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Abstract 

In the cool temperate dairy regions of Australia, irrigation is used during spring and 

summer to increase feed supply and milk production. This use of irrigation produces 

low returns per megalitre of water, and with increasingly restricted water supply the 

dairy industry is at a competitive disadvantage compared to other agricultural sectors. 

Therefore the industry needs to improve feed production from the amount of 

irrigation water available. 

The potential of four brassica forage species, turnip (Brassica rapa var. rapa), pasja 

(Brassica campestris x B. napus), kale (Brassica oleracea), and rape (Brassica napus 

var. napus) to increase the water use efficiency (WUE) of feed supply under 

irrigation, without negatively affecting yield or nutritive value, was examined under 

varying irrigation regimes and rainfed conditions. 

Turnip was the highest yielding species at all irrigation levels. Its maximum yield 

under 100% irrigation was 15.4 t DM/ha which compared to the yields of pasja of 

9.2t DM/ha, rape of 7.2 t DM/ha and kale of 5.4 t DM/ha. The utilisable dry matter 

(DM) yield of each species was found to be proportional to the amount of water 

applied prior to each harvest. The WUE (kg DM/ha/mm) varied significantly, both 

between species and harvests. Turnip had the highest WUE of 44 kg DM/ha/mm, at 

final harvest. Pasja and rape both has WUE of around 20 kg DM/ha/mm and kale 14 
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kg DM/ha/mm. The WUE of all species increased with time during the growing 

season. 

There were some differences in the nutritive value of the brassica species. All 

species had a high DM%, which decreased with increasing irrigation rates. The 

species were all high in energy, with metabolisable energy (ME) levels greater than 

89%. Crude protein (CP) contents were marginal for animal production, especially in 

turnip bulbs where values were found to be around 14%. The level of fibre in the 

species was relatively low at approximately 22% in the shoots, but this should not 

present any problem provided that the crop was fed as part of a diet with another fibre 

source as is the usual practice. Overall it was concluded that there were no practical 

nutritional differences between the species with all species being considered suitable 

to maintain summer milk production. 

Turnip has a large bulb, a storage organ, which is not present in the other forage 

brassica species. The bulb is a major reason for the increased yield and superior 

WUE of turnip. Bulb expansion was most likely associated with the transfer and 

storage of plant reserves from the senescing leaves, rather than from current plant 

photosynthesis. This provides turnip with a photosynthetic advantage over the other 

species. The bulb may also buffer the water supply to the shoots of the plant enabling 

it to continue transpiration for longer than the other species. 
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Monitoring the growth and development of turnip identified three growth phases: 

firstly, a period of slow growth after emergence; secondly, a period of exponential 

growth of shoots and bulb that produced a large increase in DM yield; and thirdly, a 

decline in overall growth rate, when bulb growth rate was maintained at a relatively 

constant level but leaf growth rate declined. The second growth phase was the period 

of maximum growth (up to 460 kg DM/ha/day) and water use efficiency (48 kg 

DM/ha/mm). Senescence of the cotyledons provided a simple visual indicator of the 

transition from the first to the second growth phase. This change also corresponded 

to accumulation of approximately 600 day-degrees. Identification of this change in 

growth stage could provide the opportunity for improved management, by targeting 

irrigation to achieve maximum turnip growth rate and water use efficiency. 
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Chapter 1 

1 General Introduction 

1.1 Australian Dairy Industry 

The dairy industry in Australia produces around 10 million litres of milk per annum, 

worth 3 billion dollars at the farm gate (DRDC 2001 ). This amounts to 9% of the 

gross value of Australia's agricultural production (Trewin 2002). Approximately 

40% of Australian milk production is exported, with a value of 3.25 billion dollars in 

2001/2002 (DRDC 2001). 

The number of dairy farms in Australia more than halved, from around 30,000 in the 

mid 1970s to less than 14,000 in 2001. However, the national herd size remained 

relatively constant over this period and as a result, the average herd size per farm has 

doubled. Despite the constant national herd size, increased production per cow 

enabled total milk production to increase by 6.1 billion litres in the period 1989 -

1999 (Fulkerson and Doyle 2001). 

1.2 Feeding systems in the cool temperate region 

1.2.1 Pasture based 

There are four feedbase regions in the Australian dairy industry, each with differing 

climatic conditions. These regions have been described by Fulkerson and Doyle 

(2001) as, Cool temperate, Inland irrigation, Subtropical, and Mediterranean. The 
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cool temperate region, which includes Tasmania, Gippsland and South Western 

Victoria, has the greatest milk production. The cool temperate region relies heavily 

on ryegrass (Lolium perenne L.) pasture as the main feed source, which produces a 

seasonal cycle in milk production. A spring flush in pasture growth, when 60% of the 

annual pasture production occurs (Martin 1963), creates the need for high stocking 

rates- to utilise the large amount of feed available and as a consequence, the majority 

of producers calve their herds in early spring to coincide with the'spring growth 

period (Doonan and Bowman 1998). The high stocking rates carry over into the 

summer period when reduced water availability limits pasture growth, leading to a 

deficit in available feed needed to maintain animal production. The increase in 

intensification (cows/ha) on farms ha~ lead to a widening in the gap between the 

nutritional requirements of dairy cattle and the quantity and quality of feed being 

provided from pasture (Fulkerson and Doyle 2001). Irrigation, forage conservation, 

forage crops and feeding supplements have been used to provide feed to meet animal 

requirements and maintain milk production during this period. 

Dairy farming is currently the largest user of irrigation water in Tasmania (Freeman 

1998), with approximately 60% of dairy farms using irrigation to maintain feed 

production during the summer feed deficit. Irrigation is generally applied to 

established pasture (Freeman 1995) which can be difficult to manage since a delay of 

7 days in applying irrigation after a soil moisture deficit of 30 mm can cause a 50% 

reduction in pasture growth for a period of at least 30 days (Freeman 1995; Ward et 

al. 1998). 
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Changes to National and State government water policies have resulted in greater 

competition for irrigation water. In Tasmania, the policy is designed to achieve the 

maximum social, economic and environmental benefit from the water available 

(DPIWE 2000). Over much of Tasmania, the allocation of summer river flows is 

fully utilised and more water cannot be extracted from rivers during this period 

(DPIWE 2000). This leads to competition for the available water between 

agricultural industries, industrial users and the need to maintain environmental flows 

in rivers. Consequently, strategies are required to assist dairy farmers to use their 

limited water resources more effectively, particularly as water for irrigation becomes 

scarcer. 

1.2.2 Alternative forage crops 

In 1997/98, 70% of dairy farmers in the cool temperate region grew some form of 

annual forage crop, usually a brassica species (Moate et al. 1999). Traditionally, 

brassica forage crops have been grown under rainfed conditions as an alternative to 

pasture in Tasmania and Victoria, however, yields of rainfed brassica forage crops 

have been shown to be highly variable (Notman 1994: Jacobs et al. 2001). Brassica 

forages are also used as part of pasture renovation programs (Notman 1994). Their 

short growing season allows for the re-establishment of pasture before the onset of 

winter, when lower temperatures and reduced daylight slow pasture growth. 

Despite the widespread use of brassicas to provide summer forage, little research has 

been conducted on the requirement for, or effect of, irrigation on brassica forage 
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yield, feed quality and water use efficiency (WUE). Most of the available 

information on the forage brassicas in Australia and New Zealand has come from 

surveys of commercial crops that include few irrigated crops (Clark 1995; Jacobs et 

al. 2001). 

There has been very little research comparing rainfed and irrigated brassica forage 

crops. Eckard et al. (2001) showed yield increases in turnip of up to 72% when 

irrigated, whereas the yields of rape, pasja and kale were not significantly increased 

by irrigation. Furthermore, Salardini (unpublished data) has found growth rates of up 

to 140 kg DM/ha/day for irrigated turnips, which were much greater than traditionally 

irrigated ryegrass pasture growth rates of around 50 kg DM/ha/day (Freeman 1998). 

The results of these studies suggest that irrigated brassica crops would be attractive 

alternative forage to irrigated pasture during the summer feed deficit, in terms of 

yield and WUE. 

1.3 Aims of the thesis 

This thesis investigated the feed production strategy of using irrigated brassicas as an 

alternative to irrigated summer pasture for dairy production. The yield, WUE, and 

feed quality of 4 species of brassica forage crops: turnip (Brassica rapa var. rapa), 

pasja (Brassica campestris X B. napus), rape (Brassica napus var. napus), and kale 

(Brassica oleracea) were studied under~ range of irrigation treatments. In addition, 

aspects of growth and development of turnip and rape were studied in a series of 
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glasshouse experiments. The aim of the research was to determine which of the 

brassica species was the most promising option for irrigated summer forage in 

Tasmania, and to develop strategies for irrigation management that would increase 

the efficiency of water use in the production of brassica forage crops. 
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Chapter 2 

2 Literature review 

2.1 Australian dairy industry f eedbase regions 

As previously mentioned, there are four feedbase regions in the Australian dairy 

industry: Cool temperate, Inland irrigation, Subtropical and Mediterranean (Fulkerson 

and Doyle 2001). 

The cool temperate dairy region (Gippsland, South Western Victoria and Tasmania) 

supplies around 39% of Australian milk production. The industry is based on a low 

cost, highly productive seasonal pasture feed system. In Tasmania, pasture 

' 
composition is dominated by ryegrass and white clover (Trifolium repens L.) 

(Freeman 1995). The majority of producers calve their herds in spring to utilise the 

flush of available pasture growth at this time. The conservation of surplus feed, as 

silage or hay, is also undertaken during this period, both to control the length of the 

grazing rotation and to create feed to meet deficits. According to Freeman (1995) 

there are two periods of feed deficit in the cool temperate region which limit stocking 

rate, one in winter and the other in summer. In the cool temperate region, irrigation is 

often used to maintain production during the summer feed deficit. 
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The Inland irrigation region, on the Murray River in Northern Victoria and the 

Riverina in New South Wales, produces around 26% of Australia's milk production. 

As in the cool temperate region perennial pastures provide the majority of the feed, 

with annual pastures and forage crops, including maize (Zea mays L.), supplying the 

remainder. The pastures are predominately paspalum (Paspalum dilatatum Poir.), 

perennial ryegrass and white clover. Annual rainfall is lower than in the cool 

temperate region and production is dependent on irrigation between spring and 

autumn. Alternate forages such as maize are becoming a more important feed source 

as irrigation costs rise (Fulkerson and Doyle 2001). 

The Subtropical region, located in Northern New South Wales and Queensland, 

produces around 21 % of Australian production. The industry has a feed supply based 

on two pasture crop systems, temperate pasture/oats in winter and tropical 

pastures/crops in summer. This is an annual system in contrast to the predominately 

perennial cool temperate and inland irrigation regions. Irrigation is applied in winter 

to maintain production (Fulkerson and Doyle 2001). 

The Mediterranean region located in Western Australia and South Australia, produces 

14% of Australian dairy production. In contrast to the other regions it has high levels 

of production per animal due to higher levels of supplementary feeding with silage, 

hay and concentrates. Rainfall is low and quite variable in this region. The long 

summer soil moisture deficit means that annual pastures are used, as perennial pasture 

species do not survive (Fulkerson and Doyle 2001). 
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2.2 Summer feed deficit and current irrigation use in the cool temperate 

region 

The summer feed deficit is an important limiting period in the production of milk in 

the cool temperate region. This feed deficit is caused by the onset of soil moisture 

stress, resulting in the reduction of pasture growth and milk production after mid

December in most years. The severity of the summer feed deficit is generally 

regarded as the most important limiting factor influencing stocking rate on rainfed 

dairy farms in this region (Notman 1994). 

Irrigation is being used more frequently on a larger proportion of farms to lessen the 

impact of the summer feed deficit. In Tasmania, 60% of dairy farmers used irrigation 

to produce summer feed in 1998 compared to 38% in 1993 (Doonan and Bowman 

1998). The increasing amount of irrigation, relative to the available water, requires 

that irrigation water be managed more efficiently. 

2.2.1 Options for filling t~e summer feed deficit 

There are a number of options for filling the summer feed deficit in the cool 

temperate region including irrigated pasture, conserved or purchased feed and a 

number of rainfed and irrigated forage crops (Stockdale et al. 1997; Doonan and 

Bowman 1998; Eckard et al. 2001). Irrigated brassica forage crops are discussed in 

greater detail in section 2.3. 
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2.2.1.1 Irrigated Pasture 

Irrigated pasture is the traditional irrigated feed source in the cool temperate region. 

Farmers apply between 3 to 7 megalitres of water per hectare on average over the 

irrigation season from October to April. Growth rates of irrigated pasture are up to 

50 kg DM/ha/day (Freeman 1998). 

Dairy farms have the greatest use of irrigation water in Tasmania and generate the 

lowest returns per megalitre applied (Freeman 1998). For example a megalitre of 

water applied to dairy pasture has an estimated return of $205 compared to $1493 for 

potatoes (Freeman 1998). The low level ofretum and the rising cost of irrigation 

water means that dairy farming needs to increase its water use efficiency to compete 

with other users of irrigation water (Freeman 1998). 

A lack of additional irrigation capacity has been listed as the major factor limiting 

increased production in the Tasmanian dairy industry (Doonan and Bowman 1998). 

The water resource available is already overused with many dairy farmers exceeding 

their licensed water allocation. The unlicensed removal of water can be as great as 10 

times the licensed amount (Freeman 1998). 

There are a number of limitations associated with irrigating pasture. Failure by 

irrigators to optimise the start up time of irrigation for ryegrass/white clover pastures 

has been found to have a large effect on the subsequent pasture yield. Less than 5% 

of Tasmanian dairy farmers are using scheduling to determine the start up time for 
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irrigation and reduced pasture growth through dormancy is a major problem. A delay 

of 7 days in the start up of irrigation when the soil moisture deficit is greater than 

20mm has been shown to cause a 50% reduction in growth, for periods of up to 30 

days (Freeman 1995; Ward et al. 1998). When water is re-applied after pasture plants 

have become dormant a period of recovery is required before growth rates are re

established (Freeman 1995; Ward et al. 1998). The onset of dormancy in ryegrass 

occurs before it exhibits any visual signs of water stress (Leopold and Kriedemann 

1975). Reducing water wastage, by not irrigating dormant pasture, represents a 

possible area to increase efficiency of irrigation. The loss of income associated with 

the delay in the start up of irrigation has been estimated to be more than $6000 per 

season for a dairy farm that has an irrigation area of 40 ha (Freeman 1995). 

Irrigation systems in the cool temperate region are usually set up on 8 - 10 day 

rotations and provide a fixed water application of approximately 40mm (Freeman 

1998). This length of rotation can be too long, creating a soil moisture deficit under 

pasture leading to reduced growth and dormancy. The application rate can also apply 

water at greater than the infiltration rate of the soil, allowing surface runoff, or in 

excess of the moisture holding capacity of the soils, resulting in deep drainage. This 

reduces the amount of effective water available to the plant (Freeman 1998). Almost 

83% of Tasmanian dairy farmers use no monitoring to determine timing of irrigation 

and 98% apply water at a set amount or simply estimate the amount of irrigation 

required (Doonan and Bowman 1998). This approach is not confined to Tasmania 
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since Armstrong et al. (2000) found that in northern Victoria there was considerable 

potential for many farms to increase their water use efficiency. 

2.2.1.2 Conserved forage 

Conserved pasture surplus can be used as feed to help fill the summer feed deficit. 

Pasture that is surplus to animal requirements is cut during the spring flush of growth 

and conserved (Fulkerson and Doyle 2001). By conserving pasture during this period 

it can also improve the feed utilisation and quality on the parts of the farm not being 

grazed by modifying the length of the grazing rotation (Fulkerson and Doyle 2001). 

The majority of this excess pasture is conserved as silage but some is also cut as hay. 

A survey in Tasmania by Doonan and Bowman (1998) reported that 97% pf surveyed 

dairy farmers conserved fodder on their farms, with the 76% of these conserving feed 

as both hay and silage. The main reason given for fodder conservation was that the 

feed was surplus to grazing requirements. The number of farmers conserving forage 

had increased from around 65% in 1992 to these current high levels. 

