000). wheat N uptake is most rapid from

tillering through booting developmental stages (Fageria et al. 1997). Nitrogen stress

during the vegetative stage of crop development reduces the growth rate of wheat and

reduces tiller formation and development (F{alse et aI. 1969). Hashem and wilkins
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(2002) also concluded that competition from wild radish significantly reduced total N, P

and K content of lupin seed. It is often impossible to separate the relative importance of

different factors to the competitive interaction.

The outcome of competition between plant species in mixture will be

determined by a variety of processes, including the spatial distribution of individuals,

the resources being competed for and the ability of the species to compete for these

resources (Freckleton and Watkinson 2001). Neighbouring plants interfere with each

other's activities according to their age, size and distance apart (Harper 1977).In fact,

the interference relationships between plants is dependent not only on the characteristics

of the neighbours, but also depends on the proximity factors of spatial position

(arrangement) and concentration (density and proportion). Distance from neighbours

þlant density) plays a great role in a successful capture of resources. However, density

is not the only cause of yield variation in plant stands and there are also many other

factors which limit plant yield like effects of neighbours on an individual (Mack and

Harper 1977), spatial pattern of the species (Weiner 1982), and emergence time of

neighbours (Firbank and Watkinson 1987; O'Donovan et al. 1985). Plants respond to

high densþ in two ways: through a plastic response of growth andlot an altered risk of

mortality. High plant density affects the birth rates and death rates of plant parts (Harper

Ig17).As density increases in the population of a single species, the total biomass of the

population per unit area increases, while the biomass of individuals decreases as a result

of the stress caused by the proximity of the neighbours @igure 2.4). At harvest (at very

high densities), the total biomass per unit area becomes independent of density. At very

low density, the biomass of the population is a function of the numbers of individuals,

while ultimately the rate of availability of the environment resources determines the

yield of the population. This is called "the law of constant final yield". Variations in

sowing density are largely compensated by amount of growth made by individual plants

(Harper 1977; Radosevich et al. 1997). The effects of density do not fall equally on all

parts of a plant. In general, the size of parts is much less plastic than the number of

parts. The stress created by the proximity of neighbours may result in an increased

mortality risk for whole plants or their parts, reduced reproductive output, reduced

growth rate, delayed maturity and reproduction (Harper 1977)'
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Total Plant Yield/area
Yield Per Plant

Plant density

Figure 2.4.Díagrammatic representation of the relationship between plant yietd per unit area and

per plant with plant densitY.

The presence of a weed in a crop leads to an increased number of plants within a

certain area. As the crop density is already set at a level that optimises yield for that

cultivar in that environment, the presence of weeds will lead to a reduction in the

average yield of the crop. wild radish is a strong competitor of winter crops. Streibig er

at. (1959) reported that the competitive ability of wild radish against wheat was 5-10

times gleatel than the competitive ability of ryegrass (Lolium rigidum) against wheat

(on an individual plant basis). Blackman and Templeman (1937) found that the

eradication of wild radish plants led to the greatest increase in the yield of cereal crops.

They also concluded that under nonJimited moisture conditions, competition between

cereal crops and wild radish was for nitrogen and light. some research studies have

confirmed that wild radish mainly competes with wheat during the early growth stages

of the crop (Code et al. 1978; Code and Reeves, 1981). Proximity factors like density

are important when studying the weed-crop competition. Moore (1979) showed that 25

wild radish plants pef square metre reduced wheat yield by 7-llo/o, while the yield

reduction was 25-33o/o for 100 wild radish plants per square metre. Experiments at

Rutherglen in Victoria also confirmed that as wild radish density increased, wheat yield

decreased (Donaldson, 1986). Hasham et at. (2001) showed there was a higher yield

reduction in wheat crops in the presence of wild radish. They also found that

competition from radish not only reduced yield, but also increased wheat screenings

(shrivelled grain) which could be due to competition for water.
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panetta et aI. (1988) studied the survival and fecundrty of wild radish plants in

lupin crops in Western Australia. They concluded that the presence of the crop reduced

the numbers of reproductive wild radish plants so that wild radish plants produced low

seeds in the presence of lupin crops. }r1razer and Wolfe (1992) examined the effect of

wild radish plant density on seedling mortality and the individual seed mass of wild

radish. They found that mortality rates were considerably higher in high-density plots

(-100 wild radish/m2) than in low-density plots (-30 wild radish/m2). Crop density also

had a strong negative effect on the seed mass. Stanton (19S4a) found that plants from

large seeds grew more rapidly and had greater reproductive output than those from

smaller seeds.

Cousens et al. (2001) grew wheat and wild radish in monoculture and mixtures

and studied the interference between them up to anthesis stage of wheat. They

concluded that the presence of wheat increased the height and the specific leaf area of

wild radish plants, but decreased the dry matter and number of pods. The earlier wild

radish cohorts had the greatest impact on wheat. However, competition did not affect

the phenology of either species. The impact of interspecific competition on wheat yield

and wild radish seed output was not measured as Cousens et aI. (2001) did not continue

their investigation beyond the anthesis stage of wheat.

Traditionally crop-weed interference studies have altered weed density while

crop density is kept constant. There are few reports about the effects of various densities

of wild radish on the yield, yield components and physiological characteristics of wheat.

As the literature shows, the effects of increasing wheat competition on the physiological

characteristics of wild radish need more research'

2.9.1. Methods of studying weed-crop ¡nterference

Weed science studies aimed at quantiffing competition between two species,

most commonly consider a weed and crop species and to a considerably lesser extent,

two weeds grown in a mixture. There are several approaches to study weed-crop

interference. Each method considers density, spatial arrangement and proportion to

varying degrees (Harper 1977; Radosevich 1987; Rejmanek et al. 1989; Snaydon 1991).

The four main types of experiments used to assess competition in mixed stands are:

additive, substitutive, systematic and neighbourhood. The common element between the

various approaches is that each method is a type of bioassay in which the response of

one species is used to assess the impact of the other.
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2. 3. 1. 1. Additive experiments

In the standard additive experiments, two species are grown together' An

indicator or test species (usually a crop) is grown at a constant density and is

supplemented with a competitor species (usually a weed) at arange of densities (Donald

1951). Additive designs are the most commonly used method in studies of crop-weed

competition (Connolly 19S8). Rejmanek et at. (1989) called this design "pafüaI additive

design", while others used the term "simple additive design" (Freckleton and Watkinson

2000) or standard addtitive design (Snaydon 1991). This design is particularly favoured

for the study of crop-weed competition, as it has the advantage of simulating what

happens in a weed-crop situation in the field. Therefore, it can be used to develop weed

threshold levels at which crop loss justifies control measures' Snaydon (1991) stated

that additive designs give values of competitive ability, resource complementarily and

severity of competition which are easy to interpret. However,the datapresented by this

design can provide only a limited picture of the interaction between species, because it

provides no information on the effect of the crop on the weed Qark et aI. 2003).

Further, in this design the proportional composition and the density of the mixture are

both changed and their effects are confounded. This makes the interpretation of the

results noticeably difficult (Harper 1977; Radosevich 1987; Rejmanek et al. 1989;

Silvertown l9s7). In contrast, Snaydon (1991) believes that this criticism is invalid.

Additive designs are often criticized for confounding overall mixture density with

component proportions, but overall density has no biological or statistical meaning

(Snaydon 1991).

2. 3. 1.2. Sub stitutive experiments ( Replacement s erie s )

In this experimental design which was introduced by de Wit (1960), the total

density is held constant and the proportion of the total densþ allocated to each species

is varied from 0 to 100%. One of the initial assumptions of this approach is that the

plant population density should be set beyond the point of constant yield. Replacement

designs have been almost universally used in studies of plant competition and some

researchers have considered it as the only valid type of experimental design. Harper

(Ig77) stated that this approach eliminates the confounding of density and proportion

criticism of additive experiments and considered it an elegant design for the study of

plant interactions involving two species.
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This design, however, has attracted much more criticism than additive design.

There are some criticisms regarding the dependence of the model coefFrcients on total

stand density (Connolly 1986; Inouye and Schaffer 1981) and the deficiency of the

design to separate the different effects of intra- and interspecific competition (Firbank

and Watkinson 1985b; Jolliffe et al. 1984; Snaydon 1991) especially under changing

conditions (Watkinson and Freckleton 1997). Radosevich (1937) has criticized this

design because of its artificiality for field applications. He pointed out that the design

can be cumbersome when the species have different life strategies or growth forms.

Snaydon (1991) stated that measures of competitive ability and resource

complementarity derived from replacement designs are difficult to interpret, because

they are affected by the pure-stand density of the two components, by the shape of

yield-density response curves of the components, and by the proportion of components

in the mixture. He concluded that the use of replacement designs has led to considerable

confusion in competition studies. Park et al. (2003) stated that this approach is

inappropriate for the analysis of competition in the agronomic environments where

understanding of how the eflects of competition vary with density is of great concefll.

2. 3. 1. 3. Systematic methods

A. Nelder experiments

Nelder (1962) designed a fan shaped systematic experiment for determining

optimum intercropping densities which have been modif,red to a parallel row approach

by Bleasdale (1967). This design has been restricted to the study of interference among

individuals of a single species. These designs usually consist of plants arranged in a grid

arrangement so that the amount of space allocated to each plant varies systematically

over the different parts of the grid @adosevich l9S7). The advantage of this approach is

that an array of densities can be studied without changing the pattern of plant

arrangement. Further, this approach minimizes the experimental arca to examine the

effects of many densities. The disadvantages of this approach includes: lack of

randomization, failure to measure the population effects as it just measures the

individual plants' effects, confounding of density and proportion effects, and inability to

separate the intra- and interspecific interactions. Moreover, it is rather hard work to set

them up.
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B. Addition series experiments

Spitters (1933) developed a systematic approach called addition series for

mixed-cropping experiments. Some researchers have described the design differently'

such as "complete additive design" (Rejmanek et al' 1989), "fully additive design"

(Freckleton and'Watkinson 2000), and "bivariate factorial design" (Snaydon 1991). The

reciprocal yield law is the basis for this approach. In this experimental design, the

densities as well as the proportions of each species are systematically varied. Usually

this design is used with two species, but it also has been conducted with a constant

densþ background of a third species (Radosevich 1987). Spatial arrangement of plants

is usually held constant. Although, these designs are labour- intensive, they allow

complete quantification of the effects of competition within the range of densities used

in the experiment (Freckleton and Watkinson 2000). Data from these experiments are

useful for developing models that quantifr the effect of plant density of one species on

its own yield and biomass and on the yield and biomass of a competitor plant. Firbank

and Watkinson (1985b) used this approach for two species and were able to separate the

effects of intra- and interspecific interference. The addition series involves replication

of the fuIl complement of density combinations for two species over a wide range of

densities. It allows the quantification of both intra- and interspecific competition when

analysed using a two-species regression model (Pantone and Baker l99l; Patk et al.

2001). A criticism of this approach is that it does not account for spatial arrangement.

2. 3. 1.4. Neighbourhood experiments

This is a plant-centered approach which can include the simultaneous influences

of density, spatial arrangement and species proportion on individual plant performance.

The neighbourhood approach was pioneered by Mack and Harper (1977).In this design,

performance of a target individual is recorded as a function of the number, biomass,

cover, aggregation or distance of its neighbours (Weiner 1982). The major problem with

this approach from an agricultural perspective is associated with scaling up the effects

modeled at the individual plant level to the population. Further, in this design,

interference is restricted in two dimensions and the procedure creates artificial

microclimate effects (Park et al.200l).
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2.4. Modelling of weed-crop interactions

As knowledge of agriculture increases, qualitative results are replaced by

quantitative scientific results and mathematics can be used as a reliable tool for

expressing biological hypotheses (Cheeroo-Nayamuth, 1999).In fact, models of weed-

crop competition should be an essential part of decisions in weed management. The

most common models used to assess competition effects are regression models which

describe weed-crop relations empirically. The first attempt in this regard was by

Shinozaki and Kira (1956). They found that there is a linear relationship between the

reciprocal of mean plant weight and density. This relationship is called "the reciprocal

yield law" and normally written as:

l= ¡o +B'Nw'
where llW is the reciprocal of individual plant weight, N is plant density, Bs is the

intercept quantiffing the reciprocal of the biomass of a plant in isolation (no

neighbours), and Bl is the slope quantiffing the intraspecific competition coefficient'

This model, however, was only applicable to monocultures of species' de Wit (1960)

was the first to introduce a descriptive model of interference between two species. Since

de Wit's descriptive model was introduced many indices of interference have been

proposed. Spitters (1933) extended the reciprocal yield law equation to empirically

model yield-density responses in mixtures:

+= Bn'+8,
w*

where llWristhe reciprocal of avelage plant weight in species x, B¿' and Brare as B o

andBt above, Nrand N, arethe neighbour density of species X and Z' respectively, and

8,. quantifies the effect of interspecific competition showing the effect of increasing

species Z density on the reciprocal weight of an individual plant of species X. The ratio

B]B*ris the relative competitive ability (RCA.) of species X toward species Z (Cousens

1991). RCA. is interpreted as 1 plant of species X and B*18,, plants of speices Z have

an equal influence on the average weight per plant of species X. Niche differentiation

can also be calculated from the relative competitive ability of both species:

NDt =lal"l:u_ì = RCAx xRCA,
\B- ) \B^ )

.N + Brr.N 
zx
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the interpretation is that there is increasing niche differentiation as NDI increases or

decreases from 1.0. If NDl is close to 1.0, then species X and species z arclimitedby

the same resources, and their niches overlap (Spitters, 1983)'

Cousens (19S5) developed a single parameter model to describe the damage to

crop yield caused by competition from weeds:

,'=i#^
where ÍL is the percent yield loss, d is weed density (plants/m2), .I is the crop yield

reduction as weed density approaches zero (slope), A is the crop yield loss as weed

density approaches infinity (asymptote).

Kropff and Spitters (1991) also described a similar approach for predicting crop

yield or biomass production per unit area in mixtures with weeds or other crops which is

an expansion of Spitters (1983) approach. The model starts with the assumption that the

response ofcrop yield to plant densþ can be described by a rectangular hyperbola' so

in monoculture:

N
\-,^= 

4.-hN,
where Y,^ is the yield per unit area of the crop in monoculture and N" is the crop

density. More species can be added to the equation in an additive way' so:

r' --c' "' - Bo + BrN, + BrN,

where f.. is the yield of the crop in mixture with a second species (Z) which could be a

weed or crop. The parameter B, measures intraspecific competition effects and B,

measures interspecific competition effects of the second species (Z) onthe crop (C).

The hyperbolic yield-densþ model is probably the most commonly used model

in weed-crop interference. Streibig et al. (1989) described the yield loss of wheat and

wild radish density based on yield-density hyperbola and predicted yield loss at low

weed densities (< 5 plants/m2) of l.l7% per plant and total yield loss of 100% at high

densities (> 100 plants/m2).

The hyperbolic yield-density equation of Cousens (19S5) fits very well with data

of additive experiments where only the density of weed is varied' However, Gill et al'

(1937) used a constrained exponential model to describe yield loss from competition

with brome grass and found it to be as good as rectangular hyperbola.
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Chikoye et al. (1995) used a modified form of yield-density model for predicting

weed fecundity from its densitY:

Sd' = aN

I+aNlB

where sd is weed seed number per unit area, N is weed density, a is the number of weed

seeds per plant as density approaches zero (slope), and B is the weed seed number per

unit area as density approaches infrnity (asymptote).

Despite universal use of hyperbolic yield-density model, it has been criticised

because of the variation of parameters between years and sites. The year to year and site

to site variation has often been attributed to differences in emergence time between the

two species (Cousens et al. 1987; Kropff et al. 1984). To account for year to year and

site to site variation in the model parameters, some researchers suggested a model for

crop yield loss that includes relative time of emergence of the two species (Cousens e/

al.1987; Spitters and Aerts 1983).

With the aim of overcoming the variability of empirical models, mechanistic

models have been developed which consider the physiological demands of crop and

weed. These simulation models are valuable tools which can be used to quantiS' weed-

crop competition. Agricultural systems are complex and it is nearly impossible to define

this intricate system completely through mathematical equations. However, mechanistic

models are more reliable than other approaches, because they can mimic the physical,

chemical or biological processes and describe how and why a particular behaviour

occnrs (cheeroo-Nayamuth, lggg). For the first time, Spitters and Aerts (1983)

developed eco-physiological models for interplant competition. They aimed to obtain a

better understanding of the detrimental eflects of weeds on crop productivity. Rather

than just focusing on the effects of weeds on the crop, studies should also highlight the

eflects of the crop on weeds with particular emphasis on weed seed production

(Bastiaans et a|.,2000). The mechanistic (ecophysiological) models have been proposed

to provide insight into the mechanisms involved in weed-crop competition and to

simulate the time-course of competition between crops and weeds (Kropff et aI. 1992;

Spitters and Aerts 1983). The basis of the approach is the distribution of the growth-

determining and limiting resources of light, water and nutrients over the species. From

the amount of resources acquired by the competing species, and the efficiency of the

species in using these resources, the formation of dry matter by the species is computed

(Kropff 198S). Once a crop : weed competition model has been developed to a level
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where there is confidence in its predictions, it can be used in different environments to

interpret differences in yield loss due to weeds, to explore the interactions between crop,

weeds, environment and management factors, to extrapolate to situations in which there

are no experiment al data(Chikoye et at. 1996;Deen et al. 2003; Kropff 1988; Lindquist

and Kropff 1996; Yitta and Satorre 1999). Cousens et al. (2001) tested the model

INTERCOM for simulating the interference between wheat and wild radish, but did not

observe a satisfactory prediction by the model and concluded that changes will need to

be included in this model.

One of the most widely used crop simulator software in Australia is APSIM.

ApSIM, the Agricultural Production Systems slMulator, is nationally an internationally

recognised as a highly advanced cropping system simulator. APSIM simulates the

growth of crops and cropping sequences. It contains an ever increasing number of plant

modules (currently 20) with additional modules for water, soil nitrogen, soil organic

matter, soil phosphorus, erosion and land management. It has recently been extended to

deal with crop-weed interactions. The weed module simulates the growth of wild radish

or ryegrass in a daily time-step (on an area basis not single planQ. 'Weed growth in this

model responds to climate, soil water supply and soil nitrogen . Deen et al. (2003)

compared the performance of four crop - weed competition models including APSIM,

ALMANAC, CROPSIM and INTERCOM for simulating the interactions between

wheat and annual ryegrass. They concluded that APSIM performed well under irrigated

conditions, but did not have a good performance under rainfed conditions'

There have been few attempts at simulating wheat-wild radish interactions in

previous research. A simulation model for their competition will enable researchers to

avoid the need to repeat research under different environmental conditions and to

understand how climatic and soil factors influence interactions between these two

specles.

2.5. W¡ld radish management

As wild radish is extremely competitive with wheat at early growth stages, it

should be controlled before the 3-5 leaf stage of development of wheat (Code and

Reeves 1981; Parsons and Cuthbertson 2001), although later cohorts of this species after

early spraying might also cause a substantial damage (Code et al. 1978). As wild radish

reproduces only by seed, all control strategies must aim to prevent further seed set,

especially from early emerging weeds, and also to destroy existing seed population
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(MacDonald and Lee 2003; Parsons and Cuthbertson 2001). The reintroduction of the

seeds from other sources, such as combine or harvesting equipment, grain drills and

tractors, should also be prevented.

Since the 1950s the phenoxy herbicides (2,4-D and MCPA) have been used

extensively in the majority of cereal growing area throughout Australia' Recently,

alternative products with different modes of action which suit a wider range of crops

have been used.

