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The response of linseed (Linum usitatissimum L) to irrigation, 

nitrogen and plant population 

Abstract 

A field trial was carried out on a Wakanui silt loam from December 2003 to April 

2004 at Lincoln University, Canterbury to determine the influence of irrigation (nil and 

full), nitrogen (N) at 0 and 150 kg/ha N and a range of plant populations (540, 1080, 

1,620 and 2,160 plants/m2) on yield and yield components of linseed (Linum 

usitatissimum (L.) Griesb.). The design was a split plot with irrigation as main plots and 

factorial combinations of N and plant population as sub-plots. 

Linseed seed, straw and total dry matter (TDM) yield responded well to irrigation. 

Total dry matter production was increased by irrigation from 509 g/m2 to 763 g/m2. The 

main effects of plant population on seed and straw yield were also significant. 

However, N and plant density did not influence TDM production. 

The fibre yield/plant in irrigated plots was three times more than in rainfed plants. 

Without irrigation, fibre yield/plant did not respond to N. In irrigated plots, plants given 

150 kg N/ha produced nearly twice as much fibre (0.8 g/plant) as plants which received 

no N (0.5 glplant). 

Plant population influenced the production of primary branches more in irrigated 

plants than in unirrigated plants. Seed yield components except for the thousand seed 

weight (TSW), responded positively to irrigation. Nitrogen had no effect on seed yield 

components except for seed yield/plant. Increasing the plant population reduced capsule 

production/plant. Under dryland conditions plant population had little effect on capsule 

number/plant and seed yield. However, there was a large effect in plants from irrigated 

plots. 

Seed oil yield was increased by 77 % in irrigated plants (87 g/m2) compared with 

rainfed plants (49 g/m2). Mean seed oil content. decreased 2 % in N fertilised plants 

(372 g/kg) compared with unfertilised plants (363.8 glkg). At the highest plant 

population oil yield was 22 % less than in plants sown at medium populations. The 
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mean total unsaturated fatty acids (oleic, linoleic and linolenic) in the oil was 92.3 % 

while the mean total saturated fatty acids (palmitic and stearic) was 7.7%. 

Throughout the growing season, irrigated plants accumulated significantly more 

DM than rainfed plants. Irrigated linseed produced a maximum yield of 800 g/m2 with a 

maximum growth rate of 17 glm2/day while rainfed plants produced a maximum yield 

of 505 g/m2 with a maximum growth rate of 12.7 g/m2/day. 

Leaf area index (LAI) ranged from 0.61 to 2.2 in rainfed crops and 0.75 to 3.20 in 

irrigated crops. The higher LAI in irrigated crops was translated into greater leaf area 

duration (LAD). Water stress suffered by the plants before flowering reduced LAD by 

83%. Dry matter production was linearly correlated with LAD from emergence to 

maturity. The canopies of unirrigated linseed crops intercepted 42 to 81 % of incident 

radiation during the season while irrigated crops intercepted 56 to 91 %. At early growth 

stages (26 to 44 days), the high population plots had a higher LAI and greater light 

interception than the low population plots. 

The extinction coefficient (k) ranged from 0.74 - 0.82 throughout the growing 

season with an overall k of 0.79. Total intercepted PAR was increased by irrigation by 

up to 25 % from 505 to 633. The relationship between linseed DM and radiation 

interception was linear (r2 = 0.88) and the efficiency of conversion of solar radiation to 

DM (RUE) ranged from 1.0 g DM MJ/m2 (rainfed) to 1.2 g DM MJ/m2 (irrigated crops) 

The yields obtained compare well to those obtained in other studies and confirm 

the potential for growing linseed in Canterbury. The positive yield responses to 

irrigation suggest that irrigation is necessary to maximise linseed yield especially since 

this study showed the sensitivity of the crop to water stress. If the crop is to be grown 

mainly for oil, N application may not be necessary in moderate to high fertility soils as 

high N reduced seed oil content and hence affected oil yield. 

" .. -; 
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CHAPTER ONE 

Introduction 

Linseed (Linum usitatissimum (L.) Griesb.) also known as flaxseed, is one of the 

most versatile and useful crops that has been grown for thousands of years (Gensel' and 

Morris, 2003). It is cultivated as a commercial or subsistence crop in over 30 countries 

(Marchenkov et a!., 2003). World production of linseed in 2004 was 1,902,688 MT 

harvested from 2,620,396 ha (FAO, 2005). Canada and China are the major producers 

of linseed, accounting for 27 and 24 % respectively of the world's total linseed 

production in 2004 (FAO, 2005). 

Linseed yields seed which is a rich source of both non-edible and edible oil. The 

industrial oil is an important ingredient in the manufacture of paint, varnish and 

linoleum (Matheson, 1976). Edible linseed oil is used for human consumption and 

contains a-linolenic acid (ALA), a polyunsaturated fatty acid that has nutritional and 

health benefits (Wood, 1997; Flax Council of Canada, 2004). Aside from ALA, linseed 

is becoming increasingly popular as a nutritional and functional food in the Western 

world due to its high content of therapeutic health promoting substances such as 0)-3 

fatty acid, soluble and insoluble fibre and lignans, and its suitability for use in bread, 

breakfast cereals, muesli bars and other food products (Morris, 2003). 

In most countries, linseed is cultivated mainly for its seed which is processed into 

oil and a high protein stock feed after oil extraction (Martin et ai., 1976; Sankari, 2000; 

Morris, 2003) with the linseed straw generated as a by-product (Sankari, 2000). The 

large amount of straw residue from the linseed industry causes an environmental 

problem for its disposal in major linseed producing countries (Sankari, 2000). Linseed 

straw contains bast fibres which can be used for the production of paper, coarse textiles, 

rope, fibre board, moulded panels and as insulation material (Matheson, 1976; Wood, 

1997). Despite the potential uses of linseed fibre especially for composites and 

biobased industries (Akin et ai., 2003) linseed fibre production is still economically 

marginal (Rennebaum et ai., 2002). This may be due to the wide use of conventional 

linseed cultivars which produce a high seed and oil yield but low stem and fibre yields 

(Rennebaum et a!., 2002). However, recently there has been increased interest in 
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breeding and growing dual purpose linseed cultivars (Foster et ai., 1997; Easson and 

Molloy, 2000) which can be harvested for both seed and fibre. 

A significant number of studies (Dybing, 1964; Khan and Bradshaw, 1976; 

Hocking et ai., 1987; Hocking and Pinkerton, 1991; Diepenbrock et ai., 1995; Hocking, 

1995; Foster et ai., 1998; Easson and Molloy, 2001; Lisson and Mendham, 2000; and 

Couture et aI., 2002) have been published on linseed husbandry in other countries but 

there is limited information on linseed production in Canterbury, especially on the 

performance of dual purpose cultivars. In particular, information is not available on the 

response of linseed to management strategies like irrigation, nitrogen (N) fertilisation 

and the manipulation of the plant population to optimise seed and fibre yield, despite 

linseed being a very popular crop in New Zealand in the 1970's (Keating, 1975; 

Woodhead, 1976). 

Wood (1997) reported that linseed has a shallow root system and thus needs 

sufficient moisture during the growing season. Linseed responds well to irrigation 

(Lisson and Mendham, 2000; Hassan and Leitch, 2001) especially in areas with poor 

rainfall distribution (Lisson and Mendham, 2000). Couture et ai. (2002) further noted 

that water stress limited growth by hastening physiological maturity. Several reports 

claimed that the plant was susceptible to drought at flowering (Foster et aI., 1998) and 

during early seed development (Martin et al., 1976; Green et ai., 1994; Flax Council of 

Canada, 1996). Therefore to maximise yield and oil content, adequate soil moisture 

must be maintained during that period (Flax Council of Canada, 1996). 

Reported responses of linseed to N are diverse and conflicting. Several reports 

indicated a favourable response to N (Dybing, 1964; Hocking et ai., 1987; Hocking and 

Pinkerton, 1991; Hocking, 1995) especially when soil N was low (Marchenkov et ai., 

2003). At other times N had no effect on seed yield or oil content (Woodhead, 1976) or 

there was a poor response to N (McGregor, 1960; Hocking et aI., 1997; Rossini and 

Casa, 2003). Matheson (1976) suggested that variable N responses could be due to 

other factors such as the initial soil N level, soil moisture or the season. 

Recommended optimum seeding rates for the crop vary depending on 

environmental and management factors (Hocking and Pinkerton, 1991). For seed 

production a population of about 400 plants/m2 was proposed to promote branching and 

capsule/seed production while maximising straw yield and reducing lodging losses 

(Turner, 1991; Easson and Long, 1992). Information on the optimum plant population 
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in Canterbury is inadequate. Thus, there lS a need to establish the optimum plant 

population which will maximise returns. 

Linseed used to be grown on a commercial scale as an oil crop, in New Zealand, 

mainly in mid Canterbury (Woodhead, 1976). However, the popularity of the crop 

declined due to limited markets and low profitability (Keating, 1975). Relegated to a 

minor status, little attention has been given to the crop especially in the areas of research 

and development. Considering the benefits and increased popularity of linseed, 

especially in the western world, this study was conducted to assess linseed's 

performance in the absence of new information on its agronomy under Canterbury 

conditions. 

Specifically, the objectives of the study were: 

1. To determine the influence of irrigation, N and plant density on linseed fibre and 

seed yield. 

2. To investigate the response of linseed to a range of plant densities and their 

interaction with irrigation and N. 

3. To assess the performance of linseed cultivars for oil and dual-purpose 

fibre/seed production. 
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CHAPTER TWO 

Literature Review 

2.1 Origin and Distribution 
Cultivated flax appears to have evolved from a wild form of flax (Linum bienne 

Mill) due to the similar morphological and genetic characteristics in both species 

(Genser and Morris, 2003). Flax is thought to have originated from the Indian 

subcontinent due to the presence of the greatest biological diversity within the genus 

Linum (Genser and Morris, 2003) in this geographical area. Flax was among the first 

domesticated plants. Its cultivation probably began in the valleys of the Tigris and 

Euphrates rivers in ancient Mesopotamia. Over time, by conquest and trade, flax 

cultivation spread from the near East to Europe, the Nile Valley to East Asia, North 

America and Australia (Genser and Morris, 2003). 

2.2 Taxonomy and Botanical Description 
The genus Liml1n is the largest in the family Linaceae. Flax and linseed cultivars 

belong to the species Limun usitatissimum. Flax refers to varieties grown primarily for 

fibre, whereas, linseed varieties are grown primarily for their seed (Plate 2.1). 

Consequently, flax tends to be taller, has less flowers and yields less seed than linseed. 

There are also dual-purpose cultivars, which are grown for both seed and fibre (Foster et 

al., 1997; Easson and Molloy, 2001). The life cycle of the plant ranges from 90 to 150 

days (Diederichsen and Richards, 2003). Seed maturity occurs 30-60 days after 

flowering (Matheson, 1976). Plant height varies between 20 and 100 cm depending on 

cultivar (Matheson, 1976) and growing conditions (Freer, 1993; Diepenbrock and 

Iwersen, 1989). The plant has a distinct main stem, which produces branches and has a 

tap root, which branches freely (Diepenbrock and Iwersen, 1989). The stem of the flax 

plant can be divided into two components: the bark (outside the vascular cambium) and 

the core (inside the vascular cambium). The bark of the flax stem contains fibres with 

lengths ranging from 2 to 40 cm and diameters of 20 to 23 [.tm (McDougall et al., 1993). 

Linseed leaves are lanceolate, small, entire glabrous and grey-green. Flowers are borne 

on small branches and are self-pollinated. It produces a five-celled capsule (Plate 2.2), 
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which contains 5 to 10 seeds (Plate 2.3). The shape of the seed is elliptical and flat 

(Diepenbrock and Iwersen, 1989). Seed colour is brown (light to dark brown) or yellow 

at different maturity stages and is mainly filled with oil and protein (Diepenbrock and 

Iwersen, 1989). 

Plate 2.1. A linseed (Linum usitatissimum cv Hinu) plant. 
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Plate 2.2. Mature capsules of linseed (Linum usitatissimum cv Hinu). 
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Plate 2.3. Seeds of linseed (Linum usitatissimum cv Hinu). 
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2.3 Growth, Development and Phenology 
Development can be defined as the progress of a plant towards maturity 

(Gallagher et al., 1983). Wilson, (1987) pointed out that there are two aspects of crop 

development: phenological and canopy development. Phenological development refers 

to the rate of progress through the growth stages while canopy development determines 

the rate of canopy formation, its duration and its senescence. The former is dependent 

on photoperiod or vernalization and is mainly independent of crop management while 

the latter is temperature dependent; sensitive to environmental stresses and is influenced 

by crop management. 

According to Diepenbrock and Iwersen (1989), the life cycle of the linseed plant 

can be divided into four phenological stages; germination and seedling emergence, 

juvenile growth, flowering and post-anthesis growth. During the early stages of 

germination and seedling emergence, controlling the distribution of plants per unit area 

is especially important for yield stability. Juvenile growth is the period from emergence 

to flowering. Post-anthesis growth is governed by the source/sink relationship between 

the vegetative and reproductive parts of the plant (Diepenbrock, 2001). Linseed has an 

indeterminate growth habit and can produce new fruiting branches until late in the 

season under favourable conditions (Hocking and Pinkerton, 1991). 

Flax is considered to be a long day plant with a critical day length of 14-16 h 

(Diepenbrock and Iwersen, 1989). In Italy, D' Antuono and Rossini, (1995) showed that 

development rate from sowing to emergence and from emergence to the beginning of 

flowering was linearly related to mean temperature with a base temperature of z 2 and 3 

°C for the two phases, respectively. However, photosensitivity was absent in some 

varieties (cvs Antares and Atalante) tested (D' Antuono and Rossini, 1995). 

Diepenbrock and Iwersen (1989) reported that flowers are observed even under short 

day conditions, but vegetative growth is prolonged. Abundant moisture caused 

secondary growth or a resumption of vegetative growth just before harvest (D' Antuono 

and Rossini, 1995). 