2.2.1.3 Spring sown forage crops 

The establishment of crops to fill the summer feed gap on dairy farms has become 

more prevalent in recent years as dairy farmers increase stocking rates. Summer 

forage crops can also be used in the farming system to complement a pasture 

renovation program, where some of the cost of renovating the pasture is deferred by 

producing extra summer feed (Notman 1994). In a brassica forage crop sur".ey in 

Western Victoria, 95% of paddocks surveyed had been sown as part of a pasture 
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renovation program (Jacobs et al. 2001). Pasture renovation is generally irregular in 

the cool temperate region contributing to low proportions of the desirable sown 

species of perennial ryegrass and white clover in many pastures. The high proportion 

of weeds and non-sown grass species reduces the quality of the pasture and can 

complicate management (Fulkerson and Doyle 2001). Along with pasture 

renovation, Martin (1995) listed a number of other reasons for producing summer 

forage crops including: the prospect of a dry summer; high grain prices; and the 

opportunity to increase farm productivity. 

Forage crops of various types have been examined to determine their ability to 

produce feed under both rainfed and irrigated conditions. In the cool temperate 

region, tropical grasses (C-4 species), annual grasses, cereal crops, and brassica crops 

are all used as forage to fill the summer feed deficit. The choice of crop is a function 

of the timing of the feed deficit, the amount of irrigation water available and the 

climate. 

2.2.1.4 Cereals 

Both oats and barley have been used to provide summer forage in the cool temperate 

region. The survey by Doonan and Bowman (1998) reported that around 19% of 

Tasmanian dairy farmers grew forage oats and 3% barley for forage with 

approximately 30% and 50% used as summer feed respectively. 
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Oats were investigated by Eckard et al. (2001) to determine their suitability as a 

summer forage crop. Oats have the advantage of being able to be re-grazed, like 

pasture, and are able to provide feed within 5 weeks of sowing. However, oats were 

found to offer little advantage over pasture except in the provision of quick feed. 

2.2.1.5 C4 - annual grasses 

Tropical grasses such as maize and millet (Echinochloa utilis L.) which use the C-4 

photosynth_etic pathway have more efficient water use and a higher yield potential 

than C-3 plants under high temperature, high light intensity and low water availability 

(Sheen 2002). 

Maize also requires large amounts of fertiliser, particularly nitrogen (applications of 

around 300 kg/ha), to maximise yield, which increases the overall cost of the forage 

produced (Pritchard 1985). Higher temperature is important for maize production. 

From work conducted on the North Island of New Zealand, in a warm temperature 

environment, Clark (1995) states that maize silage offers most of the advantages of 

forage turnip, plus greater flexibility and reduced risk, and that it must be seen as a 

competitive alternative to turnips for forage in that area of New Zealand. In the 

Inland irrigation region, the yield of maize over the summer feed deficit period has 

been shown to be double that of pasture, maize having a mean growth rate of 166 kg 

DM/ha/day compared to pasture at 79 kg DM/ha/day between November and March 

(Pritchard 1987). 
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These findings are not applicable to the cool temperate region where the temperatures 

are cooler and in addition the high growth rates are offset because maize requires a 

growing season of around 140 days for optimum production. This extended growing 

season does not allow sufficient t~me to re-establish pasture before winter in the cool 

temperate region. As previously described the need to re-establish pasture is an 

important reason for using forage crops in dairy farming systems (Pritchard 1987; 

Eckard et al. 2001). In addition in the temperate regions, where there is lower light 

intensity, the C-4 plants generally do not perform as well as other forages such as 

annual pastures and brassicas (Sengbusch 2002). The possibility of frost early in the 

growing season of maize is another limitation to its use in the cool temperate region. 

2.3 Spring sown brassica forage crops for the cool temperate region 

Brassicas are defined as any of a large genus of old world temperate zone herbs, and 

include cabbage, turnips, kale and rape (Allen and Bracy 1980). There is a large 

genetic diversity amongst the brassica species: there are three diploid species 

Brassica rapa (n = 10), B. oleracea (n = 9) and B. nigra (~ = 8) from which have 

been derived the ampli-diploid species B. napus (n =19), B. juncea (n =18) and B. 

carinata (n= 17) (Kimber and McGregor 1995). It is believed that Brassica rapa is 

the oldest of the species. It is likely that the brassicas are amongst the earliest 

domesticated plants, with the plants in vegetable form apparently in common use in 

the Neolithic age. Cultivation of the brassicas is believed to have spread across 

Europe in the Middle Ages. Initially it' appears that the leafy parts of the brassicas 

were used both for medicinal purposes and as vegetables (Kimber and McGregor 
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1995). Brassicas are adapted to a wide range of climatic and soil conditions (Rao and 

Hom 1986). Brassicas are used in Europe as an energy feed for dairy production 

when it is too cool to grow maize (Jung et al. 1984). Brassicas are also a very 

important oil seed crop world wide (Kimber and McGregor 1995). 

More than 70% of farmers in Tasmania and Victoria use summer brassica forage 

crops (Moate et al. 1999). The brassica crop should be established by early October 

and pasture re-sown by mid-March. This ensures that paddocks are not out of the 

grazing rotation for long periods and allows the pasture to be well established before 

the next winter. This sets the available window for the development and grazing of 

the forage crop and dictates the time allowed for a high yielding crop. Brassica 

forages have traditionally been a rainfed crop in the cool temperate region (Rowe 

pers comm). 

There are a number of different brassica forage species available. The choice of 

species in a given situation depends on a number of factors including climate, timing 

of the feed requirement and the amount of irrigation available. 

2.3.1 Turnip (Brassica rapa var. rapa, formally B. campestris) 

Forage turnip consists of both a bulb root and leaf that are utilised by stock. Turnip 

has an erect growth habit, the basal leaves are pinnatifid with the top leaf the largest. 

It produces a fleshy root that varies in shape and size (Oldham 1948). Breeding of 

turnip varieties has led to improved utilisation of the bulb. Some cultivars of the 
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forage turnip have been bred to produce a cylindrical shaped root with only limited 

amounts of rounding on each end (tankard shape) and with less than 1/3 of the bulb 

remaining under the soil surface. The tankard shape allows stock to pull the root 

easily from the soil resulting in increased utilisation when the crop is grazed in situ 

(Eckard et al. 2001). Turnip is a single grazing crop with no opportunity for 

regrowth. 

Turnip is reported to be the crop most commonly grown by dairy farmers in the cool 

temperate region. A survey of mainly rainfed forage crops in western Victoria found 

Barkant, a tankard type turnip, to be the most common variety used (Jacobs et al. 

2001). Of the crops surveyed 31 % were Barkant with mammoth purple top (18%) 

being the next most popular of 10 varieties. Studies in New Zealand by Clark et al. 

(1996) showed that Barkant was the highest yielding forage variety, and that mixtures 

of other brassica forages·with Barkant yielded less than Barkant alone. 

The high incidence of the turnip being used as a forage crop is also due to its 

suitability as a pioneer crop for the re-establishment of pasture and the ease of 

feeding (Russell et al. 1982). There is negligible residue left after the turnip crop is 

grazed, leaving a clean seedbed for the following crop. 

A large variation in yield of turnips has been established in survey work by Jacobs et 

al.( 2001). They found that yields ranged from 0.4 to 19.2 t DM/ha in Western 

Victoria, across a number of turnip varieties. In the survey the average turnip yield 
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was 5 t DM/ha with the highest yielding varieties being Barkant, Polybra and 

Vollenda. An average turnip yield from a 110 day experiment in New Zealand was 

12.2 t DM/ha (Harris et al. 1998), while in Gippsland, Victoria, rainfed turnips have 

been shown to produce 9.9 t DM/ha (Notman 1994). A survey by Clark et al. (1996) 

showed the importance of letting the crop grow as long as possible to achieve best 

yields. 

Eckard et al. (2001) found that over a three month period during summer, turnips 

produced yields of between 7.9-10.6 t DM/ha under rainfed conditions and 13.5-14.4 

t DM/ha under irrigation. Salardini (pers. comm.) achieved turnip yields of up to 15.5 

t DM/ha under irrigation, while Simpson et al. (1982) reported yields of 21.9 t DM/ha 

on the southern tablelands of New South Wales. By comparison, the yield of good 

quality well managed pasture in the cool temperate region was up to 14t DM/ha over 

the course of a year, however, a poor pasture only produced around 7t DM/ha 

(Notman 1994). 

Turnip has been reported to be the fastest growing of the forage brassica species 

(Jung and Shaffer 1995). Dry matter yield in turnips (cv. Barkant) has been shown to 

increase up to 16 weeks after sowing (Salardini and Franks, 2000b) and in the same 

experiment, bulb growth rate increased greatly from 36 kg DM/ha/day at 12 weeks 

after sowing to 150kg DM/ha/day at 14 weeks, while shoot growth rate declined from 

71kg DM/ha/day at 12 weeks to 63kg DM/ha/day at 16 weeks (Salardini pers. 

comm.). This was consistent with Clark et al. (1996) and Pearson and Thomson 
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(1996) where the growth rate of the components of turnip under a range of nitrogen 

treatments (0, 25, 50, 100 and 200 kg N/ha) showed a decline in leaf yield from 

around 90 days (13 weeks) after sowing, while bulb yield continued to increase until 

the end of the experiments. The decline in leaf yield could have been due to canopy 

closure and the resulting senescence and decay of lower leaves (Pearson and 

Thomson 1996). Maximum growth rates of approximately 200 kg DM/ha/day were 

obtained between 54 and 71 days (Clark et al. 1996). 

2.3.2 Pasja (Brassica campestris x Brassica napus) 

Pasja is a turnip x rape hybrid (Brassica campestris x B. napus cv. pasja), originally 

bred in Europe, and is a relatively new forage crop in Australia (Salardini pers. 

comm.). Pasja has a small bulb and a large amount of leafy shoot material. The bulb 

is well anchored in the soil and has a crown that enables the plant to re-grow after 

grazing (Wrightson Seeds 2002). Pasja does not require maturing before grazing 

(Wrightson Seeds 1999b), however, Millner (1993) indicated that pasja did not keep 

well and should be grazed early. Salardini and Franks (2000a) reported yields of up 

to 10 t DM/ha for irrigated pasja over three grazing's with applications of 200 kg 

N/ha, while Eckard et al. (2001), reported yields of just under 6 t DM/ha for both 

rainfed and irrigated crops. 

2.3.3 Kale (Brassica oleracea) 

Kale is a leafy forage with no bulb. It benefits from a longer growing season than the 

other brassicas and should generally be sown as early as possible (Harper and 
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Compton 1984). Kale is relatively drought resistant, has a DM content of between 13 

and 14% and produces highly digestible DM suitable for milk production (Russell et 

al. 1982). In contrast to the bulb crops, kale produces stem, which has to be killed or 

removed prior to sowing the subsequent crop to prevent blockages to seed drills and, 

as such, kale does not produce as clean a seedbed as turnip and pasja. 

Douglas (1980) suggested that kale is relatively insensitive to temperature, producing 

similar amounts of feed under low or high temperature growing conditions. Kale is a 

valuable winter crop with good production but it is less productive than other crops in 

summer because other crops are better able to take advantage of the warmer 

conditions. In an experiment conducted over summer in Tasmania, Eckard et al. 

(2001) found that rape and pasja were marginally higher yielding than kale, which 

produced around 5 t DM/ha under rainfed conditions and 6 t DM/ha when irrigated. 

2.3.4 Rape (Brassica napus var. napus) 

Rape is a multiple stemmed, leafy brassica cr~p that has fibrous roots with no bulb 

and is grazed for its leaf and stem material. Older rape plants have a progressively 

greater proportion of stem (Harper and Compton 1984). 

Rape, like other leafy brassica forage crops, has an advantage over turnips because it 

can be grazed several times and has good re-growth potential after each grazing. This 

gives flexibility of time when the crop can be ~sed and best fitted into farm feed 

schedules (Lamp 1966). Under full irrigation it has been reported that rape can be 
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grazed up to five times in a season (Russell et al. 1982). Rape also has a higher DM 

percentage than turnips (Anon 1989). To produce a good seedbed for the subsequent 

crop rape, like kale, requires the killing or removal of residual stem material. 

Although rape can be grazed several times, there are problems with the timing of 

feeding. Early feeding can result in digestive problems, scouring and death as young 

rape, while high in protein, has a low fibre content (Lamp 1966, Anon 1989). There 

has been little investigation of the yield potential of rape, however, Eckard et al. 

(2001) reported yields of 5.5 t DM/ha and 7 t DM/ha under rainfed and irrigated 

conditions respectively. 

2.4 Agronomy of spring sown brassica forage crops 

2.4.1 Sowing date 

The time of establishment of brassica forage crops is dependant on a number of 

factors. The two most important are the time when the feed is required by the dairy 

herd and the requirements of the pasture renovation program. 

Eckard et al. (2001) investigated a range of forage crops, including brassicas, for 

incorporation into a pasture renovation program, with the planting of crops occurring 

in late October or early November. This sowing date was set to allow a spring silage 

cut to be harvested from the existing pasture before the crop was established. Rowe 

(pers. comm.) suggests that this sowing time is too late to make forage available for 

the start of the feed deficit in mid-December or early-January and that a sowing time 
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of early October would be more appropriate. Depending on the length of the growing 

season, however, both sowing dates would allow for the successful re-establishment 

of the following pasture. 

Salardini and Franks (1999) determined that, in Tasmania, brassica forages sown in 

late October produced 1.2t DM/ha more than those sown, in early October or early 

November. These yield differences were caused by cooler early temperatures 

slowing initial growth for the earlier sown crop, and a lack of water at the end of the 

experimental period for the later sown crop. Another problem associated with early 

sowing was the possibiiity of bolting, that is plants going to flower with early seed 

set, which made the feed unpalatable. 

A survey by Jacobs et al. (2001) in Western Victoria showed that average time of 

seedbed preparation for turnip was in early October with average sowing date about 

mid-October. Overall there was a large range of sowing dates from mid-September 

to mid-December due largely to the number of different turnip varieties used. 

2.4.2 Nutrition 

The application of fertiliser to brassica forage crops is vital, especially under 

irrigation, to ensure that maximum yield is obtained. A number of nutrients are 

essential for the successful growth and development of brassica forage crops. 
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Nitrogen fertilisation is important for high yielding brassica crops especially under 

irrigation. Dry matter yield in rainfed brassica crops has been shown to be unaffected 

by rates of nitrogen from 0 to 200 kg N/ha (Pearson and Thomson 1996). 

Application of nitrogen when combined with irrigation, however, promotes higher 

brassica yields. Salardini and Franks (2000 b) investigated rates of nitrogen 

application between 0 and 200 kg N/ha and showed that on red ferrosol soils in 

Tasmania, 100 kg N /ha produced the optimum DM yield of turnips at final harvest. 

They also showed positive interactions between nitrogen and increasing water 

application. Salardini and Franks (1999) stated that the application of nitrogen to 

forage crops at sowing was not effective, but that a split application should occur at 4 

weeks and then at 8 weeks after sowing for greatest yield. Higher le~els of nitrogen 

(both 150 and 600 kg N/ha) app~ied prior to sowing have reduced and delayed 

seedling emergence in turnip and rape (Paul 1990). 

Nitrogen application has been found to increase the crude protein content of the crop 

and therefore forage quality (Jung et al 1984; Jacobs et al. 2001). This is important, 

as brassica crops, especially turnip can be deficient in crude protein (CP) for cows in 

mid lactation (Moate et al. 1998). The survey by Jacobs et al (2001) reported average 

increases in the CP content of shoots and roots of 0.35% and 0.40% respectively from 

the application of nitrogen. 

Nitrogen fertiliser has also been found to have an effect on the top to bulb ratio of the 

turnip. Nitrogen application increases top DM yield and decreases bulb DM 
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(Salardini pers. comm.). It has also been shown in sugar beet that the application of 

nitrogen fertiliser increased top yield at the expense of sucrose storage in the root 

(Pollet et al. 1970). However, Bhat (1996), found that length and diameter of the 

turnip bulb were both increased significantly by increasing rates of application of 

nitrogen. 

In addition to nitrogen there are a number of other important elements including 

phosphorus, boron and molybdenum required for the growth of a high yielding 

brassica forage crop. 

In Australian conditions with deeply weathered soils the application of phosphorus is 

important to ensure a good brassica forage crop. Phosphorus deficiency in brassica 

crops can lead to stunted growth with dull grey leaves and purple margins (Lamp 

1966). It has been suggested that the response to phosphorus is through increased 

nitrogen utilisation when sufficient phosphorus is available (Bhat 1996). 