As stated earlier, wild radish needs to be controlled shortly after crop

emergence, but this precludes the use of 2,4-D until the tillering stage of the crop'

because of crop sensitivity. Early control can be accomplished in a range of crops using

herbicides such as bromoxynil, bromoxynil + MCPA, bromoxynil + MCPA + dicamba,

chlorsulfur oî, cyanazine, diflufenican, oxadiazone, simazine and terbutryn. Because of

protracted wild radish germination, the early sprays do not guarantee prevention of seed

set in wild radish. In cereal crops, late sprays using 2,4-D or MCPA will give a good

control for the later cohorts (Cheam and Code 1995; Parsons and Cuthbertson 2001).

Sulfonylurea herbicides are used broadly for wild radish control from pre-emergence to

grain filling in Western Australia, but this has resulted in the development of herbicide

resistance. The effective rotation of herbicides and strategic use of other control

techniques are essential to delay the onset of herbicide resistance (Nugent 1999).

The biological characteristics of wild radish favour integration of a number of

cultural control practices for its management in cropping systems. Tillage has been

considered as an effective non-chemical tool in managing weeds. Reeves et al. (1981)

stated that cultivation promotes germination and emergence of wild radish. They found

that the total seedling emergence of wild radish in a period from 1977 to 1979 was 353

plantsim2 and 2755 plants/m2 on the bared (undisturbed) and cultivated treatments,

respectively. As maximum wild radish emergence occurs when seeds are buried at

depths of 0 to 1 cm, deep burial of seeds provides an alternative control method.

Donaldson and Code (1981) found that deep burial of wild radish seeds by mouldboard

ploughing resulted in an average population of 22 plantslrÊ in the subsequent wheat

crop, while shallow cultivation to 3 cm and direct drilling resulted in 57 and 113

plants/m2 respectively. However, the seeds buried deep in soil remain viable for longer

periods. In addition, deep burial requires mouldboard ploughs which are not now in

conìmon use in Australia (Parsons and Cuthbertson 2001). Seeds on the surface lose
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viabilþ quickly, but have a lower level of germination than shallow buried seeds

(Piggin et aI. 1978;Reeves et al.l98l).

Cultural practices that shift the balance of competition towards the crop usually

suppress weed occurrence and improve crop yields (Radosevich et al. 1997).In many

cropping systems, crop interference with weed growth and reproduction is an important

method of weed control. Before herbicide use became common, crop interference' crop

rotation, selective tillage and hand weeding encompassed aÍa effective weed

management system. Now, with the advent of herbicide resistance in many weeds

including wild radish (Hashem et al.200l; Walsh et al.200l), adverse effects of these

chemicals on the environment and also their cost (Jones et al. 2005), the interest in

weed control through crop interference has been revived (Jordan 1993). The

suppression of weeds by increasing sowing density in cereals has been noted in a

number of studies (Lemerle et al. 2004; Medd et at. 1985; Moss 1985; Olsen et al'

2004; Walker et al. 2002; Walsh et aI.200l). Implementing higher crop densities can

reduce the use of herbicides within conventional agriculture without compromising on

the level of weed control. This is not only financially advantageous to farmers but is

also less harmful to the environment. Recent research on annual ryegrass has shown that

increased crop density can be used to minimize yield loss and achieve weed suppression

(Gill and Holmes 1997;Lemerle et a\.2004;Medd et al. 1985). There is, however, little

information in the literature on the impact of increased wheat densities as an alternative

control method for wild radish.

2.6. Conclusions

Wild radish is a troublesome weed on Australian farms and possesses many of

the characteristics of a successful weed proposed by Baker (1974),Bazzaz (1990) and

Patterson (19S2). It is a strong competitor with crops, possibly a result of its high

growth rate, wide leaves and its abilþ to send up several branches which shade the

crop and an extensive root system which enables it to compete effectively for soil

resources. In addition, its indeterminate growth habit allows this species to take

advantage of favourable environmental conditions late in the growing season which is

not the case with determinate plants like wheat. The review indicates that little research

has been undertaken on the effects of wild radish on wheat growth, yield and yield

components. As the effectiveness of herbicides for wild radish control has steadily
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declined over the last few years due to widespread development of resistance, there is

an urgent need to explore and devise alternative strategies for its control. Although

increased crop densities as apartof an integrated weed management program have been

investigated for other weed species, there is little information on this aspect for wild

radish management.

The effect of crop density on weed growth and seed production is usually

overlooked in weed science studies, as weed density and crop yield are the main focus

of many studies. There is a serious need to elucidate the effects of wheat densities on

wild radish growth and seed production. As wild radish is a prolific seed producer,

reduction in its seed production would be an important component of an effective IWM

program. An important hypothesis of this research is that a high level of reduction in

wild radish seed production would be achievable with increased wheat densities. The

literature suggests that the additive series experimental design, which enables the

researcher to employ weed density-yield models, is the best approach for studying

weed-crop interference. The literature review indicates that simulation of wheat-wild

radish interactions has not been adequately addressed. APSIM appears to be a useful

platform for simulating crop-weed competition and has been used in this research

project. Development of a robust simulation model could be used as a tool to understand

the impact of climatic variability on crop-weed competition'

The longevity and seed dormancy enables survival of wild radish seeds over a

long period of time. The review indicates wild radish seed dormancy is not well

understood and there are conflicting arguments in the literature on the mechanisms of its

seed dormancy. Such studies would require investigation of the contribution of the pod

and seed coat to dormancy expression in this species. Seed dormancy in many species

has been shown to be affected by the environmental conditions that mother plants face

such as water stress during seed development and competition. There is also a lack of

information on the effects of water stress and competition on wild radish seed

dormancy. The polymorphism of this species could play an important role in its survival

under different environmental conditions. This issue will be tested in our study with

different biotypes and populations.
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CHAPTER 3. DYNAMICS OF WILD RADISH (Raphanus

raphønistrum L.) INTBRFERENCB IN WHEAT (Triticum

aestivum L.)

3.1. Introduction

When grown together, crop plants and weeds compete for limited resources in

the environment, such as light, water and nutrients (Berkowitz 1988). The literature

review revealed that there is enough water during early stages of cereal growth in

southern Australia and competition for nitrogen is very important during this period of

cereal growth. Poor water availability often limits cereal grain filling in South Australia.

Previous research confirms the adverse effects of wild radish on the growth and

yield of wheat (Cousens et al. 200I; Moore 1979; Streibig et al. 1989) and lupins

(Hashem and Wilkins 2002). With the advent of herbicide resistance in wild radish

populations (Hashem et al.200I; Walsh et a\.2004) and the proportionally large input

cost for its chemical control, it is desirable to seek alternative strategies which suppress

weed growth. Increasing crop density has long been proposed as a method for

improving weed management and negating the effects of weed interference on crop

yield. Recent research on annual ryegrass (Lotium rigiduml.) has shown that increased

crop density can be used to minimize yield loss and achieve weed suppression (Gill and

Holmes 1997; Lemerle et aI. 2004; Medd et al. 1985). Wild radish is a much more

aggressive species than annual ryegrass; would this strategy work for wild radish?

Although many studies have documented the effects of densities of wild radish

on the reduction of wheat yield, there are few reports on comparative growth of wheat

and wild radish in monoculture and mixtures. Moreover, there is not enough available

information on the relative aggressivity of wheat and wild radish when grown in

competition with each other. There is also a lack of information on the effects of wheat

on wild radish growth and seed production. The study described in this chapter will also

provide information on intra and interspecific competition as well as basic biological

data needed for the development and validation of simulation models for interference

between these two plant sPecies.

The objectives of field experiments reported in this chapter were:
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(1) to investigate how increased wheat densities affect wheat biomass,

yield and yield components under different wild radish densities;

to quantiff the influence of various densities of wheat and wild radish

on wild radish growth and seed production;

to study the intra- and interspecif,rc competition effects for wheat and

wild radish in monoculture and mixtures and to assess the

competitive ability of wheat and wild radish;

to investigate competition for N between wheat and wild radish;

to provide the biological data needed for the development and

validation of simulation models for interference between these two

plant species.

(2)

(3)

(4)

(5)

3.2. Materials and Methods

3.2.1. Experimental site and weather

Field experiments were conducted in 2003 and 2004 growing seasons at the

University of Adelaide farm at Roseworthy, SA. Two different fields (4 km from each

other) were used in 2003 and2004. The soil at the site was a red earth sandy loam with

pH 8.0 andl.42Yo organic matter in 2003 and pH 7.5 andI.34yo organic matter in

2004. The area has a Mediteffanean climate, which is characterizedby cold wet winters

and hot dry summers (Figure 3.1).

Although the total amount and distribution of rainfall differed over the 2-yeat

study, there was adequate soil moisture at planting to allow uniform germination of both

weed and crop (Figure 3.1). Total rainfall from June to December (growing season) was

303 mm in 2003 and, 334 mm in 2004. The distribution of rainfall between the two

seasons was somewhat different with 2004 experiencing a very dry period in October

but wet inNovember and December.

3.2.2. Experimental procedures

Glyphosate was applied for general weed control to the entire experimental area

before sowing. Fertilizers (123 kgthaurea and 70 kglha di-ammonium phosphate) were

drilled with the crop at sowing. Wheat (cv. Krichauff) was sown on 10th June 2003 and

17th June 2004 with a cone seeder in rows 18 cm apart. As Krichauffis a widely grownI

r
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wheat cultivar in South Australia, it was used in this study. The seeds of wild radish,

collected from a population in the south east region of south Australia @ordertown),

were broadcast by hand on the soil surface just before the sowing of wheat'

g-2.9. Experimental Design and Measurements

The experiments were conducted using a fully additive design in a randomized

complete block design with a factorial arrangement of wheat and wild radish densities

(bivariate factorial design with three replicates). Wheat seed rates were adjusted to

r 2(X)3 Rainfall
r...'.1 2OO4 Rainfall
r 100-Year average Rainfall

{'- 2003 Temperature
.O.. 2004 Temperature

Jun Jul Aug SeP Oct Nov Dec

Figure 3.1. Total monthly rainfatl and mean monthly temperature data at Roseworthy research

farm in 2003 and 2004 growing seasons.

achieve plant densities of 100, 200 and 400 plants/m2. The current commercial seeding

rate of wheat at Roseworthy provides a density of 150-200 plants/m2. The experimental

densities covered a wide range both below and above that used in commercial crops in

this region. V/ild radish seeds were hand broadcast to achieve tatget plant densities of

15, 30 and 60 plants/m2. The amount of wild radish seeds planted was adjusted

according to a germination test in the laboratory. A zero plant density plot of each

species was also included, resulting in all possible mixtures of weed and crop as well as

their monocultures. Individual plot size was 1.4 m wide by 10 m long' The same

treatments were plante d\n2004,but annual ryegrass at density of 200 plants/m2 existed

as a background of all plots and monocultures of wheat and wild radish were

established at the same densities as the previous year. This ryegrass was resistant to
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group A herbicides and could not be selectively removed from wheat' The monocultures

of wheat and wild radish were established with and without ryegrass by hand weeding

as required. There were no other weed species present in the experimental area. Plant

densities (wheat, wild radish and ryegrass) were determined by counting seedlings in 3

randomly placed quadrats (50 by 50 cm) in each plot at 30 days after sowing' A

monoculture plot of ryegrass was also established in the second year (2004)'

Both wheat and weeds were initially sampled when wheat plants had three

leaves on the main stem. Thereafter plants were sampled at regular intervals until final

harvest, resulting in1 and 5 sampling dates in 2003 and 2004, respectively. Five plants

of each species were taken randomly from each plot at each sampling date' Leaf areas

were determined using a Delta-T leaf area meter. Leaf, stem and reproductive biomass

were dried to a constant weight at 80"C and weighed. Wheat and wild radish height

were measured in 5 randomly selected plants of each species in each plot. Height

measurements were done at 2-node stage (80DAP), booting (95 DAP), ear emergence

(109 DAP), anthesis (123 DAP) and maturity (170 DAP) in 2003 and at 2-node stage

(73 DAP), booting (96 DAP), anthesis (L2}DAP) and maturity (177 DAP)L[2OO4' At

crop maturity, a lm X lm area from each plot was hand harvested to determine final

density of crop and weeds, wild radish pod number per plant, seeds per pod and seeds

per unit area, atìnual ryegrass spikes per plant, wheat grain yield and its yield

components.

Only the monoculture of 200 wheat plants/m2 and also the mixture of the same

wheat density with 60 wild radish plants/m2 were analyzed for N in both years.

Moreover, the mixture of 200 wheat plants/m2 with ryegrass was analyzed in 2004.

Total plant samples of each species were analyzed at anthesis stage in each plot. A total

of 9 samples in 2003, 6 for wheat and 3 for wild radish, and 18 samples in 2004,9 for

wheat, 6 for ryegrass and 3 for wild radish, were analyzed. Total N content of whole

plant samples of each species was determined by the Leco method (Rayment and

Higginson lg92). Total N uptake (kg Niha) was defined as total N recovered from

aboveground tissues. N use efficiency (Ì.{UE) was calculated as the total biomass

produced by a species divided by the total N uptake by the species.
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3.2.4. Statistical analYsis

Analysis of variance for wheat and wild radish variables was performed using

Genstat version 9.0.

The reciprocal yield regression model suggested by Spitters (1983) was used for

analyzing competition effects in monoculture and mixtures. The effects of density on

intraspecific competition in monoculture were evaluated by fitting the following

equation to the data for each species:

t - ro+Br.N t3.11
w

where, IT is average biomass per plant, N is plant density, B e is the intercept

quantiffing the reciprocal of the biomass of a plant in isolation (no neighbours), and B1

is the slope quantiffing the intraspecific competition coefficient' The (87 ¡ 3 o)

expresses the intensity of intraspecific competitive stress'

According to Spitters (1983), the same regression model can be extended for

analyzingthe interspecif,rc competition effects. The model has the following form:

+= Br, * B,.N , + 8,".N , 13.21

where IV, is the avelage weight per plant of species x, B0* and B*ate as B 6 and B t above,

N, and N, are the neighbor density of species X and Z, respectwely, and B'. quantifies

the effect of interspecific competition showing the effect of increasing species Z density

on the reciprocal weight of an individual plant of species X. The ratio B,lB,, is the

relative competitive ability (RcA) of species X toward species Z (cousens 1991)' The

reciprocal yield equations were fitted to the data using Genstat version 6' 1'

Based on the coefficients for intra- and interspecific competition of wheat and

wild radish, the niche differentiation index (NDI) was calculated (Spitters 1983):

I 
"--ì" (!t\- RCAx x RCA, t3.3rNDI =l-t- ) \Bo )

whenNDI>I.0, there is niche differentiation.

A single species hyperbolic model (Cousens 1935) was used in this experiment

to analyse the response of wheat variables per unit area to wild radish density. 
'Wheat

variables were estimated using the following rectangular hyperbolic equation:
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Y* = B' 
13.4]

(l + 4NR)

where Y" is the predicted response of wheat variable as a function of wild radish

density (N¡), Bo is an estimate of wheat variable in monoculture and Bl is the rate of

change in that wheat variable in response to wild radish density. The same equation was

used to predict wild radish biomass as a function of wheat density:

,^=.4- t3.sl
(1+ B,N'" )

where Yn is the predicted response of wild radish biomass as a function of wheat

density (Nw), Bois an estimate of wild radish biomass in monoculture and Bt is the rate

of change in wild radish biomass in response to wheat densþ. Pearson correlation

analysis was conducted to determine the relationship between treatment factors and

response variable.

The relationship between crop yield loss and wild radish density was analysed

for each crop density and year using the rectangular hyperbolic model (Cousens 1985).

The model is represented by the following equation:

where ÍZ is the percent yield loss, d is weed density (plants/m2), 1 is the crop yield

reduction as weed density approaches zero (slope), A is the crop yield loss as weed

density approaches infrnity (asymptote).

A modification of equation 3.6 (Chikoye et aL 1995) was used for analyzing the

relationship between wild radish density and its fecundity at each crop density:

t3.61

13.71

where Sd is wild radish seed number per unit area, N is wild radish density, a is the

number of wild radish seeds per plant as density approaches zero (slope), and B is the

number of wild radish seed numbeï per unit area as density approaches infinity

(asymptote). All of the hyperbolic relationships in equations 3.4 to 3.7 were fitted using

the nonlinear curve fitting module within Sigmaplot version 9.0.

As the size of initial wild radish seed-bank was known, it was possible to

calculate the rate of its population increase. The rate of wild radish population increase

was calculated using the following formula:
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)" = 
N'*'

N,

where ), israte of wild radishpopulation increase, N, is number of wild radish seed

sown andN,*, is wild radish seed production.

3.3. Results

3.3.1. Grop and weed height

The competition between wild radish and wheat significantly affected the final

height of both species (Table 3.1 and 3.2). Wheat was taller than wild radish until 2-

node stage of wheat (about 80 days after planting which is stage 32 based on Zadok's

growth scale) in both monoculture and mixtures. After this stage, however, wild radish

displayed rapid erect growth and overshadowed wheat. From this stage on wild radish

was approúmately 20 to 30 cm taller than wheat. (Figures 3.2 and 3.3). In both plant

species, plant height tended to remain constant or increase as density increased in either

monoculture or mixture (Tables 3.1 and 3.2). The shortest plants of wheat and wild

radish were produced in monoculture and the tallest plants were in the densest mixtures.

There was a general trend for wild radish plants to be taller in the second year.

t3.81

37



Table 3.1. Effect of different densities of wheat and wild radish on wheat final height in 2003 (170

DAP) and 2OO4 (177 DAP).

Wild radish
density
(Plants/m')

Plant height
(cm)

100

200

2.1 4.2

Table 3.2. Effect of different densities of wheat and wild radish on witd radish fînal height in 2003

(170 DAP) and 2004 (177 DAP).

400

0
15
30
60
0
15
30
60
0
15
30
60

2003

91
93
95
97
91
94
96
98
96
96
96
104

2004

92
93
96
97
97
97
103
105
103
107
106
104

Wild radish
density
(Plants/m')

Wheat
density
(Plants/m')

Plant height (cm)

15

30

60

0
100
200
400
0
100
200
400
0
100
200
400

2003

95
111
110
111
103
107
110
112
102
113
104
108

2004

104
109
113
118
117
122
126
126
120
127
128
129

LSDs"z" 4.5 5.2
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Figure 3.2. Effect of different densities of wheat and wild radish on plant height of wheat and wild

radish in 2003; Vertical bars are standard errors of means.
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Figure 3.3. Effect of different densities of wheat and wild radish on plant height of wheat and wild
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3.3.2. Species com Petitiveness

When wheat and wild radish were grown in monoculture, the responses of the

reciprocal of shoot dry weight per plant to density are presented in Tables 3.3 and 3.4.

The intraspecifc competitive stress factor (BriBo ratio) is greater for wild radish than

wheat over both growing seasons. This larger value for wild radish particularly late in

the growing season indicates stronger intraspecific competition in this species than in

wheat.

Table 3.3. Summary of coefficients of linear regressions (tSE) relating reciprocal of wheat shoot

dry weight to density of wheat in monocultures over 2003 and 2004 growing seasons.

lntercept (Bq)
(xt o-4)

lntraspecific
competition

coefficient (Br)
(xt o-4)

lntraspecific
competitive stress

factor (81/Bs)

R'Year Days
after
sowing

2003 81 1695 r 681 24.5 !2.60 0.014 o.92

9s 1537 + 362.' 9.0 t 1.30'. 0'006 0'84

10e iit tzaz- 8'2t1'40" 0'011 o'85.'

12g 190 + 144ns 6.0 t O.O5'. 0'032 O'88..

170 iãftgEi. 5.e t 0.03" 0'025 o'e7..

2oo4 7s zlá)iaia.' õ;lã¡¡* 0'014 o'e1..

96 1313 t 298'. 9.0 + 1 .1 1 o'oo7 o'89"

122 2g2 + g12n" 8'5 + 1 .23 0'037 o'87'.