2.4 Establishment 

The recommended plant population for linseed varies between 350-500 plants/m2 

(Freer, 1993; Flax Council of Canada, 1996). Seedling establishment is generally slow 

and seedlings have poor competitive ability. The germination rate is usually 93-98 % 

8 



(Freer, 1993) but seedling emergence rates of 50-60 % are obtained under field 

conditions (Flax Council of Canada, 1996). Seedlings emergence ranged from 5 days 

(Lisson and Mendham, 2000) to 7 - 21 DAS (Hocking and Pinkerton, 1991). 

Germination and seedling emergence may be influenced by seed colour (Culbertson and 

Kommendahl, 1956), temperature (O'Connor and Gusta, 1994; Saede and Rowland, 

1999), seed depth (O'Connor and Gusta, 1994; Couture et ai., 2004) and available 

moisture (Casa et ai." 1999). O'Connor and Gusta (1994) showed that seed sown 4 cm 

deep took 33 % longer to emerge than seed sown at 2 cm. Poor emergence gave uneven 

crop development and asynchronous ripening (Freer, 1993; D' Antuono and Rossini, 

1995). Linseed plants are vulnerable to drought during the establishment phase (Casa et 

ai., 1999). 

Freer (1993), reported that the majority of linseed grown in the UK has been on 

lighter soils. As EU subsidies have become more attractive, linseed has become a 

common crop on heavy soils. 

2.5 Dry Matter Production 

The total biomass produced by a crop during its life cycle, in response to the 

existing environmental conditions can be defined as dry matter (DM) (Hassan and 

Leitch, 2001). Environmental factors can indirectly influence crop DM production 

through their effect on the rate of photosynthesis and respiration (Robertson, 1984). 

Diepenbrock and Iwerson, (1989) reported that DM production in linseed follows 

a typical sigmoid growth curve, characteristic of many cultivated crop species. During 

early growth and seeding establishment, the increase in DM is slow. This is followed 

by an almost linear increase during the main growth phase and an almost constant level 

at the start of ripening (Diepenbrock and Iwersen, 1989; Hassan and Leitch, 2001). 

Hassan and Leitch (2001) found that maximum DM accumulation in linseed occurred 

after the start of flowering. This contrasts with sunflower (Helianthus annuus L.) where 

most DM is accumulated before the start of flowering (Hocking and Steer, 1983). 

D' Antuono and Rossini (1995) showed that DM partitioned to linseed stems was 

positively related to the development stage and temperature summation while biomass 

partitioned to leaves was inversely related to the same factors up to capsule initiation. 

Secondary growth caused a shift of biomass allocation from capsules to stems in the 

final phase of the growth cycle. 
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Reported total dry matter (TDM) yields of linseed range from 270 to 7,040 kg/ha 

in New South Wales (Hocking et al. 1997), 6,830 to 13,200 kg/ha in south-eastern 

Australia (Lis son and Mendham, 2000), 310 kg/ha to 6,000 kg/ha in a Mediterranean 

environment (Rossini and Casa, 2003) and 10,010 to 10,794 kg/ha in Wales (Hassan 

and Leitch (2001). Production of TDM varied significantly among cultivars (Turner, 

1991; Lisson and Mendham, 2000; Easson and Molloy, 2000; Coutere et al., 2002) and 

with moisture supply (Hassan and Leitch, 2001; Couture et at., 2002), N rate (Turner, 

1991; Hocking et at., 1997) and plant population (Turner, 1991; Easson and Molloy, 

2000; Hassan and Leitch, 2000). 

2.6 Leaf Area Development 
The leaf area of a plant is the product of the number of leaves and their area. Leaf 

area per unit ground area (leaf area index - LAI) and the integral of LAI over time (leaf 

area duration - LAD) determine the percentage or amount of solar radiation intercepted 

by a crop and has a dominant influence on crop growth (Sinclair, 1984). 

According to Bazzaz and Harper (1977), the major contributor determining the 

total leaf area of linseed is leaf number. During vegetative growth the LAI increases as 

the number of leaves increase. It often peaks around the onset of rapid vegetative 

growth and declines as the crop ripens through to leaf senescence (Hocking and 

Pinketon, 1991). Bazzaz and Harper (1977) found maximum LAI in linseed was 

reached shortly before flowering. 

Leaf area index and LAD are the most important plant characteristics determining 

radiation interception (Monteith, 1977; Gallagher and Biscoe, 1978). Leaf area index 

directly influences the proportion of radiation intercepted. Growth analysis studies of 

linseed showed that DM production was closely related to the development and size of 

the assimilatory area. There was a linear relationship between DM accumulation and 

LAD (Diepenbrock and Porksen, 1993). 

D' Antuono and Rossini (1995) obtained LAI values below 3 in their linseed 

experiment. For the whole growth cycle the estimated extinction coefficient of 0.43 

proved to be valid for light intercepted by leaves. From the onset of flowering, about 50 

% of intercepted radiation was intercepted by reproductive organs (D' Antuono and 

Rossini, 1995) giving a K value of 1.12, for the post anthesis phase. 
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2.7 Radiation Interception and Utilisation 
The amount of solar radiation entering the plant's environment establishes, in the 

absence of other climatic constraints, the upper production limit (Monteith, 1977; 

Sinclair and Muchow, 1999). Dry matter production through the process of 

photosynthesis involves the absorption of radiant energy by pigments resulting in new 

energy levels in these molecules. The higher energy states of these pigments are then 

used to assimilate carbon dioxide and synthesize plant constituents. 

The sun is the ultimate source of an electro-magnetic energy in the form of solar 

radiation. Radiation is usually measured as a flux of energy per unit horizontal surface 

expressed as MJ/m2/d (Monteith, 1972). Total solar radiation consists of two 

wavebands; the visible spectrum 0.4 - 0.7 !lm and the infrared (0.7 - 3.0 !lm). About 

half of total solar radiation is photosynthetically active (PAR, Sp), (Sinclair and 

Muchow, 1999). This is where most light absorption (in the blue and red regions of the 

spectrum) by the chlorophyll pigments occurs for photosynthesis. The maximum daily 

receipts of Sp in New Zealand range from 15 MJ/m2 for a clear summer's day to 0.5 

MJ/m2 on a cloudy winter's day. 

Dry matter production and crop yield can be defined in terms of the amount of 

total solar radiation intercepted by the crop canopy and its utilisation for DM production 

(Monteith, 1977). The amount of DM accumulated by a crop is strongly related to the 

total intercepted solar radiation, by the crop, over the growing season (Monteith, 1977; 

Sinclair and Muchow, 1999). The relationship is linear and the slope of the line is the 

efficiency of conversion of solar radiation to DM, often called radiation use efficiency 

(RUE). 

Assuming crop DM is proportional to radiation interception (Monteith, 1977; 

Gallagher and Biscoe, 1978), seed yield can be analysed using the following equation; 

Y = Sax ux HI Equation 2.1 

Where Sa is absorbed solar radiation, which is usually a function of LAI and canopy 

architecture, u is the utilization coefficient or radiation use efficiency and HI is the 

harvest index. Hence, higher seed yields may require a large accumulated biomass 

and/or a higher HI (Monteith, 1977; Gallagher and Biscoe, 1978). 
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There is relatively little information on the relationship between linseed TDM 

production and intercepted PAR. Freer (1993), reported that TDM of linseed and 

intercepted PAR were linearly related at low P levels but appeared curvilinear at high P 

levels. The value of u ranged from 0.86 g DMlMJ to 1.09 g DM/MJ. Differences in 

light use efficiency between the vegetative and the seed-filling phases were reported by 

D' Antuono and Rossini, (1995) who obtained RUE values of 2.95 and 1.16 g DMIMJ 

respectively. In Canterbury, there is no published work on this area for linseed. 

However, studies on other crops gave RUE values of 1.2 g DMlMJ for field bean (Vicia 

faba) (Husain et ai., 1988), 1.6 to 1.8 g DM/MJ for lentil (Lens culinaris) (Wilson et al., 

1993; McKenzie and Hill, 1991) and 2.0 to 2.5 g DMIMJ in pea (Pisum sativum) (Zain 

et at., 1983). 

2.8 Seed Yield 
Crop seed yield is the ultimate consequence of the amount of DM accumulated 

during the growing season and its partitioning into seed. Seed yield being a product of 

many processes is strongly influenced by environmental factors. Hence seed yield can 

vary from one site to another and from season to season. Lafond (2001) said there were, 

three major yield components in linseed production: the number of capsules per unit 

area, number of seeds per capsule and seed weight. 

Seed yield can be directly or indirectly increased VIa changing its yield 

components. For example, increasing plant population from 250 to 400 plantlm2 and N 

rates of 75 to 100 kg/ha increased capsule number/plant (Turner, 1991). Irrigation also 

increased seed yield (Dybing, 1964; Singh et al., 1974; Drewitt, 1976; Foster et aI, 

1998, Lisson and Mendham, 2000; Hassan and Leitch, 2001). Higher seed yields from 

irrigated plots were attributed to more seeds/capsule (Lis son and Mendham, 2000) and 

heavier seeds (Drewitt 1976). 

Water stress during early growth (branching to flowering) negatively affected 

seed yield of dual-purpose linseed cultivars while stress during later growth stages 

(flowering to harvest) did not affect seed yield (Foster et at., 1998). 

Grant et al. (1999) showed that seed yield and yield responses to fertilizer of 

different linseed cultivars varied with site and year. Seed yield increases were more 

common at sites with lower soil N levels. At sites where the N level was high, there 
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was a limited response of linseed to extra N (Beech and Norman, 1968; Diepenbrock 

and Iwersen, 1989; Grant et al., 1999). 

Linseed seed yield ranged from 3,310 to 4,360 kg/ha in the United Kingdom 

(Turner, 1991),950 to 2,795 kg/ha in Germany (Diepenbrock et al., 1995),700 to 1,270 

kg/ha in Italy (Rossini and Casa, 2003), 890 to 2,390 in Canada (Grant et al., 1999), 

1,300 to 1,800 kg/ha in Finland (Sankari, 2000) and 1,490 to 2,180 kg/ha in Australia 

(Lis son and Mendham, 2000). 

2.9 Straw and Fibre Yield 
A flax crop can produce 5,000 to 6,000 kg/ha of straw (Wood, 1997) but linseed 

cultivars generally produce lower stem yields than flax grown for fibre. Sankari (2000), 

found that average straw yield of dual-purpose linseed cultivars in Finland ranged from 

1,300 to 2,000 kg/ha. Under Mediterranean conditions, average yields were 1,900 to 

6,700 kg/ha (Rossini and Casa, 2003) and in Tasmania, (Australia), Lisson and 

Mendham (2000) reported stem yields equivalent to 4,730 to 8,830 kg/ha depending on 

cultivar. 

Straw yield and technical stem length define the fibre biomass (Sankari, 2000). 

The technical stem contains the most high quality fibre, thus, a long unbranched stem is 

desirable. Elhaak et al. (1999) showed that climate and soil characteristics significantly 

influenced fibre yield. They found a high percentage of valuable long fibres (> 50 cm) 

was a function of high soil moisture and fertility especially of N, P, K and Mg. At low 

fertility sites, the percentage of lignin and ash increased at the expense of cellulose. 

This decreased fibre quality (fineness and strength). In assessing linseed varieties for 

dual purpose characteristics, Foster et al. (1997) concluded that linseed types have a 

greater potential for being developed into dual purpose types due to their high seed yield 

and moderate to high fibre yield. However, to produce large quantities of long fibres, 

branching must be minimized. 

Sowing flax for fibre at high densities is a practical method of limiting branching 

(Hocking et al., 1987; Easson and Long, 1992). Intense competition among plants at 

high densities stimulates plants to grow tall with little or limited branching. However, 

growing flax at high densities did not necessarily give a high straw yield (Sankari, 2000; 

Easson and Molloy, 2000) and low populations yielded more stem material (Sankari, 
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2000). Easson and Long (1992) also found that high flax planting densities and 

increased N availability had only a limited effect on fibre quality and in some studies 

seed yield was depressed (Diepenbrock and Porksen, 1993). Rossini and Casa (2003) 

also reported that N fertilization did not affect straw quantity or quality. 

2.10 Oil Content and Yield 
Oil distribution in linseed is shown in Table 2.1. Oil yield (g/m2) is the product of 

seed yield and seed oil content (Diepenbrock and Iwersen, 1989). Increasing oil 

yield/ha can be achieved by increasing both seed yield/ha and seed oil content. Oil 

content of linseed increases rapidly during early seed maturation, followed by a slow 

rise to a maximum then a slight decline as plants reach full maturity (Beech and 

Norman, 1963). 

Linseed seed oil content has been shown to be affected by several factors. For 

example, reduced seed oil content with increased N fertiliser was recorded in North 

Western Australia (Beech and Norman, 1964; Beech and Norman, 1968). Similarly, 

Woodhead and Neilson (1976), found that seed yield and WOO-seed wt. did not respond 

to N but seed oil content declined from 40.3% without N to 37.4% with 215 kg 

ammonium sulphate/ha. They concluded that N application was detrimental to oilseed 

flax production. 

Naqvi et ai. (1987) found an inverse relationship between seed oil and protein 

content. Thus, decreasing seed protein will increase seed oil content. Delayed sowing 

also reduced seed oil content (Breech and Norman, 1963). 

Table 2.1. Oil distribution in linseed (Dybing 1964) 
Seed part 

Seed 
Seed coat 
Endosperm 
Embryo 
Soaking losses 
(primary mucilage) 
Missing quantity 
in experiment 

Weight 
(mg/lOOO seed) 

4,769 
587 

1,010 
2,448 

568 

156 

14 

Oil 
(mg/lOOO seeds) 

1,916 
12 

369 
1,426 

109 

Oil content 
(%) 

40.2 
2 

36.5 
58.3 



The proportion of the various fatty acids in the triglycerides determines the quality 

and usefulness of linseed oil. The fatty acids usually found in linseed oil (Table 2.2) are 

the saturated palmitic and stearic acids, monounsaturated oleic acid and polyunsaturated 

linoleic and linolenic acids. 