Boron deficiency, especially in turnip, can have a large effect on the yield and the 

standing capacity of the forage. Boron deficient turnip bulbs are brown and rotten 

inside, leaving hollow bulbs. This decreases utilisation of the crop as well as the 

yield. Boron deficiency in leafy brassicas leads to multiple tops being developed 

(Lamp 1966). 
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The main reason for application of molybdenum to brassica crops is to reduce the 

possibility of nitrate poisoning of stock. If the crop i~ molybdenum deficient, nitrate 

can build up in the plant, especially if the crop is receiving nitrogen fertiliser, and 

lead to stock death (Lamp 1966). Molybdenum deficiency can also cause whiptail, 

that is stunted growth, to which brassicas are more susceptible than other species 

(Vitosh et al. 1994). 

2.4.3 Utilisation 

With in situ feeding of brassica forage, utilisation was related to the amount of feed 

offered at any time; in general the greater the amount offered, the lower the level of 

utilisation (Moate et al. 1996). To improve utilisation it was important to give 

livestock a long thin area of crop to graze to minimize trampling and soiling of the 

feed. When turnips were strip grazed the utilisation was better compared to other 

brassica crops (Notman 1994). This difference appeared to be due to the pulb of the 

turnip. Turnip leaves which were trampled or soiled with dung were rarely eaten, and 

this would be expected to be the same in the other brassica species, but bulbs that 

were soiled appeared to be left for a couple of days and then eaten (Moate et al. 

1996). Work by Moate et al. (1996) in the Gippsland region of Victoria found 

utilisation of turnips to be around 87%, while Notman (1994). assumed 85% 

utilisation of turnips in his analysis of the value of turnips for summer forage. 

Changes in leaf to bulb ratio of turnip may also affect utilisation. Problems may 

occur after the top growth of turnip declines in a mature crop, as this results in 
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changes in quality of the crop due to the difference in top and root quality. Clark et 

al. (1996) reported grazing between 80 - 120 days reduced quality losses through leaf 

senescence and bulb rot compared to later grazing. 

2.4.4 Nutritive value 

Generally the brassica forage crops are high in energy but low in CP. It has been 

suggested by Moate et al. (1998) that diets with a high proportion of brassica fodder 

crops may be on the threshold of being protein deficient despite the application of 60 

kg/ha of nitrogen as urea. In addition ryegrass and white clover pastures are also low 

in protein during the summer months that makes the protein as well as energy content 

of the forage crop important (Martin 1995). Moate et al. (1999) showed that protein 

supplements could increase milk production in animals fed typical summer 

pasture/turnip/silage/barley diets in Southern Victoria. The turnips in this experiment 

had low CP content as nitrogen was not applied to the crop. Application of nitrogen 

fertiliser to brassica crops is know to increase the CP content of the forage (Jacobs et 

al. 2001). Eckard et al. (2001) found a large variation in CP content in turnip crops 

between years. Jacobs et al. (2001) also reported a large range in the CP content of 

turnip, from 6 to 25%, over a range of turnip varieties in a survey of mainly rainfed 

crops in the cool temperate region. 

Turnip and pasja are more complicated in terms of quality than the other brassica 

forages, having two utilisable components with markedly different qualities. The 

average CP content of turnips is around 11 % which comprises rumen degradable 
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protein of 75% and un-degradable dietary protein of 25% (Martin 1995). The overall 

nutritive value depends on top to bulb ratio at harvest. 

Both the top and bulb component of turnips are a high-energy source with 

metabolisable energy (ME) of between 12-13 MJ /kg DM (Notman 1994). The high 

energy of turnips within a balanced diet should maintain milk production over the 

summer/autumn period (Martin 1995). Work by Moate et al. (1998) has shown that 

turnips have similar nutritional value for milk production to barley and that the 

response in milk production is similar to that which would be obtained from an 

energy supplement. This work also showed that turnips did not adversely affect live 

weight over the period of a short term feeding trial. 

Brassica forages are also generally low in fibre content. Lack of fibre may reduce 

milk fat and result in loss of cow condition. McFerran et al. (1997) reported that a 

100% turnip diet woµld not meet cow requirements due to low fibre and protein 

contents and Salardini and Franks (1999) reported similar levels of fibre in turnip, 

rape and pasja. However, animal requirements have been met when turnip is fed in 

conjunction with pasture as the quality of pasture at the time turnip is being fed is 

generally low, but high in fibre (Martin 1995). McFerran et al. (1997), using a ration 

balance model SPARTAN, found the optimum pasture turnip mix to meet cow 

requirements for milk production to be 79% pasture (83% grass, 15% clover and 2% 

weed) and 21 % turnip (cv. Barkant). 
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Guillard et al. (1995) stated that brassicas should not be grazed within 60 days of 

sowing due to problems with nitrate intoxication. Brassicas should be introduced 

gradually and additional roughage should be provided. The level of nitrate within a 

brassica crop has been associated with N fertiliser, physiologically young tissue and 

drought stress. 

Flowering also affects the quality of the crop. In brassica species, flower formation 

and bolting (premature flowering and seed set) are influenced by low temperature. 

Turnip has a cold requirement of about 3 weeks at 5°C for vernalisation (Benjamin et 

al. 1997). Although the flowering of vernalised plants is promoted under long day 

conditions, there is no indication that dry conditions encourage bolting (Stanhill 

1958a; Takahashi et al. 1994). 

Most mineral requirements of ruminants would be met with autumn/summer sown 

brassica forages. However, supplementation of Cu, Mn and Zn may be required 

(Guillard and Allinson 1989). 

The production of milk from cattle grazing brassica forage is extremely important in 

determining the value of the forage crops .. Turnips are the only brassica forage that 

have been studied to determine this response. Moate et al. (1998) investigated the 

milk production response to turnip by dairy cattle and found that turnips increased 

milk solids (MS) yield when fed, at levels of 4 kg and 8 kg per day, when offered 

supplementary to pasture with a composition of 40% perennial ryegrass, 20% 
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cocksfoot (Dactylis glomerata), 20% fog grass (Holcus lanatus), 10% white clover, 

and 10% weeds. Increasing the amount of turnip offered from 4 to 8 kg had only a 

small increase on the MS yield. It was suggested that this could be due to decreasing 

utilisation with increasing allowance of turnip and declining pasture intake, so total 

intake was similar in the 4 and 8 kg of turnip offered groups due to pasture 

substitution. Harris et al. (1998) also showed turnips increase MS yield, but there 

was little benefit in feeding greater than 4 kg of turnip. The lack of incremental 

response in milk yield with high turnip allowances may also indicate that the nutritive 

value of the high turnip component diet was unable to sustain animal performance in 

mid to late lactation (Penno et al. 1996). However, turnip has been shown to increase 

the condition score of the animals during lactation and milk production (Clark et al. 

1996). Brassicas are inherently high in moisture content, with values greater than 

85%, which means even with high levels of intake animals still receive low quantities 

of dry matter (Allen and Bracy 1980; Millner 1993). Jpe high moisture content 

means that utilisation by animals involves the excretion of large amounts of water 

which can dilute the energy value of the crop (Macfarlane Smith 1984 ). 

2.5 Bulb initiation (BI) and dry ~atter partitioning in root crops 

Turnip and pasja differ from the other brassica forage crops as they comprise a bulb 

in addition to their shoots and fibrous root system. There are a number of similar 

crops, which are also known as storage root crops, including carrot (Daucus carota 

L.), sugarbeet (Beta vulgaris L.), and parsnip (Pastinaca sativa L.). The storage roots 

of these crops are derived from the formation and activity of a cylindrical vascular 
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cambium in the hypocotyl and tap root (Benjamin et al. 1997). The development of 

sinks such as storage roots comprise four main activities: initiation of cambial cells, 

cell division, cell expansion and growth and storage of carbohydrate (Hole et al. 

1984). Storage roots are characterised by cell division and expansion throughout 

their development, in contrast to the storage organs of other species such as apple 

(Malus pumila) where there is an initial phase of cell division followed by cell 

expansion (Benjamin et al. 1997). The formation of the storage root results from the 

activity of the secondary cambia, whose initiation is dependent upon a supply of 

sucrose and growth regulators from the shoots (Benjamin et al. 1997). This control 

has been demonstrated by Peterson (1973) who showed that removal of the root apex 

in storage root plants has little effect on the processes of secondary xylem formation, 

while the excision of the shoot inhibits the cambial activation and consequently 

xylem formation. The subsequent processes of cell expansion and growth require 

further triggers that have not yet been identified (Benjamin et al. 1997). 

Storage roots continue to grow as long as assimilates are supplied to them through the 

activity of the secondary cambia (Milford 1973). Dry matter partitioning in these 

crops may be better looked at as the factor that limits the growth of the tops and will 

therefore limit the supply of assimilates to the storage root (Milford et al. 1988). 

There is generally a correlation between the size of the foliage and the taproot (Banga 

1954). 
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In these crops, photosynthate destined for the fibrous roots or the shoot apical 

meristem must be translocated via the storage organ, as must water and nutrients 

(Benjamin et al. 1997). This requirement of transfer through the storage organ is 

different to many other crops with storage organs such as pome fruits where material 

can be partitioned to storage organs separately and does not need to pass through the 

storage organ, when moving between the root and shoots of the plant. The presence 

of the storage root appears to have no special role for the functioning of the other 

organs (Benjamin et al. 1997). Growth of the primary axis (leaf rosette and taproot) 

is the primary activity of the plant and the thickening of the taproot represents 

secondary activity (Banga 1954). The influence of stress on this DM partitioning is 

unclear. There have been contradictory reports on the changes caused by stress to 

shoot and root growth and the senescence of leaves. These differences complicate the 

interpretation of the effect of water on DM- partitioning (Dunham 1993). 

Storage root development in carrot begins very early in the life of the plant and from 

this stage there is competition for assimilates within the plant. The strength of this 

competition changes during the development of the plant (Hole et al. 1984), however, 

the significance of the level of sink activity of the storage roots is unknown. It would 

appear that the thickening taproot continues to be an increasingly important sink 

during plant development (Benjamin and Wren 1978). In carrot the developing 

storage organ becomes an important sink for assimilates within nine weeks of sowing. 

Benjamin and Wren (1978) showed that in early developing carrots, at around 48 

days after sowing, tap and lateral root development appears to be dependent on 
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current photosynthesis, with very little leaf senescence and low re-translocation of 

resources. This is different to the finding of Incoll and Neales (1970) with Jerusalem-

artichoke (Helianthus tuberosus L.), where the tuber was formed by the mobilisation 

of material that was previously stored in the stem of the plants. In the potato, lncoll 

' 
and Neales (1970) found, current photosynthesis was responsible for the majority of 

the stored carbohydrate, but there was some transfer of stored material. 

In sugar beet initially a large number of cambial rings develop, however, during the 

expansion of the cambial cells only approximately half of the cambia make a 

significant contribution to the final storage root. Expansion is greatest in the inner 

cambial rings with the proportion of the increase decreasing out from the centre 

(Elliott and Weston 1993). The cambial rings in sugar beet develop together and not 

sequentially (Milford 1973). Sugar beet exhibits an initial dominance of shoot 

growth, as has been recorded in carrot with low growth of the storage root in the first 

9 weeks. However, the root and shoot do not hav~ separate growth phases and appear 

to develop concurrently (Elliott and Weston 1993). In sugar beet, once the storage 

root starts to enlarge, a large share of current production is partitioned to it. 

It is possible that the storage root may also act as a reservoir helping to maintain 

water supply to the plant (Olymbios 1973). When there is rapid loss of water from 

the shoots the plant may be able to maintain full turgor, even if there is a net loss of 

water from the plant, by buffering with water contained in the storage root. 
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2.6 Water use efficiency 

WUE is used to describe the benefit gained from water received by a crop either as 

irrigation, rainfall or both, and can be defined in a number of different ways. It is 

used to define multiple factors ranging from economic responses to water, to crop 

growth from water applied. Most commonly, WUE is in the form: unit of product I 

unit of water. This gives a value on the output from the water supplied (Barrett et al. 

1999). The use of the word efficiency has been debated in Australia recently and 

there is a move to replace the word with index, to aid in the wider use of the term 

(Barrett et al. 1999). Generally in agronomic irrigation studies the definition of WUE 

is the crop production divided by the irrigation applied to the crop (Barrett et al. 

1999). 

The WUE of a crop is constantly changing and it is affected by a number of factors. 

Leaf area of a crop can have a major effect by modifying the ratio of transpiration to 

evaporation from the soil surface, while also providing more photosynthetic capacity 

in the plant (Singh et al. 1986). Fertiliser application can also have an effect on 

WUE. Although fertilisers may increase consumptive water use, the amount of DM 

produced per unit of water can also be increased by the application of fertilisers 

through increased yield potential (Viets 1962). Nitrogen fertilisation in barley has 

been shown to increase WUE from 8 to 11 kg grain/ha/mm through increased 

transpiration, and decreased losses from soil evaporation (Turner 1997). 
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Strategies that achieve the best WUE may not always be the most economic. Plant 

traits that can increase the WUE may not be the same as those that promote the best 

growth and greatest yield (VanDen Boogaard et al. 1997). In part it will depend on 

the cost of water relative to the value of the crop. For example, if water is cheap and 

readily available, achieving maximum WUE may reduce yield and therefore the 

returns from growing the crop. Viets (1962) stated that increasing WUE may not 

always be desirable as rainfed crops can be more water use efficient but at much 

lower levels of production than more fully watered crops. In order to achieve 

increased WUE when applying irrigation, the increase in yield of the crop must be 

greater than the increase in evapotranspiration (Joshi and Singh 1994). 

The harvested component of the crop will also modify WUE. The WUE of 

vegetative production can be high, but this may not lead to a larger yield of the 

harvested component of the crop. Zhang et al. (2000), studying lentil and chickpea 

reported vegetative WUE of between 9and18 kgDM/ha/mm and 5 and 14 kg 

DM/ha/mm respectively, however, grain yield WUE was only 2 to 4 and 2 to 5 kg 

DM/ha/mm respectively. 

Timing of water application can also have a large effect on WUE. In oilseed, 

Brassica napus, irrigation application in the period from the end of flowering to the , 

onset of seed set has been shown to increase yield by around 50% (Mendham and 

Salisbury 1995). A period of moisture stress at a critical stage in a component 
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harvest crop will have a large effect on the overall WUE of the crop irrespective of 

the amount of vegetative or non-harvested yield produced. 

In research conducted by Armstrong et al. (1998) into the WUE efficiency of 

irrigated dairy farms in Victoria and New South Wales, it was found that the farmers 

who had the greatest agronomic production were also those that had the highest 

economic performance in terms of WUE. In the survey, the top 10% of farmers 

averaged 94 kg milk fat plus protein/ML compared to 35 kg/ML for the bottom 10%. 

They concluded that management of the farming system had a greater impact on the 

WUE on farm than the type of feeding system that was being used. 

2. 7 Methods of measuring and estimating water use 

There are a number of different methods available to monitor plant water use and 

WUE. Indirect methods such as a crop factor, and direct methods involving 

measuring soil moisture status, both can give an indication of water use by plants and 

enable calculation of WUE. 

2.7.1 A-pan evaporation and crop factors 

The crop factor is a correction that enables the estimation of evapotranspiration from 

values· of class A-pan evaporation, calculated using the Penman equation (Penman 

1948). The crop factor= estimated evapotranspiration I class A-pan evaporation 

(Simonne et al. 1993a). 
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Cantore et al. (1996) investigating broccoli (B. rapa L.) showed that crop water use 

coefficients did not vary greatly over two seasons despite variation in total water use 

by the crops. The crop co-efficient of 0.75 A-pan evaporation was used, and this did 

not vary, even with low LAI. The transpiration rate in cabbage (Brassica oleracea), 

however, has been shown to vary with plant age: 80g per day transpired at 40 DAS; 

300g per day transpired at 60 DAS (head formation); and 355 g per day transpired at 

75 DAS (Smittle et al. 1994). This indicated that the crop factor would need to 

change during development of the crop. A moving crop factor may better represent 

the true evaporative demands of th~ crop throughout the growing season than a single 

crop factor. A moving crop factor, for turnip greens (shoots), based on A-pan 

evaporation has been developed Simonne et al. (1993a) and Simonne et al. (1993b). 