177 225 + 161n" 7.8 + 0.06.. 0.035 o'95.'

'When 
the two species were growrì in mixture, the responses of the reciprocal of

shoot dry weight to the competitor and their own densþ for all sampling dates are

shown in Tables 3.5 and 3.6. Inverse polynomials based on wheat shoot dry weight per

plant show interspecific competition measured by the coefficient of B *. was greatet

than intraspecific competition measured by the coeffcient B * (Table 3.5). In contrast,

the polynomial equations based on the reciprocal of wild radish shoot dry weight per

plant suggest that interspecific competition (8,*) was less than intraspecific competition

(B ) (Table 3.6). The relative competitive ability (RCA) of wild radish against wheat

shows that depending on the growing stage each wild radish is as competitive as 2.5 to

g.3 wheat plants (Table 3.6). The RCA of wild radish against wheat appears to increase

as wheat growth slows down (Figure 3.4). Since the relative competitive abilþ ratios

(RCA) are not similar for both target species, there appears to be evidence for
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ecological niche differentiation (spitters 1983) which varies as the season progresses

(Figure 3.5).

Table 3'4' Summary of coefficients of linear regressions (+SE) relating reciprocal of wild radish

shoot dry weight to density of wild radish in monocultures over 2003 and 2004 growing seasons.

Year Days
after
sowing

lntercept (Be)
(xt o-4)

lntraspecific
com oetition coeff icient

(81) (x1o-4)

lntraspecif ic
competitive stress

factor (81/Be)

R,

2003

2004

81

95
109
123
'170

73
96

122

177

0.0104
0.045
0.025
0.057
0.097
0.032
o.o74
o.022
0.14

0.92
o.82"
0.87.'
0.83..
0.90..
0.96.'
0.89..
0.50.
0.94'.

1112 ! 147
246 +71'.
87 t27"
105 r 38..
79 + 36ns

1 170 r 100..

240 t81.'
545 I 163..

73 r 35..

1 1.5 r 3.7
1 1.0 r 1.8..

4.4 r 0.06.'
6.0 r 0.09..
7.7 + 0.09..
97.o + 2.5"

17.7 t 2.'

12.0 t 4.1..

10.0 + O.O8

ns, r, ++, Parameter are non-slgnltlcant or signrticantly dlllerent lrom zero at the 5 and l7o level, respectlvely

Table 3.5. Summary of coefficients of multiple linear regressions (tSE) relating reciprocal of wheat

shoot dry weight to density of wheat and wild radish in mixtures over 2003 and 2OO4 growing

seasons.

Year Days
after
sowing

2003 81

95

lntercept lntrasPecific
(Bo*) comPetition
(x1O-4) coefficient

lnterspecific
competition

coefficient (B *'.)
(xt o-4)

RCA R'
(B*/B*r)

(B

950 +1060 ns 27.0 t 3.00

13931487'. 11.0t 1.44..

65.0 + 20.00
25.0 r 9.20..

o.42
o.44

0
0.72"

109 162 t 256 ns 10.0 t 0.07.' 17'o + 4'80 0'59 0'90

12s qli-tiaa.' 5.4 t 0.04.. 10.4 + 3'00.. o'52 o'85"

17O 46 + 98 n" 6.5 r 0.ó2'. 9.1 t 1.80.. 0.71 0'96.'

2OO4 7g 272 + g7lns 34.0 r 3.00.. BO.O r 1B.OO.' 0.43 0.87..

96 1045 + 434.. 10.7 t 1-20.' 23.0 t 8.00.' o'47 0'76..

122 1219 +698 n" 1g.O ].2.ZS" 42.0 t1O.OO" O.SS 0.G7.'

177 24g t77'. 8.0 t 0.02.. 10.8 t 1.40.. o'74 O'98..
1y
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Table 3.6. Summary of coefficients of multiple linear regressions (tSE) relating reciprocal of wild

radish shoot dry weight to density of wheat and wild radish in mixtures over 2003 and 2004

growing seasons.

lntercept lntraspecifc lntersPecific RCA R=Year Days after
sowing competition (B,/B *)

coefficient (B *)
(xt o-4)

(BoJ
(xt o-4)

competition
coefficient

(8,)
1

2004
2003

* Wheat DM

-.{.-.. RCA

I
I

o 20 40 60 80 100 120 140 160 180

DAP

0 20 40 60 80 100 120 140 160 180
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Figure 3.4. Wheat average aboveground biomass and relative competitive ability of wild radish

against wheat in 2003 and 2004.
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Figure 3.5. Niche differentiation indices (NDI) between wheat and witd radish in 2003 and 2004.

3.3.3. Grop growth and N uptake

Strong effects of crop and weed density on wheat biomass were observed in both

years of the study. The addition of wild radish to the wheat crop reduced the

aboveground dry weight of wheat from 80 days after planting (DAP) onwards (Figures

3.6 and 3.7). This decline was more obvious at the lowest density of wheat (100

plants/m2), in which the highest density of wild radish (60 plants/m2) reduced wheat dry

matter per unit area by 45-55%. The same density of wild radish reduced wheat shoot

dry matter by only 20-25% when wheat density was increased to 400 plants/m2,

indicating enhanced competitive ability of wheat with wild radish at higher crop

densities. Interference of annual ryegrass in wheat (2004) also adversely affected the

biomass production of wheat plants and again increasing crop densþ reduced the

negative impact of annual ryegrass on wheat (Figure 3.7)'

Similar trends were observed in wheat LAI (Figure 3.8 and 3.9). The maximum

LAI of wheat was between 6 to 10 at 100 DAP when no wild radish or annual ryegrass

was present. Not surprisingly, the lowest LAI for wheat was present in the plots with

highest weed density. In 2003, at the highest densities of wild radish LAI of wheat was

reduced by 45 and25Yoat wheat density of 100 and 400 plants/m2, respectively. These

corresponding values were 50 and 40Yo in 2004'

In both years as wild radish density increased, the wheat biomass per unit area

decreased substantially (Figure 3.10). At all wheat densities in both years' there was a

hyperbolic relationship between wild radish density and wheat biomass (Table 3.7 and
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Figure 3.10). The parameter Br which represents the rate of biomass decrease in

response to increasing wild radish density showed a steady decline with increasing

wheat density in both years of the study and declined to less than half as wheat density

increased from 100 to 400 plantslrt (Table 3.7). This implies that wild radish caused

lower suppression of wheat growth at higher densities of wheat'

The addition of wild radish affected the N status of wheat in both years and the

background ryegrass in2004 also influenced the nitrogen uptake by wheat (Tables 3'8

and 3.9). The crop N content measured at anthesis was reduced by 45% due to the

introduction of wild radish into the wheat system in 2003. The presence of wild radish

decreased the wheat NUE by ll%o.In 2004, the presence of annual ryegrass in wheat

caused a 25%o reduction in wheat N content and adding wild radish to this system

decreased it up to 40olo. Presence of annual ryegrass and wild radish decreased wheat

NUE by 20 and 35Yo in2004, respectively. In both years, wheat had higher N content

and NUE than wild radish.
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matter (DM) of wheat and wild radish in 2004; Vertical bars are standard error'
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data to Equation 3.4.

Table 3.2 parameter estimates (+SE) of rectangular hyperbola predicting wheat biomass (g/m2)

from wild radish competition at different wheat densities in 2003 and 2004 (Equation 3'4)' All plots

in 2004 had ryegrass in the background'

Bo B1
(x1o-4)

R,

E
ct)

a¡t
to
o
E
.9¡¡
(ú
oE

=

E
ctt

ø
tt
(ú

E
.9
.C¡

GoE

=

2004

0

Year Wheat
densitY
(plants/m')

2003 100
200
400

2004 100
200
400

1106r
1209 r 61.'
139g+49
823 + 56
1141 + 49"

83t16
49 !21.
38 r 14'
96 r 35.
86 r 21..

0.98
0.98
0.98
0.95
0.96

1252+ 48
.' 

44 ! 16' 0.94

ns, *, **, Parameter estimates are non-significant or significantly different from zero

at the 5 and 1olo level, respectively

100 WheaUm2

200 WheaUm2
400 WheaUm2

o

I

-.ô.

-Ê.ll

o

50



Table 3.8. Effect of wild radish on N content (+SE) and nitrogen use efÏÏciency (NUE) of wheat

(tSE) in 2003.

Plant density Wheat Wild radish

Wheat Wild
radish

200 0
200 60

N content
(kg/ha)

147 + 11.9
82+ 2.1

NUE ( N content NUE (

N)
112+ 11.3
100 + 5.2

(kg/ha)

55 r 9.1

N)

72!8.4

Table 3.9. Effect of wild radish and annual ryegrass on N content (+sE) and nitrogen use efficiency

(NUE) of wheat (tSE) in 2004.

Wheat Wild radish Ryegrass

wh wild
eat radish

N content
(ks/ha)

NUE
(kg/ha/kg

N)
240 + 2.9
192 + 36.0
123 + 14.2

N content
(kg/ha)

NUE
(kg/ha/kg

N)

N
content
(kg/ha)

NUE
(kg/ha/kg

N)

200 0
200 0
200 60

65 + 3.0
56 15.5
44 + 2.3

Rye
gras
s
0
200
200 20 !4.8

_ 7 +2.1
88r17.0 4 +1.9

158 !24.4
135 + 3.16

3.3.4. Crop tiller product¡on, yield and yield components

The number of tillers per plant was affected by wheat and wild radish density

(Tables 3.10 and 3.12). Presence of ryegrass in wheat in the second year also caused a

reduction in wheat tiller production (Table 3.11). The highest number of tillers per plant

was achieved in monoculture of 100 wheat/m2 and'was 4.4 and 3.9 tillers/plant in 2003

and 2004, respectively, while tiller production declined to around 0.6 tillerþlant in

mixture of 400 wheat and 60 wild radish/m2 in both years. Presence of wild radish in

wheat could cause up to 55olo reduction in wheat tillersiplant, while this decline was

about l4o/o due to ryegrass interference.
'Wheat ears/m' decreased as wild radish and wheat densþ increased (Tables

3.10 and 3.12).lnterference of ryegrass in 2004 also reduced ears/m2 of wheat at 100

and 200 plantsim2, but its adverse effect was not as great as the effect of wild radish

(Table 3.11). The highest ears/rr? was generally found in the plots with highest wheat

density. Equation 3.4 predicted that the ears/m2 was greater with higher wheat densities

as evidenced by the larger Bçparameter value (Table 3.13). The Bl parameter value was
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larger with the low wheat density, predicting a more rapid reduction in ear production in

low wheat densities as wild radish density increased (Table 3.13 and Figure 3.11)' Ear

density increased with wheat density and the two variables were positively correlated

(Tables 3.14 and 3.15). Overall, earslrrf had the greatest effect on wheat grain yield

amongst wheat yield comPonents.

Table 3.L0. Wheat tillers per plant at maturity, and yield and yield components as affected by

wheat and wild radish densities in 2003.

LSDs% 0.61 44.9 2.95 1.13 554.3

Table 3.11. Wheat tillers per plant at maturity, and yield and yield components as affected by

wheat and ryegrass densities in 2004.

Wheat
density
(Plants/m')

Ryegrass
density
(Plants/m')

Tillers/plant Ears/m' Grains/ear Grain
weight

(mg)

Grain yield
(kg/ha)

100

200

400
200

3.9
3.4
2.3
2.3
1.0
0.9

356
296
442
363
504
477

41.2
35.7
36.0
35.0
33.9
32.9

27.3
28.7
27.8
29.6
28.7
29.2

3678
3023
4104
3608
4445
4326

0
200
0

0

LSD
200

0.48 69.8 3.67 NS 338.3
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Table 3.12. Wheat tillers per plant at maturity, and yield and yietd components as affected by

wheat and wild radish densities in 2004. All plots had ryegrass in the background'

Wheat
density
(Plants/m')

Wild radish
density
(Plants/m')

Grains/
ear

Grain
weight
(mg)

Grain
yield

(ks/ ha)

Tillers/plant Ears/ m'

100

200

400

0
15
30
60
0
15
30
60
0
15
30
60

3.4
2.9
2.6
1.8
2.3
1.8
1.4
1.3
0.9
o.7
0.6
0.6

296
264
204
179
363
343
312
279
477
393
388
391

35.7
35.0
34.2
34.3
36.0
34.2
33.9
32.1
32.9
31.4
31.2
29.8

28.7
29.1
30.2
30.3
27.8
28.8
28.5
29.2
29.2
31.4
32.3
32.4

3023
2612
2103
1977
3608
3350
2863
2777
4326
4137
3871
3770

.I
M
r&

LSD5% o.44 47.9 2.95 2.11 351

Table 3.13. Parameter estimates (+sE) of rectangular hyperbola predicting wheat ear production

per square meter from wild radish competition at different wheat densities in 2003 and 2004

(Equation 3.4).

Bo B1 R=Year Wheat densitY
(plants/m') (x1o-4)

2003

2004

100
200
400
100

200
400

377 !9
492t21.'
558 r 12..
2gg + 11'.

365 + 10..

44g + 2J..

37r8
120 !21

88 !.12
44 + 17'

0.95
0.93
0.92
0.97
0.96
0.94

52!11
35 t 16'

trs, +, **, parameter estimates are non-significant or significantly different Íìom zero at the 5 and 7%o level' respectively

Table 3.14. Pearson correlation coeffrcients among wheat yield components in 2003 with N = 216'

Ears/m' Grains/ear Grain weight
(mg)

Grain
yield

Wheat
Wild radish

o.74
-0.56..

-0.64
-0.35.

0.47 ,
0.37

0.60
-0.50..

I

I

I

plants/m2
'Grain yield (kg/ha) 0.84.. O'02 0'01 1'0q.

Ears/m2 1.00

!
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Table 3.15. pearson correlation coefficients among wheat yield components in 2004 ln¡1¡ 1\ = 315'

Ears/m' Grains/ear Grain weight Grain yield

.L

il
rPj¡k

t

2003

2004

0 20 40 60

Wild radish plants/m2

Figure 3.11. Wheat ear production per square meter as affected by witd radish and wheat density

in 2003 and 2004. points show mean observed values and lines are the result of frtting the data to

Equation 3.4.
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Number of grains per ear was significantly affected by intra- and interspecific

competition in both years. The highest number of grains per ear was found in the

monoculture of the lowest wheat densþ (Tables 3.10 and 3.11). Both crop and weed

densities had a significant negative correlation with grains per ear in both years (Tables
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3.I4 and3.15). The number of grains per ear did not have a significant correlation with

grain yield.

Grain weight showed a positive response to intra- and interspecific competition

and increasing either wheat or wild radish density resulted in heavier kemels in both

years (Tables 3.10 and3.I2). Ryegrass did not have a significant relation with grain

weight (Table 3.9). Although there was a significant association between both wild

radish and wheat density with grain weight, grain weight showed a non-signihcant

association with grain yield (Tables 3.14 and 3.15).

Grain yield varied 'with weed density, crop density and year (Tables 3. 10, 3 . 1 1

and 3.12). The negative impact of ryegrass on grain yield was much lower than wild

radish. The monoculture yield in 2004 was lower than in 2003 which could be due to a

very dry spring (October) in this season. Observed yields in weed-free wheat ranged

from 3.94 to 4.94 tons/ha depending on year and crop density (Tables 3.10 and 3.11).

Increasing crop density from 100 to 400 plantslrrl, reduced the negative effect of

ryegrass on crop yield (Table 3.11).

In both years as wild radish density increased, the wheat yield decreased

significantly (Tables 3.10 and 3.12). Increasing crop density decreased the adverse

effects of wild radish on grain yield. Equation 3.4 confirms this relationship, because

the parameter estimates for the Br was the lowest with the highest crop density,

indicating lesser susceptibility to wild radish competition at higher wheat densities

(Table 3.16 and Figure 3.13). Further, at all wheat densities in both years, there was a

hyperbolic relationship between wild radish density and wheat yield loss (Table 3.17

and Figure 3.14). The parameter I which represents yield loss per wild radish plant

showed a steady decline with increasing wheat density in both years of the study (Table

3.17). However, the relative change in 1 was considerably greater in 2004. The

maximum yield loss (parameter A) also showed a consistent reduction with increasing

crop density and declined to less than half as wheat density increased from 100 to 400

plants/m2 in both years.

¡1
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Tabte 3.16. Parameter estimates (tSE) of rectangular hyperbola predicting wheat grain yield per

square meter from wild radish competition at different wheat densities in 2003 and2OO4 (Equation

3.4).

Bs B1 R'Year Wheat density
(plants/m') (xt o'4)

2003 100
200
400

2004 100

391 19
450 + 19..
487 t16'.
298 t 9..

106 + 18

64 t20..
41 r 13..
106 t 17..

0.98
0.98
0.98
0.97

2oo 357 t 8'. 59 + 10 0'96

400 426 t 15'. 25 t 13.. 0'94
v

Tabte 3.17. parameter estimates (fSE) of rectangular hyperbola predicting wheat yield loss (%)

from wild radish competition at different wheat densities in 2003 and 2004 (Equation 3.6).

A R'Year Wheat density
(plants/m')

I

2003 100
200

1.18 + 0.16 89.4 r 19.6

46.8 + 13.1'.

0.93
0.950.93 r 0.23

400 0.72 t O'28' g7 -4 t 18'4 o'91

2004 1OO 1.71 t O'53. 56'8 t 15'2.. 0'95

2OO 0.96 t 0.35. 4g-1 + 17 '6' 0'93

v

3.3.5. Wild radish growth

Wild radish emerged 6 to 8 days before crop emergence in both years. Although

crop competition did not have a measurable impact on wild radish plant growth early in

the growing season, the effects were large and significant at 80 DAP. There were large

eflects of both crop and weed density on wild radish biomass. V/ild radish biomass in

mixture with 400 wheath* was 80-90% less than its biomass in monoculture (Figures

3.6 and 3.7). As expected, wild radish gïowth was reduced at higher wheat densities,

plants being of lower mass than when growing without a crop. Wild radish aboveground

biomass increased markedly after the anthesis stage of wheat (120 DAP). Increasing

wheat density remarkably reduced wild radish biomass at all wild radish densities

(Figure 3.15) and the rectangular hyperbola provided good fit to the data (Table 3.18)' It

is apparent that higher densities of wheat provided strong suppression of wild radish

growth.
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Figure 3.14. Wheat yield loss (7o) as affected by wild radish and wheat density in 2003 and 2004'

points show mean observed values and lines are the result of frtting the data to Equation 3'6'
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Table 3.1E. Parameter estimates (+SE) of rectangular hyperbola predicting wild radish biomass

(g/m2) from wheat competition at different wild radish densities in 2003 and 2004 (Equation 3'5)'

All ptots in 2004 had ryegrass in their background'

Year Bs Bt
(x1o-4)

R.Wild radish densitY
(plants/m2)

2003 15

30
60

2004 15

772!34
925165..
1054 t77'.
543 r 45'.

74+11
76 + 16'.
40 r 10..
96 + 25.'

0.98
0.97
0.96
0.95

30 567 t22'. 64 + 9.. o'98

60 707 1-45" 55 + 13 0'97
v

V/ild radish LAI was also reduced by competition with wheat @igures 3.8 and

3.9). The maximum LAI of wild radish monocultures reached 13 by 100 DAP'

However, the presence of wheat at its highest density caused a 75-85Yo reduction in

wild radish LAI.