The fatty acid composition may vary with linseed cultivars (Green and Marshall, 

1981) but unsaturated fatty acids account for more than 80 % of the total fatty acids 

(Diepenbrock and Iwersen, 1989). A high degree of unsaturation is important where the 

oil is used for the manufacture of paints and varnish because of its quick drying 

properties. However, in food manufacture, this is undesirable because oxidation of 

linolenic acid produces rancid off flavours rendering the oil inedible. 

Table 2.2. Seed weight, percentage oil and percentage fatty acid composition of linseed 
varieties in Western Victoria, Australia. (Green and Marshall, 1981). 

100 seed Oil Fatty acid (%) 
Values weight (mg) (%) Palmitic Stearic Oleic Linoleic Linolenic 
Minimum 
Mean 
Maximum 

393 34.6 3.8 1.3 13.3 10.4 
636 41.9 7.0 3.3 18.6 16.3 
1009 46.4 9.2 6.2 25.2 20.9 

45.5 
55.0 
63.1 

Green and Marshall (1981) demonstrated that large seeded linseed cultivars had a 

higher oil content, a greater proportion of palmitic and stearic acid but a lower 

proportion of linolenic acid, than smaller seeded types. Except for linolenic acid, the 

synthesis of individual fatty acids decreases as the seed ripens (Diepenbrock and 

Iwersen, 1989). This is reflected in the proportion of the fatty acids found in ripe seed 

(Dybing and Zimmerman, 1964) (Table 2.3). 

Table 2.3. The proportion of fatty acids in ripe linseed seed. (Dybing and Zimmerman, 
1964). 

Seed age Net fatty acid synthesis (mg fatty acid/1 ,000 seed/day) 
days Linolenic Linoleic Oleic Saturated fatty acids 
0-9 6 3 3 2 
10 26 15 13 8 

17-23 74 41 15 12 
24-37 24 15 8 2 
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Adugna et aZ. (2004) found that oil yield was significantly and positively 

correlated with linoleic and linolenic acid and negatively associated with palmitic and 

stearic acid. There was a weak correlation with oleic acid. The oil content of linseed 

ranges from 370 to 480 g/kg in India (Batta et aZ., 1985), 340 to 460 g/kg in Australia 

(Green and Marshall, 1981) and 340 to 410 g/kg in Canada (Rowland et aZ., 1988) and 

290 to 360 g/kg in Ethiopia (Adugna et aZ., 2004). 

Oil yield in Ethiopia ranged from 14 to 33 g/m2 (Adugna et aZ., 2004) while in 

North Western Australia, Beech and Norman, (1963) reported a mean oil yield of 75 to 

97 g/m2 and an oil content ranging from 41.6 to 46.9 %. 

2.11 Harvest Index 
Harvest index is a measure of partitioning of photosynthates. The HI of a crop 

depends on the ratio between above ground TDM and seed yield and can vary due to 

variation in yield components (Wilson, 1987). In crops grown for their seed, the 

proportion of TDM accumulated during the growing season that ends up in the seed is 

of vital economic importance (Muchow and Charles-Edwards, 1982). 

Among oil crops the HI of linseed is one of the lowest, possibly due to crop 

sensitivity to water stress during seed filling (Hocking et aZ., 1997). Water deficits 

generally reduce HI by affecting canopy development and the partitioning of assimilates 

into seed (Husain et al., 1988). Leitch and Sahi (1999) found the HI of linseed was 

unaffected by plant spacing differences in the field but was increased with increased 

spacing in a glasshouse experiment. In the field, where branching occurred, the number 

of capsules/branch remained relatively constant. In the glasshouse there was no 

branching and the number of capsules/branch increased significantly with increased 

spacing. This suggests that linseed has the capacity to respond to density differences by 

altering either the number of branches/plant or the number of capsules/plant at a late 

plant development stage. 

Harvest index can also vary with site and with N application. D' Antuono and 

Rossini (1995) found that HI ranged from z 13 to 46 %. Highest values were obtained 

from varieties grown under better conditions. In drought affected areas, seed yield was 

reduced and HI was lowered. Grant et aZ. (1999) obtained HI's ranging from z 18 to 55 

% from three linseed cultivars grown at several sites in Canada. They found HI 

decreased with N application because the high vegetative yield due to N may have 
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reduced seed fill. Varying population density can also affect HI. Diepenbrock and 

Porksen (1992) obtained a HI of 43.4 % at 200 plants/m2 which fell to 27.3 % at 1,200 

plants/m2
. 

2.12 Response to Irrigation 
Published information on water use of linseed is limited. The Flax Councilof 

Canada (1996) reported that during the growing season, crop water use of linseed may 

be as high as 410 mm. In India, crop water use was 205 mm under unirrigated 

conditions and 257 to 290 mm under irrigated conditions (Gupta and Agrawal, 1977). 

During the seedling stage, water use ranges from 2 to 3 mmld and rises to 7 mmld 

during flowering. Seed yield response to water use from trials at Swift Current and 

Scott (SK), in Canada, showed that once a minimum water use of approximately 127 

mm was achieved, seed yield increased at 7.6 kg/ha/mm of water applied (Johnston et 

al.,2002). 

Wood (1997) reported that linseed is a shallow rooting crop that needs water in 

the a - 10 cm soil layer. Among crops studied by Hocking et al. (1997), linseed was the 

first to show substantial leaf death due to water stress and had the shallowest rooting 

depth. Gupta and Agrawal, (1977) showed that on a black clay soil, linseed with no 

irrigation, lost most of the moisture in the 0-10 cm soil layer in the first 60 dafter 

sowing. Thus, a uniform moisture supply during the growing season is an important 

requirement (Wood, 1997). Martin et al. (1976) and Foster et al. (1998) considered the 

plant was particularly sensitive to water stress at seeding, at flowering and during early 

seed development. Water stress during the latter two growth phases can cause 

premature leaf senescence and limit the period of seed oil synthesis and deposition 

(Green et al., 1994). 

There are several reports of a marked response of linseed to irrigation. Lisson and 

Mendham (2000) reported significant yield increases from irrigation between early 

November and January when total rainfall and rainfall distribution were poor. 

However, there was leaning and permanent lodging in irrigated high density plots. 

Consequently there was a greater decline in stem yield with irrigation. The significant 

positive effect of irrigation on seed yield was attributed to higher capsule numbers and 

more seeds/capsule under irrigation. 
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The main effect of water stress on linseed yield is on the number of capsules and 

seeds/plant or unit area (Hocking and Pinkerton 1991). Severe water stress can reduce 

mean seed weight and consequently yield (Hocking, 1995). Wilson (1987) noted that 

water deficits lower seed yield mainly by reducing PAR interception by shortening 

growth duration and affecting canopy development. Hocking, (1995) observed that 

water stress accelerated leaf, stem and pod senescence in linseed and thus reduced 

capsule and seed growth. 

2.13 Response to Nitrogen 
Nitrogen fertilizer plays a vital role in enhancing crop yields (Cheema et al., 

2001). A high rate of N increases leaf area development improves LAD after flowering 

and increases overall crop assimilation, thus contributing to increased seed yield 

(Wright et al., 1988). Diepenbrock and Porksen, (1993) found that increased N lead to 

a higher linear growth rate (LGR), maximum growth rate (MGR) and duration of linear 

growth rate (DLGR) (Table 2.4). 

Table 2.4. Effect of seed density and N fertiliser on linseed linear leaf growth rate 
(LGR), duration of linear leaf growth rate (DLGR), maximum leaf growth 
rate (MGR) and day of maximum leaf growth rate (MGRD) (adapted from 
Diepenbrock and Porksen, 1992). 

Treatments LGR DLGR MGRD 
(g/m2/d) (d) (d after emergence) 

Seeds/m2 
200 11.1 40.5 2.2 23.0 
400 13.2 37.4 2.6 23.0 
800 12.1 34.8 2.4 24.0 

1200 1l.8 32.8 2.3 27.0 
LSD(0.05) l.1O 1.15 0.2 3.10 
N (kg/ha) 

40 11.5 36.0 2.3 24.5 
80 12.5 36.8 2.5 24.0 

LSD (0.05) 0.90 0.70 0.18 1.70 

Although Dybing (1964), Hocking and Pinkerton (1991) and Hocking (1995) all 

reported positive yield responses of linseed to applied N, poor responses to direct 

application of N fertilizer are sometimes observed (McGregor, 1960; Hocking et aI., 

1997, Rossini and Casa, 2003). Hocking et al. (1997) reported that linseed was the least 
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responsive to N of the crops they studied. With improved N fertility cultivars lacked the 

stem strength to support the increased capsule load. Where N is applied, the rate 

required to obtain maximum crop yield varies greatly with site and other environmental 

factors (Grant et ai., 1999). Information on recommended N rates for linseed is limited 

but a range of 20 - 85 kg N/ha is suggested (Diepenbrock and Porksen, 1993; Freer, 

1993; Hocking et ai. 1997). 

Seasonal conditions after anthesis can influence the extent to which the increased 

crop vegetative growth, caused by N fertilizer, can be converted into seed. Linseed 

subjected to water stress reached its maximum yield at lower N rates (Hocking et ai., 

1997). Nitrogen stress also reduces the number of basal and fruiting branches. 

However, Hocking and Pinkerton (1991) found no effect of N on shoot HI. Further, 

flower production in all plants was in two cycles and the rate of flower production 

during a flowering cycle was sensitive to N stress (Hocking and Pinkerton, 1991). 

Hocking et ai. (1987) noted that in irrigated linseed, the period of greatest N 

demand was after flowering began and in unirrigated linseed greatest N demand was 

from bud formation to peak flowering. Constant N stress reduced flower number/plant 

by 74 % but had no effect on the proportion of flowers that produced capsules which 

contained filled seeds. In contrast, Sinha and Saxena (1965) found that although a 

constant N supply increased the number of flowers formed, it decreased the proportion 

which developed into mature capsules due to competition for assimilates between 

vegetative and reproductive growth. Relief of N stress at or before flower buds 

appeared gave a full recovery of DM production (Hocking and Pinkerton, 1991). 

The dominant effect of N stress was a reduced number of capsules/plant. (Dybing, 

1964; Hocking and Pinkerton, 1991; Hocking et ai., 1997). Several workers have found 

that the number of seeds/capsule, mean seed weight and the seed oil percentage were 

not affected by N stress (Hocking and Pinkerton, 1991, Hocking, 1995, Hocking et ai., 

1997). In contrast, seed oil content was reduced at increased N rates (Beech and 

Norman, 1964; Beech and Norman, 1968) and it was found that seed oil was inversely 

related to seed protein content (Naqvi et al., 1987). 

When water was not limiting lodging was a problem in linseed at high N rates 

(Hocking et al., 1997). At high N levels the thousand seed weight and seed oil 

concentration were significantly reduced (Hocking, 1995). A similar reduction in seed 

oil percentage due to high N was reported by Dybing (1964). 
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2.14 Response to Plant Population 
According to Khan and Bradshaw (1976), permanent genetic adaptation to a 

specific plant density is not possible. To be successful, plants need phenotypic 

plasticity, which is an ability to respond to changed spacing. The size of an individual 

plant is therefore related to the density at which it is grown. 

Plant density influences crop yield by changing the growth of the crop. Yield 

density relationships in plants generally follow either an asymptotic or parabolic pattern 

(Willey and Heath, 1969). An asymptotic relationship occurs when the yield 

approaches a maximum as density increases and it is impossible to determine an 

optimum density (Wiley and Heath, 1969). While in a parabolic yield-density 

relationship, there is a yield maximum at an optimum plant density and yield then 

decreases at higher plant densities. 

Studies have shown that flax/linseed cultivars can respond differently to spacing 

and varying plant density. Several experiments demonstrated that variation in plant 

population resulted in significant yield differences. Diepenbrock and Porksen (1992), 

obtained high seed yields at lower population densities of 200 and 400 plants/m2. They 

attributed the high yield at these population densities to a longer duration of green leaf 

area therefore the assimilatory capacity was more effective during capsule and seed 

growth. Turner (1991) also noted that at 400 seed/m2, the number of capsules/plant was 

double the number of capsules at 900 seed/m2. 

Hassan and Leitch (2000) found that as plant density increased; plant growth was 

restricted, leading to shorter stems with fewer, smaller, leaves which produced fewer 

shoots and subsequently fewer capsules. However, the increased numbers of plants/unit 

area at high densities more than compensated for reduced individual plant size, leading 

to a significant increase in TDM production/unit area at high plant densities (Leitch and 

Sahi, 1999). Lisson and Mendham (2000) indicated that increasing the seeding rate 

from 390 seed/m2 to 530 seed/m2 gave a higher stem yield but was accompanied by 

higher plant lodging. Extensive lodging was also apparent at a seeding rate of 680 

seed/m2 with some evidence of a decline in stem yield relative to plants sown at 530 

seed/m2 (Lisson and Mendham, 2000). At high seeding rates, 440 and 580 seed/m2, 

Irrigation caused leaning and permanent lodging. 

Seed yield variation in response to population, was mostly accounted for by 

different numbers of capsules/plant. Differences in seed/capsule and the 1,000 seed 
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weight had little influence on seed yield (Dybing, 1964; Leitch and Sahi, 1999; Lisson 

and Mendham, 2000), indicating a degree of stability in these characters, which are 

genetically determined (Khan and Bradshaw, 1976). 

In some trials there was no difference in either TDM or seed yield with increased 

linseed plant population (Khan and Bradshaw, 1976; Turner, 1991). Their results 

showed that linseed plants responded to spacing by filling the space available to them. 