Crop factor= 0.365 + 0.01541 - 0.0001112 

I = plant age in days 

Although this method allows for easy monitoring of the water status of the plant 

without the need for extra measurement, its usefulness depends on the accuracy of the 

crop factor that is being used. 

2.7.2 Gravimetric measurement 

Gravimetric measurement is a direct method of measuring soil moisture content. It 

involves the collection of soil samples in the field in soil cores. These cores are then 

weighed and dried to constant weight and re weighed to determine the moisture 
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content of the soil. The volumetric moisture content of the soil can also be 

determined if the soil core is of a known volume. It is an accurate low cost 

measurement, but is not suited to repeated measurement as it is destructive and the 

sampling is time consuming (Campbell 1990). 

2.7.3 Neutron moisture meter 

The neutron moisture meter works on the principle that high energy electrons emitted 

from a radioactive source rapidly lose kinetic energy when they collide with 

hydrogen. Although hydrogen is present in the soil in a number of forms, the only 

form that will change in content between readings is the amount of water in the soil 

(Campbell 1990; Charlesworth 2000). The neutron moisture meter is lowered into 

the soil through aluminium access tubes, which are permanently installed. The 

volume of soil that is monitored by the meter is assumed to be an average of a 15cm 

sphere around the neutron source, however, the volume decreases inversely with 

water content. 

Neutron moisture meters are useful as they can be used over a number of sites to 

make repeated measurements of the soil water content. The main disadvantages with 

the neutron probe are: the difficulty in measurement close to the soil surface, an 

important area for the root zone of many annual crops, as neutrons escape into the air, 

and the hazard posed by the radiation source (Campbell 1990). Specialist training in 

the use of the equipment is therefore a requirement. 
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2.7.4 Frequency domain reflectometry- capacitance meters 

There are a number of different capacitance meters available and they all work on the 

same principle. The dielectric constant of the soil is measured; dry soil has a 

dielectric constant of around 4 and the dielectric constant of water is 80 (Soil 

Moisture Technology 2001). The measurement is made by placing the soil between 

two electrical plates, which forms a capacitor. A frequency is measured when an 

electric current is applied to the plates, and this frequency varies with the dielectric 

constant of the soil (Charlesworth 2000). 

There are a number of variations in application of this method of moisture 

monitoring, from systems that use a number of access tubes like the neutron moisture 

meter, .where the instrument can be moved to read at various depths, to systems that 

are permanently placed at set depths from which data can be logged over time 

(Charlesworth 2000). 

The advantages of the capacitance meters over the neutron moisture meter are the 

lack of the radioactive hazard, and the ability of some systems to take a number of 

measurements more quickly in the field (Soil Moisture Technology 2001). 

Disadvantages of the capacitance meters include a relatively small sphere of 

measurement; 95% of the measurement can be read within 6 cm of the instrument, 

which makes precision in installation important for accurate results. There is also a 

requirement to calibrate the meter for each soil type (Soil Moisture Technology 

2001). 
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2.8 Water use efficiency of brassica forage crops 

Research on the effect of irrigation on brassica species has generally been conducted 

on oilseed crops, where the main factor investigated has been seed yield (Raja and 

Bishnoi 1990; Rao and Mendham 1991). In contrast there has been comparatively 

little work on the effect of irrigation on the vegetative growth in oilseed or forage 

brassicas. Drought tolerance in brassicas has also received little attention (Ashraf and 

Mehmood 1990). 

Most of the information available on the yield of the forage brassicas in Australia and 

New Zealand is based on surveys of commercial crops grown predominantly under 

rainfed conditions (Jacobs et al. 2001). This has made it difficult to interpret yields in 

terms of crop water use and WUE where irrigation has been applied. The yield 

response of a crop to applied water depends on many factors including timing of 

irrigation, water quality, critical crop periods, nutrition and climatic conditions 

(Helweg 1990). 

In the work conducted by Eckard (2001) into the effect of soil moisture on the 

vegetative yield of summer forage crops, turnip appeared to have the largest response 

of the brassica forages to irrigation. Turnip was found to produce a significant 

response of between 15 and 22 kg DM/ha/mm of irrigation whereas the ryegrass 

response to irrigation was only 4 kg DM/ha/mm in the same period. The responses of 

other brassica forages to irrigation were not statistically significantly at 3 kg 
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DM/ha/mm for rape, 5 kg DM/ha/mm for kale and 1 kg DM/ha/mm for pasja. This 

lack of response may have been due to high rainfall during the experiment. Other 

experiments, in the higher rainfall regions of Victoria, have reported irrigation 

responses of 63-66% for turnip and 32% for rape, although yields of all these brassica 

crops were under 7 t DM/ha (Shovelton 1983). 

2.9 Effect of soil moisture stress on brassicas 

The effect of soil moisture stress on turnips has been investigated by Stanhill (1958b) 

and Nairizi and Rydzewski (1977). Their work showed turnips were most affected by 

moisture stress late in their growth when the roots were swelling. In his investigation 

on the response of turnip to moisture stress at difference growth stages, Stanhill 

(1958b) showed soil moisture deficit in the first part of the growing season, up to 

approximately 30 DAS, had little effect on final yield, although the plants were given 

adequate moisture during establishment. This indicated that the turnips had their 

most rapid growth during the period of root swelling and that this was when they had 

their greatest water requirement. Stanhill (1958b) reported that at all growth stages, 

plants that received a dry treatment made more effective use of water than those 

being irrigated. Irrigation resulted in less water being extracted from deeper in the 

soil profile in oilseed brassicas (Rao and Mendham 1991). 

Prabhakar and Srinivas (1995), working with cauliflower (Brassica oleracea) showed 

significant increases in plant height, leaf number and leaf area per plant with 

irrigation that replenished 50% of class A-pan evaporation. Irrigating to replenish 
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100% class A-pan evaporation only gave a marginal increase in plant growth over the 

50% treatment. Irrigation regimes that replenished between 50 and 100% of class A

pan evaporation did not have any additional effect on crop WUE (Prabhakar and 

Srinivas 1995). 

Stanhill (1958a) showed turnips that received irrigation to field capacity when 50% of 

the available moisture had been removed were found to be more efficient in utilising 

water than the plants that received either a dry (irrigation back to field capacity at 

wilting point) or wet (irrigation to field capacity each day) treatment. The number of 

leaves was not affected by the different soil moisture regimes, although the plants 

under water stress had smaller leaves. 

Pot trials Clarke (1977) found that water deficits reduced the growth rate and 

prolonged the rosette stage of growth of B. nap us. The plants also showed rapid 

growth after the removal of the stress conditions. The plants exhibited no dormancy 

as was evident in pasture in recovery from low moisture situations. The lack of 

dormancy would give the brassicas an advantage over pasture at times when the 

quantity of irrigation water was limited and in irrigation management. 

2.10 Conclusion 

Under optimum growth conditions, including irrigation, brassica forage species are 

able to produce large quantities of utilisable feed in a relatively short period of time 

(15t/ha in 13 weeks). This makes them an attractive option to include in the 
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Chapter 3 

3 Yield, water use efficiency, and nutritive characteristics of 

turnip, pasja, kale and rape under four levels of irrigation in the field 

3.1 Introduction 

Previous research into brassica forage yield has been conducted under both rainfed 

and fully irrigated conditions (Shovelton 1983), or in the field with irregular use of 

irrigation (Notman 1994). Research has not been conducted over a range of 

consistent irrigation levels throughout the growing season. Understanding the 

response of brassica forage crops to irrigation at sub-optimal levels is important as 

not all dairy farms have access to sufficient water to enable them to fully irrigate 

forage crops throughout the growing season. This understanding will improve the 

selection of the most suitable brassica forage species for the available water resources 

and will help produce maximum yield while achieving high WUE. 

This field experiment investigated the performance of four brassica forage crops, 

turnip (Brassica rapa var. rapa), pasja (Brassica campestris x B. napus), kale 

(Brassica oleracea) and rape (Brassica napus var. napus) under a range of irrigation 

regimes during spring and summer1999-2000. Turnip, pasja, kale, and rape have all 

been used in cool temperate regions to provide summer forage (Pritchard and Havilah 

1991). Yield, growth rate, nutritive characteristics, LAI and WUE were studied in 
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each species under optimal (100%) and sub-optimal levels of irrigation (50%, 20% 

and 0%, where 0% represented rainfed conditions). 

3.2 Materials and Methods 

3.2.1 Establishment of the experimental site 

The experiment was conducted at the Elliott Research and Demonstration Station in 

North West Tasmania (41°5• S, 45°46' E) on a red ferrosol soil (Isbell 1996) from 

October 1999 to January 2000. 

The existing vegetation was sprayed on 23 September 1999 with Glyphosate 

(Roundup ® 1.11/ha) including Omethoate (Lemat ® 100 ml/ha) for the control of 

luceme flea (Sminthurus viridis). Cultivation to produce a firm seedbed was carried 

out by mouldboard plough, rolling, rotary hoe and then re-rolling. 

Turnip (cv Barkant), Pasja, Kale (cv Kestrel) and Rape (cv Bonar) were sown at 1.4, 

5.6, 4.5 and 6.8 kg/ha respectively on 13 October 1999 with 48 kg/ha phosphorus 

applied as superphosphate including 60g molybdenum and l.8kg boron per ha. 

Nitrogen fertiliser was applied as urea (50 kg N/ha) in a split application to all plots at 

33 and 71 days after sowing (DAS). 

A split plot design with the species as main plots and irrigation treatments as sub 

plots was used (Fig 3.1, Plate 3.1). The species were replicated in four blocks and 

allocated at random with the restriction that each species was present in each quarter 
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across the 4 blocks to account for any effect of changing wind direction during 

irrigation (Fig 3.1). Irrigation treatments were applied using single sprinklers located 

in the centre of each block, as a single point source, a variation on the line source 

irrigation described by (Hanks et al. 1976) (Fig 3.1, Plate 3.2). Water was emitted 

from a central point source with the level of .water application decreasing from this 

point towards the edge of the experimental plot. The system produced irrigation 

regimes of approximately 100%, 50% and 20% of full irrigation and rainfed (0% 

irrigation) (Fig 3.2). Each circle was 14 m in diameter and the area occupied by the 

experiment was 0.78 ha. 

The rate of water application was determined by measuring the water collected in 

containers in 30-minute periods. The containers were placed at 1 m intervals from 

each sprinkler to the diagonal comer of each experimental plot (Plate 3.2). The 

irrigation rate was determined to be 1 Omm per hour in the 100% irrigation treatment. 

Irrigation was applied for sufficient time to return the root zone to field capacity on 

areas that were to receive the 100% irrigation treatment. The amount of water 

applied to the other plots was calculated from the application rate and time required 

to irrigate the 100% irrigated treatment. Irrigation was applied every 5 to 10 days 

depending on the water requirement of the 100% irrigated treatment and wind 

conditions. 
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' Plate 3.1 
photo taken 
from this 
position. 

Figure 3.1. The experimental layout of the 4 brassica species (X indicates sprinkler positions). 

Rainfed 

Figure 3.2. Irrigation treatments within a replicate of the experiment investigating the response 

of 4 brassica species to 4 rates of irrigation, X indicates sprinkler position. 
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Plate 3.1 Site of the first field experiment with lines marking the boundary of the experiment and 
the closest replicate of the 4 species. 

Plate 3.2 The sprinkler' delivers a gradient of water that decreases with the distance from the 
sprinkler. This is illustrated by the wetter soil (darker colour) closest to the sprinkler and the drier 
soil (lighter colour) further from the sprinkler. The irrigation pipes and black lines mark plot 
boundaries. 
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Soil water levels were monitored using a soil moisture budget based on class A-pan 

evaporation and an evolving crop factor based on plant age and soil moisture 

calculated from the work of Simonne et al.(1993a). A GOPHER® (Soil Moisture 

Technology 2001) capacitance probe was used in addition to the soil moisture budget, 

to measure soil water from 62 DAS (this was due to delays in obtaining access tubes), 

measuring soil moisture to a depth of 80 cm. GOPHER ® access tubes were installed 

with one tube per treatment (16 in total). The access tubes for the GOPHER® were 
t 

installed as described by Soil Moisture Technology (2001) by drilling a slightly 

oversize hole and separating the soil removed from the hole into lOcm increments. 

This soil was then used to incrementally back fill around the access tube. A multi 

point down hole calibration (Soil Moisture Technology 2001) was then performed. 

3.2.2 Water application, irrigation and rainfall 

Total rainfall during the experiment was 221mm and the majority of the rainfall, 126 

mm, occurred during the first 30 DAS (Fig 3.3). The first irrigation was applied 16 

DAS to test the irrigation system. Irrigation was then scheduled according to the soil 

moisture budget. Irrigation was applied 14 times during the experiment. Irrigation at 

43 DAS was in excess of crop requirement and not all of the water received by the 

crop would have been utilised. This excess application was due to the experimental 

watering system being tied in with another crop, which required water for the 

extended period (Fig 3.3). A double irrigation was applied around 100 DAS because 

of wind conditions. The first irrigation was stopped early by strong winds before the 
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full irrigation had been applied to the crop. Irrigation was completed the following 

day. This irrigation had been due around 95 DAS, and had been delayed by 5 days 

due to strong winds. 
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Figure 3.3. Timing and amount of rainfall and applied irrigation under the 100 % irrigation 
treatment at the research site investigating the response of 4 brassica species to irrigation. 

The turnip and pasja crops were grown to 111 DAS, while the rape and kale crops 

were terminated 90 DAS. Due to this· longer growing season turnip and pasja 

received more irrigation than rape and kale (Table 3.1). 
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Table 3.1. Total water (mm) received by the 4 brassica crops (irrigation and rainfall) under each 
of the 4 irrigation treatments, from sowing to final harvest. 

Irrigation Turnip Pasja Kale Rape 

100% 438 438 371 371 

50% 330 330 288 288 

20% 265 265 238 238 

Rainfed (0%) 221 221 205 205 

3.2.3 Temperature accumulation during crop growth 

Over the growing season (to 111 DAS) the crops received approximately 1450 day-

degrees, calculated using a base temperature of 0°C (Fig 3.4). Average daily 

temperature during the first 50 DAS was approximately 10°c, while for the remainder 

of the experiment temperatures averaged 15°C. 
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Figure 3.4. Temperature accumulation (Day-degrees) during crop growth. 
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3.2.5 Long-term average climatic conditions at the site 

The long-term average climatic conditions from the Bureau of Meteorology records 

(Bureau of Meteorology 2003), for the experimental site at the Elliott Research and 

Demonstration Station, are presented in figures 3.5 and 3.6. 
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Figure 3.5 Average monthly rainfall and evaporation. 
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Figure 3.6 Mean monthly maximum and minimum temperature. 

3.2.6 Assessment of yield, leaf area index, growth rate, water use efficiency and 

nutritive characteristics 

The yield of all species was determined at 31, 43, 50, 57, 69, 78 and 90 DAS by 

harvesting whole plants from 3 quadrats (0.3 x 0.3m) located randomly in each 

treatment. Additional harvests were conducted for turnip and pasja at 101 and 111 

DAS. Pasja plots were cut 50mm above the bulb to simulate grazing at 72 DAS and 

all material was removed. The yield of pasja at 90, 101 and 111 DAS was calculated 

as the sum of the yield estimates collected at 72 DAS, and the subsequent regrowth. 

For all species the number of plants in each quadrat was recorded and the material 

from the 3 quadrats was then bulked together into one sample, the root and shoot 
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material separated, and any dirt removed. Dry matter production was calculated from 

the total fresh weight and the dry matter percentage of a sub sample dried to constant 

weight at either 1 oo0c for 24 hours for dry matter samples or 60°C for 48 hours for 

samples used for quality analyses. 

Three measures of yield were used. Firstly, utilisable yield which was taken to 

represent all the material able to be grazed by dairy cattle including all shoots (leaves 

and non fibrous thickened stem) for pasja, kale and rape, and both shoots and bulbs 

(storage root) for turnip. Secondly, shoot yield which did not include the turnip 

bulbs. Thirdly, total yield which included all the shoot and harvested fibrous root and 

bulb material for all species. Total yield for all species may have been lower than the 

actual plant production as the fibrous roots were not recovered as plants were pulled 

from the ground. This occurred for all species and the main tap roots of the non-bulb 

species were always recovered. 