3.3.6. Wild radish seed product¡on

The seed production of wild radish was also adversely affected by increasing

density of wheat and presence of annual ryegrass (Figure 3.16 and Table 3.19). At its

highest densþ, wild radish seed production in the absence of wheat reached 36000

seedsim2 in 2003 and 45000 seeds/m2 in 2004. When ryegrass was also present in

species mixtures in 2004, it decreased wild radish seed production to about 38000

seeds/m2 (15% reduction) at the 60 wild radish planislrrf (Table 3.20). The number of

seeds per unit area increased with increasing wild radish density in all treatments'

presence of high densities of wheat in wild radish populations reduced its seed

production relative to its monoculture by about 80 to 90% in both years. Overall, wild

radish seed production in 2004 was greatet than in 2003 (Figure 3.16).
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Table 3.19. Parameter estimates (+SE) of rectangular hyperbola predicting seed output of wild

radish at different wheat densities in 2003 and 2004 (Equation 3.7).

Year Wheat densitY

(plants/m2)

B R,a

2003

2004

0

100

200

400

0

100

200

400

2964 + 996**

523 + 169"*

315 + 88*"

155 !27**

1737 + 240"*

1195+350**

378 + 58**

271 !73"*

44224 + 6815**

30947 + 12705*

13524 t 3769**

10262!2739**

61200 !7700**

38098 t 931 5**

23135 + 5077**

7119 ! 1 398**

0.95

0.90

0.95

0.93

0.95

0.95

0.96

0.95

*' *' **, Parameter estimates are non-significant or signifi cantly different from zero at the 5 a¡d I%o level, resPectivelY

The rectangular hyperbolic model (Equation 3.7) provided a satisfactory fit for

the data of wild radish seed production in both years (Table 3.19 and Figure 3'16)' The

slope (a) of the model reduced with increasing wheat density ftom 2964 to 155

seeds/plant in 2003 and from 1737 to 271 seeds/plant in 2004 indicating greater

suppression of wild radish reproductive output at higher wheat densities. The estimated

maximum seed output (B) in 2003 was 44224,30947, 13524, aîd 10262 seeds/m2 when

wild radish grew in monoculture, and in mixture with wheat at 100, 200 and 400

plants/m2, respectively. The coresponding values :rr^2004 were 61200, 38098, 23135'

aîd 7119 seeds/m2 in monoculture, and in mixture with 100, 200 and 400 wheat

plants/m2, respectivelY.
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Figure 3.16. Witd radish seed number per square meter as affected by wild radish and wheat

density in 2003 and 2004. Points show mean observed values and lines are the result of fitting the

data to Equation 3.7.

The rate of wild radish population increase (iu) was reduced by increasing crop

density (Figure 3.17). Although increasing wheat density to about 400 plants/m2

decreased ?r, up to 95Yo inboth years, the number of seeds produced was still 40 times

greater than the number of sown seeds.

Table 3.20. Effect of annual ryegrass on wild radish seed output (seeds/m2) (t SE) in 2004.
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Figure 3.12. Rate of population increase (?v) for wild radish in 2003 and 2004 based on equation 3'8,

N¡ is number of wild radish sown seeds. vertical bars indicate standard error.

g.g.7. Annual ryegrass growth and spike product¡on

Ryegrass was very productive in monoculture, but adding both wheat and wild

radish to ryegrass reduced its biomass considerably (Figure 3.18). This decline was

measurable from 80 days after planting onwards. The highest density of wheat and wild

radish caused 85 and 70o/o reduction in ryegrass biomass, respectively. The mixture of

wild radish and wheat in their highest densities (400 wheat and 60 wild radishim2)

reduced ryeglass dry matter upto g|Yo.Ryegrass finished its growing period (LZ2DAP)

prior to wheat maturity (177 DAP). It was completely senesced and had shed its seeds at

final sampling date (177 DAP).
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matter (DM) in 2004; Vertical bars are standard error.

Ryegrass LAI reached about 7 in its monoculture, but a mixture of ryegrass with

the highest density of wheat resulted in70o/o reduction in ryegrass LAI (Figure 3.19).

Mixture of ryegrass with the highest density of wild radish also decreased its LAI by

about 55%. Ryegrass LAI was particularly sensitive to interspecific competition and

dropped to less than 1 in treatments with the most dense mixture of wheat and wild

radish. The competition pressure pushed ryegrass LAI to zerc 122 DAP in plots with

dense mixture of wheat and wild radish.
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Ryegrass produced 12 tillers/plant in its monoculture (Figure 3.20). It could

produce 4 tillers/plant in mixture with 60 wild radish/m2, but presence of wheat at 400

plants/m2 reduced ryegrass tiller production to less than I tiller/plant. Ryegrass

pïoduced few tillers in plots with the highest densities of wheat and wild radish.

Various densities of wheat and wild radish substantially reduced spike

production of annual ryegrass and the lowest number of spikes were produced at the

highest densities of wheat and wild radish (Figure 3'21)'
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3.4. Discussion

There were clear differences between the competitive ability of wheat and wild

radish. comparisons on individual plant basis (in monocultures) showed that wild

radish had 5 times greater biomass than wheat and this is reflected in the relative

competitive ability of the two species in mixtures. 
'Wheat was more sensitive to wild

radish than to individuals of its own species. In other words, interspecific competition

for wheat was greater than intraspecific competition. Not surprisingly, intraspecific

competition in wild radish was greater than interspecific competition' In general,

competitive ability of wild radish in wheat was influenced by wheat density. Although

wild radish plants were shorter than wheat during the early growth stages, the relative

competitive ability of wild radish against wheat \ilas very high even as early as 70-80

DAP in both years (Table 3.6). Therefore, it appears unlikely that shading alone was

responsible for the competitive superiority of wild radish over wheat. considering the

rainfall pattem in both years, it is also unlikely that moisture was limiting at this stage'

This high level of early competition might be due to competition for nutrients especially

nitrogen which is a key element in leaf expansion and tiller formation in early growth

stages (Fageria et al. 1997;Palta and Peltzer 2001). Otr results confirm that wild radish

ptesence in wheat caused an effective decline in total nitrogen uptake by wheat in both

years. The presence of wild radish also reduced the NUE of wheat. Hashem and Wilkins

(2002)also concluded that competition from wild radish significantly reduced total N, P

and K content of lupin seed. Moreover, annual ryegrass interference in 2004 also

reduced N uptake of wheat. Previous studies have confirmed the reduction of wheat N

uptake by ryegrass (Hashem et al. 2000; Lemerle et at. 1995; Palta and Peltzer 2001;

Reeves lg76),but there is a lack of information about wild radish effect on the N status

of wheat in the literature. Lower N content of shoots in2004, might be also a result of

very dry spring in this year which could have reduced availability of soil N'

Generally, increasing either wheat or wild radish density resulted in taller plants

of both species. Wild radish was shorter than wheat until wheat 2-node stage (stage 32

based on Zadok's growth scale), but overtopped wheat before canopy closure and

became almost zo-30 cm taller than wheat at the end. This height superiority of wild

radish might cause shading which in turn could reduce wheat growth rate. A taller

wheat cultivar may be able to compete better against wild radish later in the growing

season. However, taller varieties do not always produce the highest yields in weed-
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infested plots, as these varieties allocate relatively more assimilates to vegetative parts

than to the grain (o'Donovan et al. 2000). wild radish plants were taller in the second

year which could be due to the higher rainfall in November 2004 and this could have

enhanced competitive advantage of wild radish over wheat'

There was evidence for niche differentiation at all sampling dates in both years.

The RCA and NDI were not consistent over different sampling dates in the same

growing season and between different growing seasons' However, they showed quite

similar trends in both years (Figures 3.4 and 3.5). The relative competitive ability of

wheat against wild radish shows that it becomes relatively more competitive as season

progresses (Table 3.5). The coeff,rcients of the multiple regression equations relating

shoot weight of wheat or wild radish to density of both species confirm the competitive

superiority of wild radish based on individual plant competitiveness' The relative

competitive ability of wild radish against wheat was high at eatly growth stage of wheat

(wheat Z-node stage) and then drastically slumped during 80-100 DAP (Figure 3'4)

which might be due to faster canopy development in wheat' However, after 100 DAP

there was a rapid increase in RCA of wild radish. RCA of wild radish against wheat

showed a huge increase at the end of growing season. This is most likely to be due to

the indeterminate growth habit of wild radish and it was green and active while wheat

had finished its growth period (170 DAP). The results show that wild radish DM

substantially increased after anthesis stage of wheat' This could be due to the

indeterminate growth habit of wild radish which enables it to take advantage of the late

rainfall received in October-November period'

It appears that the two species are only partly limited by the same resources and

they partly avoid each other. The inconsistency of RCA and NDI between different

sampling dates might be due to a different resource acquisition pattern over different

plant developmental stages. This study indicated the effect of seasonal conditions on the

degree of niche differentiation. It is also noteworthy that the NDI was very high at the

end of both years. This sharp increase of NDI might be partly due to the fact that at the

end of season wheat had completely senesced (170 DAP) and was at the end of its

growth period, while wild radish was still gleen and had active roots due to its

indeterminate growth habit. So wheat and wild radish are very different in their capacity

to utilise resources at this late stage. Late rainfalls, which enabled wild radish to grow as

an indeterminate plant, mâY have affected NDI at the end of season' Most studies

measure RCA and NDI just once during the growth season (Passini et al' 2003;
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patterson 1990; Tanji and, Zimdahl Ig97) and might overlook the changes in RCA and

NDI over different growth stages and also between the seasons.

The ability of wild radish to compete with wheat was markedly reduced under

higher crop densities. These results confirm that increasing wheat density may be an

efîective crop management strategy to enhance the competitiveness of wheat against

wild radish. Lemerle et at. (2004) also found reductions in ryegrass competitive ability

by increasing wheat densitY.

Increased weed and crop densities decreased wheat tillers per plant, illustrating

the effect of intra- and interspecific competition on crop tiller production. As wheat

tiller formation is very responsive to N supply (Palta and Peltzer 2001), presence of

wild radish and ryegrass (in 2004) in wheat may have reduced early uptake of N by

wheat. A reduction in tillering in wheat is known to affect the sink strength for storing

N and it is assumed that a reduced sink at tillering limited the subsequent uptake of N

(palta and Fillery 1995). Previous studies have documented similar impacts of

increasing crop density on wheat tillering @onald and Khan 1996; Holman et aL.2004;

Knezevic et al. lggT) which shows the plastic response of tillering to resource

availability.

Increasing wild radish density adversely affected wheat ear density, but the

relative effect was lower at higher crop densities. Among the crop yield components,

earslrrf had the closest association with grain yield. An inverse relationship between

crop density and grains per ear occurred in both years, which is likely to be due to

reduction in ear size due to greater intraspecific competition at higher crop densities.

Both wild radish and ryegrass had a negative impact on number of grains per ear. In

general, kernel weight increased with increasing crop density. This result agrees with

those of Wilson and Swanson (1962) and Geleta et aI. (2002), and may have been

caused by the presence of additional tillers that delayed maturity and reduced kemel

uniformity at lower crop density. The later tillers produce smaller grains that result in

low grain volume weight. Generally, any treatment which reduces the number of grains

per ear will increase kemel weight, indicating competition for resources within a plant.

Overall, wheat had a lower grain yield in2004 than in 2003. This is most likely

due to lower rainfall in October 2004 which coincided with the anthesis and early grain

filling period of wheat. Moreover, the presence of ryegrass in the mixtures of wheat and

wild radish could have had some effect on grain yield. Grain yield was strongly
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correlated with ears/m2 in both years (Tables 2.14 and 2.15). V/ild radish not only

caused a significant reduction in ears/m2, it also reduced grains/ear.

The results also indicate that the outcome of competition was found to fit

hyperbolic models in both years. Although the response of parameters I and A to crop

density was consistent, there were some differences between the two years in the values

of these parameters. Variation in 1 and A parameters across years and locations have

been reported in previous studies (Bensch et at.2003; Chikoye et al. 1995; Cowan et al.

1998; Knezevic et aI. 1994; Massinga et al.200l). In our study these diflerences in

parameter estimates could have been due to differences in climatic factors between the

two seasons. According to Koutsoyiannis (1973), parameter estimates are reliable when

the standard error is less than half of the numerical value of the estimate. As the

standard effors associated with each estimate are small except at 400 wheat plants/m2 in

2003,estimates I and Aappear to provide a reliable comparison between the treatments.

The slope of these rectangular hyperbolic models (/) clearly indicates that at higher crop

densities, wheat was able to compete more effectively with wild radish (Table 3.17).

In the second year, when ryegrass was present in the species mixtures, wheat

could compete with it successfully. Although ryegrass could produce a high biomass

and LAI in its monoculture, increased wheat densities caused alarge suppression in its

growth. In its monoculture, ryegfass produced up to 12 tillers per plant, three times as

many as wheat, but its tiller production decreased drastically with increasing wheat

density. Since an increase in density of wheat improved its competitive ability against

ryegrass, higher wheat densities might be suggested as a measure against ryegrass.

Lemerle et at. (2004) also found that higher wheat densities of up to 425 plants/m2

could be an effective tool for increasing its competitive ability against ryegrass.

As already stated (Chapter 2), Cousens et al. (2001) only measured competitive

effects until anthesis. Whereas, in our study we measured effects of competitive

interactions on reproductive output of wheat and wild radish. This provided further

understanding of wheat - wild radish interactions in a different environment to that of

Cousens et al. (200I). V/ild radish produced large amount of seeds in this study which

is consistent with previous research. Reeves et al. (19S1) and Madafiglio (2002)

reported wild radish seed production of 17275 and 21543 seeds/m2, respectively' even

when it was growing in competition with wheat. Compared to 2003, wild radish

produced more seeds in 2004 which could be athibuted to greater rainfall during

reproductive development in November of the second year. Such late rainfall events
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would have benefrted wild radish due to its indeterminate flowering and seed

production. Although low densities of wild radish may not decrease wheat yield

prodigiously at high crop densities, additional weed management strategies would be

required to prevent large additions ofseed to the soil seed bank.

The signifrcant dry weight reduction of wheat due to wild radish competition

became detectable in late August in both growing seasons (Figures 3.6 and 3.7). At this

stage, wild radish plants were still a prostrate rosette and unlikely to compete with much

taller wheat plants for light. Consequently, these early competitive effects are likely to

be a result of interspecific competition for soil resources in particular nitrogen. From a

practical viewpoint it also means that an aggressive competitor like wild radish needs to

be controlled during the early vegetative stage of the crop. Our field studies clearly

showed that at a low density of 100 plants/m2 wheat was vulnerable to wild radish

competition and increased wheat densities can play an important role in overcoming

yield losses. However, wild radish was shown to have an excellent fecundity and even

in the presence of high wheat densities, it was able to produce more than 7000 seeds/m2.

This clearly indicates that crop competition alone will be inadequate for the long-term

population management of this weed species. A combination of good crop competition

with strategic use of herbicides to prevent seed set by suppressed wild radish plants

would be needed for its effective management.

Our results confirm previous reports, where increased crop densities decreased

crop yield loss due to weed interference (Andersson 1986; Lemerle et a\.2004; Medd ¿/

al. 1985; Moss 1985; Olsen et at. 2004; walker et al. 2002; weiner et al. 2007).

Implementing higher crop densities can reduce the use of herbicides within

conventional agriculture and still maintain adequate weed control. This is not only

financially advantageous to the farmers but is also less harmful to the environment.

Moreover, it can possibly supplement the weed seedbank management programs' There

is, however, a need to increase our understanding of density-yield relationships in crops

in the absence of weeds. If the density-yield curve is relatively flat, as it is for many

cereal crops, then these higher densities can be used for weed suppression (Weiner et aI.

2001). In our study, there was no evidence for any decline in wheat yield at higher crop

density.

In conclusion, wild radish is capable of causing a large reduction in yield of

wheat and suppression of this weed increased substantially with increasing wheat

density which is consistent with previous studies. Although annual ryegrass was present
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in2004,it did not alter the severity of wheat-wild radish interactions as reflected in crop

yield loss (Figure 3.14) and wild radish seed production (Figure 3.16). Crop yield loss

trends between the two years are very similar, indicating that the presence of annual

ryegrass did not affect the relationship between wheat and wild radish. As far as wild

radish seed production is concerned, the impacts of wheat density over the two years

were nearly identical. This observed lack of sensitivity of wheat-wild radish interactions

to the presence of annual ryegrass could be due to much weaker competitive ability of

this species relative to wild radish (Streibig 1939). Despite the presence of annual

ryegrass in2004, wild radish seed production tended to be higher at all wheat densities

than in the previous season. As already stated, this is most likely to be due to greater

spring rainfall in this season. Although this study highlights that increasing wheat

densþ was an effective cultural weed control strategy for wild radish, it should be

noted that increasing crop density comes at a cost. When used in combination with other

control tactics, increased crop density can become an important part of integrated weed

management programs. Integrating wheat management (densþ) and wild radish

biology knowledge could effectively help to reduce herbicide rates applied to control

wild radish and to improve the sustainability of cropping systems through less reliance

on herbicides.
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CHAPTER 4. ECOPHYSIOLOGY OF SEBD DORMANCY

AND GERMINATION IN WILD RADISH (Raphønus

raphønistrum L.)

4.1. Introduction

Plants growing in unpredictable environments have developed adaptations

related to seed morphology and physiology, such as dormancy, seed size variability and

the presence of special structures for dispersal to cope with uncertain conditions

(Venable and Brown 1988).

V/ild radish, a winter annual plant, is one of the most common and competitive

broad-leaved weed species on Australian farms. The success of wild radish as a primary

invader during secondary succession and as a weed in cultivated crops may be largely

attributed to its germination behaviour and the level of seed dormancy (Bhatti 2004;

Blackshaw et al. 1999; Code and Donaldson 1996). Seed dormancy is essential for the

survival of annual weed species in areas with a Mediterranean climate. Winter annual

species adapted to Mediterranean climate survive the summer as dormant seed in the

soil. An appropriate seed dormancy strategy will enable these species to germinate in

the favourable conditions of late autumn and winter and prevent germination after

summer rains, which are invariably followed by a period of drought @unbabin and

Cocks 1999).

Wild radish seeds are dormant at maturity and even at the start of the following

growing season, tp to 70%o of the seeds can still be dormant (Cheam 1986)' The exact

mechanism of seed dormancy in wild radish is not clear. However, several factors

appear to contribute to the dormancy of wild radish seeds. Mechanical and chemical

compositition of pod and seed coat influence seed dormancy of wild radish (Cheam

1986; Cheam and Code 1995; Mekenian and Willemsen 1975; Piggin et al. 1978). The

three major flower colour forms (white, purple and yellow) produce seeds of different

level of dormancy (Cheam 19S4). This is likely to be a genetically based variation

because consistent results were obtained from plants grown and tested under identical

conditions. Dormancy may also vary with the geographical location in which the seeds

were produced (Cheam 1986). Time of emergence of parent plants also influences the
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dormancy level because early emerging plants produce more seeds with greater innate

dormancy (Cheam and Code 1995). There has been some confusion in the literature

about the relative contribution of the pod and seed coat in the expression of dormancy in

wild radish seeds. According to some researchers, wild radish seed dormancy is largely

due to the pod surrounding the seed (Cheam 1986), but others believe that the seed coat

rather than the pod is the major contributor to dormancy in this species (Young 2001).

Seed dormancy in many species can be affected by the environment experienced

by the parent plant during seed development (Baskin and Baskin 1998). There is a lack

of information on the effects of climatic factors on wild radish seed dormancy' Spring

rainfall in South Australia can be quite variable. It is widely accepted that such climatic

variation has a major impact on grain yield, grain size and quality of crops such as

wheat. Low spring rainfall could also have an impact on the quality of weed seeds in

particular their dormancy status. Although the long tap root of wild radish enables it to

withstand drought (Cheam and Code 1995), water stress because of weather conditions

or competition with crop might influence the seed dormancy of this weed species. There

is a need to investigate the effect of plant competition and water stress on wild radish

seed dormancy.