As a result yield per unit area was constant over the range of densities tested. When 

sown at wide row spacing linseed compensates for low plant stands through extensive 

branching and increased plant size (Khan and Bradshaw, 1976; Gubbels, 1978; Hassan 

and Leitch 2000). Diepenbrock and Porksen (1993) found that basal branches 

contributed 10 to 15 % of TDM. At low plant densities these branches became 

important from the start of flowering Seed yield has been shown to be linearly related 

to the number of fruiting branches thus branching is desired to obtain increased seed 

yield/plant (Hocking, 1995). Further, Diepenbrock and Iwersen (1989) found that 

transverse sections of linseed stems, grown at different densities, showed that the 

amount of fibre cells and xylem cells strongly depended on the available space for 

individual plants and were thus more resistant to lodging. 

Lisson and Mendham (2000) noted that published optimum seeding rates for 

linseedlflax varies, depending on the purpose for which the crop was being grown. 

Easson and Molloy, (2000) recommended around 400 plants/m2 to encourage branching 

and seed production. If linseed is to be grown as a dual purpose crop, a high seed 

density is recommended to maximise not only seed yield but also fibre yield and quality 

(Hocking et al., 1987; Easson and Long, 1992). Overall effects of plant density on seed 

yield suggest a range of optimum densities: 250 plants/m2 (Gubbles and Kenaschuk, 

1989), 424 - 606 plants/m2 (Taylor and Morrice, 1991), 200 - 500 plants/m2 

(Diepenbrock and Porksen, 1992) and 346 -713 plants/m2 (Freer, 1992). 

2.15 Conclusions 
1. There is a high variability in the yield response of linseed to environmental factors 

and management. 

2. During the growing season linseed needs adequate moisture and responds well to 

irrigation especially in areas with uneven distribution and low total rainfall. 
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3. Reported linseed N responses are diverse and conflicting. The variable responses 

to N could be due to other factors such as initial soil N level, soil moisture or the 

season. 

4. Recommended optimum seeding rates for the crop vary depending on 

environmental and management factors and on the purpose for which the crop is 

grown. 

5. Available information on optimum plant population, water use and N requirement 

of linseed in Canterbury is inadequate. Thus, there is a need to assess linseed's 

performance under these management strategies to obtain new information on its 

agronomy in Canterbury. 
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CHAPTER THREE 

Materials and Methods 

3.1 Site 
A linseed field trial with cv Hinu was carried out on a Wakanui silt loam (Cox, 

1978) from 10 December 2003 to 12 April 2004 at the Horticultural Research Area, 

Lincoln University (43 0 39' S, 1720 28' E, 11 m above sea level), Canterbury (Plate 

3.1). The area was previously planted in apples (Malus domestica). 

3.2 Experimental Design and Treatments 
The experimental design was a split plot randomised complete block design with 

irrigation (nil and full) as main plots and a factorial combination of N, applied as urea, 

(nil and 150 kg/ha) and plant density (540, 1,080, 1,620 and 2,160 seeds/m2) as sub-

plots. There were four replicates and the eight sub-plot treatments were randomly 

allocated in each main plot. Sub-plots were 10 m by 2.5 m. 

For irrigated plots, overhead irrigation was applied when the soil moisture deficit 

was approximately 50 % of field capacity. Measurements were made with a Time 

Domain Reflectometer (TDR) to a depth of 200 mm to determine crop water use. 

However, due to high irrigation demand in other trials, there were occasions when 

irrigation could not be applied when needed because the irrigation equipment was not 

available. There were 5 irrigations giving a total of 250 mm of water. 
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Plate 3.1. Linseed cv Hinu growing at the Horticultural Research Area, Lincoln 

University_ 
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3.3 Husbandry 
Prior to sowing the land was harrowed, ploughed and rolled. Plots were sown in 

rows 15 cm apart with an Oyjord cone seeder. The seeding rates were 540, 1,080, 1,620 

and 2,160 seeds/m2 to achieve target plant populations of 250, 500, 750 and 1000 

plants/m2. After sowing all plots were given a pre-emergence irrigation. Nitrogen 

fertiliser was applied as urea, at 150 kg N/ha, two weeks after emergence. Weeds were 

controlled by hand as required. Mesurol, 750g/kg methiocarb a.i., was sprayed at 1 

kg/ha and a bird scarer was used to keep birds away from the trial. 

3.4 Sampling/Measurements 

3.4.1 Stem characters 

Plant height was determined by measuring five randomly selected plants from 

each plot. Plants were measured from ground level to the uppermost capsule before 

final harvest. The number of primary branches on each plant was counted and the stem 

diameter measured at 3 cm from the base of the plant using a precision calliper. Main 

stem length was measured from ground level to just below the first apical branch. After 

removal of the capsules and leaves, stems were air-dried and weighed. Stems were 

retted by soaking in water for four weeks. Fibre was manually extracted from each 

sample, dried at room temperature and weighed. 

3.4.2 Yield and Yield Components 

The final harvest for seed yield was taken when more than 50 % of the capsules 

had turned brown and seed rattled in the capsules when they were shaken (Matheson, 

1976). Final harvest for biomass and seed yield was by hand pulling plants from a 1 m2 

quadrat. After harvest, plants were air dried for about 15 - 30 days. Seeds were 

threshed manually. The seeds were then cleaned and weighed for yield determination. 

Seed and stem dry weight were measured after drying in a forced draught oven at 70 DC 

for 72 h. The number of capsules/plant was estimated from counts on five sample 

plants/plot. Capsules were removed by hand, seed was manually extracted and cleaned 

and the total weight and number of seeds/sample recorded. 
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3.4.3 Oil Extraction and Analysis 

Oil content was determined by solvent extraction at the Animal and Food 

Sciences Laboratory, Lincoln University. Oil content was determined from a 5 g 

sample of oven dried seed which was twice macerated in a 50 rnl sealable 

polypropylene centrifuge tube (Nalgene 3119) with two lots of 40 rnl of cold hexane 

(AR) for 10 minutes using an Ultra-Turrax overhead homogenizer (TP181l0). The 

mixture was centrifuged using a Heraeus Christ refrigerated centrifuge (Minifuge GL) 

at 10,000 rpm and 5 DC for 20 minutes, after each oil extraction. The supernatant was 

decanted to a 50 ml Kimax tube and the volume of n-hexane was reduced under a 

stream of oxygen free nitrogen. Total oil content was determined by Tekata Soxhlet 

apparatus (SoxTec Sytem HT 1043) and results are expressed on a dry weight base. Dry 

weight was determined on a freshly macerated sample dried to constant weight at 105 

DC. Oil yield (g/m2) was estimated by multiplying seed oil content by seed yield for 

each sample. 

3.4.4 Identification of Fatty Acids 

Fatty acids were methylated for gas-liquid chromatography using the method of 

Christie (1989). Fatty acid methyl esters were identified by comparing peaks with 

standards and quantified by integration of peak areas. Percentages of fatty acid methyl 

esters were calculated with reference to a standard mixture measured on the same 

column under identical conditions. Extraction, identification and quantification of fatty 

acids were done at the Animal and Food Sciences Laboratory, Lincoln University. 

Fatty acid methyl ester (FAME) analysis was carried out by transmethylating 50 

mg of oil using 0.5 M sodium methoxide in methanol (Christie, 1989). The methyl fatty 

acids were separated using a Hewlett Packard HP-6890 GLC with Injector (250 DC, split 

ratio 50: 1), FID (250 DC) on a capillary HP-INNO Column Wax (30m) (using 

temperatures of 50 to 205 DC and a pressure of 54 to 200 kPa ramps over 60min). Peaks 

were identified using fatty acid standards (Nu-Check 411) and the correction factors 

recommended by Craske and Bannon (1987) were applied. Results were represented as 

fatty acids in gil 00 g of total fatty acids in the extracted oil. 
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3.4.5 Phenology 

Crop development stage was determined from a marked harvest area of 1.0 m2 in 

the centre of each plot. The stages were: emergence (when 50 % of plants in the area 

had emerged); first flowering (the day when the first open flower was observed), 

flowering (when 50 % of plants had at last one open flower); capsule formation (when 

50 % of plants had at least one brown capsule) and harvest maturity (when 50 % or 

more of the capsules had turned brown and seeds rattled in the capsules when they were 

shaken). The time for plants to reach various phenological stages from sowing was 

expressed in chronological time (days). 

3.4.6 Dry Matter 

Dry matter (DM) accumulation was measured using 0.2 m2 samples randomly cut 

from each plot. Samples were harvested from each plot every 2 weeks from 26 days 

after sowing. They were oven dried and weighed. The relationship between DM and 

time was calculated and described by comparing slopes derived from fitting regressions 

(using the Generalised Logistic Equation) to total DM over time. 

3.4.7 Functional Growth Analysis 

Generalised logistic curves were used to describe DM accumulation of the crop 

(Gallagher and Robson, 1984). The equation is as follows: 

y = e I (l + T exp (-b(x-m))) liT Equation 3.1 

where Y is the yield, e is the final above ground DM and T, band m are constants. 

The weighted mean absolute growth rate (WMAGR - the mean growth rate over 

the period when the crop accumulated most of its DM), duration of exponential growth 

(DUR - duration of crop growth rate over which most growth occurred) and the 

maximum crop growth rate (Cm) were derived for the crop using the values of e, T, b 

and m in accordance with the equations below (Gallagher and Robson, 1984): 

WMAGR = be 12(T + 2) Equation 3.2 
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DUR = 2(T +2)/b Equation 3.3 

Cm = bC / (T + 1) ((T+I)/T) Equation 3.4 

The number of plants in each 0.2 m2 quadrat was counted for each plot to 

determine plant population. Dry weights were measured after drying samples in a 

forced draught oven at 70°C for 72 h. 

3.4.8 Leaf Area Development 

Leaf area development was assessed as leaf area index (LAI) and duration (LAD). 

Leaf area index and the amount of radiation transmitted through the canopy (T j ) were 

measured using a LICOR LAI Plant Canopy Analyser (LICOR Inc., Lincoln, Nebraska, 

USA). Leaf area duration was calculated as the time integral of leaf area index (Hunt, 

1978). Leaf area was measured every two weeks from 26 days after sowing (DAS) up 

to 105 DAS or until physiological maturity. The proportion of radiation intercepted (Fi) 

by the canopy was calculated as (Gallagher and Biscoe, 1978): 

Equation 3.5 

where Fi is the proportion of intercepted radiation and Ti is the amount of radiation 

transmitted through the canopy. 

The amount of photosynthetically active radiation (PAR) intercepted, Sa was 

calculated from (Szeicz, 1974): 

Equation 3.6 

where Fi is the proportion of radiation intercepted and Si is the total incident PAR. 

The extinction coefficient (k) of the canopy was calculated from Equation 3.7: 

k = -In (l - Fi)ILAI Equation 3.7 
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3.5 Data Analysis 
All data were subjected to analysis of variance (ANOV A) using GENST AT 

(McConway, et al., 1999) to identify main effects and interactions in response to 

irrigation, N and plant density. Differences among means were determined using LSD 

at the 0.05 level of significance. 
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CHAPTER FOUR 

Results 

Dry matter and leaf area development 

4.1 Climate 
Rainfall over the growing season was only 68 % of the long term mean (LTM) 

(Table 4.1). The first month of the growing season was one of the driest on record in 

Canterbury and rainfall was only 2 % of normal. Evapotranspiration was 17 % higher 

than the LTM. The second month was also dry and only 40 % of normal rainfall fell. 

April was wet with 24 % more rain than normal and 53 % less evapotranspiration than 

the LTM for the month. The mean temperature during the growing season was 0.5 °C 

lower than the LTM of 15°C. 

Table 4.1. Climatic conditions at Lincoln, Canterbury from December 2003 - April 
2004. 

Penman ET 
Rain (mm) Air Temperature (OC) (mm) 

Month LTM* total LTM max LTM min LTM mean LTM Total 
2003 Dec 50.0 1.2 20.9 21.8 10.2 10.0 15.4 15.8 143.7 172.9 
2004 Jan 51.3 21.0 21.9 23.6 11.4 12.8 16.5 17.9 148.0 153.7 
2004 Feb 40.6 43.6 21.8 20.2 11.3 11.0 16.3 15.2 117.4 115.7 
2004 Mar 50.4 36.8 20.1 20.0 9.7 8.9 14.7 14.0 99.9 99.6 
2004 Apr 46.0 60.4 17.3 16.2 6.9 4.2 12.0 9.7 62.9 29.3 
TotallMean 238.3 163.0 20.4 20.4 9.9 9.4 15.0 14.5 571.9 571.2 

* Long Term Mean 
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4.2 Dry matter accumulation (Functional Growth Analysis) 

4.2.1 Dry matter accumulation 

Dry matter production over the season for irrigation, N and population density 

treatments showed typical sigmoid curves. Initially DM accumulated slowly, followed 

by a rapid, nearly linear, growth phase and finally ceased with plant maturity (Figures 

4.1a-c). 

Dry matter production in unirrigated plots was lower than in irrigated plots 

throughout the life cycle of the crop (Figure 4.1a). At 54 and 68 DAS, TDM in irrigated 

crops was double than that in unirrigated crops. At final harvest, predicted TDM was 

increased with irrigation by 56 %, from 520 g/m2 to 809 g/m2. 

The effect of N was apparent 17 days after application. Nitrogen had 

significant, but small effects on DM production after 103 DAS until final harvest 

(Figure 4.1 b). Plant population had no effect on TDM production except at 26 and 40 

DAS. At early growth stages DM production at the higher population densities (15.2 

and 15.6 g/m2 at 583 and 769 plant/m2 respectively) was nearly double the TDM at the 

lowest population (8.03 g/m2) (Figure 4.1c). 

4.2.2 Maximum total dry matter 

Irrigation had the greatest effect on maximum TDM production (maxDM) 

(Table 4.2). Fully irrigated crops produced 800 g/m2 maxDM, about 59 % more than 

the unirrigated crop (505 g/m\ Nitrogen had no effect on maxDM. Maximum DM did 

not differ among population densities and the overall mean TDM was 652 g/m2. 