Sub samples of leaf material were taken to estimate leaf area index (LAI) at all 

harvests. The leaf area of the sub sample was determined by photocopying the sub

sample, scanning the photocopy to a computer and using image analysis software 

(Kirchhof and Pendar 1993) to determine the leaf ar~a of the sub sample. The sub 

sample was weighed then dried at 100°C for 24 hours and reweighed to determine its 

dry weight. The LAI for the plot was calculated using the dry weight of the sub 

sample of known leaf area compared to the total dry weight of leaf material harvested 

from the plot and the known harvest area. 
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Sub samples of plant material were collected for quality analysis for the harvests 69 

(pasja), 90 (turnip, rape and kale), 101 (turnip) and 111 (turnip and pasja) DAS. The 

analyses were conducted by FEEDTEST, Agriculture Victoria, Pastoral and 

Veterinary Institute, Hamilton, using near infrared spectroscopy (NIR) on a 

NIRSystems 6500 ® scanning monocromator with Infrasoft International software. 

Leaf samples were analysed for neutral detergent fibre (NDF), dry matter digestibility 

(DMD), crude protein (CP) (N * 6.25), and water soluble carbohydrates (WSC) and 

turnip roots for NDF, DMD, CP and starch. Calibration of the NIR determinations 

for NDF, DMD, CP, WSC and starch have been derived from the procedures of 

Shenk and Westerhaus (1991). 

3.2. 7 Statistical analyses 

A number of different statistical analysis methods were used to analyse the data. 

Yield and growth rate within individual species were analysed using repeated 

measures analysis of variance using Genstat ® (Genstat 5 Committee, 1989). Species 

comparisons and nutritional value of the species were analysed using analysis of 

variance. Standard errors generated from the analysis were used for comparison at 

the P<0.05 significance level. LAI data was analysed using REML variance 

components analyses. Linear regression analysis was used to exari:iine the 

relationship between WUE and species and multiple linear regression was used to 

examine~ within species and between harvests and the yields (total, utilisable 

and shoot) at final harvest. 
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3.3 Jlesults 

3.3.1 Crop Yield 

3.3.1.1 Yields at final harvest 

3.3.1.1.1 Total yield 

There was a positive linear relationship (R2 > 0.83) between total DM yield and level 

of applied irrigation for all four brassica species (Table 3.2). Turnip produced a 

.greater total yield at each level of irrigation compared to the other species because it 

produced significantly (P<0.05) more under rainfed conditions (intercept) and its 

response to irrigation was significantly (P<0.05) higher (slope). There was no 

significant (P>0.05) difference between pasja, rape and kale in their response to 

irrigation. Pasja was the second highest yielding species with a significantly (P<0.05) 

greater yield than rape and kale under rainfed conditions. Similarly, Rape produced a 

significantly (P<0.05) greater yield than kale under rainfed conditions (Fig 3.7, Table 

3.2). 
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Figure 3.7 Total yield (shoots, stem and root/bulb material for all species t DM/ha) vs. irrigation 
treatment at final harvest of turnip ( + ), pasja (•) kale ( _.) and rape ( X). Bars are SE (n = 4). 

Table 3.2. Total yield response to irrigation of turnip, pasja, kale and rape at final harvest. 

Species 

Turnip 

Pasja 

Kale 

Rape 

where; 

Yt = 

Yp = 

Yk = 

Yr = 

It = 

Total Yield Equation Rz 

Yt = 6.06 + 9.59It 0.99 

Yp = 5.66 + 5.41It 0.97 

Yk = 3.97 + 2.95It 0.83 

Yr= 4.59 + 4.03It 0.97 

turnip yield (t DM/ha) 

pasja yield (t DM/ha) 

kale yield (t DM/ha) 

rape yield (t DM/ha) 

Irrigation (As a proportion of the 100% irrigation treatment) 
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3.3.1.1.2 Utilisable yield 

There was a positive linear relationship (R2 > 0.83) between utilisable DM yield and 

level of applied irrigation for all four brassica species (Table 3.3). Turnip produced a 

greater utilisable yield than all other species, because it produced significantly 

(P<0.05) more DM under rainfed conditions (intercept) and it had a significantly 

(P<0.05) greater response to irrigation (slope). There was no significant (P>0.05) 

difference in response to irrigation between the other 3 species. Pasja produced 

significantly (P<0.05) more than rape and kale, because of its higher rainfed yield. 

Rape produced significantly (P<0.05) more than kale (Fig 3.8, Table 3.3). 
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Figure 3.8 Utilisable yield (t DM/ha) vs. irrigation treatment at final harvest of turnip ( + ), pasja 
(•)kale (.A.) and rape (>C). Bars are SE (n = 4). 
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Table 3.3. Utilisable yield response to irrigation of turnip, pasja, kale and rape at final harvest. 

Species 

Turnip 

Pasja 

Kale 

Rape 

where; 

Yt = 

Yp = 

Yk = 

Yr = 

It = 

3.31.1.3 

Utilisable Yield Equation 

Yt = 6.06 + 9.59It 

Yp = 4.94 + 4.20It 

Yk = 3.25 + 2.39It 

Yr= 3.76 + 3.3 lit 

turnip yield (t DM/ha) 

pasja yield (t DM/ha) 

kale yield (t DM/ha) 

rape yield (t DM/ha) 

R2 

0.99 

0.97 

0.83 

0.97 

Irrigation (As a proportion of the 100% irrigation treatment) 

Shoot yield 

As for total and utilisable yield, there was a positive linear relationship (R2 > 0.83) 

between shoot DM yield and level of applied irrigation for all four brassica species 

(Table 3.4). There was no significant difference (P>0.05) between the response to 

irrigation (slopes) of any species. The shoot yield of pasja was higher than all other 

· species as had a significantly (P<0.05) higher rainfed yield (intercept). Rape 

produced more than turnip and kale because of a significantly (P<0.05) higher rainfed 

yield, and there was no significant (P>0.05) difference in the shoot yields of turnip 

and kale (Fig 3.9, Table 3.4). 
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Figure 3.9 Shoot yield (t DM/ha) vs. irrigation treatment at final harvest of turnip ( + ), pasja (•) 
kale (A) and rape (X). Bars are SE (n = 4). 

Table 3.4. Shoot yield response to irrigation of turnip, pasja, kale and rape at final harvest. 

Species 

Turnip 

Pasja 

Kale 

Rape 

where; 

Yt 

Yp 

Yk 

Yr 

It 

= 

= 

= 

= 

= 

Shoot Yield Equation R2 

Yt = 2.79 + 2.831t 0.96 

Yp = 4.94 + 4.20It 0.97 

Yk = 3.25 + 2.391t 0.83 

Yr= 3.76 + 3.3 lit 0.97 

turnip yield (t DM/ha) 

pasja yield (t DM/ha) 

kale yield (t DM/ha) 

rape yield (t DM/ha) 

Irrigation (As a proportion of the 100% irrigation treatment) 
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3.3.1.2 Accumulation of utilisable yield (kg DM/ha) in response to the irrigation 

treatments 

All brassica species produced greater utilisable yields under increasing irrigation 

treatments (Fig 3.10, Plates 3.3 -3.6). Significant differences in growth between 

irrigation treatments were apparent from around 69 DAS in all species (Fig 3.10). 

Turnip was the highest yielding species, over the period of the experiment under all 

irrigation levels. Turnip produced 15.5 t DM/ha, compared to 9.2 t DM/ha for pasja, 

7.2 t DM/ha for rape and 5.4 t DM/ha for kale when 100% irrigated (Fig 3.10). 

Rainfed turnips produced a final yield of 5.8 t DM/ha, which was greater than rainfed 

pasja, irrigated kale and all rape treatments except the 100% irrigated. 
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Plate 3.3 The relative size of turnip plants that were irrigated at (A) 100%, (B) 50% 
and (C) 20% of the maximum irrigation rate compared to (D) rainfed turnips (ruler 
= 30cm). 

B c D 

Plate 3.4 The relative size of regrowth pasja plants that were irrigated at (A) 100%, 
(B) 50% and (C) 20% of the maximum irrigation rate compared to (D) rainfed pasja 
plants (ruler= 30cm). 

B . . C 
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Plate 3.5 The relative size of kale plants that were irrigated at (A) 100%, (B) 
50% and (C) 20% of the maximum irrigation rate compared to (D) rainfed 
kale plants (ruler= 30cm). 

Plate 3.6 The relative size of rape plants that were irrigated at (A) 100%, (B) 
50% and (C) 20% of the maximum irrigation rate compared to (D) rainfed 
rape plants (ruler= 30cm). 
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Figure 3.10. Utilisable dry matter yield (t DM/ha) vs. days after sowing for (A) turnip bulbs, (B) 
turnip shoots, (C) total turnip yield, (D) pasja shoots, (E) kale shoots and (F) rape shoots over 4 
irrigation treatments 100% (+), 50%( •), 20%(.A) and rainfed (X). Bars are SE (n = 4). 
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Turnip growth was slow (8 kg DM/ha/day) until 43 DAS when bulb growth started in 

all treatments. Growth rates then increased rapidly with the simultaneous growth of 

both the shoots and the bulbs. This rapid growth continued until the slowing of shoot 

growth 72 DAS in the 50% irrigated, 20% irrigated and rainfed treatments and until 

78 DAS in the 100% treatment (Figure 3.10 B). Total yield, however, continued to 
\ 

increase until final harvest in all irrigated treatments with the turnip bulb yield 

increasing under all irrigation treatments until final harvest 111 DAS (Fig 3.10 C). 

There was no increase in the utilisable yield of rainfed turnips over the final two 

harvests (Fig 3.10 C). This was mainly in the shoot material and was partly due to 

insect attack by diamond back moth (Plutella.xylostella L.) which were observed in 

all plots. The moth caused damage from around 78 DAS and although the level of 

damage was not quantified it was visually more severe in the 20% irrigation and 

rainfed treatments. There did not appear to be any difference between the species in 

the level of insect damage. This damage would have had some effect on the 

declining shoot yields during the third phase of growth, especially in the turnip and 

pasja crops which were grown over a longer period. However, growth rates declined 

across all species and treatments and this decline was in part from natural leaf 

senescence and not just a factor of insect damage. 

Utilisable turnip yield at the final harvest was made up of approximately 2/3 bulb and 

1/3 shoot material in the 100% irrigation treatment. Bulb material made up a smaller 

proportion of final yield in the other treatments. The ratio of shoot to bulb changed 
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considerably during the development of the turnip, in the 100% irrigation treatment at 

58 DAS it was approximately 1/4 bulb to 3/4 shoot and at 90 DAS 112 bulb and 1/2 

shoots, as the bulb progressively became a greater proportion of yield. 

Pasja was the second highest yielding species across all treatments. Pasja had the 

greatest initial growth of all species with higher yields to 43 DAS. Yield of all pasja 

treatments increased until the first harvest 72 DAS. After the first harvest, there was 

initial regrowth in the 50% irrigated, 20% irrigated and rainfed crops until 90 DAS 

after which the yields remained relatively constant, whereas the yield of the 100% 

irrigated crop continued to increase until the final harvest at 111 DAS (Fig 3.10). 

Production in the 39 days from 72 to 111 DAS was approximately 70% of that for the 

first 72 DAS for the 100% irrigated treatment. 

Kale was the lowest yielding species across all irrigation treatments. Kale had slow 

early growth and there was no significant irrigation treatment effect unti! 69 DAS. 

All irrigation treatments produced significantly (P<0.05) greater yield than the rainfed 

treatment between 69 and 78 DAS with the yield of the 100% irrigation treatment 

being significantly (P<0.05) greater than both the 50% and 20% irrigation treatments. 

There was little yield increase in any treatment from 78 DAS until the final harvest 90 

DAS. 

Rape, like kale, was only grown until 90 DAS. All irrigation treatments produced 

significantly (P<0.05) higher yields than the rainfed treatment from 69 DAS. The 
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yield in the 20% irrigated and rainfed treatments increased only marginally from 69 

DAS (Fig 3.7). Yield of the 100% irrigated rape was not significantly (P>0.05) 
r ' 

different to the 50% irrigated treatment until the final harvest. 

3.3.1.3 Leaf area index (LAI) 

Under 100% irrigation the four brassica crops achieved a high maximum LAI. For 

pasja, turnip and rape maximum LAis of 9, 8.5 and 6.5 respectively were achieved 58 

DAS. The development of a maximum LAI of 6.5 in kale did not occur until 78 

DAS. In general all species produced significantly higher total LAis with increasing 

irrigation treatment except in rape, where there was no difference in LAI between the 

100% and 50% irrigated treatments, and in kale there was no difference between the 

20% irrigated and rainfed treatments. 

In the 100% irrigation treatment there was no significant difference (P>0.05) in the 

total LAI maintained over the growing season (as measured by the area under the 

graph) by turnip, pasja and rape (Fig 3.11). Rape maintained a significantly (P<0.05) 

higher LAI than turnip and pasja in the 50% and 20% irrigated treatments. Pasja had 

a higher maximum LAI than the other species, but the recovery of leaf area after 

cutting at 72 DAS stopped at a LAI of around 2, except in the fully irrigated treatment 

where LAI increased to around 4. 
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Figure 3.11. LAI vs. days after sowing for (A) turnip, (B) pasja, (C) kale and (D) rape under 4 
irrigation treatments 100% (+), 50% (II), 20% (•)and Rainfed (X). Bars are SE (n = 4). 
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3.3.1.4 Growth rate 

Growth rates of all species, across all treatments, were low (<10 kg DM/ha/day) until 

around 30 DAS (Fig 3.12). The growth rate in turnip increased rapidly with the 

beginning of bulb development at 43 DAS. Turnips exhibited the maximum growth 

rate under 100% irrigated conditions of 460 kg DM/ha/day at 78 DAS. From 78 DAS 

there was a rapid decline in the growth rate of the 100% irrigated turnip. The 

maximum growth rate of two other irrigation treatments also followed the 

development of shoot yield (Fig 3.10). After reaching maximum growth rates the 

100% and 50% irrigated turnip treatments grew at a similar rate until final harvest. 

After its maximum growth rate the 20% irrigated treatment grew only slowly until the 

final harvest. The growth rate in the rainfed treatment did not increase beyond 150 

kg DM/ha/day. 

Between 30 and 43 DAS pasja grew more rapidly than the other species and the 

growth rate of the pasja continued to increase until 58 DAS for the 100% irrigated 

treatment and 50 DAS for the 50%, 20%, and rrunfed treatments. Maximum growth 

rate for the 100% irrigated pasja was 196 kg DM/ha/day at 58 DAS (Fig 3.12B). 

Growth rates of all irrigated pasja treatments declined after 58 DAS until the initial 

cutting at 72 DAS. The growth rate of re-growth pasja was highest at the first harvest 

after cutting at lOOkg DM/ha/day in the 100% irrigated treatment. The re-growth rate 

in the 50% and 20% irrigation and rainfed treatments declined from 78 DAS to less 

than 20 kg DM/ha/day. 
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The growth rate of kale was not significantly (P>0.05) different between the irrigated 

treatments, however, the growth rate of rainfed kale was significantly (P<0.05) lower 

than all irrigated treatments. The maximum growth rate in kale was at 78 DAS with a 

rate of 207 kg DM/ha/day. The growth rate of the kale in all treatments declined in 

the period before final harvest. 

The maximum growth rate for the 100% irrigated rape was 187 kg DM/ha/day at 69 

DAS, although the 20% irrigated treatment did have a higher growth rate during the 

same period of 209 kg DM/ha/day. Overall there was an overlap of treatment effects 

in the rape with no difference between the 100% and 50% irrigation treatments, the 

50% and 20% irrigated treatments or the 20% irrigated and rainfed treatments. 
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Figure 3.12. Growth rate kg DM/ha/day versus days after sowing for (A) turnip, (B) pasja, (C) 
kale and (D) rape, under 4 irrigation treatments 100% (+), 50% (II), 20% (.6.) and Rainfed (X). 
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3.3.2 Water use efficiency of each species measured at final harvest 

The yield response of each species to applied irrigation was found to be linear, with 

the same DM increase per millimetre of water applied, regardless of irrigation 

treatment (Fig 3.13). The strength of linear response is indicated by the R2 in the 

table 3.5. 