The aims of the series of experiments reported in this chapter were to:

1) investigate the pattern of dormancy release of wild radish seeds after

ripened under field and greenhouse conditions,

2) examine if any relationship exists between the environment of the

mother plant and dormancy status of the seeds produced, with a special

focus on the effect of plant competition and water stress on seed

dormancy,

3) study the relative contribution ofpod and seed coat to the expression of

seed dormancy, and

4) investigate if there is a correlation between physical characteristics of

pod or seed coat and seed dormancY.

The results of several experiments are combined to provide an overview of the

seed dormancy behaviour of wild radish.

v
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4.2. Materials and methods

4.2.1 . General methodologY

Studies were underlaken with two wild radish biotypes : SE from southeast of

South Australia @ordertown) and Rose which has naturalised at Roseworthy. Both

biotypes were gro\Nn under identical climatic conditions at Roseworthy (in fileds 2km

apart). Pods of the SE biotype were collected from the plants grown under a rain shelter

erected in late spring (October 2004) during the flowering stage to impose water stress

(SE_stressed). Seeds of wild radish were also collected from outside the shelter. The

main aim of these experiments was to investigate the effect of maternal environment on

seed and pod characteristics and germination status of wild radish and also to test the

relative importance of pod and seed coat in its dormancy. The details of collection and

growth habitat are given in Table 4.1.

Tabte 4.1. Detailed description of the collection time and origin of different populations

,I
u

i

4.5RoseworthyGrown in
monoculture of 60

wild radish/m2

Dec 2005sE 2005

SE

4.4RoseworthyGrown in mixture of
400 wheat and 60

wild radish/m2

Dec 2004SE Mix

4.4RoseworthyGrown in
monoculture of 15

wild radish/m2

Dec 2004SE Mono

4.4RoseworthyGrown in
monoculture of 30

wild radish/m2 under
a rain shelter

Dec2004SE Stressed

4.3RoseworthyGrown in mixture of
400 wheat and 60
wild radish/m2

Dec 2003SE Mix

4.3RoseworthyGrown in
monoculture of 15

wild radish/m2

Dec 2003SE Mono

Planted in
Roseworthy in

competition
experiments
(Chapter 3)

Bordertown, SAWheat freldDec2002SE

4.4.2.7RoseworthyPea fieldDec 2005Rose

Rose

4.5RoseworthyPots in the fieldNov 2005Rose

All experiments in
4.4.
4.5

RoseworthyPea fieldDec 2004Rose

SectionCollection placeHabitatCollection
date

Seed sourceBiotype

I

r
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4.2.2. General protocolfor germination tests

The naked seeds or pod-enclosed seeds were taken from the two middle

segments of the pods in all experiments. Ten naked seeds or pod-enclosed seeds were

placed in 9-cm Petri dishes lined with 2 discs of filter paper, moistened with 5mL

deionised water or GA¡ (1mM) when required. Petri dishes were sealed with Parafilm to

minimise evaporation. Germination tests were conducted for 14 days for seeds with pod

and 7 days for seeds without pod in germinators maintained at a daylnight temperature

o125.Cll5oC in continuous darkness achieved by wrapping the dishes in two layers of

aluminium foil. In all germination tests, 10 seeds were placed in each Peri dish and

there were five replications for each treatment. The number of germinated seeds was

counted at the end of the germination test. Germinability of each treatment was reported

as a percentage of viable seeds. All firm seeds were regarded as viable.

4.3. Preliminary studies

4.3.1. Introduction

A glasshouse study was conducted to assess seed dormancy release pattern of

wild radish and also to test the effect of competition on seed dormancy of this species.

4.3.2. Methods

Recently harvested pods (matured in December 2003) of wild radish from the

competition field study at Roseworthy Research Farm (Chapter 3) were placed on the

soil surface in pots filled with held soil. All pods were from the SE biotype and were

harvested from mother plants which were growTt in a monoculture at a density of 15

wild radish plants/m2 (SE_Mono) and also from plots with a mixture of 60 wild radish

and 400 wheat plants/m2 (SE_Mix). The windows were left open to keep the glasshouse

and outside temperatures similar. These pod-enclosed seeds were sampled and assessed

for germination at monthly intervals commencing on 15th January 2004- This

experiment lasted for 7 months. Ten intact pod segments with five replicates were used

for each seed source at each sampling time.

Microsoft Excel was used to calculate means and standard errors of dormant and

germinable seeds from each observation'

,.1
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4.3.3. Results

The dormancy level was very high in both seed sources of the SE biotype atthe

beginning of the study in January (Figure 4.1). Germinability increased with after

ripening reaching a maximum of 25 and 35o/o in the mixture and the monoculture,

respectively. Both samples showed a decline in germinability in June-July period of

assessment. This period of decline in germinability appeared to coincide with the period

after the break in the growing season for Roseworthy.

40
* SE_Mono
.û SE_Mix

Jan Feb Mar APr MaY Jun Jul

Months

Figure 4.L. Germination of two biotypes of wild radish seeds in glasshouse during 2004, collected in

December 2003.

4.3.4. Discussion

This experiment showed that newly harvested seeds of wild radish germinated

weakly. Seeds were strongly dormant at maturity and dormancy became alleviated only

slowly. The results indicated that the overall germinabiltty of seeds from the plants

grown in monoculture was more than those grown in mixture. This experiment provided

some evidence for the effect of competition environment on dormancy and a base for

further investigation on wild radish dormancy pattern'
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4.4. Mechanisms of dormancY

4.4.1. Introduction

A series of experiments was conducted to explore the various elements involved

in wild radish seed dormancy and to gain an insight into the mechanism of seed

dormancy in this weed species. The hypothesis that there is a relationship between

morphometric characteristics of either pod or seed and seed dormancy was tested in this

section.

4.4.2. Methods

4.4.2.1. Morphometric measurements of pods and seeds

The main aim of these measurements was to study the relationships between the

parental plant's environment and pod characteristics from both SE and Rose biotypes.

Before starting the experiment, the pods were placed in an oven adjusted at 35oC for 1

day. Physical and morphometric characteristics of pods, collected in December 2004,

including whole pod weight, pod length, pod width and seed number per pod were

measured. For these measurements, 30 pods per treatment (with 3 replicates) were

randomly chosen (90 pods for each seed source). Pod width was assessed at the widest

point along the length of the pod. Pod width and length were measured using a

dissecting microscope (Olympus 5260) equipped with a micrometer.

4.4.2.2. Pattern of seed dormancy release in the field

Wild radish seeds were collected from the competition field study at Roseworthy

Research Farm (Chapter 3) before the pod shedding of SE biotype in December 2004. This

population was originally accessed from southeast of South Australia @ordertown) in2002.

The pods were collected from the monoculture plots of wild radish grown at a density of 15

plants/m2 (SE_Mono) and also from the mixture plots of wheat and wild radish at a density of

400 wheaym2 and 60 wild radish/m' lSE_Vi*;. The collected intact pods (including 500

seeds/treatment) were placed on the soil surface in pots buried in the field so that the level of

soil in the pots and the field was similar (Plate 4.1). These pots were placed under a

transparent plastic rain shelter. Germinability of pod-enclosed seeds was tested before
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moving pots to the held in January and at monthly intervals thereafter, until July 2005- There

were five replicates of each treatment (10 seeds/replicate).

Plate 4.1. Wild radish pods after-ripened under rain shelter at Roseworthy field station in 2005.

Another part of this experiment also assessed the effect of rainfall during

sunìmer and autumn on dormancy release of pod-enclosed seeds. The pods from

Roseworthy biotype (Rose) and from the monoculture of Southeast biotype (SE, 30

plants/m2) were assessed in this study. In order to impose water stress, plants of SE

biotype had been grown under a rain shelter after wheat anthesis (SE-Stressed). These

pods were placed in the pots as described earlier for experiment 1 and placed either

under a transparent shelter or in the open in the field (Plate 4.2).Tiny Tag@ temperature

Data Loggers (Hastings data loggers Pty., Ltd.) were installed inside and outside the

shelters for recording the temperature. Germinability of pod-enclosed seeds was tested

before moving pots to the field and at monthly intervals thereafter, until July 2005.

There were five replicates of each treatment (10 seeds/replicate).
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Plate 4.2. SE and Rose biotypes in the open at Roseworthy field station in 2005.

4.4.2.3. Seed coat thiclçtess analysis

To examine the relationship between seed coat thickness and seed dormancy the

seed coat thickness of wild radish seeds from four different seed sources (SE-Mono,

sE_Mix, SE_stressed and Rose) were measured in 2005. These seeds had been

collected in December 2004 (Table 4.1). For this purpose, 10 seeds per seed soufce

were selected randomly and weighed separately. The seed coats were embedded in

GMA monomef (GMA, hydroxyetþl methacrylate, polyethylene glycol, and benzoyl

peroxide) for 2 days (a full description of the method for processing plant tissue is given

in Appendix 1). Slides were prepared for the thickness analysis using a Sorvall JB4

microtome with glass knives. The tissue sections were observed with a X60 objective

lens and the thickness of seed coats were measured from images collected with a Bio-

Rad computer imaging system 2000MP connected to a Nikon Diaphot 300 microscope

and using iTEM image analysis software.
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4.4.2.4. Pod wall characteristics and effect of seed coat removal on seed germination

To assess if there is any relationship between pod wall thickness or pod wall

weight and seed germination, 30 pods with three replicates (90 pods altogether) were

randomly selected from each seed source (SE-Mono, SE-Mix, SE-Stressed and Rose)

and the middle segment was taken to measure total pod segment weight (seed + pod

weight), seed weight, pod wall weight and pod wall thickness. Pod wall thickness rù/as

measured using a dissecting microscope equipped with a micrometer' The pod wall

weight to seed weight ratio was used as an indictor of pod wall mechanical restriction

against seed germination. Each seed for which measurements had been taken was

subjected to a germination test in a separate Petri dish. Following counting the

germinated seeds after 7 days, the seed coat of dormant seeds was partially removed

using a scalpel and subjected to another germination test. Germination was assessed

after 7 days.

4.4.2.5. Effect of pod removal, seed coat partial removal and GAj on dormancy release

To assess the relative importance of pod and seed coat, 30 pods with three

replicates (90 seeds altogether) from each seed source (SE-Mono, SE-Mix,

SE Stressed and Rose) were randomly chosen and the middle segment of these pods

(seed with pod wall) was taken for germination test. Before starting the experiment, the

pods were placed in an oven at 35"C for 24h. After finishing the first germination test,

the seeds from nongerminated pod-enclosed seed segments were carefully extracted for

another germination test. After this test, the seed coat of viable dormant seeds were

partially removed using a scalpel and germination was assessed after 7 days. Finally the

seeds that had not germinated after partial seed coat removal were treated with 5 ml

GA3 (lmM) in each Petri dish. Germination was assessed after 3 days.

4.4.2.6. Effect of seed coat weight on seed dormancy

To assess if thickness of seed coat was important in the expression of seed

dormancy in wild radish, 10 intact naked seeds of each seed source with f,rve replicates

(sE_Mono, SE_Mix, SE_stressed and Rose) were weighed and placed in the
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geflninator for one week. The rate of imbibition of these seeds was measured by

weighing them at an hourly interval until 8 hours and then left to germinate in the

germinator. The seed coat was carefully removed from germinated seeds by applying

gentle pressure with metal forceps. The wet weight of these seeds was measured before

placement into paper envelopes. The seed coats were then dried at a constant

temperature of 70"C for 48h and weighed.

The dormant seeds in each treatment were subsequently placed in Petri dishes

after adding GA: (lmM) and placed in the germinator. Germination was assessed after

3 days and at this time weight of seed coat of these seeds was determined as previously

described for nondormant seeds.

4.4.2.7. Effect of pod specific weight on seed dormancy

The aim of this experiment was to determine if there was a relationship between

pod specif,rc weight and seed dormancy. Southeast biotype collected from a field at

Roseworthy in 2005 (SE_05), Roseworthy biotype in2004 (Rose-O4), and Roseworthy

biotype in 2005 (Rose_O5) were included in this study. All pods were stored in paper

bags in laboratory temperature of -20'C until they were used in the experiment. The

pod segment specific weight (PSW, gicm3) was measured as:

PSW:PW t4.11
PV

where PW is pod wal| weight (g), PV is pod segment volume (.-'). The higher PSIV

indicates the pod is hollower. Intact pod segments were subjected to the germination

test.

Moreover, seeds extracted from the pods of these populations were subjected to

the following treatments and tested for germination:

A. Intact seed coat

B. Partial removal of seed coat

C. Intact seed coat + GA

D. Partial removal of seed coat * GA

4.4.2.8. Statistical tests

Microsoft Excel was used to calculate means and standard effors of dormant and

germinable seeds from each observation. Independency tests were used in studies in

which germination behaviour of single wild radish seed was studied (4'4'2.4) (Zar
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ßgg). For this test, the pod walls which were heavier than the median were considered

as heavy pod walls and those which were lighter or equal to median were considered as

light pod wall. In a same method, the pod walls which were thicker than median were

considered as thick pod walls and those which were thinner or equal to median were

considered as thin pod wall.

4.4.3. Results

4.4.3.1. Morphometric characteristics of pods and seeds

There were significant differences between pod and seed characters of different

seed sources. The heaviest and longest pods were found in the monoculture of the SE

biotype (SE_Mono), while SE_stressed and SE Mix showed the lightest pods

indicating the negative effects of water deficit and competition on pod weight (Table

4.2). The pods grown in mixture with wheat were the shortest and also had the lowest

number of seeds per pod. Plants grown under water deficit produced longer pods than

those present in mixture with the crop. Rose biotype produced quite wide, but short

pods. Overall, water deficit under rain shelter and competition signif,rcantly reduced pod

weight, pod length and pod width in SE biotype, indicating the sensitivity of wild radish

to the maternal environment of the plants'

Tabte 4.2. Initiat morphometric measurements (tSE) of wild radish pods, collected in December

2004; whole pods were assessed.

Seeds/podSeed

source/biotype
Whole pod weight

(whole pod + seeds)

lms)

Pod length
(mm)

Pod width
(mm)

SE Mono
SE Mix
SE Stressed
Rose

t32.9 +3.8
85.0 + 5.3

76.5 + 4.6
t10.5 +2.7

48.87 + 1.04
38.60 + 0.47
46.26 +0.85
40.78 + 0.77

3.64 + 0.08
3.23 +0.09
3.22+0.05
3.73 +0.04

6.91 + 0.38
5.62 +0.23
6.11 + 0.18
6.75 + 0.15

4.4.3.2. Pattern of seed dormancy release in the field

Temperature data from outside and inside the shelters showed near identical

values @igure 4.2). The rainfall data showed high rainfall during June 2005, while the

previous month was very dry (Figure 4.3).
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Fresh seeds were strongly dormant in all seed sources (Figure 4.4). After 30

days in the freld, the SE-stressed pods stored in the open showed 45% germination

while all other treatments were still highly dormant. At 60 days of after ripening in the

held, the gemination of the intact pods of SE Stressed in the open reached 600lo. Over

this period, germination of SE_Mono increased dramatically to 45%o. All other seed

sources did not show any dormancy loss at this stage. After 90 days, Rose-exposed

germination increased to 40%o. However germination in Rose Sheltered lagged behind.

After this stage, germination percentage did not increase further and fluctuated in most

cases. plate 4.3 demonstrates the effect of rain on pod degradation in both biotypes after

ripened in the open at 90 days after storage. Pod damage was found to be much greater

in SE Stressed.
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Figure 4.4. Germination of wild radish seeds (with pod) in the field during 2005, collected in

December 2004.

plate 4.3. Wild radish pods of Rose and SE Stressed biotypes under the shelter and in the open'

collected in December 2004.
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4.4.3.3. Seed coat thiclntess analysis

The microscopic study showed four distinct layers in the seed coat of wild radish

including cuticle, palisade, hypodermis (hourglass cells), parenchyma (Plate 4'4)' There

was evidence for some structural differences in seed coat especially in SE-Stressed

treatment. The hourglass layer in this treatment seemed distorted and thinner than in the

other treatments (Plate 4.5). Water stress and competition caused a significant decrease

inthe thickness of the seed coat (Table 4.3 andPlate 4.5). The seed coatthickness to

seed weight ratio was considered a useful indicator of seed coat strength. The higher the

ratio SCT/SW, the stronger seed coat strength. This ratio indicates that SE-Mono seeds

had the weakest seed coat. Seed weight tended to be higher in the monoculture of SE

biotype (SE_Mono). V/ater stress and interspecific competition significantly reduced

seed weight in SE biotype, while Rose biotype seeds were smaller than SE-Mono'

plate 4.4. Seed coat structure of wild radish, a) cuticle, b) palisade, c) hypodermis (hourglass)' d)

parenchyma.
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plate 4.5. Seed coat structure in different seed sources including A) SE-Mono, B) SE-Mix' C)

SE Stressed, D) Rose.

Table 4.3. Seed weight and seed coat thickness (+SE) comparison between different seed

sources/biotypes, collected in December 2004.

Seed

source/biotype
Seed weight

(-g)
Seed coat thickness

/seed weight
6cr/Sna (p/mg)

Seed coat
thickness

(u)

Rose
SE Stressed
SE Mono
SE Mix

4.1+0.28
3.4 + 0.16
7 .2 +0.38
4.8 + 0.30

45.1 + 1.13

4t.9 + l.l9
4',7.7 + 1.35

39.3 + 0.82

It.2 + 0.70
13.0 + 0.82
6.9 +0.29
8.7 +0.49

4.4.3.4. Pod wall characteristics and effect of seed coat removal on seed germination

The SE Mono had the heaviest seed weight which could be due to the effect of

maternal environment (Table 4.4). Rose biotype showed the heaviest and thickest pod

wall compared to all other treatments of SE biotype. The pod wall weight /seed weight
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ratio is considerably higher in Rose biotype compared to SE biotype, indicating the

stronger pod wall in this biotype. Moreover, seed weight with pod (sP\Ð showed a

significant relationship with seed weight without pod (sw), suggesting heavier

segments of the pods also had larger seeds (Figure 4.5). The f values in Table 4'5

indicate that the occrüïence of thick pod wall was statistically different between

different seed sources and the highest frequency of thick pod walls (> median) was

observed in Rose biotype. The independency test for pod wall weight (Table 4'6)

between different seed sources shows that the occrrrÏence of heavy pod walls is

statistically different between them with the highest frequency of heavy pod walls in

Rose and SE Mono. Interspecif,rc competition was found to have a significant influence

on the thickness of pod wall (Table 4.3)'
'When 

seeds had intact seed coat, the highest and lowest germination occurred in

sE stressed and Rose biotype, respectively @igure 4.6). Although pafüal removal of

seed coat caused increased germinabilrty of all the treatments in SE biotype by about

20Yo,thelevel of increase was much greater in the Rose biotype. Partial removal of seed

coat increased seed germination of Rose biotype hom 22o/o in seeds with intact seed

coat to about 600/o. The independency test showed that germination behaviour over all

treatments was independent of seed weight indicating large seeds (>median) did not

have a higher level of germination (Table 4.7)'

Table 4.4. Seed weight with and without pod, and pod wall characteristics of different seed

sources/biotypes (+SE), collected in December 2004'

Seed
source/biotype

Pod segment
weight (Pod +

Seed

weight
Pod wall
thickness

Pod wall
weight (mg)

Pod wall
weighVseed

Rose
SE Stressed
SE Mono
SE Mix

19.9 + 1.08
14.3 + 0.84
2t.6 +1.77
15.5 +1.24

3.3 +0.26
3.1 + 0.20
5.2+0.42
4.0 +0.26

618 +167
535 +26.4
583 + 33.1
453 +33.1

t6.6 +0.94
11.1 + 0.70
14.5 +1.40
1 1.5 + 1.07

5.0 r 0.59
3.6 +0.76
2.8 +0.77
2.9 +0.24

Table 4.5. The independency test between pod wall thickness and different seed sources/biotypes'

Number of seeds

\^'ith thin pod wall
tSeed

source/biotype

Number of seeds

with thick pod wall

p

24
l3

6 8.s3 0.003
Rose
SE Stressed t7

18SE Mono
SE Mix J

12
27

16.48 <0.001
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Tabte 4.6. The independency test between pod watl weight and different seed sources/biotypes'

Number of seeds with
lieht pod wall

tPopulation Number of seeds with
heaw pod wall

p

22
6

2l

8 t7.r4 <0.001
Rose
SE Stressed 24

9
2t

9.6 0.002SE Mono
SE Mix 9

14

12
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Figure 4.5. Relationship between seed weight with pod (sPw) and without pod (sw) in wild radish

seeds.