4.2.3 Weighted mean absolute growth rate 

There was a significant effect of irrigation and population density on the 

weighted mean absolute growth rate (WMAGR) (Table 4.2). The WMAGR for the 

fully irrigated crops (11.1 g/m2/day) was 35 % higher than for the unirrigated crops (8.2 

g/m2/day). The highest WMAGR of 11 g/m2/day was obtained at the lowest population 

density while the lowest, 9 g/m2/day, was at the two highest plant densities. 
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4.2.4 Duration of exponential growth 

The duration of crop growth over which most growth occurred (DUR) was not 

significantly affected by irrigation, N, or plant density or any of their interactions. The 

overall mean was 68 days (Table 4.2). 

4.2.5 Maximum crop growth rate 

Maximum crop growth rate (Cm) followed a similar trend to WMAGR (Table 

4.2). There was a significant effect of irrigation on maximum crop growth with Cm 

being 31 % higher in the irrigated crop (17 g/m2/day) than in the unirrigated crop (13 

g/m2/day). Maximum crop growth rate was also affected by plant population. The 

highest Cn (17 g/m2/day) was at the lowest plant population and was significantly 

higher than values for the other populations. Nitrogen had no effect on Cm. 

Table 4.2. The maximum total dry matter (maxDM), maximum growth rate (Cn), 
duration and weighted mean average growth rate (WMAGR) of total dry 
matter of linseed cv Hinu as influenced by irrigation, nitrogen and plant 
population. 

Treatment maxDM WMAGR Cm Duration 
(g/m2) (g/m2/day) ') (g/m-/day) (days) 

Irrigation (I) 
nil 504.9 8.2 12.7 63.3 
full 800.4 11.1 16.7 74.0 

S.E. 12.11 0.16 0.31 2.45 
Significance ** ** ** ns 
Nitrogen (N) 
(kg/ha) 

0 634.6 9.6 14.7 66.8 
150 670.7 9.7 14.8 69.5 

S.E. 12.98 0.26 0.43 1.88 
Significance ns ns ns ns 
Density (plants/m2) 

238 692.5 11 16.7 65.1 
389 648.3 9.5 14.3 68.8 
583 641.6 9.1 14.0 69.5 
769 628.2 9.1 13.8 69.2 

S.E. 18.36 0.37 0.61 2.65 
Significance ns ** ** ns 
CV(%) 10.9 5.4 6.6 12.7 
Significant interactions none none none none 

*: P<0.05, **: P <0.01, ***: P <0.001, ns: not significant. 
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Figure 4.1. Dry matter accumulation of linseed in Canterbury in 2003/04 as 
influenced by a) irrigation (e nil, ofull) b) nitrogen (e 0 N, 0 150 
kg/ha N) and c) plant population (e 238 plants/m2

, 0 389 plants/m2
, 

... 583 plants/m2
, ~ 769 plants/m\ 

Y = C/(1+Texp(-b(x-m)))I/T. 
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4.3 Leaf area development, radiation interception and utilisation 

4.3.1 Leaf area index 

Leaf area index increased with DAS up to a maXImum and then declined. 

Differences in LAI between the two irrigation treatments were significant from 55 to 

110 DAS (Figures 4.2a-c). Fully irrigated plants had a higher LAI than unirrigated 

plants. The increase in LAI was most rapid between 41 and 55 DAS. At 55 DAS, the 

LAI (3.08) was more than double the LAI value (1.12) at 41 DAS. In contrast, LAI 

values in unirrigated crops, over the same period only increased by 84 %. Both 

unirrigated and irrigated plants reached their peak LAI (2.20 and 3.25 respectively) at 

91 DAS. 

Over the growing season LAI values ranged from 0.61 to 2.40 in unirrigated crops 

and 0.75 to 3.25 in irrigated crops. At 91 DAS, maximum LAI in the irrigated crops 

was 48 % higher than in the unirrigated crops. At 55 and 84 DAS, LAI values in 

irrigated crops were double those in the unirrigated crops. However at 84 DAS, there 

was a sudden drop in LAI in both treatments. 

There was no effect of N on LAI (Figure 4.2b). Leaf area index only varied 

among population densities at 26 to 41 DAS. There were no significant effects after 

that date (Figure 4.2c). Highest LAI values were from high plant population plots. The 

irrigation by N interaction did not vary with plant population. 

4.3.2 Leaf area duration, dry matter accumulation and yield 

There was a highly significant effect of irrigation on leaf area duration (LAD) 

(Table 4.3). Fully irrigated crops had a LAD which was 84 % longer than the LAD of 

unirrigated crops. There was no effect of N or population density on LAD. Overall 

means were 146.7 d and 146.9 d respectively. 

Dry matter production was linearly correlated with LAD from emergence to 

maturity (Figure 4.3). The longest LAD of 190 d from irrigated plots gave a DM 

production of about 740 g/m2
. A LAD of 160 d to 175 d produced about 609 to 712 g 

DMlm2
. 
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Figure 4.2. Leaf area index (LAI) of linseed cv Hinu as influenced by a) 
irrigation (0 full, r2 = 0.93; • nil, r2 = 0.92) b) nitrogen (. no N; 
r2 = 0.96; 0 150 kg/ha, r2 = 0.94) and c) population (. 238 
plants/m2, r2 = 0.92; 0 389 plants/m2, r2 = 0.96; .. 583 
plants/m2, r2 = 0.94 and ~ 769 plants/m2, r2 = 0.97) over the 
growing season in Canterbury in 2003-04. Sigmoidal curves 
were used to fit equation. 
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Table 4.3. The effects of irrigation, nitrogen and plant population on 
leaf area duration of linseed cv. Hinu in Canterbury in 
2003-04 at 105 DAS. 

Treatment LAD (days) 
Irrigation (I) 

nil 104 
full 190 

S.E. 8.1 
Significance ** 
Nitrogen (N) (kg/ha) 

0 147 
150 146 

S.E. 5.1 
Significance ns 
Density (plants/m2

) 

238 139 
389 145 
583 156 
769 148 

S.E. 7.2 
Significance ns 
CV(%) 14.3 
Significant interactions none 
*: P<0.05, **: P <0.01, ***: P <0.001, ns: not significant. 

4.3.3 Radiation interception 

The proportion of intercepted radiation (Fi) over the growing season (Figures 

4.4a-b) followed a similar trend to that of LAI (Figure 4.2). Significant differences in 

both the unirrigated and irrigated crops were obtained at 55 DAS. The irrigated crops 

had a higher Fi than the unirrigated crops from 41 to 105 DAS (Figure 4.4a). Canopies 

of unirrigated linseed crops intercepted between 42 to 81 % of the incident radiation 

during the season while the irrigated crops intercepted 56 to 91 %. The proportion of Fi 

did not vary among population densities except at 26 and 44 DAS (Figure 4.4b). At 

these times, the high population plots had a higher Fi than the low population plots. 

Nitrogen did not influence the fraction of radiation intercepted over the growing season. 

The relationship between LAI and Fi was a typical exponential curve (Figure 4.5). 

An LAI of about 3.0 to 3.5 was required to intercept 90 - 95 % of incident radiation. 
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linseed cv. Hinu during the growing season in Canterbury in 2003-04 
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Figure 4.5. The relationship between leaf area index and the proportion of radiation 
intercepted in linseed cv Hinu over the growing season in Canterbury in 
2003- 04 (r 2 = 0.99) (Y= 0.98 + 0.48 (X)). 

4.3.4 Intercepted PAR and DM accumulation 

There was a highly significant effect of irrigation on total intercepted PAR (Table 

4.4). With irrigation total intercepted PAR increased by 26 % from 474 to 596. 

Nitrogen and population did not influence total intercepted PAR. 

4.3.5 Radiation use efficiency (RUE) 

Radiation use efficiency (RUE) varied greatly among treatments and over the 

growing season. It ranged from 0.89 to 2.91 (data not shown). Radiation use efficiency 

increased by 38 % from 1.05 g DM/PARlm2 in rainfed crops to 1.29 g DMlPARlm2 in 

irrigated plots by the time of final harvest (Table 4.4). Nitrogen and plant population 

had no effect on the efficiency of conversion of intercepted radiation into DM. 
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There was a highly significant linear relationship between TDM and total 

intercepted PAR over the growing season with an r2 of 0.88 (Figure 4.6). The slope of 

this line indicated that RUE calculated from final harvest was 2.26 g DMIMJ PAR. 

Irrigation significantly effected DM accumulation and intercepted PAR. Irrigated 

crops accumulated both DM and PAR faster than the unirrigated crops (Figure 4.7a). 

Nitrogen and population had no effect on DM accumulation or intercepted PAR 

(Figures 4.7b and c) 

Table 4.4. The effect of irrigation, nitrogen and plant density on total 
intercepted PAR (MJ/m2) and radiation use efficiency (g DM 
MJ/m2) of linseed cv Hinu in Canterbury, 2003 - 04. 

Treatment Total intercepted PAR RUE 
Irrigation (I) 

nil 474 1.05 
full 596 1.29 

S.E. 11.3 0.053 
Significance ** * 
Nitrogen (N) (kg/ha) 

0 568 1.15 
150 571 1.19 

S.E. 7.8 0.036 
Significance ns ns 
Density (plants/ m2) 

238 568 1.21 
389 571 1.22 
583 580 1.12 
769 562 1.11 

S.E. 10.0 0.53 
Significance ns ns 
CV(%) 4.2 11.1 
Significant interactions none none 
*: P<0.05, **: P <0.01, ***: P <0.001, ns: not significant. 
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Figure 4.6. The relationship between total photosynthetically active radiation and 
total dry matter in irrigated (.) and rainfed (0) linseed cv Hinu in 
Canterbury in 2003-04 at 105 DAS. (r2 = 0.88) (Y= -566.5 + 
2.26(X)). 
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Figure 4.7. The influence of a) irrigation (e nil; 0 full) Y = -24.49 + 1.28 X (r 2 = 
0.94); b) nitrogen (e no N; 0 150 kg N/ha) Y =- 42 + 1.25 X (r 2 = 
0.96) and c) plant population (e 238 plants/m2

, 0 389 plants/m2
, .. 
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; Y = -41.05 + l.24 X; r 2 = 0.95) 

on intercepted photosynthetically active radiation in linseed over the 
growing season in Canterbury in 2003-04. 
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CHAPTER FIVE 

Results 

Phenology, yield and yield components 

5.1 Establishment and early growth 
In all treatments the final plant population was lower than the target population 

(Table 5.1). Germination tests gave a 90-95 % germination but seedling establishment 

was slow especially under rainfed conditions. Field seedling emergence was poor and 

ranged from 34 to 44 %. Emergence was highly variable within plots. In some plots, 

plants were still emerging at flowering, late in the growing season (Plate 5.1). 

Table 5.1. The effect of irrigation, nitrogen and population on final population, days to 
emergence, flowering, capsule formation and capsule maturity of linseed cv. 
Hinu in Canterbury in 2003- 04. 

1 st Capsule Capsule 
Population I Emergence Flower Flowering formation maturity 

Treatments (plants/m2) (days) (days) (days) (days) (days) 
Irrigation (I) 

nil 480 18 53 64 86 115 
full 489 16 54 61 82 111 

S.E. 14.1 0.3 0.3 0.5 0.7 1.7 
Significance ns * * ** * ** 
Nitrogen (N) (kg/ha) 

0 498 17 53 63 84 113 
150 471 17 54 62 84 113 

S.E. 10.6 0.1 0.2 0.3 0.3 0.2 
Significance ns ns ns ns ns ns 
Density( seeds/m2) 

540 283 18 54 63 84 114 
1080 379 17 53 62 84 113 
1620 563 18 53 62 84 113 
2160 769 17 54 62 84 113 

S.E. 14.9 0.2 0.3 0.4 0.4 0.2 
Significance ** ns ns ns ns ns 
CV(%) 6.1 1.8 1.3 2 2.1 1.5 
Significant 
interactions none none none none none none 
I * Only flowering/fruiting plants were counted 
* ** *** significant at P < 0.05; 0.01; 0.001 respectively 
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Plate 5.1. Uneven emergence of linseed cv Hinu at the Horticultural 
Research Area, Lincoln University, Canterbury in 2003 - 04. 

5.2 Phenology 
The time taken to reach vanous physiological stages was recorded in days. 

Irrigation influenced the time to reach the different physiological stages recorded in this 

study (Table 5.1). Generally irrigated crops emerged, formed capsules and reached 

physiological maturity faster than unirrigated plants. 

Days to 50 % emergence ranged from 16 to 18 days and plants in irrigated plots 

emerged two days faster than those in unirrigated plots. Rainfed plants flowered earlier 

(52.9 DAS) than irrigated plants (54.2 days). 

Days to 50 % flowering and capsule formation were four days faster in irrigated 

plants than in rainfed plants. Duration of emergence to flowering ranged from 34 to 38 

days. The duration of emergence to capsule formation was 44 to 46 days. Nitrogen and 

population did not affect time to reach different physiological stages. 
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5.3 Dry matter yield 
Irrigated plants produced more seed, straw, other and TDM yield than 

unirrigated plants (Table 5.2). Total DM yield was increased by 50 % with irrigation 

from 506 to 760 g/m2. Plant population affected both straw and seed yield. Higher 

yields were obtained at low plant populations. At the lowest sowing rate, seed yield 

was 183 g/m2. It reached a plateau at 349 and 583 plants/m2 and then decreased at the 

highest density. There was a negative relationship between straw yield, and increased 

plant density. 

The lowest straw (252 g/m2) and seed (166 g/m2) yields were both obtained at 

the highest plant density (769 plants/m\ Plant population had no effect on TDM 

production and N had no effect on seed, straw, or TDM production. 

Table 5.2. The effect of irrigation, nitrogen and plant density on the biomass of 
linseed cv Hinu in Canterbury in 2003 - 04 (125 DAS). 