There was a large variation between the WUE of the brassica species at final harvest. 

WUE of turnip was more than twice that of the other species producing 44 kg 

DM/ha/mm of irrigation applied. There was no difference between the WUE of pasja 

and rape which both produced around 20 kg DM/ha/mm. Kale produced only 14 

DM/ha/mm (Fig 3.13, Table 3.5). 
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Figure 3.13 Irrigation response at final harvest for turnip(+), pasja (II), kale (X) and rape (A). 
Bars are SE (n = 4) 
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Table 3.5. Irrigation response of 4 brassica species at final harvest. 

WUE Equation R2 

Turnip Yt = -3.680 + 0.044Wt 0.99 

Pasja Yp = 0.329 + 0.020Wt 0.99 

Kale Yk = 0.327 + 0.014Wt 0.83 

Rape Yr= -0.308 + 0.020Wt 0.97 

where;· 

Yt = turnip yield (t DM/ha) 

Yp = pasja yield (t DM/ha) 

Yk = kale yield (t DM/ha) 

Yr = , rape yield (t DM/ha) 

Wt = water received (mm) 
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3.3.3 Water use efficiency of each species at individual harvests 

3.3.3.l Turnip 

There was no significant effect of irrigation on turnip yield until 69 DAS although the 

yield response of turnip to irrigation was linear (Fig 3 .14 ). WUE of turnip under 

irrigation peaked at 48 kg DM/ha/mm 78 DAS. After this the WUE decreased 

slightly but remained above 40 kg DM/ha/mm for the duration of the experiment 

(Table 3.10). There was no significant (P>0.05) difference between WUE for the 

harvests 78, 101 or 111 DAS. 

WUE under rainfed conditions reached a maximum of 29kg DM/ha/mm at 90 DAS. 

In comparing WUE under rainfed and irrigated conditions, WUE was higher under 

rainfed conditions during early stages of growth, where there was no growth response 

to irrigation (Table 3.6). After about 78 DAS WUE was considerably greater under 

irrigated conditions. 
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Figure 3.14. Turnip response to irrigation applied at 4 levels over 9 harvest dates: 31(+),43 

(II), 50 (_.), 58 (X), 69 (Q), 78 (e), 90(0),101 (4), and 111 (•)DAS. 

Table 3.6. WUE of turnips both irrigated and dryland at 9 harvests. 

DAS WUE Equation R2 Irrigation WUE Rainfed WUE 

kgDM/ha/mm kgDM/ha/mm 

31 Yt = 0.0003Wt + 0.024 0.52 2.67 0.19 

43 Yt = - 0.0017Wt + 0.541 0.84 -15.11 3.72 

50 Yt = 0.0033Wt + 1.422 0.27 4.44 9.76 

58 Yt = 0.0073Wt + 2.533 0.72 7.91 15.51 

69 Yt = 0.0279Wt + 5.070 0.74 26.38 28.47 

78 Yt = 0.0703Wt + 4.551 0.99 48.07 24.09 

9ff Yt = 0.0643Wt + 6.066 0.98 40.25 29.60 

' 101 Yt = 0.0952Wt + 4.617 0.98 46.50 21.69 

111 Yt = 0.0974Wt + 5.869 0.99 46.89 26.54 
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3.3.3.2 Pasja 

Pasja had a significant (P<0.05) yield response to irrigation at 58 DAS, when WUE 

under irrigation was 22 kg DM/ha/mm. There was then a drop in WUE under 

irrigaliun al 69 DAS before the first cutting of the pasja which occurred at 72 DAS. 

After the initial harvest of pasja ttiere was no significant (P>0.05) difference in WUE 

between any harvests (Fig 3.15, Table 3.7). 

WUE under rainfed conditions increased until 69 DAS where it remained relatively 

steady above 21 kg DM/ha/mm for the duration of the experiment (Fig 3.15, Table 

3.7). 
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Figure 3.15. Pasja response to irrigation applied at 4 levels at 9 harvest dates: 31(+),43 (•), 50 

(.A.), 58 (X), 69 (~), 78 (e), 90(0),101 (4), and 111 (•)DAS. 

100 

74 



Table 3.7. WUE of pasja both irrigated and rainfed at 9 harvests. 

WUE Equation Rz Irrigation WUE Rainfed WUE 
DAS 

kgDM/ha/mm kgDM/ha/mm 

31 Yp = 0.0005Wt + 0.173 0.21 4.44 1.37 

43 Yp = -0.0014Wt + 1.508 0.12 12.44 10.35 

50 Yp = 0.0033Wt + 2.650 0.37 4.44 18.19 

58 Yp = 0.0207Wt + 2.696 0.81 22.44 16.47 

69 Yp = 0.0169Wt + 3.916 0.88 15.98 21.95 

78 Yp = 0.0186Wt + 4.795 0.87 12.72 25.36 

90 Yp = 0. 2490Wt + 5.262 0.91 15.59 25.67 

101 Yp = 0.0332Wt + 4.998 0.99 16.21 23.44 

111 Yp = 0.0441Wt + 4.662 0.99 21.23 21.08 

3.3.3.3 Kale 

Kale only produced a significant (P<0.05) response to irrigation during the final two 

harvests at 78 and 90 DAS. The response was linear and there was no significant 

difference between the harvests. Apart from the initial harvest (31 DAS) the WUE 

under rainfed conditions was greater than under irrigation at all harvests except 78 

DAS (Fig 3.16, Table 3.8). 
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Figure 3.16. Kale response to irrigation application at 4 levels over 7 harvest dates: 31(+),43 
(II), 50 (A), 58 (X), 69 (~), 78 (e), 90 (0). 

Table 3.8. WUE of kale both irrigated and rainfed at 7 harvests 

DAS WUE Equation Rz Irrigation WUE Rainfed WUE 

kgDM/ha/mm kgDM/ha/mm 

31 Yk = 0.0001 Wt+ 0.0394 0.64 0.89 0.31 

43 · Yk = -0.0003Wt + 0.295 0.27 -2.67 2.03 

50 Yk = 0.0007Wt + 0.633 0.27 0.94 4.35 

58 Yk = 0.0017Wt + 1.403 0.36 1.84 8.59 

69 Yk = 0.0097Wt + 2.688 0.99 9.17 15.10 

78 Yk = 0.0258Wt + 3.006 0.97 17.64 15.91 

90 Yk = 0.0247Wt + 3.188 0.86 15.46 15.56 
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3.3.3.4 Rape 

The response of rape to irrigation was linear at all harvests. Rape had a significant 

(P<0.05) response to irrigation from 69 DAS. Maximum WUE under irrigation was 

21 kg DM/ha/mm at final harvest. WUE in the rainfed plots was higher than the 

irrigated plots at all except the final harvest (Fig 3.17, Table 3.9). 
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Figure 3.17. Rape response to irrigation application at 4 levels over 7 harvest dates: 31(+),43 
(II), 50 (A), 58 (X), 69 ( ~ ), 78 (e), 90 (0). 
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Table 3.9. WUE of rape both irrigated and rainfed at 7 harvests. 

R2 Irrigation WUE Rainfed WUE 
DAS WUE Equation 

kgDM/ha/mm kgDM/ha/mm 

31 Yr= 0.0002Wt + 0.077 0.16 1.78 0.61 

43 Yr= - O.OOOOWt + 0.743 0.00 0.00 5.10 

50 Yr= 0.0018Wt + 1.754 0.17 2.42 12.04 

58 Yr= 0.0065Wt + 2.331 0.39 7.05 14.27 

69 Yr= 0.0133Wt + 3.817 0.77 12.58 21.43 

78 Yr= 0.0149Wt + 4.418 0.43 10.19 23.39 

90 Yr= 0.0340Wt + 3.684 0.98 21.28 17.98 

3.3.4 Soil moisture and water use efficiency 

3.3.4.1 Soil moisture budget 

The soil was close to field capacity at the start of the experiment and there was little 

difference in soil moisture content until 43 DAS, when the first major application of 

irrigation occurred (Fig 3.3 and 3.18). This irrigation brought the 100% and 50% 

irrigated treatments up to field capacity, while a soil moisture deficit remained in the 

20% irrigated and rainfed treatments. Separation in soil moisture deficit between the 

100% irrigated and 50% irrigated treatments occurred at 48 DAS. 

The soil moisture deficit in the 100% irrigation treatment was kept at less than 20mm 

for the majority of the experiment. From 78 DAS the 100% irrigated treatment was 

not irrigated back up to field capacity. This greater level of moisture stress than 
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desired was caused in part by delaying irrigation when significant rainfall was 

anticipated and, as a consequence, insufficient water was subsequently applied to 

maintain soil moisture at the desired deficit. 

All treatments developed the greatest soil moisture deficit at approximately 98 DAS, 

with a deficit of 33 mm in the 100% irrigated and 43 mm, 51 mm and 56 mm in the 

50%, 20% and rainfed treatments respectively. Soil moisture deficit developed 

quickly in the rainfed treatment reaching a deficit of greater than 40mm at around 50 

DAS. The 20% irrigation treatment delayed this to 80 DAS and 50% irrigation 

treatment delayed it to 98 DAS. 

Days after sowing 
0 20 40 60 80 100 120 

e-· 
E 

-10.00 

;;- -20.00 
() 

~ 
"C 
Cl.I -30.00 ... 
:I -II) ·a 
:E -40.00 

·a 
en 

-50.00 

Figure 3.18. Soil moisture deficit in the top 50 cm calculated from the soil moisture budget for 
all irrigation treatments; 100% irrigated(+), 50% (II), 20% (6.), and Rainfed (X). 
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3.3.4.2 GOPHER ® soil moisture recording 

Calibration of the GOPHER ® soil moisture profiler to the different soil moisture 

levels present across the treatments 60 DAS proved difficult and subsequent data only 

provided an indication of the soil moisture status. GOPHER ® data was averaged to a 

depth of 0.5 metres for each irrigation treatment across all species (Fig 3.19). 

The soil moisture deficit recorded by the GOPHER ® in the 50% irrigated, 20% 

irrigated and rainfed crops were not significantly different (P>0.05) for the course of 

the experiment from 65 DAS. The maximum deficit record~d in the 100% irrigated 

crop was around· 50 mm while other treatments reached 100 mm deficit. The 

differences between the treatments were also, in some cases, vastly different to what 

was determined by the soil moisture budget. 
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Figure 3.19. Average treatment soil moisture deficits recorded by the GOPHER®: 100% (+), 
50% (II), 20% (A), and rainfed (X). 
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3.3.5 Nutritive characteristics 

The comparison of quality between species was conducted on the first quality harvest 

for each species, 69 DAS for pasja and 90 DAS for the other 3 specie~ as this was the 

first point at which the feed would have been utilised by stock under the growing 

c.:umliliuns of Lhe experiment. 

3.3.5.1 Dry Matter Content 

The dry matter content of all species (including turnip bulbs) increased with lower 

levels of irrigation at all harvests, except pasja at 72 DAS where the 50% and 20% 

irrigated treatments had a higher dry matter content than the rainfed treatment (Table 

3.10). At first harvest kale has a significantly (P<0.05)_greater dry matter content 

than turnip, pasja and the 100% and 50% irrigated rape. Turnip bulbs were 

significantly (P<0.05) lower than the shoots at all harvests. 

3.3.5.2 Crude protein (CP) 

There were significant (P<0.05) differences in the level of CP in the shoots at first 

harvest although for practical purposes differences were minor. Turnips had a 

significantly (P<0.05) higher level of CP than the other species. The CP of kale was 

significantly (P<0.05) higher than pasja and rape between which there was no 

significant (P>0.05) difference. The level of CP in the turnip shoots decreased 

significantly (P<0.05) with time. There was a significant (P<0.05) effect of irrigation 

on CP, with lower rates of irrigation resulting in higher CP in the turnip (shoots), 

pasja, kale and rape (Table 3.10). 
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In turnip bulbs, CP decreased with increasing irrigation. The CP of the bulbs also 

decreased significantly (P<0.05) over time. These differences were minor in terms of 

total CP between treatments. The level of CP in turnip bulbs was only 2/3 of that in 

the shoots (Table 3.10). Bulb CP at final harvest ranged from 12.2% to 16.l % while 

shoots of all brassicas species had CP levels ranging from 19.0% to 24.5%. 

3.3.5.3 Dry matter digestibility (DMD) 

In turnip shoots DMD decreased significantly (P<0.05) at the final harvest. In pasja, 

kale and rape DMD decreased with decreasing irrigation. In practical terms 

differences in DMD were small (Table 3.10). 

3.3.5.4 Neutral detergent fibre (NDF) 

There was a significant (P<0.05) difference in the level of NDF between the species 

at the first harvest. The NDF of kale and rape was significantly (P<0.05) greater than 

pasja and turnip shoots. There was no consistent effect of irrigation treatment on NDF · 

content of shoots for any of the brassica species (Table 3.10). 

The NDF content of turnip bulbs, was only 2/3 of the content of the shoots, and there 

was a slight trend of NDF content increasing with increasing irrigation treatment 

(Table 3.10). NDF of bulbs at final harvest ranged from 12.2% to 14.9% while in 

brassica shoots NDF ranged from 21.6% to 24.3%. NDF was highly negatively 

correlated with DMD (R = -0.92). 
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3.3.5.5 Water soluble carbohydrates (WSC) 

There was a significant (P<0.05) difference in the level of WSC in the shoots of the 

brassica species at the first harvest. Pasja had the highest levels of WSC, there was 

no significant difference between rape and turnip, and kale had the lowest levels of 

WSC. In turnip WSC content decreased significantly (P<0.05) with time and 

increased with increasing irrigation. Pasja and rape also had increased WSC levels 

with increasing irrigation. In kale, however, WSC content decreased with increasing 

irrigation (Table 3.10). 

3.3.5.6 Starch content of turnip bulbs 

There was a significant (P<0.05) increase in the percentage of starch in turnip bulbs 

over time, but there was no effect of irrigation on starch content (Table 3.10). 
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Table 3.10. Mean quality results for: dry matter%, crude protein, dry matter digestibility, 
neutral detergent fibre and water soluble carbohydrate/starch in turnip pasja, kale and rape 
shoots and turni~ bulbs across 4 irrigation treatments. 

DAS Irrigation Dry Matter CP (%) DMD NDF (%) WSC (%) 
Treatment content (%) 

(%) (%) 

Turnip 90 100 15.4 22.0 96.3 20.9 18.7 
Shoots 50 18.0 23.4 95.1 20.6 17.2 

20 19.2 25.4 95.0 19.9 15.1 

Rainfed 20.0 24.7 94.5 20.2 13.8 

LSD 2.0 2.1 2.2 1.5 1.9 

101 100 15.5 21.2 96.1 21.1 18.0 
50 16.1 21.2 94.8 21.4 16.2 
20 18.8 22.5 94.5 21.0 14.5 

Rainfed 21.3 22.5 94.7 20.4 14.4 

LSD 2.0 1.4 1.2 1.0 2.1 

111 100 16.2 19.4 92.4 22.9 13.2 
50 18.7 20.5 91.0 23.5 11.4 
20 21.3 20.3 90.0 23.1 16.5 

Rainfed 21.3 20.0 90.0 23.4 15.7 

LSD 1.8 1.9 3.0 2.3 2.1 

Pasja 69 100 16.1 17.1 95.3 20.9 21.4 
Shoots 50 18.7 17.0 95.2 20.4 21.5 

20 19.6 19.4 96.6 18.9 20.2 

Rainfed 17.7 20.4 96.3 18.6 . 18.9 
LSD 1.6 2.9 1.8 1.6 3.7 

111 100 ·11.1 19.9 91.7 23.3 15.0 
50 19.7 22.3 89.8 24.0 12.3 
20 20.0 24.5 89.0 23.7 10.9 

Rainfed 21.5 22.8 89.0 23.6 11.6 
LSD 1.6 2.1 3.4 2.3 2.8 

Kale 90 100 18 19.7 92.1 22.8 10.9 
Shoots 50 20 20.7 91.6 22.8 11.6 

20 20.8 21.8 91.0 23.3 15.5 

Rainfed 21.1 22.9 89.4 24.3 12.9 
LSD 1.3 0.9 1.6 1.3 2.4 

Rape 90 100 15.9 19.0 93.8 21.6 20.4 
Shoots 50 19.0 19.l 91.7 22.4 19.0 

20 20.8 20.4 90.7 23.6 16.4 
Rainfed 20.8 20.7 89.2 24.1 14.9 

LSD 1.6 0.8 2.7 2.4 2.3 
Species interaction 

at first harvest LSD 0.7 0.9 1.0 0.8 1.3 
(69,90 DAS) 
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(Table 3.10.cont) Mean quality results for: dry matter%, crude protein, dry matter digestibility, 
neutral detergent fibre and water soluble carbohydrate/starch in turnip pasja, kale and rape 
shoots and turnip bulbs across 4 irrigation treatments. 