Table 4.7. The independency test between seed weight and germination.

Number of
serminated seeds

Number of
nonsenninated seeds

tp
Number of large seeds

Number of small seeds

39 2l
0.56 0.453

35 25
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Figure 4.6. Germination of wild radish seed sources/biotypes at 6 months after maturity with intact

and ruptured seed coats' pods collected in December 2004'

4.4.3.5. Effect of pod remoyal, pertial seed coat removal and GAs on dormqncy release

The presence of pod was an important constraint to germinability and

sE srressed showed the highest germination (55%) with pod, while very few (5%) pod-

enclosed sesds germinated in Rose biotype (Figure 4.7). Removal of the pod enclobing

the seed increased germination s-fold in the Rose biotype whereas this increase in the

SE biotype was between 1.3 to 3-fold depending on the treatment.

r Withpod
r Pod removal (intactseed coat)
r Seed coat partlal removal

- 
Add¡ng GA

100

Rose SEStress SEMono SEMix

Figure 4.7. Germination of wild radish samples at 6 months after maturity in different sequential

treatments with pod, without pod with intact and ruptured seed coats, and adding GA' pods

collected in December 2004.
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partial removal of seed coat also increased the germination of Rose biotype by

50olo, whereas this increase was lower for all seed sources of the SE biotype'

Interestingly, addition of GA¡ increased the germination of all treatments to I00o/o,

indicating extremely high seed viability.

4.4.3.6. Effect of seed coat weight on seed dormancy

'Water uptake measurements showed that the seed coat in wild radish is

permeable to water. Therefore, wild radish dormancy is not due to hardseededness

(water impermeable) which occurs in Fabaceae (Figure 4.8). There was no signif,rcant

difference in seed coat weight between dormant and non-dormant seeds in all seed

sources (Table 4.8), which again indicates that hardseededness is not contributing to

dormancy in wild radish.

Tabte 4.8. Seed coat weight (mg) of dormant and non'dormant seeds in different seed

sources/biotypes

SE Mono SE Mix SE Stressed Rose

Dormant
Non-dormant

0.4 r 0.06

0.5 r 0.08

0.3 + 0.06
0.4 r 0.05

0.4 !0.02
0.3 r 0.09

0.4 r 0.04
0.4 r 0.07

--a-
--o-
--v-
--4-

SE_Mono
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Figure 4.8. Wild radish fresh seed weight during water uptake phase of germination at 6 months

after maturity, pods collected in December 2004'
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4.4.3.7. Effect of pod specific weight on seed dormancy

Table 4.9 shows that pod segment specific weight (PSW) was different between

the three treatments. Despite this, there was no association between germinabilþ and

pod specific weight in all treatments.

Further germination tests in this study showed the important role of GA¡ in

breaking wild radish dormancy (Table 4.9). Addition of GA: to the seeds with intact

seed coats almost doubled the germinability of all the treatments.

Table 4.9. pod specifïc weight (+SE) and germination percentage in different seed sources/biotypes

in January 2006.

Seed
source/biotype

Pod
segment
specific
weight
(g/"-')

Germination o/o

With pod Without pod

Intact
seed coat

Intact seed

coat *GA
Ruptured
seed coat

Ruptured seed

coat *GA

Rose 2004
Rose 2005
sE 2005

0.3 + 0.04
0.5 + 0.05
0.2 + 0.01

8+3.7
10 + 4.5
12 +3.7

56+2.4
56 + 6.0
60 + 5.5

100 + 0.0
100 + 0.0
100 + 0.0

76 +6.0
90 + 4.5
95 +3.7

100 + 0.0
100 + 0.0
100 + 0.0

4.4.4. Discussion

The study showed a significant maternal effect on seed and pod physical

characteristics. Significant variation in pod and seed morphometric characters among

populations might indicate genetic or environmental differences between the maternal

plants. The existence of these differences between the pods and seeds from plants

grown under different competitive environment further confirms the effect of

environment on seed traits. However, the differences between seeds from different

biotypes grown under identical climatic conditions are genetic. Signihcant variation

among fruits containing different numbers of seeds would indicate the involvement of

developmental factors, such as competition for limited maternal resources. Seed size

variability is considered a matemal effect, because the mother plant tissues in contact

with the embryo are responsible for nutrient transference to the seed (Luzuriaga et aI.

2005). Seed size is determined to a large extent by maternal environmental conditions,

such as nutrient availability, soil moisture content, and temperature (Alexander and

V/ulff 1985; Luzuriaga et at.2005;Winn l99l Wright et al. 1999; 'Wulff 1986a)'

Newly harvested seeds of wild radish germinated poorly indicating the evidence

of a primary innate dormancy. Seeds were strongly dormant at maturity and dormancy
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declined slowly in the f,reld in 2005. The high level of dormancy in early summer is an

important ecological factor as the period of dormancy is coincided well with the average

length of unfavourable season for seedling establishment in southern Australia.

Occasional summer rainfall can provide sufficient moisture for germination, but not

enough to carry seedlings into the next winter period when rainfall is more reliable (Bell

1993; Schutz et aL.2002).

Dormancy is further complicated by variations among the accessions of wild

radish. Seeds from the southeastern agricultural districts of South Australia

(Bordertown) had a lower dormancy level than those from the Roseworthy farms. This

order was consistent when collected seeds from these locations were grown and tested

under identical conditions. This suggests that dormancy is under genetic control. This

has been reported in previous studies with wild radish (Cheam 1986; Cheam and Code

1995) and also other weed species (Gill and Blacklow 1985)'

Wild radish shows dormancy cycling in the field, behaving as a facultative

winter species. It appears that a dormancy cycle in wild radish helps to regulate the

germination and increase the probability of germination under favourable field

conditions. Young (2001) concluded that the range of temperatures at which wild radish

germination can occur widens during autumn and winter and restricts in the summer.

Three dormancy mechanisms appear to control the germination of wild radish

seeds. Work reported in this thesis has identified dormancy mechanisms in pod, seed

coat and embryo. These mechanisms will enable wild radish to provide a persistent

dormancy in a large proportion of the seed pool'

The low germination of seeds \Mith intact fruits þods) may be the result of

mechanical resistance of the indehiscent fruit. Rose biotype with heavier and thicker

pod walls showed lower germination of pod-enclosed seed, providing evidence for the

role of mechanical resistance imposed by the pod wall in the expression of wild radish

seed dormancy. However, Young (2001) believes that the pod acts like a sponge which

absorbs 80-90% of the total water taken up, leaving only 10-20o/o of the total water for

the seed. He concluded that pod acts as an environmental buffer, protecting the seed

coat and slowing water access. The effectiveness of the pods in delaying germination

would depend on the type of pod, amount of rain and duration of the wet period. This

study demonstrated the destructive effect of rain on pods which resulted in higher

germination in the pods stored in the open. Pods may have a further effect in regulating

germination by insulating the seed from the extreme temperature and moisture
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fluctuations that exist at the soil-air interface. In no-till systems, wild radish pods are

not damaged to the same extent by tillage as occurs in disturbed cultivated areas. It

seems in no-till systems, this weed may successfully establish a more persistent and

prolonged seedbank relative to the fields with high disturbance activities like ploughing.

However, deep buried seeds remain viable for longer periods (Parsons and Cuthbertson

2001) and in turn might form a persistent seedbank'

The marked effect of seed coat removal on germinability in all experiments

indicated that some form of seed coat-imposed dormancy was involved in germination

regulation. Seed coat-imposed dormancy has been observed in many other species and

may take a number of forms including physical restriction of embryo expansion

(Bradford 1990; Egley 1972; Watkins and Cantliffe 1983) and water-impermeable seed

coats (Ball añ 1973). Seed coat may also prevent uptake of oxygen by the embryo, or

may contain germination-inhibiting compounds (Plummet et aI. 1995; Richmond and

Ghisalberti 1994).

The wild radish seed coat does not appear to inhibit imbibition (Figure 4.8).

Therefore it seems that the species does not have a physical dormancy caused by

restriction of water uptake by the seed coat. Although, there were no differences in the

seed coat weight of dormant and nondormant seeds, there was some evidence for

structural difference in hourglass layer of the seed coat due to water stress. As seeds

from all populations did germinate without any mechanical treatment of the seeds in

response to gibberllic acid, there should not be a mechanical dormancy (Table 4.9). The

germination in response to removal of part of the seed coat might be due to the presence

of a germination-inhibiting substance. There might be also some differences in chemical

structure of the seed coat between dormant and nondormant seeds which requires

further investigation.

This research has shown that the seed coat is responsible for dormancy but it is

not the only cause of dormancy, since its removal permitted germination in only a

proportion of the seeds (Figures 4.6 and 4 .7). In contrast, when the seed coat was intact

or partly removed, adding GA increased the germinability to 100% (Figure 4.1 and

Table 4.8), clearly suggesting presence of physiological dormancy in the embryo'

In addition to germination polymorphism, wild radish seeds also showed seed

polymorphism in producing seeds of different weights. Although seed weight is

positively correlated with germinability in many plant species (Saner et al. 1995)' this

relationship was not evident in wild radish in this study'
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High interspecific competition had a large effect on germination characteristics

of wild radish seeds. Although wild radish pods produced by plants grown in mixture

with crop had a lighter and thinner pod wall, they showed slower dormancy release than

those grown in monoculture. This might be due to the differences in chemical

composition of the seed coat which requires further investigations.

High morphological heterogeneity þod and seed characteristics) (Tables 4.1'

4.2, and 4.3) andvariability in the germination response of wild radish seeds (Figures

4.4,4.6, and 4.7)was detected in our study. Variability in seed dormancy within aplant

provides spread of germination in space and time. Thus, it reduces the risk that all

seedlings will simultaneously experience unfavourable conditions and sibling

competition. Several studies relate seed dormancy level to mother plant identity, seed

morphology, maternal environment and to some population features (Andersson and

Milberg 1998; Crawley and Nachapong l9s5). The results of the current experiments

demonstrate the sensitivity of wild radish seeds to environmental conditions as

germination pattem was affected by the maternal environment during and after

flowering. However, significant differences between the dormancy behaviour of the

seeds from different biotypes also indicate presence of genetic control of dormancy'

This series of experiments provided some evidence for the effect of water stress

on wild radish seed dormancy. As pod segments of sE-stressed treatment showed a

faster release of dormancy in the field (4.4.3.2) and also its naked seeds showed higher

germinability in the laboratory experiments (4.4.3.4 and 4'4.3.5), it is likely that there is

a relationship between water stress and level of dormancy in wild radish seeds which

requires further studY.

4.5. The impact of water stress on wild radish seed dormancy

4.5.1. Introduction

Previous experiments (a.a) provided some evidence for the effect of water stress

on wild radish seed dormancy. As mentioned earlier spring rainfalls are quite variable in

South Australia (Figure 4.9) andthese variations could change the dormancy behaviour

in wild radish seeds. Therefore, for planning an effective wild radish management

program, it is important to understand the effect of water stress on the expression of

seed dormancy. The aim of this study was to investigate the effect of water stress at
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different phenological stages on morphometric characteristics of wild radish seeds as

well as the expression of its seed dormancy.

0
tgoo 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Year

Figure 4.9. Totat spring rainfall during 1900'2000 at Roseworthy'

4.5.2. Methods

This experiment was carried out at Roseworthy Research Farm in a completely

randomised design with five water regimes and four replicates in June 2005. Wild

radish seeds were extracted out of pods collected from Roseworthy biotype. These pods

had been collected in Decemb er 2004 at Roseworthy and stored in paper bags in the

laboratory at a temperature of -20oC until they were used in the experiment (Table 4.1).

Seeds (n:100) were initially planted into small pots filled with silt loam soil in the

glasshouse and after seedling emergence, 20 seedlings of similar size were transplanted

to pots in the field. Each pot was 60cm deep and 15cm in diameter and had one wild

radish plant. Measurement of pot water holding capacity (PWHC) was made using four

additional pots of same size and amount of soil. The pots were watered gradually until

the first sign of water drainage from the bottom of the pots. This was considered as the

saturation point of these pots and after this stage, pots were left overnight to drain. The

pots were weighed after 24 hours and the volume of the water required to bring the soil

to field capaclty @C) was calculated.
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A slow release fertilizer (100:100:80 of N:P:K) was applied at the rute of 2 glpot

at sowing and 4leaf stage. All pots were watered regularly and maintained near FC'

Plants were subjected to water stress by withholding irrigation and placing the pots

under a rainshelter at different growth stages starting with the onset of flowering stage'

1) Stage 4.0 (s4), first bud opened (based on Madafiglio decimal codes,

(Madafrglio et aI' 1999).

2) Stage 5.0 (s5), continued flowering, largest pods less than 1 mm diameter

3) Stage 6.0 (s6), continued flowering, largest pods 1-2 mm diameter, slight

constrictions between pod segments.

4) Stage 8.0 (S8), flowering completed,leaf senescence'

5) Control or nonstressed treatment which was watered twice a week until pod

maturity.

It has been shown in previous studies that leaf relative water content (LRWC)

can be used as a reliable estimate of plant water potential, which in turn is an indicator

of internal water balance of plants (Jordan 1993; Mohammady-D et al' 2005)' LRWC is

the relationship between fully turgid water content and actual water content of plant

tissues when they are subjected to water stress (Mohammady-D et al' 2005)' LRWC

represents the water status of plants, whereas other parameters such as water potential

can be affected by soil, plant and atmospheric water status (Chaves 1991)' LRWC is

also closely related to cell volume and reflects the balance between water supply and

transpiration (Schonfeld et al. 1938). Therefore, LRWC appears to be a suitable

measure of plant water status.

The LRWC was measured at midday at weekly intervals over three weeks

starting on 15th October. Three leaf disks were taken from the youngest fully expanded

leaf of each plant and leaf disks were then immediately weighed (fresh mass, FM)' In

order to obtain turgid mass (TM), leaf disks were floated in distilled water inside a Petri

dish for 24h under fluorescent light. Leaf samples were weighed after gently wiping

free water from the leaf surface with tissue paper. In order to obtain the dry mass (DM),

the samples were placed in an oven at 80"C for 48h and weighed' Values of FM' TM'

and DM were used to calculate LRWC, using the equation4'2:

= 
FM - DM ,100
TM _DM

i

14.21

*

LRWC
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Wild radish pods from all the treatments were collected fortnightly from

November l1 to December 23,2005 (four collection dates). Pods from each collection

date were stored separately in paper bags at a room temperature of -20oc until they

were used for germination studies.

All morphometric characteristics of pods including pod length, pod width'

segment number per pod, pod weight were measured for 30 pods per treatment' In

addition, pod wall thickness and seed weight were measured for the middle segment of

each pod-enclosed seed. The pod wall weight to seed weight and also seed coat weight

to seed weight ratios were used as an indictor of pod wall and seed coat mechanical

restriction against seed germination, respectively. There were five replicates for each

treatment. Seed dormancy was tested with and without pod for all treatments in January

and May 2005.

ANOVA was used in this experiment to assess treatment effects (completely

randomised design).

4.5.3. Results

The leaf relative water content (LRWC) showed clear differences in the extent

of water stress between the control and different stress regimes (Figure 4.9). Water

stress reduced the leaf relative water content in stressed plants relative to the control. At

the time of last measurement, treatment 54 (the highest stress level) had almost

completely senesced.

Water stress caused a significant reduction in plant biomass and seed production

of wild radish (Table 4.10). There was no significant difference between the dry matter

and seed number per plant of s4, 55 and 56, while s8 and control produced

significantly larger plants with more seeds. The stressed plants matured sooner and

produced significantly smaller seeds compared to the control (10-35%)' The 54

treatment which received water stress earlier than the other treatments finished its

growth two weeks sooner than the other treatments (on December 9)' The dry matter,

seed production and seed mass of the S8 which received water stress only after natural

leaf senescence was not reduced as much (only 10% below the nonstressed plants) as

the other stressed treatments (S4, 55 and 56). 'Water 
stress had a greater impact on seed

number per plant (g-55%reduction compared to nonstressed plants) relative to the other

traits measured in this study (Table 4'10).

I

þ

97



100

15 ocT 22_ocT 31-OCT

SamPling time

Figure 4.10. Leaf relative water content (LRWC) of wild radish for non'stressed and stressed

plants. water stress was imposed at different developmental stages (s4, 55, 56' and s8)'

Table 4.10. Dry matter, seed number per plant and seed mass of wild radish in different water

stress treatments in 2005.

Control
s4
s5
s6
s8

+++++

90

980
970
É,J60

50

40

Treatment Dry matter
lelolant)

Seeds/plant Seed mass
(me/seed)

S4

S5

S6
S8

Control

25.5
35.2
36.7
89.8
99.4

337
351

739
2t82
2389

3.9
4.8
5.1

5.5
6.0

L 20.25 784.2 0.95

Irrespective of the water stress treatments, pods sampled earlier had thicker pod

walls and greater pod segment weight (Table 4.11). The pod wall weight/seed weight

ratio was considerably higher in the control and s8 treatments compared to other water

stress regimes, indicating the higher pod wall strength in these treatments. Although

seed coat weight tended to be slightly lower in later collection times, the seed coat

weighlseed weight ratio did not show a substantial difference between different

collection dates (Table 4.1). There were clear differences between 54-56 and the control

in pod wall weight and seed weight (Figure 4.11). Although, all treatments produced

smaller seeds in later collection dates, differences between 54-56 and the control were

quite large.
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Application of water stress to maternal environment caused an increase in total

germination percentage in both January and May germination tests (Figures 4'12,4'13,

4.14 and 4.15). The germinability of all treatments increased with pod removal. The

dormancy level tended to be lower in later collected seeds relative to the earlier

collected ones. There was a significant negative relationship between seed weight and

germinability of naked seeds (Figure 4.16). A similar relationship was also found

between pod wall weight and germinability of pod-enclosed seeds (Figure 4'16)'

Table 4'11' Pod wall, seed, and seed coat characteristics (+SE) in different collection dates for

different water stress treatments in 2005.