Dry Matter (g/m2) 
Treatment Seed Straw Other l * TDM 

Irrigation (I) 
nil 132 220 154 506 
full 242 321 197 760 

S.E. 12.4 5.1 9.6 21.4 
Significance ** ** * ** 
Nitrogen (N) (kg/ha) 

0 182 266 177 625 
150 192 275 174 640 

S.E. 6.0 10.7 6.8 16.8 
Significance ns ns ns ns 
Density (plants/ m2) 

238 183 310 163 655 
379 200 279 183 662 
583 198 241 177 616 
769 166 252 180 598 

S.E. 8.5 15.1 9.6 23.8 
Significance * * ns ns 
CV (%) 17.9 14.2 8.8 11.1 
Significant interactions none none none none 
I * Others include leaves, capsule fractions 
* ** *,'* significant at P < 0.05; 0.01; 0.001 respectively 
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5.4 Seed yield and yield components 
All yield components, except for thousand seed weight (TSW), responded 

positively to irrigation (Table 5.3). Irrigated plants produced more than twice the 

number of capsules and twice the seed yield/plant and had 15 % (8.2) more 

seeds/capsule than rainfed plants. Nitrogen had no effect on yield components except 

for seed yield/plant. Nitrogen fertilised plants produced 17 % more seed than 

unfertilised plants. There was a negative relationship between plant population and 

capsule production/plant but the latter was positively correlated with yield. Increased 

plant population reduced capsules/plant and hence seed yield. There was no effect of 

plant population on the TSW and seeds/capsule. 

Table 5.3. The influence of irrigation, nitrogen and plant population on yield 
components of linseed cv Hinu in Canterbury in 2003 - 04 (125 DAS). 

Treatments Capsules/plant Seeds/capsule TSW (g) Seed yield 
/plant (g) 

Irrigation (I) 
nil 10.3 7.1 5.1 0.4 
full 24.0 8.2 5.1 1.0 

S.E. 0.66 0.23 0.02 0.02 
Significance ** * ns ** 
Nitrogen (N) (kg/ha) 

0 16.1 7.6 5.1 0.6 
150 18.3 7.6 5.2 0.7 

S.E. 0.89 0.05 0.05 0.03 
Significance ns ns ns * 
Density (plants/ m2

) 

238 24.3 7.8 5.2 1.0 
379 20.2 7.6 5.1 0.8 
583 13.8 7.6 5.0 0.6 
769 10.4 7.4 5.2 0.4 

S.E. 1.26 0.07 0.08 0.04 
Significance ** * ns ** 
CV(%) 14.3 6.5 0.07 17.5 
Significant 
interactions Ix D* none none Ix D** 
* M *** significant at P < 0.05; 0.01; 0.001 respectively 
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Plant population had a major effect on the number of capsules/plant on irrigated 

plants but had little effect on rainfed plants (Fig 5.1). The low density (238 and 389 

plants/m2) and irrigation promoted capsule production but rainfed high density plants 

had depressed capsule production. At 238 plants/m2 irrigation more than doubled 

capsule production compared with rainfed plants. The lowest number of capsules/plant 

was on rainfed high density plants at 583 and 769 plants/m2. The effect of plant 

population on seed yield/plant of unirrigated plants was minimal, compared with the 

large effect on irrigated plants (Fig 5.2). At 238 plants/m2 irrigated plants produced the 

most seed at 1.4 g/plant compared with unirrigated plants at 769 plants/m2, which only 

produced 0.25 g/plant. 
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Figure 5.1. The interaction of irrigation (. nil; 0 full) and plant population on 
capsules/plant of linseed cv 'Hinu' in Canterbury in 2003-2004. Error 
bar indicate LSD at P < 0.05. 
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Figure 5.2. The interaction of irrigation (. nil; 0 full) and plant population on 
linseed seed yield/plant. Error bar indicates LSD at P < 0.05. 

5.5 Harvest Index 
Straw and seed HI was only affected significantly by population density (Table 

5.4). The highest HI of 32 % was at intermediate populations of 379 and 583 plants/m2 

while the highest straw HI, 47 %, was at the lowest population density. Seed and straw 

HI were not increased by irrigation. Similarly application of N had no effect on harvest 

index. 
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Table 5.4. The effect of irrigation, nitrogen and plant density on seed and straw 
harvest index in linseed cv Hinu in Canterbury in 2003 - 04 at 125 days 
after planting. 

Treatments Seed HI Straw HI 
Irrigation (I) 

nil 0.25 0.43 
full 0.32 0.42 

S.E. 0.023 0.016 
Significance ns ns 
Nitrogen (N) (kg/ha) 

0 0.28 0.43 
150 0.29 0.43 

S.E. 0.007 0.010 
Significance ns ns 
Density (plants/m2) 

238 0.27 0.47 
379 0.29 0.42 
583 0.31 0.39 
769 0.27 0.42 

S.E. 0.011 0.014 
Significance * * 
CV(%) 14.7 6.2 
Significant interactions none none 
'" ** "''''''' significant at P< 0.05; 0.01; 0.001 respectively 

5.6 Stem Characteristics 
All measured stem characters responded significantly to irrigation (Table 5.5). 

Irrigated plants were 46 % taller (58.9 cm), had twice as many branches (2.5), had a 47 

% greater diameter (0.22 cm) and produced more than double the fibre (1 g/plant) of 

unirrigated plants. Nitrogen significantly enhanced stem growth giving taller plants 

with longer and heavier stems and higher fibre production. 

The N treated plants were 8 % taller, with the main stem being 7 % longer and 

they gave 35 % more fibre than the unfertilised plants (Table 5.5). However, 

branches/plant and stem diameter did not respond to N. Increased plant density had a 

negative effect on plant height. The tallest plants were from the lowest density plots. 

Branching was inhibited in both rainfed and in high density plots. Significant 

interactions showed that without irrigation, fibre weight/plant did not respond to N 

(Figure 5.3). However, in irrigated plots, N fertilised plants produced nearly twice as 

much fibre as unfertilised plants. The combination of irrigation and N yielded the most 

fibre (1.19 g/plant). Rainfed plants that had no N produced the least fibre/plant (0.26 

g). 
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Increased plant population affected basal branch production on irrigated plants 

but had little effect on rainfed plants (Figure 5.4). Basal branch production increased 

with irrigation at low plant densities. However, at 769 plantsfm2 branch production was 

inhibited. Basal branches were inhibited under rainfed conditions at all plant 

populations. 

Table 5.5. The effect of irrigation, nitrogen and plant population on the plant height 
and stem characters of linseed cv Hinu at final harvest in Canterbury in 
2003 - 04 (125 DAS). 

Plant Stem Stem Fibre Branches Stem 
Treatment height length wt/plant wt/plant fplant Diameter 

(cm) (cm) (g) (g) (cm) 
Irrigation 

nil 40.3 29.3 1.5 0.3 1.2 0.15 
full 58.9 40.9 4.2 1.0 2.5 0.22 

S.E. 0.48 0.33 0.16 0.04 0.13 0.003 
Significance ** ** ** ** ** ** 
Nitrogen (N) (kgfha) 

0 47.6 33.9 2.6 0.5 1.8 0.18 
150 51.6 36.3 3.5 0.8 1.8 0.19 

S.E. 0.71 0.59 0.27 0.06 0.14 0.006 
Significance ** ** * ** ns ns 
Density (plantsfm2

) 

238 52.3 34.5 3.4 0.6 2.4 0.20 
379 49.7 35.7 3.1 0.6 2.0 0.18 
583 48.9 36.0 2.8 0.7 1.8 0.19 
769 47.5 34.2 2.8 0.6 1.1 0.18 

S.E. 1.01 0.83 0.38 0.09 0.19 0.009 
Significance * ns ns ns ** ns 
CV(%) 6.9 6.6 7.3 9.4 18.2 5.5 
Significant none none none Ix N** Ix D* none 
interactions 
* ** *** significant at P < 0.05; 0.01; 0.001 respectively 
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Figure 5.3. The interaction of irrigation (. nil; 0 full) and nitrogen on fibre 
weight/plant (g) in linseed cv Hinu in Canterbury in 2003 - 04. 
Error bar indicates LSD at P < 0.05. 
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Figure 5.4. The interaction of irrigation (. nil; 0 full) and plant population on 
number of basal branches in linseed cv Hinu in Canterbury in 2003-
04. Error bar indicates LSD at P < 0.05. 
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5.7 Oil Content and yield 
Mean seed oil content was significantly affected by N (Table 5.6). Seed oil in N 

fet1ilised plants (364 g/kg) was decreased by 2 % compared with unfertilised plants 

(372 g/kg). Seed oil content was fairly constant under different irrigation and 

population treatments with a mean of 368 g/kg. 

Oil yield was increased by 77 % in irrigated plants (87 g/m2) compared with 

rainfed plants (49 g/m2). At the highest plant population (769 plants/m2
) oil yield was 

22 % less than at 379 and 583 plants/m2
. Nitrogen had no effect on seed oil yield. 

5.8 Fatty Acids 
There was significant variation in the fatty acid composition among treatments 

(Table 5.7). The unsaturated fatty acids oleic, linoleic and linolenic were the major 

components of the oil (mean of 92.3 %). The saturated fatty acids, palmitic and stearic, 

were present in minor quantities (7.7 %). There was a negative relationship between 

nitrogen application and the proportion of palmitic and linolenic acids. 

Plants, which had received N had a lower proportion of palmitic and linolenic 

acids than unfertilized plants by 1.36 and 0.44 % respectively. In contrast, nitrogen 

enhanced the oil linoleic acid content by 1.16 %. No effect of N on the quantity of 

stearic and oleic acids was observed. Likewise, irrigation did not change the proportion 

of fatty acids present in the oil. Similarly, varying plant population did not influence 

the fatty acid content, except that of palmitic. 

Under irrigation N had a negative effect on the proportion of palmitic and stearic 

acids but a positive effect on the amount of linoleic acid in the oil (Fig 5.5 a-c). With 

irrigation and N the amount of palmitic and stearic acids fell by as much as 2.52 % and 

1.58 %, respectively. However, linolenic acid was increased by 2.24 % from 17.4 % in 

unfertilised plants to 17.9 % in N fertilized plants. With no N the proportion of 

saturated fatty acids was higher in rainfed plants compared to irrigated plants. 

Linolenic acid fell from 17.8 % in rainfed plants to 17.4 % in irrigated plants. 
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Table 5.6. The effect of irrigation, nitrogen and plant density on oil 
content and oil yield of linseed cv Hinu in Canterbury 2003-
04. 

Treatments Oil Content (g/kg) Oil Yield (g/m2) 
Irrigation (I) 

nil 375 49 
full 361 87 

S.E. 5.4 4.8 
Significance ns ** 
Nitrogen (N) (kg/ha) 

0 372 67 
150 364 69 

S.E. 2.5 2.3 
Significance 
Density (plants/m2

) 
* ns 

238 365 66 
379 372 74 
583 365 72 
769 369 61 

S.E. 3.5 3.2 
Significance ns ns 
CV (%) 14.7 6.2 
Significant interactions none none 
" "* *** significant at P < 0.05', om; 0.001 respectively 
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Table 5.7. The effect of irrigation, nitrogen and plant density on the proportion of 
fatty acids in linseed cy. Hinu in Canterbury in 2003 - 04. 

Treatment Palmitic Stearic Oleic Linoleic Linolenic 
Irrigation (I) 

nil 5.2 2.5 13.0 17.8 61.0 
full 5.2 2.6 12.9 17.6 61.1 

S.E. 0.02 0.01 0.06 0.07 0.14 
Significance ns ns ns ns ns 
Nitrogen (N) (kg/ha) 

0 5.2 2.5 12.9 17.6 61.2 
150 5.2 2.5 13.0 17.8 60.9 

S.E. 0.01 0.01 0.07 0.04 0.09 
Significance ns ns ns *** * 
Density (plants/m2) 

238 5.2 2.5 13.0 17.8 60.9 
389 5.2 2.5 12.9 17.7 61.2 
583 5.1 2.6 12.9 17.7 61.1 
769 5.3 2.5 12.9 17.7 61.0 

S.E. 0.02 0.01 0.09 0.05 O. I 3 
Significance ** ns ns ns ns 
CV(%) 0.8 3.3 2.1 0.4 0.7 
Significant interactions 

I x N*** I x N* I x D* I x N*** I x D** 
I x D* I x D** N xD* 

N xD** 
* ** *** significant at P < 0.05; 0.01; 0.00 I respectively 
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Figure 5.5. The interaction of irrigation (. nil; 0 full) and nitrogen on a) % palmitic 
b) % stearic and c) % linoleic acid in linseed cv Hinu in Canterbury in 
2003 - 04. Enor bar indicates LSD at P < 0.05. 
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CHAPTER SIX 

Discussion 

6.1 Dry matter accumulation 
Throughout the growing season, irrigated plants accumulated significantly more 

DM than rain fed plants. Irrigated linseed produced a maximum TDM of 800 g/m2 with a 

maximum growth rate of 17 g/m2/day. Rain fed plants had a maximum TDM yield of 505 

g/m2 and a maximum growth rate of 12.7 g/m2/day (Table 4.2). The rapid increases in DM 

accumulation in response to irrigation (Figure 4.1 a), is consistent with work on linseed in 

other environments (Diepenbrock and Porksen, 1993; Easson and Molloy, 2000; Hassan 

and Leitch, 2000). Biomass accumulation in this study was similar to the results of Easson 

and Molloy (2000) who also obtained a maximum yield of 800 g/m2, but had a lower 

maximum growth rate at 12.6 g OM/m2/day. This was probably due to the cooler weather 

conditions in their trial. Marshall et al. (1989) reported a much higher biomass yield (1500 

g/m2) and a crop growth rate (50 g/m2/d) in the linseed varieties they tested. 