DAS Irrigation Dry Matter CP (%) DMD NDF(%) Starch 
Treatment Content(%) (%) (%) 

(%) 

Turnip 90 100 11.6 13.8 98.5 14.5 18.6 
Bulbs 50 13.7 15.5 98.3 14.5 17.4 

20 15.0 16.5 97.8 13.8 16.7 
Rainfed 16.0 16.5 98.2 14.0 17.0 

LSD 1.3 1.4 1.6 0.6 1.8 
101 100 12.2 12.8 99.8 13.7 20.3 

50 13.0 13.4 99.9 12.7 21.3 
20 15.2 15.5 99.5 12.4 19.4 

Rain fed 16.8 15.3 99.8 12.3 19.8 
LSD 3.0 1.3 0.5 0.9 1.8 

111 100 12.6 12.2 99.7 14.9 21.2 

50 15.5 13.5 99.8 13.0 21.7 

20 15.6 14.7 99.5 12.8 22.0 

Rainfed 16.3 16.1 99.6 12.2 20.9 

LSD 2.2 1.8 1.0 1.5 3.4 
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3.4 Discussion 

3.4.1 Yield and growth rate 

Turnip was the highest yielding species in the experiment, at all irrigation levels. 

Under 100% irrigation turnip (15.4 t DM/ha) produced 70% more utilisable DM than 

pasja (9.2t DM/ha), double that of rape (7.2 t DM/ha) and nearly three times as much 

as kale (5.4 t DM/ha). This production of turnip under 100% irrigation was higher 

than the yields, of between 13.5 and 14.4 t DM/ha, reported by Eckard et al. (2001) 

for fully irrigated turnips over a similar period in the cool temperate dairy region, but 

similar to those found by Salardini (pers. comm.) of 15.5 t DM/ha. There was little 

information available for comparison of the yields of the other forage species. In the 

fully irrigated work that was undertaken by Eckard et al. (2001) lower yields were 

found for pasja (6 t DM/ha) than in the current experiment, but similar yields were 

recorded for both kale (6 t DM/ha) and rape (7 t DM/ha). 

Turnips (5.8 t DM/ha) also out-yielded the other species under r<1;infed conditions 

producing 20% more utilisable DM than pasja (4.8 t DM/ha), 35% more than rape 

(3.7 t DM/ha) and 50% more than kale (2.7 t DM/ha). The yields of the intermediate 

irrigation treatments of 50% and 20% followed the same trends in terms of yield as 

the 100% irrigated and rainfed treatments, with intermediate levels of yield. Eckard 

et al. (2001) reported yields under rainfed conditions at final harvest for all of the 

brassica forages investigated in this experiment. Turnip yields reported were greater 

than 9 t DM/ha, pasja and rape produced almost 6 t DM/ha with pasja producing 

86 



slightly more than rape, while kale produced almost 5 t DM/ha. These results were 

. higher for all forages than were achieved in the current experiment, although the 

relative ranking of the species in terms of yield was the same. The yield of rainfed 

turnip in the current experiment was also at the lower end of rainfed turnip yields ( 4.3 

to 15.6 t DM/ha) reported by Notman (1994) for turnips grown in Gippsland, 

Victoria. 

The relatively low yields under rainfed co~ditions in the current experiment are a 

direct result of significant soil moisture deficits, particularly during December and 

January when'.there was only 75 mm ofrainfall. No rainfall event exceeded 15 mm 

after 8 November 1999. Rainfall was 50 mm less than the long term average for this 

period. Therefore, a majority of the 221 mm of rainfall received by the crops was 

during the establishment period, a stage where the plants would not have needed 

additional water given the nil soil moisture deficit at the start of the experiment. In 

comparison Eckard et al. (2001) reported high levels of rainfall in the first year of his 

experiments, which would have increased the yield of all the rainfed crops. 

The rankings of the species in terms of total yield did not differ from the utilisable 

yield. Compared to utilisable yield, turnip still had the highest overall production in 

terms of total DM, however, the inclusion of the pasja bulb, which is not used wh~n 

the forage was grazed, resulted in a smaller difference between the two species. 

Overall turnip was able to produce a greater total yield from the same quantity of 

water compared to the other species, as well as having an advantage in the proportion 
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of utilisable yield. Pasja had significantly higher shoot growth than the other three 

species at all treatment levels. Rape produced only 77% of the shoot yield of pasja 

and turnip and kale only 58%. Not only did pasja produce more shoot growth it 

produced it earlier than all other species. 

The lower utilisable yield of the pasja, kale and rape crops in the experiment, 

compared to turnip, could in part be a consequence of the different management 

system imposed. Rape and kale were both only grown for 90 DAS, as the crops were 

mature at this date and required harvest. These crops can be managed to allow for 

multiple harvests (Lamp 1966; Jacobs et al. 2002), however this was not undertaken 

· in this experiment. If multiple harvests had been used the initial cutting would have 

been earlier than 90 DAS. Pasja, however, was utilized in two harvests in the 

experiment. Following the initial cutting of the pasja (72 DAS), which removed most 

of the photosynthetic material, regrowth rates were far lower than turnip growth for 

that period, as turnip maintained a higher LAL Despite the different management 

imposed on the various forage crops, the yield of turnip was greater at all stages after 

bulb initiation than the other forage species. Therefore, it is unlikely that yields of the 

other brassica species under differing management strategies to that used in this 

experiment, would have been greater than the turnip yield. 

The forage brassica species, with potential for multiple grazing, do offer greater 

flexibility in feeding or harvesting, when compared with turnip. If forage is required 

at an early stage in the growing season it would not be possible to achieve the full 
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yield potential of a turnip crop, as once it is grazed it does not regrow. A crop of 

pasja or rape, in contrast, can be grazed at an early stage and then allowed to regrow 

and thus may be better suited to some situations. 

Growlh of all brassica species could be described as occurring in three phases. There 

was a period of slow initial growth after emergence, which was followed by a second 

more rapid growth phase characterised by increased rates of growth of shoots, and 

growth of the bulb in the bulb crops, producing a large increase in the yield of DM. 

Finally in the third phase of growth, there was a decline in growth rate. During the 

initial establishment phase until 43 DAS pasja had a higher growth rate than all other 

species, which was consistent with the results of Jacobs et al. (2002). Only a small 

volume of irrigation was applied during this period and there was no difference 

between the irrigation treatments. In the second growth phase, between 43 and 78 

DAS, turnip growth was extremely rapid. Increase in turnip yield during this growth 

phase was through the simultaneous growth of shoots and bulb, the average growth 

rate of turnip in this phase was 319 kg DM/ha/day under 100% irrigation. During this 

growth phase all irrigated turnip treatments (100%, 50% and 20% irrigation) 

outperformed the best treatment (100% irrigation) for the other three brassica species. 

The highest growth rate in the other species during the second phase was 150 kg 

DM/ha/day in the 100% imgated kale. In the third phase of growth, from 78 DAS, 

shoot growth slowed but the turnip bulb continued to grow giving it a mru:ked 

advantage over the other species. In all of the species the rate of shoot yield slowed, 

with only the 100% irrigated pasja and rape continuing to produce at above 20 kg 
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DM/ha/day. Bulb growth in turnip was still high throughout this period at up to 150 

kg DM/ha/day and the total turnip yield continued to increase. This was consistent 

with the results of Clark et al. (1996) and Pearson and Thomson (1996) who showed 

a decline in shoot yield with bulb growth continuing to increase towards the 

conclusion of their experiment. Pearson and Thomson ( 1996) suggested that the 

decline in leaf yield might have been due to canopy closure and the senescence of the 

lower leaves. Bulb growth in turnip across all irrigation treatments continued at 

around the same rate through phases 2 and 3. Turnip yield at the final harvest was 

around 2/3 bulb and 1/3 shoot material. 

3.4.2 Leaf area index 

Jones (1977) stated that the LAI requirement for complete light interception in kale 

was approximately 4. After complete light interception any further increase in LAI 

would decrease efficiency through shading of the lower leaves in the canopy and 

eventually lead to the senescence of lbwer leaves. Under 100% irrigation in this 

experiment, pasja had the highest LAI of 9.5, corresponding with the greatest shoot 

yield. Turnip and rape had an LAI of around 8 and kale was 6.5 in the 100% irrigated 

treatment. The LAI in the rainfed crops ranged from 3.5 to 4.4 for the various 

brassica species with pasja again being highest. LAI was correlated to shoot growth 

with more shoot mated.al resulting in a higher LAI value, as would be expected, and 

consequently greater irrigation applications increased LAI across all species. The 

crops had a LAI greater than required for maximum light interception, having been 

developed as forage species to produce high amounts of DM as feed (Jones, 1977). 
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Therefore pasja' s greater LAI did not result in a higher utilisable yield than was 

produced by turnip as both plants had leaf areas that were above that required for 

complete light interception. 

Visual assessment of the diamond back moth (Plutella xylostella L.) damage to the 

crop from around 78 DAS indicated that the damage did not appear to be species 

specific. The damage would have had some effect on the declining shoot yields and 

LAI during the third phase of growth, especially in the turnip and pasja crops which 

were grown over a longer period. However, growth rates declined across all species 

and treatments and this decline was in part from natural leaf senescence and not just a 

factor of insect damage. 

3.4.3 Response to irrigation 

Turnips produced twice the amount of utilisable DM of the other brassicas for the 

amount of irrigation applied producing 44 kg DM/ha/mm compared to pasja and rape 

which both produced around 20 kg DM/ha/mm and kale which produced only 14 kg 

DM/ha/mm. Low rainfall during the second and third growth phases of the crops 

resulted in minimal growth of the rainfed treatment, and therefore, the high growth 

rates of the 100% irrigated treatments reflected good irrigation WUE. The efficiency 

of the turnip was considerably higher than has been reported in other work. Eckard et 

al. (2001) reported turnip response to irrigation of between 15 and 22 kg DM/ha/mm, 

while Jacobs et al. (2002) reported WUE of up to 31 kg DM/ha/mm for turnip. 

Jacobs (2002) also reported values of 29 kg/DM/ha/mm for pasja and 23 
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kg/DM/ha/mm for rape, but these were under low rainfall, rainfed conditions with 

total yields all lower than 5 t DM/ha. 

The response of all species to irrigation was proportional to the total amount of water 

applied. Hanks and Rasmussen (1982) showed across a range of species that plant 

yield is proportional to crop transpiration and the brassica forage crops followed this 

linear pattern. This would not have occurred if the growth of the plant was restricted 

by becoming dormant, as occurred when ryegrass pasture was subject to water stress 

(Freeman 1998), or if water in excess to plants requirements was applied to the crop. 

The linear response indicated that the brassica species did not become dormant even 

under high levels of moisture stress, and that water applied to bring the 100% 

irrigated treatments to field capacity did not result in over watering. 

The increased production from turnip compared to the other brassica forage crops 

from each millimetre of irrigation applied could be due to a number of factors. 

Olymbios (1973) working with carrot (Dacucus carota L.) suggested that the swollen 

root of the carrot acted as a water reservoir for use by the shoots during periods of 

rapid water loss, enabling the plant to maintain turgor when there was a net loss of 

water from the plant and gaining a photosynthetic advantage. Turnips produced both 

utilisable leaf and bulb material, which did not occur in the other brassica species and 

it was possible that the production of the bulb gave the turnip a similar physiological 

advantage. As such, the turnip bulb may have acted as a buffer to prevent high levels 

of moisture stress in the plant, enabling the turnip to continue growing in conditions 
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when growth of other brassicas might slow or cease. Pasja, the other species that 

produces a bulb, although it was not considered as utilisable yield, has the second 

highest DM yield.and was the second most water use efficient species of the brassica 

crops investigated. Consequently, its smaller bulb may be performing a similar role 

but to a lesser extent. 

3.4.4 Soil moisture 

There was no apparent difference in soil moisture content between the irrigation 

treatments until 43 DAS with minimal irrigation application until that time. A soil 

moisture deficit developed quickly in the rainfed treatments reaching a deficit of 

greater than 40mm at around 50 DAS. Irrigation at 20% delayed this deficit until 80 

DAS and irrigation at 50% delayed it to 98 DAS. The growth decline evident at 

about these times, in all except th,e 100% irrigated rape, was most likely due to the 

increasing soil moisture deficit. Once the soil reached a deficit of 40 mm, growth in 

all species was severely restricted. 

Although the soil moisture budget used (Simonne et al. 1993) took into account the 

growth stage of the crops it is likely that water use was higher in faster growing crops 

with higher LAis. The GOPHER ® soil moisture monitoring showed similar levels of 

soil moisture deficit in the 50% and 20% irrigation treatments (across all species) late 

in the experiment. It is possible that more rapid growth earlier in the season resulted 

in higher water use (transpiration) than predicted by the soil moisture budget and this 

could explain the lack of discrimination in the measured soil moisture in different 
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irrigation treatments later in the experiment. Higher than estimated soil moisture 

deficit from 78 DAS, resulting in greater than desired moisture stress, may have been 

partially responsible for growth decline especially in the shoots of all species later in 

the experiment. 

The results from the GOPHER ® soil m?isture monitoring were unable to be used to 

separate the water use between the different species. More intensive measurement of 

soil moisture differences would be of benefit to separate the different water use 

patterns of the various brassica species. 

3.4.5 Nutritive characteristics 

The DM% of all forage crops investigated, decreased with increasing irrigation 

application, but there was no change in DM% over time. The DM% of the shoots 

was similar for all four species. Moate et al. (1998) found both shoot and bulb DM of 

turnip to be around 11 % under rainfed conditions in Victoria. The DM% for this 

experiment were considerably higher than the Victorian results, with DM% of turnip 

shoots varying between 15 to 20% across all irrigation treatments, over the three 

quality harvests. The DM% of the bulbs was lower than the shoots and ranged 

between 11and17%. 

Clark et al. (1996) based their calculations on economic yield of forage turnips qn a 

DM% of 9% and reported that maximum cow intake of turnips was around 5 kg of 

DM per feeding. In the current experiment the higher than previously reported DM% 
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would reduce the level of intake required, improve the economics of turnip DM 

production, and reduce the amount of water consumed by the animals. Moate et al. 

(1998) reported excess water consumption to be a problem with turnip crops, due to it 

limiting DM intake. 

Low levels of CP was one limiting factor for the feeding value of brassica forage 

crops as reported by Moate et al. (1998). Although there were statistical differences 

in the level of CP between the species in this experiment, there is little practical 

difference between them. Overall CP content for turnip was less than the other 

species, as it was reduced by the low CP level of the bulb, a significant component of 

the crop, making up almost 2/3 of yield by the final harvest. Average turnip bulb CP 

content was approximately 14.6%. The bulb CP in the experiment was higher than 

the average reported for Western Victoria (12.7% ), but a very wide range of 6.3 to 

23.l % was found in that survey of commercial crops (Jacobs et al. 2001). The level 

of CP in the survey was found to correlate to nitrogen fertiliser application, with 

increased fertilisation resulting in increased CP levels. The average for this study 
' 

compared favourably with work by Clark et al. (1996) in New Zealand and Moate et 

al. (1998) who achieved an average bulb CP of 13.3%, and is considerably higher 

than the earlier average of 7% bulb CP, with both irrigated and rrunfed crops, 

reported by Eckard et al. (2001). Turnip shoot CP averaged 22% with a range of 19 

to 26% which compared with the other species at 21.3% for kale, 20.4% in pasja and 

19.8% for rape. Jacobs et al. (2001) reported a range of shoot CP between 8.1 and 

25.5% with an average of 15.5%, Moate et al. (1998) reported an average of 19.1 %, 

95 



while Clark et al. (1996) reported lower values of 14.3%. Total turnip CP averaged 

around 17%. 