Treatnt Collecti
on Date

Pod wall
thickness

Pod wall
weight (mg)

Seed weight
(me)

Pod wall
weighlsee

d weisht

Seed coat
weight
lms)

Seed coat
weight/seed

weisht
ent

(u)

S4

S5

S6

S8

Control

Nov 11

Nov 25
Dec 9
Dec 23
Nov 11

Nov 25
Dec 9

Dec 23
Nov 1l
Nov 25
Dec 9
Dec 23
Nov 1l
Nov 25
Dec 9
Dec 23
Nov 1l
Nov 25
Dec 9
Dec 23

5t4 +27.5
428 +21.9
341+19.2

15.0 + 0.63
14.8 + 0.81
9.3 +0.44

4.6 +0.26
4.0 +0.37
3.5 +0.22

3.3 +0.22
3.8 + 0.54
2.7 +0.34

0.6 + 0.07
0.6 + 0.03
0.4 + 0.09

0.13 + 0.008
0.15 + 0.006
0.11 + 0.010

775 + 51.2
622+48.2
524 +31.1
377 +28.1
763 +33.3
685 +27.8
612t22.7
508+34.2
873 +46.3
754 +41.2
682+53.2
614 + 36.8
982+52.2
790 +42.4
787 +24.6
674 +20.9

19.8 + 0.83
18.8 + 0.69
18.0 + 0.78
1 1.6 + 0.58
20.8 + 0.65
20.6 + 0.98
19.6 + 0.51
12.3 +0.52
23.8 +0.63
24.5 +0.58
20.8 + 0.91
18.7 + 0.51
30.2 + 0.85
27.5 +0.13
23.t +0.79
20.5 +0.66

5.1 + 0.57
5.1 + 0.34
4.8 +0.24
3.6 + 0,18
5.3 + 0.61
5.3 +032
5.0 + 0.33
4.3 +0.47
4.8 + 0.34
5.4 + 0.45
6.2+0.19
4.6 +0.22
5;7 t0.27
5.8 + 0.38
6.3 +0.27
4.8 + 0.16

3.8 + 0.53
3.7 + 0.50
3.7 + 0.10
3.2 +0.20
3.9 +0.20
3.9 + 0.33
3.9 +0.27
2.8 + 0.51
5.0 + 0.73
4.5 +0.54
3.3 + 0.51
4.0 + 0.33
5.3 + 0.83
4.7 +0.18
3.8 + 0.30
4.3 +0.20

0.6 + 0.07
0.6 + 0.03
0.5 + 0.04
0.5 + 0.05
0.6 + 0.06
0.6 + 0.04
0.5 + 0.07
0.5 + 0.03
0.7 +0.02
0.6 + 0.05
0.6 + 0.03
0.5 + 0.04
0.7 +0.02
0.7 + 0.06
0.6 + 0.09
0.5 + 0.04

0.12 + 0.007
0.12 + 0.014
0.10 + 0.010
0.14 + 0.011
0.11 + 0.008
0.11 + 0.006
0.10 + 0.010
0.11 + 0.009
0.15 + 0.012
0.11 + 0.005
0.09 + 0.004
0.10 + 0.008
0.12 + 0.010
0.12 + 0.009
0.09 +0.010
0.10 + 0.007
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Figure 4.11. Retative pod wall and seed weight in different water stress regimes (relative to the
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control).
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Figure 4.12. Germinability of pod-enclosed seeds of wild radish in different collection dates for

different waters stress treatments in January 2005.

Collection date: 11 Nov
Collectlon date; 25 Nov

Collection date:9 Dec Collect¡on date: 23 Dec

54 55 56 S0 Control 54 S5 SO SB Control

Treatments Treatments

Figure 4.13. Germinabitity of wild radish seeds without pod in different collection dates for

different waters stress treatments in January 2005.
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Figure 4.14. Germinabitity of pod-enclosed seeds of wilil radish in different collection dates for

different waters stress treatments in May 2005.

Collect¡on dale: 1l Nov Collection date 25 Nov

Coll€ct¡on dato: 9 Dec Collection date:23 Dec

S4 55 56 SB Control 54 55 SO SO Control

Treatments Treatments

Figure 4.15. Germinabitity of wilil radish seeds without pod in different collection dates for

different waters stress treatments in May 2005.
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Figure 4.16. Relationships between seed weight and germinability of naked seeds (left) and between

pod wall weight and germinabitity of pod'enclosed seeds (right)'

4.5.4. Discussion

Leaf senescence was initiated earlier in the water-stressed plants than in the

control (nonstressed). The LRWC clearþ showed that the water stress became more

severe atlater stages of reproductive development @igure 4.10). However nonstressed

plants also showed a reduction in pod weight, pod wall thickness and seed weight in

pods formed later in the season which could be due to other limiting factors such as

supply of photosyntates. Not surprisingly, seed weight was negatively correlated with

the severity of water stress. 
'Water stress showed strong adverse effect on pod wall

weight and seed weight in all collection dates. The results showed that even in early

collection dates water stress caused clear differences in pod wall weight and seed

weight between 54-S6 and the control. At the first collection date, the pod wall weight

from the 54 (imposed to water stress at flowering) was almost half of that in the control.

The seed mass of 54 was about 80% of that in the control and decreased to around 600lo

at the third sampling date, indicating that pod wall was more sensitive to water stress

than the seed. It also shows that a plant allocates less assimilates to the pod wall in

favour of seed filling under water stress conditions. It is also possible that some of the

late-formed seeds may have aborted thereby affecting the level of reduction in mean

seed weight observed in this study. It was interesting to observe faster dormancy release

in wild radish seeds produced under water stress conditions (Figures 4.12-4.15). These

seeds were enclosed by thinner pod walls and were also smaller in size. It is noteworthy
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that 50-60Yo of naked seeds from the control and S8 were still dormant in May (start of

the growing season). In contrast, at this time only l\Yo of the 34 treatment showed

dormancy in December collected seeds. There were strong negative relationships

between seed weight or pod wall weight and germinability of extracted or pod-enclosed

seeds of wild radish (Figure 4.16). Seeds produced earlier were heavier and also had a

higher dormancy level, indicating the existence of more favourable conditions at early

stages. Moreover, early collected pods showed heavier and thicker pod wall which

could partly explain lower germinability of the early collected seeds when subjected to

germination test with the pod. The negative relationship between seed weight and also

pod wall weight with germinability provided some evidence for the existence of

physical dormancy in this species. Howevet, this result does not preclude some

contribution by physiological dormancy as reported earlier (Table 4.9)

These results point to the role of maternal environment in regulating seed

dormancy in this weed species. There are several previous studies where it has been

shown that water stress during fruit or seed development leads to reduced dormancy

(Benech Arnold et aI. l99I; Benech Arnold et aI. 1992; Peters 1982; Sanc}lrez et al.

19g1; Sawhney and Naylor 1982; Sharif-Zadeh and Murdoch 2000; Wright et al. 1999).

The climatic conditions experienced in agricultural areas of South Australia can

be quite variable; it might have a wet or dry spring in different years. The ecological

implication of these differences is that seeds produced in a wet spring are likely to have

a slower rate of dormancy release than those produced in a dry spring' Thus, seeds from

a wet year may be more likely to become part of the persistent soil seedbank than those

produced in a dry year. In contrast, in a dry year wild radish plants will produce fewer

seeds and the potential for these seeds to persist in the soil seedbank will be reduced.

Most seeds produced under water stress conditions are likely to germinate in the first

winter after shedding. In conclusion, these results showed that wild radish has a seed

dormancy strategy which, through a combination of elements, makes it superbly

adapted to the Mediterranean environment in which it thrives. This weed species

showed several mechanisms which could be responsible for long-term seed dormancy

but also provide sufficient germinable seeds for infestation when conditions become

favourable.
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CIIAPTER 5. PERFORMANCE AND APPLICATION OF

APSIM IN SIMULATING WHEAT.WILD RADISH

INTERFBRBNCE

5.1. lntroduction

Simulation models are valuable tools in the analysis of farming systems,

particularly for assessing impacts of climatic variability and the long-term consequences

of alternative management strategies. Models of weed-crop competition are a crucial

part of cost-effective decisions in weed management (Vitta and Satorre 1999). Simple

empirical models can be successful in the description of crop yield loss, but owing to

the high variabilþ of their parameters between years and sites, ecophysiological

models have been proposed to overcome this criticism. Ecophysiological models can

also provide an insight into the mechanisms involved in weed-crop competition (Kropff

and Spitters 1992; Spitters and Aerts 1983).

ApSIM (Agricultural Production Systems Simulator) is a software system that

allows models of crops, pastures, soil water, nutrients, and erosion to be flexibly

configured to simulate diverse production systems (McCown et aI' 1996)' A key feature

of ApSIM, which differentiates it from other models of single crops, is the central

position of the soil rather than the crops. Changes in the status of the soil state variables

are simulated continuously in response to weather and management' Crops come and

go, finding the soil in a particular state and leaving it in an altered state. Another feature

is its modular structure: high order processes, such as production of a crop, soil water

balance and dynamics of soil nitrogen, are represented as separate modules with "plug

in-pull out,, competence which offers great flexibility for comparing alternative

representations of different parts of the system without modification to the rest of the

model (Probert et aI.1998).

In ApSIM, crop modules communicate at daily intervals with resource-supply

modules only via the APSIM engine. The effect of one crop on another is thereforc

simulated by its influence on the level of resource stocks/fluxes supplied by the

radiation, water and nitrogen modules (Keating et al' 2003)'

Evaluation of APSIM's capability to simulate competition in intercrops or crop-

weed mixtures has taken place in (i) maize and cowpea intercropped under a range of

soil water and fertility conditions (Carberry et at. 1996), (ii) growth and yield of maize
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and an undersown Stylosanthes hamata pasture (Carberry et al. 1996) and (iii) yield of

canola and an associated weed (Raphanus raphanistrum) withthe weed sown at arange

of densities and emergence times relative to canola (Robertson et aI. 200I). While

testing of competition between two annual species has been previously reported, there

has been no test of the ability of APSIM to simulate competition between wheat and

wild radish.

This chapter aims to develop a wild radish module that will be run with wheat to

assess competition between these species. In this study the wheat and wild radish

module will be tested and the canopy module also will be tested with respect to wheat

and wild radish comPetition.

5.2. Material and methods

5.2.1. Model descriPtion

ApSIM simulates competition for light in a species mixture by taking account of

the differential height and leaf areas of the different species (Carberry et al. 1996).

Competing canopies are assumed to be well-mixed in the horizontal dimension.

Competition for water and nutrient uptake is calculated by allowing the roots of each

species to have preferential access to water and nutrients in a day-by-day rotation with

the other competing species (Robertson et al.200l).

5.2. 1. 1. AP SIM-Wheat module

ApSIM-Wheat module simulates the growth and development of a wheat crop in

a daily time-step on an area basis (per square meter, not single plant). Wheat growth and

development in this module respond to weather (radiation, temperature), soil water and

soil nitrogen. The wheat module returns information on its soil water and nitrogen

uptake to the soil water and nitrogen modules on a daily basis for reset of these systems.

Information on crop cover is also provided to the water balance module for calculation

of evaporation rates and runoff. Wheat stover and root residues are 'passed' from wheat

to the surface residue and soil nitrogen modules respectively at harvest of the wheat

crop.

Four modules, i.e. wheat crop (wHEAT), soil water (soILwAT2), soil N

(SOILN2) and residue (SURFACE OM) are most relevant to the simulation of wheat-

based cropping systems.
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5.2. 1.2. AP SIM -Wild radish module

The APSIM-Wild radish module was developed using the APSIM plant

template described by Wang et al. (2002).In the current APSIM wild radish module

wild radish is simulated with similar growth and development parameters to canola.

Some characteristics of wild radish growth and development that were not accounted

for in the present model were modified as a result of data collected during this study.

These include wild radish leaves per node which were increased as wild radish produces

more leaves per node compared to canola. The other parameter changed was the fraction

of dry matter allocated to leaves in each growth stage. The main point is that wild radish

is an indeterminate plant which continues its leaf production after flowering and seed

filling stages, while in canola leaf production stops at seed filling. The other altered

parameter was leaf size which was increased to represent the larger leaf size of radish.

5.2. 1. 3. AP SIM-Canopy module

When a simulation is conducted in APSIM involving light and water

competition between crops, the user must plug in the CANOPY module. The CANOPY

module arbitrates the competition for intercepted radiation on a daily basis, the module

finds the number of crops in the simulation and their canopy heights. Canopy layers are

then defined, with the layer boundaries being defined by the top of each canopy. Thus

there are as many layers as canopies. Then each layer in turn is taken from the top' in

the combined canopy, to get the combined extinct coefËLAI value (green + dead)

(extinction coefficient) of the canopies present in that Iayer. The fraction of light

transmitted out of the bottom of that layer can be calculated, which is in turn the

fraction entering the next layer below. The total radiation intercepted in a layer is

divided amongst the canopies occupying the layer, being done on the basis of

extinct coeff * LAI of each canopy. This approach ignores the possibility of different

LAI distributions within a layer. LAI is distributed with height in the canopy using

normalized height and integration of a function to the power of 5. This results in 47o/o of

theleaf areainthetop 10%ofheight,27Yointhenext 10olo, l5o/ointhenext l0%o,and

so on.

Arbitration for water and nitrogen uptake is done on the basis of APSIM

changing the order each day (on a rotational basis) in which the competing species are

given the opportunity to capture soil resources.
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5.2.1.4. Model testing

Model testing was carried out for whole growing seasons from sowing to crop

maturity in 2003 and2004. The APSIM-Weed module was tested using measurements

from field experiments conducted at the University of Adelaide farm at Roseworthy in

2003 and 2004 (full details in chapter 3). The data of 7 samplings in 2003 and 5

samplings in2004 were used as observed data for model testing. In these samplings, the

plants of a lm x lm quadrat from the inner rows of each plot were harvested and the

relevant data were taken as shown in Table 5.1.In 2003 the model was tested for all

monoculture and mixtures of wheat and wild radish. As ryegrass was present in the

background of all plots in2004 (except the monoculture plots of wheat and wild radish),

the model was tested just for monoculture of wheat and wild radish in this year. The

time of phenological stages including germination, emergence, floral initiation,

flowering and physiological maturity were recorded for wheat and wild radish in both

years.

Table 5.1. Measured items for APSIM in the fîeld

Item Method of sampli4g

Number of plants per area

Number of stems per area

Number of tillers per plant
Number of leaves Per tiller
Leaf area per tiller
Number of leaves Per main stem

Leaf areaper main stem

Number of green leaves Per Plant

Full sample
Full sample

Sub sample, 5 plants
Sub sample, 5 plants
Sub sample, 5 plants
Sub sample, 5 plants
Sub sample, 5 plants
Sub sample, 5 plants
Sub samole. 5 plantsNumber ofdead leaves Der plant

5.2.3. Soil measurements

The APSIM model requires the measurement of soil drained upper limit @UL),

crop and weed lower limit (LL) and chemical characteristics of the soil' Before the start

of the field experiments and prior to any fertilizer application, soil samples from the soil

surface to a depth of 180cm were taken from each 20cm increment of soil profile. To

perform this, thin walled soil coring tubes in conjunction with a vehicle mounted

hydraulic soil-coring rig were used and the samples were divided into increments of
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20cm and placed into separate sealed plastic bags. The wet weight of these samples

were measured and after drying them in an oven at 105'C for 72h, the dry weight was

measured. These samples were taken from 4 different places in the field and after

mixing, the samples were used for measuring bulk density (BD), organic carbon, total

carbon, nitrate nitrogen, ammonium nitrogen, total nitrogen, and pH'

For measuring drained upper limit (DUL) inthe field, aNMM (neutron moisture

meter) access tube was placed in the soil to the depth of 2m for monitoring water

movement during the experiments and an earthen bank (3m in diameter and 30cm high)

was constructed around the monitoring tube in both years. After this stage, water was

added to the pond until saturated. Following saturation, the area was covered with

plastic sheeting and the edges were sealed with soil to stop evaporation. The soil water

profile (from 0 to 2m), thereafter, was monitored using the NMM at a weekly interval

until water ceased draining through the profile. At this point, 4 soil cores to a depth of

2m were taken within the ponded area and these were divided in to increments of 2Ûcm

and placed in the sealed plastics bags. The wet weight of samples were measured and

after drying them in oven at 105'C for 72h, the dry weight was measured. A mean of

the 4 cores was used for the DUL:

GSV/%: ((wet weight -dry weight)/dry weight) x 100 [5'1]

GSW% is the gravimetric soil water percent at DUL. By having the BD, the volumetric

soil water content percent (VSVi%) was measured as follows:

VSV/%: GSV/% x BD 15.21

Lower limit (LL) of wheat and weeds was obtained by allowing a monoculture

of wheat and wild radish (in 2003 and 2004) and also ryegrass (only in 2004) to extract

water until it was at the point of death due to water stress. It was achieved by covering a

small monoculture plot (3m x 3m) of each plant species by a rain shelter around crop

anthesis. A NMM access tube was placed in the middle of each plot and at death point

of each plant species, 4 soil cores were taken from each plot and the method of

measuring volumetric soil water percent mentioned above was conducted' The

measured volumetric soil water percent (VSV/%) is actually the LL for each species and

plant available water content (PAWC) was measured using the following formula:

PAWC: (DUL -LL) x (increment depthilO) t5'31

where DUL and LL are expressed as volumetric water and increment depth as

centimetres
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5.2.4. Statistical comparison of observed and predicted data

Analysis of Linear regressions between observed and predicted data was

conducted using Sigmaplot version 9.0. There is not a single statistical approach for

measuring the goodness of fit between observed and predicted values. Testing whether

the intercept and slope of the f,rtted linear regression between observed and predicted

values differ significantly from zero and unity, respectively, is a rigorous test, but is

sensitive to outliers ttraf canhave undue influence on the fitted line. Therefore, it was

chosen to present the coefficient of determination (R2) as a measure of the association

between observed and predicted values and the root mean squared deviation @MSD) as

an indicator of deviations from the expected 1:1 line (Kobayashi and Salam 2000;

Probert et al.1998).

1

ir*,- !,)'
i=1

RMSD = Is.4]
n

where xi and yi arethe simulated and measured values, respectively, for the i-th data.

5.3. Results

5.3.1. Soilwater

Although only limited soil water data was collected, simulated soil water for

2003 and 2004 showed a satisfactory correlation with the observed soil water data

(Figure 5.1 and 5.2). In 2003,the model slightly over-predicted the soil water for wheat

monoculture at 140 DAS.

5.3.2. PhenologY

There was good agteement between observed and predicted phenological stages

in wheat and wild radish in 2003 and2004 (Figure 5.3). In 2003, however, the predicted

maturity time of wild radish showed a delay compared to its observed maturity time.
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5.3.3. Biomass accumulation, LAI and seed yield

Good agreement was obtained between measured and simulated model output in

monocultures in 2003 aîd2004. Overall the model was able to explain 85-88% of the

110



observed variation in biomass and. 88-92o/o of the variation in LAI of wheat and wild

radish in monoculture in both years (Figures 5.4,5'5, 5.9,5'11 and Table 5'2)' The

model explained 99o/o of the variations in grain yield of wheat in monoculture and

mixture in2003 (Figures 5.4,5.6,5.7,5.8 and Table 5.2). There was 85oá correlation

between observed and predicted seed yield of wild radish in monoculture and mixtures

in 2003. The relationship between observed and predicted yield of wheat and wild

radish was not plotted in2004, as there were only a few data points (3).