The rapid increase in OM accumulation in response to irrigation is consistent with 

results from many other crops in Canterbury (Zain et al., 1984; Husain et aI., 1988; 

McKenzie and Hill, 1990; Turay et al., 1992; Dapaah, 1997; Anwar et al., 2001). The high 

response of linseed to irrigation was due to the very dry conditions from sowing to mid 

February. The low rainfall, high evapotranspiration, coupled with high summer 

temperatures (Table 4.1) probably explains why irrigation increased maximum TDM 

(maxTOM), maximum growth rate (Cm) and weighted mean average growth rate 

(WMAGR) by almost a third of the values in rain fed plants. Drought, early in the growing 

season, reduced biomass accumulation and canopy development in unirrigated plants. 

However, high rainfall in the latter part of the growing season caused a resumption of 

vegetative growth and increased production of new leaves. Also, the slightly lower 

temperature in April (Table 4.1) was partly responsible for extending the growing period 

and delaying leaf senescence. Thus, in contrast to the results of Hassan and Leitch (2000), 
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who observed a decline in DM accumulation after a maximum point was reached, there 

was a slight increase in biomass until final harvest in this study. 

The differences in biomass accumulation between unirrigated and irrigated crops 

could be accounted for by the effect of leaf area (Figure 4.2a) and leaf area duration (LAD) 

(Table 4.3) on intercepted radiation. Irrigation in January (average temperature of 17.9 

0q, when the plants were actively growing provided a favourable combination for faster 

leaf area development and canopy closure and longer LAD. This gave more intercepted 

radiation. On the other hand, the unfavourable environmental conditions which the 

unirrigated crops were exposed to, early in the growing season, had a detrimental effect on 

leaf growth (Turay, et al., 1992) and expansion (Dennett, et al., 1979). This probably 

accounted for the lower crop growth rates and final biomass in rain fed plants. 

Diepenbrock and Porksen (1993) found a linear relationship between DM accumulation 

and LAD in linseed. Thus, the differences in DM yield between irrigated and unirrigated 

plants may be more closely related to differences in the development and size of the 

assimilatory area. 

Over time DM accumulation initially increased with higher densities up to 40 DAS 

thereafter DM accumulation was similar in all densities. High total DM at the higher 

populations was the result of greater plant number per unit area which gave earlier canopy 

closure (McKenzie and Hill, 1991). This resulted in a higher LAI (Figure 4.2c) and greater 

light interception (Figure 4.4). At low populations, LAI was significantly smaller up to 44 

DAS; hence the fraction of radiation absorbed by the crop was reduced accounting for the 

slow crop growth at these densities. However as the growing season progressed, DM 

accumulation at the higher populations reached a maximum earlier than in the lowest 

population (Easson and Molloy, 2000). As strong inter plant competition for water, 

nutrients and light occurs later in the growing season, the size of individual plants 

decreases, thus the higher number of plants per unit area did not compensate for the 

reduction in the growth of individual plants. This is probably the reason for the non-

significant effect of varying plant population on DM accumulation later in the growing 

season. Casa et al. (1999) also showed that linseed, grown at low densities, had a higher 

unit leaf area, thus the net-assimilating organ had a higher photosynthetic efficiency in 

converting absorbed radiation into DM. Diepenbrock and Porksen (1993); also showed 
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that low stand densities had a longer duration of linear leaf growth and reached an early 

maximum leaf growth rate faster than crops grown at higher populations. 

6.2 Leaf area development 

Over the growing season, LAI ranged from 0.61 to 2.2 in rain fed crops and from 

0.75 to 3.20 in irrigated crops (Figures 4.2 a-c). These are close to the values reported by 

D' Antuono and Rossini (1995) for their linseed trial in Italy. The maximum LAI of 3.25 

was slightly higher than the value obtained by D' Antuono and Rossini (1995), 0.5 to 2.9 

and by Casa, et at. (1999), 1.3 to 2.2. However, it is lower than the LAI of 7 that a linseed 

crop, growing in optimum conditions, can attain (Diepenbrock and Iwersen, 1989). The 

maximum LAI of 3.25 is comparable to other crops grown in Canterbury namely peas (3.8, 

Zain, 1983), Phaseotlls beans (3 - 3.5, Dapaah, 1997) and chickpeas (3.0, Verghis, 1996) 

but lower than values in lentils (4.8 - 9.8, Turay, et at., 1992) and field beans (6.5, Husain 

et at., 1988). 

The LAI (Fig 4.2) generally followed the typical linseed pattern in which the 

maximum LAI was reached during flowering and then declined due to leaf senescence 

(Marshall, 1989; Casa ef at., 1999). At 74 DAS or at the onset of capsule growth, LAI 

values reached their maximum for the season. Subsequent measurements showed a slight 

but steady decline in LA!. This indicated that leaf senescence, probably caused by 

translocation of assimilates to reproductive sinks (Sinclair and Muchow, 1999), had started 

to cause a drop in green leaf biomass and area. The increase in leaf growth after heavy 

rain, in February, increased green biomass per unit area and gave a maximum LAI of 3.25 

in the irrigated crops and 2.20 in rain fed crops at 91 DAS. 

For most of the growing season, fully irrigated plants had a higher LAI than 

unirrigated plants. During the most rapid increase in LAI, which was between 41 and 70 

DAS, the LAI (3.08) at 55 DAS was more than double the LAI value (1.12) at 41 DAS in 

irrigated plants. In contrast, LAI values in unirrigated crops, over the same period, only 

increased by 84 % from 0.71 to 1.66. This was probably due to a lack of available water 

during the active growth phase. The dry summer probably resulted in the development of a 

large water deficit. Water stress can exert a strong influence on leaf area development by 

decreasing leaf appearance rate (Turay et at., 1992), duration and leaf expansion rate 
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(Turner, 1997) and increasing the rate of leaf senescence and abscission (Sinclair et al., 

1984). Turay et al. (1992) demonstrated that among the effects of water stress in lentil 

were early leaf senescence and reduced leaf number per plant. In addition, leaf appearance 

was delayed with water stress whereas with irrigation leaf appearance was more rapid. 

Bazzaz and Harper (1977) found the total leaf area of linseed was largely determined by 

the number of leaves. Therefore a reduced leaf number, due to water stress, probably 

accounted for the low LAI in rain fed plants. 

Leaf area index and LAD are the most important plant characteristics determining 

radiation interception (Monteith, 1977; Gallagher and Biscoe, 1978; Sinclair et al., 1984). 

These results show that the higher LAI in irrigated crops was translated into a greater LAD 

(Table 4.3). Irrigation increased LAD through increased maximum LAI, delayed leaf 

senescence and/or longer growth duration. Water stress before flowering reduced LAD by 

83 %. Dry matter production was linearly correlated with LAD from emergence to 

maturity (Figure 4.3). This is similar to the results of Diepenbrock and Porksen (1993) 

with linseed. 

6.3 Radiation interception 
The proportion of radiation intercepted (Fi) (Figure 4.4) over the growing season 

followed a similar trend to LAI (Figure 4.2). The greater leaf area in irrigated crops 

resulted in a corresponding increase in the proportion of radiation intercepted. Unirrigated 

linseed crop canopies intercepted 42 to 81 % of the incident radiation during the season. 

Irrigated crops intercepted 56 to 91 %. 

Radiation interception depends on leaf orientation, LAI, LAD and incident radiation. 

The amount of radiation intercepted was influenced by the LAI, as shown by the similar 

trend in Fi and LAI development over the growing season. Irrigated crops intercepted 

more Fi than rain fed plants because of their increased LAI and almost complete canopy 

closure (91 %). In rain fed plants, the Fi was low due to a lower LAI and incomplete 

canopy closure (81 %) or possibly a change in leaf orientation from more horizontal to 

more vertical as plants became water stressed in unirrigated crops. 

There were only significant differences in LAI and Fi at the different plant 

populations at early growth stages (26 to 44 DAS) (Figure 4.2c, 4.4b). At these times, high 
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population plants had a higher LAI and greater light interception than low population 

plants. This was due to the greater number of plants/unit area which gave earlier canopy 

closure (McKenzie and Hill, 1991). However, as the growing season progress, intercepted 

radiation was not affected by plant population. The adequate supply of moisture, light and 

nutrients available for growth of individual plants at low populations counterbalanced the 

greater number of plants at high densities. 

The exponential function describing the relationship between LAI and Fi (Figure 4.5) 

has previously been found in linseed (D' Antuono and Rossini, 1995) and in many other 

crops grown in Canterbury, e.g. lentils (McKenzie and Hill, 1991; Turay et ai., 1991), 

Phaseoius beans (Dapaah, 1997), peas (Zain, 1983), field beans (Husain et ai., 1988) and 

chickpeas (Verghis, 1996). The maximum LA!, in linseed, of about 3.25 required to 

intercept "" 90 % of incident radiation compares favourably with the 3.0 - 3.5 for 

Phaseoius beans (Dapaah, 1997), 3.0 for chickpeas (Verghis, 1996), but was low compared 

to the 4.8 - 9.8, required for lentil (Turay et ai., 1992) and the 6.5 for field beans (Husain et 

ai., 1988). 

Throughout the growing season the extinction coefficient (k) ranged from 0.74 - 0.82 

with an overall k of 0.79, indicating a more horizontal canopy. This is slightly higher than 

the k of 0.71 reported by D' Antuono and Rossini (1995) in their linseed trial but is in the 

range (0.69 to 0.80) reported for Phaseoius beans in Canterbury (Dapaah, 1997). The high 

crop k accounted for the lower LAI required to intercept 90 - 95 % radiation, High k 

values indicated that the top canopy layer was intercepting most of the incident radiation. 

6.4 Intercepted PAR, dry matter and radiation use efficiency 
Total intercepted PAR was increased 25% by irrigation from 505 to 633 MJ/m2 

(Table 4.4). Variation in canopy characteristics like LAI and LAD probably accounted for 

the differences in total intercepted PAR between irrigation treatments. The higher total 

intercepted PAR after irrigation is consistent with work on lentil (McKenzie, 1987; Turay 

et ai., 1992), field bean (Husain et al., 1988), Phaseolus beans (Dapaah, 1997), sweet 

potato (Gomes et al., 2005) and wheat (Olesen et al., 2000). 

The amount of DM accumulated by a crop is strongly related to the total intercepted 

solar radiation, by the crop, over the growing season (Monteith, 1977; Sinclair and 

60 



Muchow, 1999) and its utilisation for DM production. The higher DM production of fully 

irrigated plants in this study can be associated with the 26 % higher PAR intercepted and a 

20 % higher RUE (1.20) in irrigated crops compared to rain fed crops. The relationship 

between linseed DM and radiation interception was linear (r2 = 0.88). The efficiency of 

conversion of solar radiation to DM ranged from 1.0 (rain fed) to 1.2 g DMIMJ (irrigated 

crops). The RUE here is lower than the 1.79 reported for linseed by D' Antuono and 

Rossini (1995), the 2.0 g DM/MJ and 2.5 for peas (Zain, et ai., 1983) but similar to 0.83 to 

1.29 for partly or fully irrigated Vida/aha (Husain et ai., 1988; Turpin et ai., 2002) the 0.9 

in chickpea (McKenzie et ai., 1992), 1.27 for sunflower (Sinclair and Muchow, 1999) and 

1.02 for soybean (Sinclair and Muchow, 1999). 

Radiation use efficiency (RUE) varied greatly between irrigation treatments over the 

growing season except at final harvest. The decline in RUE near maturity was similar to 

that reported in many other crops (Gallagher and Biscoe, 1978; Sinclair and Muchow, 

1999). This fall is usually associated with mobilisation of leaf C and N to reproductive 

sinks and to increased leaf senescence (Muchow et ai., 1993). 

6.5 Phenology 
Seedling emergence ranged from 38 to 50 %. Final plant populations were much 

lower than the target densities (Table 5.1). This is similar to the results of Easson and 

Molloy (2000) and Sankari (2000) but is lower than the field emergence of 50 - 60 % 

reported by the Flax Councilof Canada (1996). Emergence was slower than reported by 

Lisson and Mendham (2000) (5 DAS) but the range of days to emergence (7 - 21 d) was 

similar to that obtained by Hocking and Pinkerton (1991). 

Poor seedling emergence was probably due to the drought that occurred early in the 

growing season. Linseed is sensitive to water stress during crop establishment (Casa et al., 

1999). Moreover, some seeds may have been buried too deep in the soil delaying their 

emergence (Freer, 1993) and giving uneven crop development and asynchronous ripening 

(D' Antuono and Rossini, 1995). This can be a serious problem in rain fed crops. 

O'Connor and Gupta (1994) showed that seed sown at 4 cm took 33 % longer to emerge 

than seed sown at 2 cm. Also, the irrigation that was applied prior to sowing caused 
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flooding and soil crusting of some plots. This probably also delayed emergence (Flax 

Council of Canada, 1996). 

Flowering started at 34 to 38 days after emergence (Table 5.1). There were two 

major flowering cycles which lasted for several weeks. Even at physiological maturity 

plants were still flowering. This confirms reports that flowering is indeterminate in 

linseed, and continues to the end of growth (Diepenbrock and Porksen, 1992; Maiti, 1997). 

Rain fed plants flowered earlier, but had a much reduced canopy and plant height. The 

combination of high temperature and dry conditions during early plant growth may have 

accelerated development and reduced the period of vegetative growth (Easson and Molloy, 

2000). In water limited environments a drought escape mechanism, particularly in 

indeterminate species like linseed, is to reduce the time to flowering, capsule formation, 

seed filling and maturity (Turner et ai, 2001). 

The early flowering in rain fed plants was not calTied through to capsule and seed 

production and higher yields. Heavy rain in late February caused the production of new 

leaves and prolonged flowering. At final harvest, green stems, immature and partly filled 

capsules were more common in rain fed plants which partially accounted for their low seed 

yield (Table 5.2). On the other hand, inigated crops had more synchronous flowering 

probably because of a more robust and uniform stand. This was carried through to capsule 

production and gave higher seed yields. Compared with other linseed trials, in other 

environments, flowering duration was longer in this study. In Italy, Casa et al. (1999) 

found that linseed flowered 41 to 56 d after emergence and flowering lasted one month. 

The longest flowering duration was in the earliest emerging crop. In southern Australia, 

flowering was from 61 to 90 DAS and seed was ripe at 135 DAS (Lisson and Mendham, 

2000). 