In mixture, the model performance was not as good as in monoculture (Figures

5.6, 5.7 and 5.8). However, it could explain the observed variation of wheat growth

parameters better than those of wild radish (Figure 5.10). The model was able to explain

gIyo ofthe observed variation in biomass andS5Yo of the variation in LAI of wheat in

mixture in 2003 (Table 5.2). The model explained 65%;o of the observed variation in

biomass and 62%io of the variation in LAI of wild radish in mixture. The model clearly

over-predicted the biomass, LAI and grain yield of wheat in mixtures (Figures 5.6 to

5.8). The corresponding values of wild radish were under-predicted by the model in

mixtures. However, the model provided a better fit with increasing wheat density

(Figures 5.6 to 5.8).
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Table 5.2. Statistics for goodness'of'frt of the model in testing against 2003 and 2004 dataset'

Year Plant Observed
mean

(range)

RMSDN Linear regression between
simulated and observed

Slope InterceP
(SE) t

(sE)

2003 Mono Wheat Biomass
(ke/ha)
LAI

2476

7.2

I 878

1.04
(0.0e4)

0.88
(0.061)

0.57
(0.126)

g1g.0n' 0.86

0.90

0.99

2t

2l

t2

6225
(84-1s5s2)
2.7 (o-7.2)

Grain
yield

3923 (2604-
4942)

1.3
(0.23)
3532.0

(4ee.37)

(kg/ha)
(Mono +

\4ry) -rwild Biomass 
-tl tlzT'- 

'-- izsj 1.13 479.0"" 0.85

radish (kglha) Q1-r2s9t) (0'10)

LAr 21 3.3 1.9 0'71 1'3 0'88

(o-11.e) (o.oe2) (0.47)

t2 516 321 0'68 -98.7"' 0'85

(s6-1317) (0.11s)
Seed yield

(kglha)
(Mono +

MÐ
Mix. rWheat

wild
radish

63 4748
(70-13439)

63 2.1 (0-6.6)

Biomass
(kgrha)

LAI

3252 1.30
(0.0s2)

t.021.8

1083.0 0.91
(32s.4s)

1.5 0.85

(Q,qÍ-) __
1

Biomass
(kglha)
LAI

t7s6 (r2-
7468)

1.2 (o-10)

63 1577

1.1

0.32
(0.027)

0.44
(0.04s)

328.3
(6e.33)

0.6
(0.0e)

0.65

0.6263

2004 Mono Wheat

v/ild
radish

Biomass
(kglha)
LAI

7s29 (212-
1 575 8)

2.e (o.e.r) 0.5

._ (0_¿1)

15 2606 0.68
(0.06e)

0.65

991.0^ 0.88

0.9215 1.3

Biomass
(kglha)
LAI

4672
(126-8782)
2.8 (0-11)

l5

15

1620

1.3

1.19
(0.116)

0.74
(0.074)

-t02.4* 0.89

0.6^ 0.88

5.3.4. Relationship between stem weight and plant height

The relationships between stem weight and plant height in monoculture and

mixtures of wheat and wild radish showed dissimilar slope values at different densities

(Figure 5.12 and Table 5.3). In both monocultüe and mixtures of wheat and wild

radish, the slope considerably increased with increasing plant density and this was

consistent in both species. As it has been shown, one linear regression line could not

explain this relationship for all of monoculture and mixtures of wheat and wild radish'

Further statistical anaþsis showed that the rectangular hyperbolic model (Equation 3'6)

could provide a good fit to all of the data from monoculture and mixtures (Figure 5'13
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Table 5.3. Statistics for the relationship between plant height and stem weight in wheat and wild

radish.

Species DensiW Slooe (SE) *
Wheat

Wild radish

V/heat

Wild radish

Monoculture

Mixture

113 (1e.8)
t32 (32.3)
278 (8e.3)

23 (4.6)
3e (8.s)
s0 (17.3)
t46 (r7.3)
221Qe.t)
3e4 (4e.s)

2e (8.6)
4t (r3.2)
s1 06.3)

100
200
400
l5
30
60
100
200
400
l5
30
60

0.96
0.96
0.94
0.92
0.93
0.89
0.98
0.98
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Figure 5.13. Relationships between stem weight and plant height in monocultures (left) and

mixtures (right) for all densities based on rectangular hyperbolic model.

Table 5.4. Parameter estimates (tSE) of rectangular hyperbola predicting wheat and wild radish

plant height (mm) from plant stem weight (g/plant) (Equation 3'6)'

Species

01234567 1o 20 3{l 40 s0

A

Wheat
Wild radish

15171241.8 t02l g !59.2"'
1022 + 52.7*"

0.95
0.92gg6 + 191.9**

5 utd lVo level, resPectivelY

a
a

aIa

a
aa

ao¡aD
'4¡r. a

a

a a

a
a

a
aa

a
aa a

**, Parameter estimates are non-significant or different from zero at the
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5.4. Discussion

The aim of this study was to investigate the capacity of APSIM to simulate

wheat-wild radish interactions in terms of aboveground biomass, LAI and yield of each

plant species in monoculture and mixture. The APSIM wheat model used in this study

provided good prediction of vegetative and reproductive growth in the monocultures of

wheat and wild radish in 2003 and 2004. As the wild radish module was developed

from the canola module, some of the growth parameters were based on canola' The

module was modif,red based on the growth data presented in chapter 3 which enabled

successful prediction of wild radish growth in monoculture and in mixture in 2003 and

2004. Both wheat and wild radish modules performed well in simulating phenological

stages of wheat and wild radish in monoculture and mixtures. In 2003 the observed time

to reach maturity by wild radish was earlier than that predicted by the model. However,

the maturity time is unlikely to have an impact on competitive interactions between

these species. The prediction of soil water was also close to the measured values,

however, limited data was an impediment to a more in-depth assessment of this

parameter. The output from the model in monoculture had a high correlation to

observed data for shoot biomass, LAI and yield of both wheat and wild radish.

Although the model was more effective in simulating both wheat and wild

radish growth in monoculture than in mixture, the results showed that the weakest

regression between observed and predicted data still accounted for more than 60%o of

the variation. In the mixtures, there were generally higher correlation values between

predicted and observed values for wheat than wild radish. The simulation of wheat-wild

radish growth in monocultures and mixtures showed that the yields of wheat were

reasonably predicted with RMSD of 1.8 tlha. The corresponding value of RMSD for

wild radish was 0.3 t/ha. Wild radish is a particularly diff,rcult species to model, as its

indeterminate growth habit makes it highly responsive to late rainfall events. Wild

radish is known for its high plasticity in plant growth under different environmental and

competition situations. Cousens et al. (2001) reported poor performance of

INTERCOM model in simulating wild radish growth both in monoculture and mixture

with wheat. They suggested that the assumptions concerning plastic responses of wild

radish to shading should be incorporated in the simulation of wild radish. There was

evidence for plasticity in wild radish growth in this study (chapter 3), which was

reflected in large increases in wild radish plant height at high plant densities. APSIM,
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however, is not configured to account for such plastic growth response in wild radish to

density and this may have contributed to lower R2 values for wild radish (Table 5.2)'

The canopy module of APSIM used to simulate competition between mixtures

of plant species uses plant height to allocate resources (light) for plant growth. In the

model at present, plant height is assumed to have a constant linear relationship with

stem weight. However, the competition study in the field clearly showed that the slope

of the relationship between stem weight and plant height for both wheat and wild radish

changes considerably with wheat and wild radish densities both in monoculture and

mixture. The slope tended to be considerably greater at higher plant densities, indicating

presence of very thin but extremely tall plants in high competition situations. The

statistical analysis showed that the relationship between stem weight and plant height

was hyperbolic rather than linear. Therefore, introducing this change to APSIM could

further improve the prediction of growth in species mixtures. This could be achieved by

including a hyperbolic relationship between stem weight and plant height in the model

assumptions. The research reported here also indicates that the relationship between

stem weight and plant height should be derived from both monoculture and mixture data

as suggested by Kropff andLotz (1993).

It is concluded that models such as APSIM can be valuable for studying the

competition between field crops and wild radish. However, at present there are some

limitations in APSIM competition module that could be addressed with further research.

The model assumes a uniform distribution of wild radish plants within the crop inter-

row. This merely reflects the crop-based origin of this module (i.e. canola module). In

the field, however, weeds in natural infestations aÍe often present in patches.

Introduction of a spatial component to the model in the future would allow the model to

integrate competitive interactions across these variable density patches.

In this study, uniformity of wild radish establishment was achieved by removing

the pod wall. But in natural wild radish populations, plants can emerge over an extended

period of time because of variability of seed depth and dormancy. The usefulness of

this model for making weed management decisions could be considerably improved by

combining competition modules with a population dynamics model. This would enable

the model to discriminate between different weed cohorts in terms of their competitive

effects on the crop and reproductive output of the weed population. Such a population

dynamics model would enable assessment of long-term effects of management practices

on weed populations.
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CHAPTER 6. GENERAL DISCUSSION

6.1 . Wild radish-wheat interference

A native of Mediterrane an area,wild radish currently thrives in most agricultural

regions of Australia. The literature review identified many characteristics which

contribute to the survival and competitiveness of wild radish in agricultural systems.

Weed-crop interference studies commonly focus only on the effects of weed on

crop yield loss (Holman et a|.2004; O'Donovan et a\.2000; Moore 1979; Reeves 1976).

Although this approach quantifies the damage caused by weeds to the yield of the

marketable product, neglecting the response of weeds to interference might result in a

build-up in weed seed-bank which could cause serious problems in the future. A

scientific weed management program should take into consideration not only the effects

of the weed on the crop but also the crop on the weed. The overall aim of sound weed

management programs is to decrease the crop yield loss below the economic threshold

and at the same time reduce seed production of the weed to reduce infestations in the

future. The interference studies reported in this thesis investigated both the crop and

weed responses in monocultures and mixtures which provided insights into the

ecophysiology of the wild radish-wheat competition'

The additive series design (Chapter 2) used for freld studies defined proximity

factors and provided the quantification of intra- and interspecific competition using the

reciprocal yield regression models (Spitters 1983). Most crop-weed competition studies

only quantifl intra- and interspecific competition indices only once dwing the growing

season (Donald 1951; Tanji andZimdalll,1997).It is however, quite possible that these

indices may be dynamic and change within the growth cycle. In this thesis intra- and

interspecifc interference indices were analysed at different sampling dates over the

growing season and showed major changes in niche differentiation over time (Figure

3.5). V/ild radish is an indeterminate plant and was able to take advantage of rainfall

events in late spring when wheat had already senesced (chapter 3). This important

difference in the growth habit of the two competing species may have contributed to the

rapid increase in the niche differentiation index observed late in the growing season.

Wild radish was superior to wheat in interspecific interference over the whole

growing season and each wild radish plant was as competitive as 2 to 8 wheat plants at

the different sampling dates. On an individual plant basis, wild radish is a much larger

plant than wheat with wide leaves which can shade over wheat canopy. 
'Wild radish was
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taller than wheat from booting to the end of the growing season indicating a gteater

ability of this weed species to capture light compared to wheat. In addition to this late

competition for light, wild radish also competed with wheat for nitrogen in the early

growth stages. Wild radish interference with wheat substantially reduced the total

nitrogen content in wheat shoots which could have reduced tiller number, leaf area and

grain yield of wheat plants in mixture with wild radish (chapter 3).

Yield component analysis for wheat in monocultures and mixtures with wild

radish densities showed that wheat ear density was the major determinant of wheat grain

yield. Wild radish substantially decreased wheat earslnf in mixtures but increased crop

density maximised wheat ear density and decreased the effect of wild radish on wheat

grain yield.

yield loss in wheat due to wild radish competition could be effectively fitted to

a rectangular hyperbolic model (Cousens 1985). This model also provided a good fit to

the data on seed production of wild radish as a function of wild radish density under

different wheat densities. The analysis of the hyperbolic models (slope and asymptote)

supported the hypothesis that high wheat densities (up to 400 plants/m2) can increase

the competitive ability of wheat and could be used as a tool for wild radish

management. This tactic not only decreased the wheat yield loss due to wild radish, it

also reduced seed production of wild radish. The development of herbicide resistance in

wild radish populations (Hashem et al.200l; V/alsh et al.200l) has intensified the need

to seek alternative tactics for the management of this weed species. Although the model

predicted 80 to 90% of the reduction in wild radish seed production at high wheat

densities, wild radish was still able to produce 7000 to 10000 seeds/m2 even under the

highest wheat densities. Therefore, this strategy of using high wheat densities should

only be considered as a part of an integrated weed management program' A wise

selection of herbicides, which takes the level of herbicide resistance into consideration,

and its integration with high wheat density could contribute effectively to an IWM

program. Such a system will be able to effectively reduce herbicide inputs to control

wild radish, reduce the seedbank over time and delay the onset of herbicide resistance in

wild radish populations.

Many studies relating crop yield losses to weed densþ through hyperbolic

models have shown that these models can adequately describe a specific dataset.

However, such empirical models are not robust temporally or spatially and therefore

lack broad applicability. Because of the limitations of empirically derived models of
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crop yield loss, the attention of some researchers has shifted towards understanding the

mechanisms of crop-weed interference that are the underlying causes of yield loss

(Swanton et al. 1999). Due to large variability in parameter estimates between years and

sites in simple empirical models, mechanistic models like APSIM have been proposed'

6.2. W¡ld radish seed characteristics and dormancy ecology

There was evidence for the presence of a high level of polymorphism in wild

radish seed and pod traits (chapter 4). The pod length, width, seed number per pod, pod

wall thickness, seed coat thickness and seed size were all different within and between

populations. The outcrossing habit of wild radish is expected to contribute to the

increase in polymorphism for various traits over time. Southeast and Roseworthy

biotypes growït at a common site still diflered considerably in their morphometric traits

as well as in the pattern of dormancy release. This provided evidence for the presence of

genetic control over these traits. There was also evidence for the effect of matemal

environment on pod and seed characteristics as well as the rate of dormancy release.

Inter- and intraspecific competition and water stress during reproductive development

were the specific matemal environment factors investigated in this project. When water

stress was present during reproductive development, wild radish plants of Roseworthy

biotype produced fewer seeds per plant and seeds tended to be smaller (lower mean

seed weight) and possessed lower pod wall and seed coat thickness (Chapter 4). V/ild

radish has an indeterminate flowering habit which results in pods and seeds forming

under different environmental conditions even within a growing season. Even where

adequate soil water was present late in the growing season, wild radish plants produced

lighter and thinner pod walls and also smaller seeds. Such a response could be due to

senescence induced by heat stress leading to inadequate supply of assimilates for pod

and seed formation (ChaPter 4.5).

The literature review revealed that the success of wild radish in cropping

systems is largely due to factors associated with seed germination and dormancy

(Cheam and Code, 1995, Parsons and Cuthbertson 2001). The experiments in Chapter 4

showed a high level of variation in germination behaviour within and between

populations of wild radish. The polymorphism in seed traits and also germination

behaviour helps wild radish to thrive and survive under different climatic, soil type and

management regimes, which ultimately makes it such a persistent weed.
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Wild radish seeds showed some evidence for cyclic dormancy in the field

(Figure 4.4). presence of cyclic dormancy may contribute towards reducing seedling

emergence when competition from already established plant community would reduce

probability of survival. The pod was an important obstacle to germination, and

populations with heavier and thicker pod wall showed the lowest germinabilþ (Figures

4.6 and 4.7). While the experiments confirmed that pod wall characteristics have a

genetic basis, environmental conditions (e.g. water stress) were also shown to modiff

the influence of the pod on germination. The results indicated that rainfall during

summer could be important for pod breakdown which in turn increased the germination

in wild radish. Therefore, more gerrnination and recruitment is likely in years or sites

that have a wet summer.

In addition to the role of pod wall, the seed coat also appeared to have a major

role in seed dormancy in wild radish. Partial removal of seed coat resulted in increased

germinability which indicates that wild radish possesses seed coat-imposed dormancy.

However, wild radish seed coat does not inhibit imbibition of water by the seed.

Additionally, the seed coat weights in dormant and nondormant seeds are about the

same, indicating that chemical composition of the seed coat could be important in

regulating its effects on seed dormancy. There was also evidence for changes in the

hourglass layer of the seed coat in seeds produced under water stress. It seems that

under no-till systems which cause minimum disturbance to the soil, the recruitment

from wild radish seed-bank will be lower than in cropping systems with a high level of

soil disturbance which may cause damage to pod wall or seed coat.

There was also evidence for the presence of physiological dormancy in the

embryo of a small proportion of wild radish seeds (Chapter 4) which could be alleviated

by the addition of gibberellic acid. The existence of embryo-based dormancy in wild

radish seeds has not been previously reported. It seems that a combination of

mechanisms, including pod and seed coat inhibitory effects as well as embryo

dormancy, regulates germination in wild radish seeds. These complex mechanisms help

wild radish to thrive and persist under variable climatic conditions and agricultural

systems experienced in southern Australia.

6.3. Simulation of wheat-wild radish interference w¡th APSIM

The simulation of wheat and wild radish growth and yield showed that the

model was robust enough to be used to predict growth and reproductive ouþut of these
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species. APSIM perfofmance was also satisfactory in predicting the vegetative growth

and reproductive output of wheat and wild radish in mixtures, however' the model

showed better results in simulating monocultures. Given the fact that wild radish is a

difficult species to model due to its indeterminate growth habit, the ouþut from this

simulation study is encouraging.

The study identified a parameter, which is not adequately accounted for by the

ApSIM model at present and this could be responsible for weaker prediction of growth

in mixtures than in monocultures. As mentioned in chapter 5, the current canopy

module of ApSIM calculates plant height as a constant linear function of the stem

weight. This thesis found two key points in this regard. Firstly, the slope of the linear

function between plant height and stem weight increases with increasing plant density'

Secondly, this relationship was clearly hyperbolic rather than linear. It is proposed that

the function between plant height and stem weight in the 'canopy' module of APSIM

should be altered and its impact on the prediction of species growth in mixtures

investigated.

6.4. Conclusion and further study suggestions

Increasing concerns about the environmental impacts of herbicides' the

development of herbicide resistance in wild radish biotypes, and the need to carefully

weigh costs and benef,rts have led to greater interest in developing rational, economical,

and sustainable approaches to weed management. Increased crop density could become

a major part of a long term IWM program but plasticity and high fecundity of wild

radish needs to be carefully considered. Research reported in this thesis confirmed the

contribution of pod wall and seed coat to seed dormancy in wild radish but more

research is needed on seed coat chemical composition in relation to its dormancy

expression. Studies also showed presence of embryo-based physiological dormancy in

wild radish and further work is needed to determine variation between populations in

the expression of this trait. Environmental conditions such as water stress were shown

to have a ?arge impact on the level of seed dormancy in this weed species' Further

research is needed to fully understand the mechanisms behind this response to water

stress. There is also a need for a modification in the relationship between stem weight

and plant height adopted in the present APSIM model to make it more suitable for

weed-crop competition studies. However, more research on different wild radish
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biotypes and in different environments is needed to confirm the consistency in the

relationship between these two growth parameters'
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Appendix L: Light microscopy schedule (recommended for

processing plant tissue)

Fixation:
Tissue should be fixed as soon as possible after removal from plant.

Tissue pieces should be as small as possible and preferably no longer than 5 mm in any

dimension.
Allow longer fixation times for larger blocks and nick the surface of tissue to improve

penetration or vacuum infiltrate to improve penetration.

Ideally fixation should be carried out at 4oC throughout for best results - dissect tissue

into fixative over ice- although tissue can often be fixed successfully at room

temperature (this can hasten fixative penetration) and then transferred to 4oC.

Suggested fixative for plant tissue: 3o/o glutaraldehyde in 0.025M phosphate buffer pH

7.0 for minimum of 24h is adequate for most plant tissues.

Alternative fixative: 4Yo paraformaldehyde and I.25% glutaraldehyde in phosphate

buffered saline (PBS).
Fixative made up using 25%o glutaraldehyde solution (Sigma).

Dehydration:
2h in each of two changes of:
methoxy ethanol
ethanol
propanol
butanol

Infiltration and embedding:
Glycol methacrylate is available from Sigma (2 Hydroxyetþl Methacrylate Cat # H-

8633)

Prepare the GMA mix from
93 ml hydroxyethyl methacrylate
7 ml polyetþlene glYcol400
0.6 g benzoyl peroxide

by mixing for 2h at room temperature.

Store at 4"C anduse this mixture throughout, being careful to bring to room temperature

each time before moving cap.

To last change of butanol add an equal volume of GMA, mix and allow to infiltrate for

min2h(alternatively, mix GMA 1:1 with butanol and infiltrate), preferably ovemight at

4"C.
Change to fresh GMA for 2 days and repeat with fresh GMA for further 2 days

(minimum, longer for dense tissue or large samples).

Èmbed in gelatine capsules into fresh GMA, ensuring that cap is pressed down firmly.

Polymerise for 2 days at 55-60oC.
,Blânks' for flat embedding can be made using 2-3 drops of GMA in gelatine capsule,

polymerise for 3-5 days at 60oC.
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