The most even plant stand was in irrigated, N fertilised, low density plots. Sankari 

(2000) reported that in linseed, fastest vegetative growth is between establishment and 

flowering. Sufficient water (Hassan and Leitch, 2001), more available N (Diepenbrock et 

at., 1995; Hocking, 1995), and other resources, such as other nutrients and light, for growth 

of individual plants are available at low plant populations (Khan and Bradshaw, 1976). 

This could be the reasons for the rapid growth and more even plant stand in these plots. 
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6.6 Yield 

6.6.1 Yield response to irrigation 

There were significant yield responses to irrigation (Table 5.2). This conforms with 

the results of Dybing (1974); Singh et al. (1974); Drewitt (1976); Foster et al. (1998); 

Lisson and Mendham (2000) and Hassan and Leitch (2001). The TDM values obtained are 

in the range of reported values in several studies and ranged from 70 to 704 g/m2 (Hocking 

et al., 1997; Rossini and Casa, 2003; Couture et ai., 2004). The seed yield of 132 g/m2 

from unirrigated plants and 242 g/m2 (Table 5.2) with ilTigation are considerably higher 

than the seed yields of 109 and 162 g/m2 of Lisson and Mendham (2000) for unirrigated 

and irrigated plants in Tasmania. The higher seed yield of irrigated plants was attributed to 

higher capsule numbers and more seeds/capsule in response to irrigation (Lisson and 

Mendham, 2000) and increased seed size (Drewitt 1976). 

The straw yields (Table 5.2) were lower than those of Lisson and Mendham (2000), 

who obtained 586 g/m2 from unirrigated plants and 771 g/m2 under irrigation. The lower 

straw yield increases from irrigation may be partly accounted for by the abundant rain 

which fell late in the growing season which prolonged vegetative growth and caused 

secondary growth (Keating, 1975; Green et aI., 1994) giving higher TDM production 

(Hassan and Leitch 200 I) and biomass partitioning in favour of stems (D' Antuono and 

Rossini, 1995; Sankari 2000) rather than seed (Diepenbrock and Porksen, 1993). Further, 

the rain, late in the season, caused secondary flowering and uneven ripening. This 

produced a large number of immature, partly filled capsules in unirrigated plants which 

partly explains the wide difference in capsule yield (Figure 5.1) and seed production 

(Figure 5.2) in response to the two treatments. 

Water supply was severely restricted in rain fed plants during early crop growth. 

Wood (1997) reported that linseed is shallow rooting and needs adequate water in the 0 -

10 cm soil layer. Among a number of crops studied, Hocking et al. (1997) showed that 

linseed was the first crop to be affected by water stress due to its poor root development. 

Gupta and Agrawal, (1977) showed that most of the moisture in the 0 - 10 cm layer of a 

black clay soil sown to linseed was lost within the first 60 DAS under dry land conditions. 
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Thus, although plants were irrigated immediately after SOWing it was probably not 

sufficient to sustain plant growth during the following dry months. 

During the growing season, Canterbury had only 2 % of normal rainfall in the first 

month and 40 % in the second month (Table 4.1). During the same period the 

evapotranspiration was 17 % higher than the long term mean in the first month. The 

Canadian Flax Council (1996) reported that crop water use of linseed can be as high as 410 

mm. During the seedling stage, water use will vary from 2 to 3 mm/d increasing to as high 

as 7 mm/d during flowering. Although there was adequate rain during the critical stage of 

plant growth from flowering to just prior to seed ripening (Flax Council of Canada; 1996; 

Foster et al., 1998), the limited available moisture during early plant growth had a marked 

negative effect on production later in the season and affected final yield (Coutere et aI, 

2002). 

Kramer (1983) suggested that yield losses caused by drought are considerably 

larger than those caused by any other environmental or management constraint. The 

amount of TDM produced is reduced through the effect of drought on photosynthesis and 

respiration (Hassan and Leitch, 2001). In peas, Jamieson et al. (1984) showed that yield 

loss caused by drought was directly proportional to the maximum difference between the 

supply and demand for water during growth. This work showed that linseed plants 

subjected to water stress perform poorly in biomass production and yield. Water stressed 

plants were shorter, had fewer branches, a smaller stem diameter and produced less fibre 

(Table 5.5). They also produced fewer capsules and seeds/capsule (Table 5.3). Seed 

yield/plant was only 33 % of that from irrigated plants and oil yield was 78 % lower 

compared to irrigated plants (87 g/m2) (Table 5.6). 

The lowest seed harvest index (HI) (Table 5.4), obtained at the highest plant 

population, was similai'to that of Diepenbrock and Porksen (1992). However, their highest 

HI of 43.4 % was from plants at 200 plants/m2. In contrast, the highest seed HI, of 31 %, 

in this study was at 583 plants/m2 and the highest straw HI was at 237 plants/m2. The high 

vegetative yield at the lowest plant population was not accompanied by proportionally 

higher seed yields. This gave a lower HI. The lower seed HI could also have been 

partially due to birds which fed on ripening capsules and were a serious problem in this 

trial. The highest HI in this trial is low, compared to maximum values reported from other 
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environments (55 %, Grant et al., 1999 and 46 % , D' Antuono and Rossini, 1995) but is in 

the range of values ("'" 13 to 55 %) recorded by the same workers. 

6.6.2 Effect of nitrogen 

There was a limited response of seed, straw and TDM yield to N (Table 5.2). This 

supports the results of McGregor (1960), Keating (1975), Hocking et al. (1997) and 

Rossini and Casa (2003). However, yield per plant was 7.4 % higher in N treated plants 

than in no N plants. The lack of response to N could have been due to high background 

soil fertility at the site (Dapaah, 1997). Freer (1993) reported that the N requirement of 

linseed was less than for other crops. Positive yield responses to N at 20 - 60 kg/ha were 

reported by Dybing (1964), Singh and Singh, (1978), Hocking et al. (1987), Hocking and 

Pinkerton (1991) and Hocking (1995), particularly when soil N levels were low 

(Marchenkov et aI., 2003). 

The combined effects of the slight increases in seed yield components due to N, 

though not significant in themselves, may have contributed to increased seed yield/plant. 

However, this increased seed yield did not give a significantly higher oil yield. This was 

mainly due to a reduced seed oil content in N fertilised plants (Table 5.6). A similar 

reduction in oil content with increased N fertiliser was recorded in the Ord River Valley in 

North Western Australia, (Beech and Norman, 1964; 1968). Beech and Norman (1968) 

found that when N was present in the plant at luxury levels, protein displaced oil in 

ripening seeds. The oil yield of 49 to 87 g/m2 obtained in this study is comparable to that 

obtained by Beech and Norman (1964) of75 to 97 g/m2
. 

Some workers reported that the dominant effect of N stress on yield was reduced 

capsules/plant (Dybing, 1964; Hocking and Pinkerton, 1991; Hocking et al., 1997). 

However, this was not observed here possibly because soil N was not limiting capsule 

growth. The non-significant effect of N on the TSW and seeds/capsule (Table 4.7) was 

similar to the results of Hocking and Pinkerton, (1991) and supports the claim of Khan and 

Bradshaw (1976) that, in linseed, these characters are moderately stable. 

The main effect of N was increased plant height and the production of longer and 

heavier stems (Table 5.5). This would partially explain the greater fibre yield of N 
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fertilised plants (Easson and Molloy, 2000). Irrigation increased the effect of N on fibre 

yield/plant giving up to a 60 % increase. Although there were no significant interactions 

among treatments, lodging was common in plants from irrigated, high density, N fertilised 

plots. Koshta and Battawar (1981) reported that more than 60 kg N/ha caused extensive 

crop lodging with rain and reduced yield. Lodging in N fertilised irrigated plots, especially 

at higher seeding rates, may have accounted for the poor seed yield/unit area in this work. 

Yield losses due to bird damage may have also impacted on yield/unit area. 

6.6.3 Effect of plant density 

Seed yield (Table 5.2) and oil yield/unit area (Table 5.6) were affected by plant 

population over the population range tested. This supports results of past linseed studies 

(Khan and Bradshaw, 1976; Turner, 1991; Diepenbrock and Porksen, 1993; Easson and 

Molloy, 2000), but contrasts with the results of Casa et al. (1999) and Albrechtsen and 

Dybing (1973), who found no yield difference in linseedlflax stands ranging from 100 to 

711 plants/m2
. At the highest plant population (769 plants/m2

) oil yield was reduced by up 

to 22 % compared to 389 and 583 plants/m2
. This was mainly due to the low seed yield at 

the high population. Increased seed yield was mainly due to increased capsules/plant at 

lower populations. This conforms to yield reports for linseed, grown in other 

environments, that a low number of plants is balanced by increased capsules/plant due to 

basal branching (Khan and Bradshaw, 1976, Leitch and Sahi, 1999; Hassan and Leitch, 

2000). 

Plant stand determines the effectiveness of a leaf canopy (Diepenbrock et ai., 

1995). Better plant performance at low plant populations was based on a longer leaf 

duration, greater LAI and a higher net-assimilation-rate (Diepenbrock and Porksen, 1993; 

D' Antuono and Rossini, 1995). At high plant populations, there was strong competition 

for light, nutrients, and water and leaf senescence occurred much earlier (Greven, 2000). 

This affected both capsule formation and growth. Consequently, a low plant density may 

give a comparatively high capsule yield/unit area, which is similar to these findings. 

A negative relationship between plant population and straw yield (Table 5.2) was 

also reported by Sankari (2000), who obtained highest stem yields at low densities. Lisson 
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and Mendham (2000) found that a higher stem yield was obtained when the seeding rate 

increased from 390 seeds/m2 to 530 seeds/m2. However, there was also a higher incidence 

of lodging. In this work, lodging only occurred at the highest plant population. This may 

partly explain the decreased stem yield at this population (Lisson and Mendham, 2000). 

On a per plant basis, seed yield, at the lowest plant population, was more than 

double that at the highest population (Table 5.3). The large increase in the number of 

capsules/plant between the lowest and highest populations was similar to the results of 

Turner (1991), who also reported a doubling of seed yield. Variation in seed yield was 

mostly due to differences in the number of capsules/plant. Differences in the seeds/capsule 

and seed weight had little influence on final seed yield (Dybing, 1964; Leitch and Sahi, 

1999; Lisson and Mendham, 2000). Seeds/capsule and TSW of cv. Hinu did not respond 

to varying plant density (Table 5.3). Similar responses have been observed in other linseed 

varieties (Khan and Bradshaw, 1976). This suggests that the responses are governed by 

independent genes (Khan and Bradshaw, 1976), which are the result of natural selection. 

The significant irrigation by population density interaction of capsules/plant (Figure 5.1) 

supports the results of Diepenbrock and Porksen (1993) who found capsule growth was 

promoted by low plant density and abundant moisture. 

Linseed can compensate for low plant populations through extensive branching and 

increased size when sown at wider spacings (Khan and Bradshaw, 1976; Gubbels, 1978; 

Hassan and Leitch 2001). Seed yield has been found to be linearly related to the number of 

fruiting branches thus branching increases seed yield/plant (Hocking, 1995). Further, 

Diepenbrock and Iwersen (1989) showed that growth and development of linseed stems 

was influenced by the space available for individual plants. 

As found by Hassan and Leitch (2000), as plant density increased, plant growth was 

restricted, with shorter stems, smaller leaves and fewer branches and capsules. In contrast 

with the results of Leitch and Sahi, (1999) and Hassan and Leitch (2000), the increased 

numbers of plants at the higher populations did not compensate for the reduced individual 

plant size. This accounted for the non-significant effect of plant population on TDM 

production. 
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CONCLUSIONS 

Linseed seed and straw yield varied greatly in response to irrigation and plant 

population but showed little response to N. The results show that in Canterbury, with 

irrigation, linseed can give a seed yield of 242 g/m2, a straw yield of 321 g/m2 and an oil 

yield of 87 g/m2. This confirms the potential for growing linseed in Canterbury. 

Seed and oil yield benefits from irrigation were mainly due to increased capsule 

production and a higher number of seeds/capsule. The lowest population tested, 238 

plants/m2, gave a higher seed yield than the other densities partly due to increased 

capsules/plant and higher TDM production. The TSW and seeds/capsule showed little or 

no response to varying environmental conditions. 

The main effect of additional N was the promotion of stem growth which increased 

fibre yield/plant. Nitrogen at ISO kg/ha reduced seed oil content. The lack of response to 

N suggests that in soils of moderate fertility, high N applications may not be needed 

especially if the crop is to be grown for oil. However, the positive effect of N on fibre 

yield indicates that N application may be essential if linseed is to be grown as a dual 

purpose crop for higher fibre production. 

Irrigation increased maximum DM production by increasing Cm and the WMAGR. 

Irrigated linseed produced a maximum yield of 800 g/m2 wi th a Cn of 17 g/m2/d and a 

WMAGR of 11 g/m2/d while rain fed plants produced a maximum DM yield of 505 g/m2 

with a Cn of 13 g/m2/d and a WMAGR of 8 g/m2/d. 

Irrigation increased both the LAI and LAD of linseed. Dry matter production, in 

this study, was linearly related to LAD from emergence to maturity. The amount of DM 

accumulated by the linseed crop was strongly related to the total intercepted solar radiation 

by the crop over the growing season and its utilisation for DM production. 
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Recommendations for future research 

There is a need for further research in the following areas: 

1. The determination of the effects of the environment (seasons and sowing dates) on 

the growth, development and yield of linseed 

2. The determination of irrigation requirements to optimise the timing and amount of 

irrigation and expected responses. 

3. The testing of different linseed cultivars at various plant populations and sowing 

dates. 

4. The effects of varying N level on the oil yield and quality of different linseed 

varieties. 

5. A qualitative determination of fibre extracted from dual-purpose linseed cultivars. 

6. Development of a crop simulation model of growth, development and yield of 

linseed to predict crop performance in a range of sites and seasons. 
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