Moate et al. (1998) concluded that diets containing a high proportion of turnip could 

be deficient in CP, especially in summer when pasture CP was also low. The CP 

requirement for dairy cattle in late lactations was around 14% (SCA 1990). Although 

turnip CP in this experiment was substantially higher than this and higher than that 

reported by Moate et al (1998), the increasing proportion of bulbs in the crop would 

reduce this level over time. The higher level of CP of the kale, pasja and rape 

compared to turnip would mean that protein deficiency was less likely in stock when 

these crops were grazed. 

DMD of the brassicas can also be expressed as the ME using the formula (ME = 

(DMD * 0.17)- 2) (SCA 1990). Both Eckard et al. (2001) and Jacobs et al. (2002) 

showed very little difference in ME between all the species investigated in this 

experiment, under both irrigated and rainfed conditions. The values of DMD 

recorded in this experiment are higher than those reported in other research for turnip 

shoots and bulbs. There is little data on ME or DMD for the other three species 

reported in the literature. The DMD recorded by Eckard et al. (2001) was 

approximately 87% for pasja, 85% for rape and 84% for kale. These values are all 

around 5% lower than those recorded in the current work. The high level of DMD in 

the forages indicated that they were all high energy crops, able to support dairy cows 

in lactation. Moate et al. (1'998) concluded that turnips had the potential to replace 
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barley as an energy supplement without affecting milk production, and given the 

reported results the other brassica forage species also had this potential according to 

the relationship between DMD and ME. 

, 
The NDF recorded for the shoots of all species fell within the range of 16.4 to 27.5 

reported in the literature by Moate et al. (1998) and Clark et al. (1996). The average 

NDF content of turnip bulbs was found to ,be 13.4% which was slightly lower than 

reported by Moate et al. (1998), while Jacobs et al. (2001) reported a range of 16.4 to 

34.3%. The levels of NDF in all of the brassica species would be sufficient provided 

they were fed together with a pasture high in fibre. 

3.5 Conclusion 

The yield and WUE advantage of turnip indicated that turnip would be the best 

species to grow under irrigated conditions to supply feed to fill the summer feed gap. 

Turnip produced the highest yield of all species under all irrigation treatments and the 

WUE of the turnip was almost twice that of pasja and rape, and 2.5 times that of kale. 

The other forage species, in particular pasja, may be suitable in situations when the 

feed is required earlier in the season as they allow multiple grazing and can be 

harvested earlier than turnip. Timing of feed availability from turnip can, however, 

be modified through irrigation strategy and planting date to provide a high yielding 

crop earlier in the season and, while it cannot be regrazed, multiple plantings of 

turnips may provide the most WUE method of forage production. 
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Rape had a WUE similar to pasja and produced intermediate yields in the experiment, 

and it could be suitable as summer forage in some situations, although it is inferior to 

both turnip and pasja. Kale is usually sown in late summer to provide feed in late 

aulumn and winter rather than sown in mid spring for summer forage. This 

experiment confirmed that Kestrel kale was not suitable for sowing to produce high 

yields of summer feed under rainfed or irrigated conditions. 

Growth of all brassica forage crops was proportional to water applied. The 

agricultural implications of the linear response are that limited water supplies could 

be used flexibly because each millimetre of water produced the same average 

response in yield irrespective of the amount applied, providing field capacity was not 

exceeded. Farmers could choose to fully irrigate part of the brassica crop or partially 

irrigate the entire crop and still obtain the same water use efficiency. 

Overall there was very little practical difference in terms of nutritive value between 

the brassica species. All were considered suitable for maintaining milk production 

during lactation. Turnip had a slightly lower CP content than the other species, which 

could be an issue if there was a high intake of turnips, especially bulbs late in the 

season. 

The increased yield and WUE of turnip compared to the other species could be due to 

a number of factors including: greater contribution of photosynthetic products to the 
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development of the bulb, buffering of water supply to the shoots through bulb water 

storage, and/or photosynthate being more efficiently stored as available dry matter by 

turnip. Investigating the physiological reasons behind the water efficiency advantage 

of the turnip would be important in developing an understanding as to why the turnip 

crop is one of the best options as a high yielding summer forage crop for the cool 

temperate region of Australia. 
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Chapter4 

4 Indicators for the determination of growth stage in turnip (cv. 

Barkant) 

4.1 Introduction 

Turnip has been shown to be the brassica species with the most potential as a summer 

forage crop in the cool temperate dairy region. Both the field experiment (Chapter 3) 

and ~ckard et al. (2001) showed that turnip produced more total biomass than the 

alternative brassicas, rape, pasja and kale, under both irrigated and rainfed conditions. 

Furthermore, turnip also produced the greatest response per millimetre of water 

applied as irrigation in both the field experiment and as reported by Eckard et al. 

(2001). 

The physiology and development of turnip and pasja are clearly different to that of 

the other brassica species as they have a bulb in additi9n to shoots and fibrous roots. 

The stage of development of the shoots, fibrous roots and blub components of the 

plant in relation to the timing of water av~lability through rainfall or irrigation may 

have an effect on yield and WUE of the crop. 

Studies on the growth and development of brassica species have mainly been 

conducted on oilseed brassicas such as rapeseed and brown mustard, which do not 

have a bulb, and where seed is the harvested component as opposed to the vegetative 
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growth with forage brassicas. Numerical keys such as those discussed by Mendham 

and Salisbury (1995) describe growth or development of oilseed brassicas through to 

seed production, and concentrate on flowering and production of the inflorescence. 

The vegetative development of the plant is not described in any detail. For this 

reason informaliun on the growth and development of turnip is limited especially in 

relation to the initiation, development and growth of the bulb, and vegetative 

development prior to flowering. 

Although the process and timing associated with the development of the bulb in 

turnip have not been studied, research has been conducted into the development of 

the storage root in non-brassica root crops, such as carrot and sugar beet. In carrot 

the initial development of the storage root occurs in the first few days of seedling 

development, and is controlled by the shoot system of the plant, the fibrous root 

system having very little control over this development (Hole et al. 1984; Benjamin 

et al. 1997). This indicates that development of the early shoots in root crops could 

be very important in the determination of overall yield of the crop, as these shoots 

appeared to control the initial development of the storage root. In sugar beet, like 

carrot, the storage root is established early in the life of the plant. However, further 

expansion of this root is minor during the early stages of sugar beet growth (Hole, 

1984). Therefore, although initial establishment of the storage root occurs early in 

the plant development of both sugar beet and carrot, the growth of the storage root 

can be delayed until a later stage by competition for assimilates within the plant (Hole 

et al. 1984). In sugar beet, storage root development occurs concurrently with shoot 
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growth (Elliott and Weston 1993), which is similar to the growth pattern observed in 

turnip crops in the field (Chapter 3). 

The growth of turnip in the field experiment (Chapter 3) was found to have three 

distinct stages. The first stage consisted of seedling emergence followed by a period 

of relatively slow growth, the second stage was characterised by rapid growth of 

shoots and rapid bulb development and the third stage involved a decline in shoot 

growth and continued growth of the bulb. These results indicated that the period of 

highest growth corresponded with the initiation of bulb development. Establishing 

the precise timing of bulb expansion, the transition from the first to the second growth 

phase, is likely to be important in relation to the growth rate of the turnip crop. The 

early identification of this point in the field would allow irrigation to be targeted to 

this stage in plant development and the possibility of increasing WUE. 

A glasshouse experiment was conducted to identify possible indicators of the start of 

the second and third growth phases. 

4.2 Methods 

The experiment was conducted in a conventional unheated glasshouse operated by the 

Agricultural Studies Department of Technical and Further Education (T AFE) in 

Burnie, Tasmania from 10 August to 8 December 2000. The glasshouse was 

maintained under natural day length conditions with venting through the roof the only 

means of temperature control. 
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Turnip seed (cv Barkant) was germinated in the dark on filter paper, in an incubator, 

at 20°C for 2 days. The germinated seeds were then sown at a depth of approximately 

5mm into 20 cm diameter pots containing a standard potting mix (Appendix 1). One 

seedling was established in each of 64 pots. The pots were placed in the glasshouse 

and watered manually on a daily basis to ensure that plants did not suffer water stress. 

Fertiliser was applied as slow release osmocote® (Appendix 1) combined with the 

potting mix. The fertiliser in the potting mix was determined to supply for plants for 

the duration of the experiment. 

Plant development was recorded approximately every four days in each pot, 

following the emergence of the cotyledons. The numbers of live and senescent leaves 

as well as the conditions of the cotyledons were recorded for each plant at each 

observation. The development of the root and timing of bulb initiation were also 

recorded. The assessment of the root for signs of bulb initiation was visual. Bulb 

initiation was characterised by an easily identifiable increase in size of the root at the 

surface of the potting mix and, in most plants, a colour change from white to purple at 

the top of the root. The position of the pots was re randomized 4 times during the 

experiment. 

At the conclusion of the experiment (121 DAS), all plants were destructively 

sampled, with the bulbs kept for determination of leaf scar number and dry weight 

measurement. Leaf scars are the marks left on the bulbs after leaf senescence where 
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the petioles were previously connected to the top of the bulb. The number of leaf 

scars plus existing live leaves were then compared to the cumulative recorded number 

of leaves produced until final harvest. The bulbs were weighed to determine fresh 

weight before being dried in an oven at 80°C to constant weight to determine dry 

weights. The relationship between the number of leaves on a plant and bulb DM 

weight was also determined. 

Plant development was studied in relation to temperature accumulation using day

degrees (Mendham and Salisbury 1995). · A data logger was used to record 

temperature in the glasshouse, however, at the conclusion of the experiment the data 

was unable to be recovered from the data logger. Therefore, day-degrees were 

estimated using temperature recordings from the Burnie Bureau of Meteorology 

weather station using a base temperature of 0°C. The use of daily ambient 

temperatures would be expected to underestimate the temperature conditions in the 

glasshouse, but would show if there was a relationship between number of leaves 

produced and this estimate of accumulated temperature. This would indicate whether 

an accurate measure of accumulated temperature would be worth pursuing. 

Statistical analyses of cotyledon senescence and bulb initiation data was conducted 

using analysis of variance and analyses of leaf number, leaf scars and bulb weight 

were conducted using linear regression in GENSTAT® (Genstat 5 Committee 1989). 

Standard errors generated from the analysis were used to determine significance at 

the P<0.05 significance level. 
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4.3 Results 

4.3.1 Plant development 

4.3.1.1 Leaves 

The total number of leaves prodm:ed by turnip increased in a linear fashion 

throughout the experiment after the appearance of the cotyledons, with a new leaf 

produced every 4.5 days (Fig 4.1 ). The number of Ii ve leaves per plant increased 

linearly from about 30 DAS until around 60 DAS after which there was a much 

slower rate of increase until the conclusion of the experiment. Leaf senescence 

started in individual plants at 44 DAS with the average loss of the first true leaf 

occurring at 56 DAS. The rate of leaf senescence was approximately 1 leaf every 5 

days from 56 DAS (Fig 4.1). 
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Figure 4.1. The average cumulative number of emerged leaves(+), current live leaves (X) and 
dead turnip leaves (.A.) related to the days after sowing. 
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A linear regression analysis of the number of leaves produced against the estimate of 

day-degrees showed a strong positive relationship with an R2 value' of 0.91 

Y= 0.022X (R2 = 0.91) (Equation 4.1) 

Where; Y = total number of leaves produced and 

X =day-degrees 

4.3.1.2 Cotyledon senescence and bulb initiation 

The average time until cotyledon· senescence was found to be 48 ± 1.6 DAS. The 

average number of leaves was 8 per plant at this stage of development. Bulb 

initiation occurred at approximately the same time as cotyledon senescence. Average 

time to bulb initiation was 49 ± 2.3 DAS, which coincided with the accumulation of 

499 day-degrees from the date of sowing (Plate 4.1 ). 
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Plate 4.1 A turnip plant at bulb initiation showing death of the cotyledons, colouring of the 
root and root swelling. 
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Plate 4.2 A mature turnip plant showing the typical 'tankard' bulb shape and growth above 
the soil surface. Leaf scars are evident near the leaf base. 
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4.3.2 Leaf scar assessment · 

The relationship between actual number of leaves produced per plant and the number 

of visible leaf scars on the bulbs plus live leaves on the plant at harvest (Plate 4.2) 

was not strong with an R2 value of 0.43 (Fig 4.2). The regression of actual leaf 

number againsl scar count indicated an under estimation of leaves with the difference 

increasing at higher numbers of leaves produced (Fig 4.2). 
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4.3.3 Bulb weight 

The average dry weight of turnip bulbs at the e11:d of the experiment was 40 ± 8 

grams. There was no significant (P>0.05) relationship between the number of leaves 

per plant and the weight of the bulb at 121 DAS (Fig 4.3). 
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Figure 4.3. The relation between leaf number and bulb dry weight at the termination of the 

experiment at 121 DAS. 

4.4 Discussion 

This glasshouse study identified that the death of the cotyledons was a good indicator 

for the start of bulb expansion and the more rapid second growth phase in turnip. 

Death of the cotyledons occurred on average after approximately 8.0 true leaves had 

emerged, and initiation of bulb expansion was estimated to occur when plants had 
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produced about 8.5 leav~s. The death of the cotyledons is easily identifiable in the 

field, so it can provide a. good indicator for the change in phase of growth of the 

turnip from the slow first growth phase to the second rapid growth phase (Plate 4.1). 

A simple and reliable field identification of this point was considered important for 

'the strategic application of irrigation water to turnip crops. 

The relationship between temperature accumulation and time to bulb initiation 

indicated that the second growth stage occurred at around 500 day-degrees. This day

degrees assessment was conducted using ambient temperatures remote from the 

glasshouse where the plants were grown and would be expected to under-estimate the 

total temperature accumulation experienced by the plants under glasshouse 

conditions. However, the strong relationship between temperature accumulation and 

plant development discussed by Mendham and Salisbury (1995) and that found in this 

experiment indicated that day-degrees should be investigated in more detail, as it may 

be a useful indicator of plant development that does not require detailed field 

monitoring. 

No indicator was observed to mark the change from an increasing level of live leaves 

to the plant maintaining a constant level of leaves as observed in the field (Chapter 3). 

Although the rate of increase in leaf number slowed towards the end of the 

experiment, a maximum number of live leaves supported by individual turnip plants 

was not reached during the experiment. The reduced rate of increase in the number 

of live leaves meant a larger proportion of the yield increase during later growth 
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stages came from bulb growth, as was observed in the field experiment (Chapter 3). 

A decline in leaf yield with continued bulb growth was also observed by Pearson and 

Thomson (1996). Expansion of the established leaves, however, would mean that the 

yield of shoots would continue to increase despite there being little increase in 

number of Ii ve leaves. Judging from the results of the field experiment investigating 

the yield and WUE of the brassica species (Chapter 3), the change appeared to occur 

over a period of less than 10 days. As such there would appear to be no advantage in 

counting total leaf number of the turnip plants to determine the growth stage ~fter the 

onset of bulb initiation. 

The number of dead leaves was difficult to determine in the glasshouse, and counting 

dead leaves would be impractical under field conditions. Counting leaf scars under

estimated the actual number of leaves produced. Leaf scars were difficult to identify 

and counting the scars was found not to be a reliable method of determining the total 

number of leaves produced by a plant. Difficulty in determining the early leaf scars, 

especially the first scar, on the bulb was the main problem. At the conclusion of the 

experiment, the outer edges of the top of the bulb had become slightly dry and hard, 

which made initial leaf scars difficult to identify (Plate 4.2). All leaf scars became 

less distinct on plants with a greater number of leaves, which exacerbated the 

problem in defining the early scars. 

Problems were also encountered with leaves that were removed by breaking or other 

mechanical means, as this produced indistinct leaf scars making it difficult to 
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differentiate between them. The counting of leaf scars may have been easier on bulbs 

that were less mature than on those in the current experiment, which were not 

harvested until 121 DAS. Given that total leaf counts after bulb initiation appeared to 

be of little use in determining the start of the third growth phase, the use of leaf scar 

counts, even if they had been found to be reliable, would have given little advantage 

in the monitoring of plant development for crop management. 

There was not a strong relationship between bulb dry weight and leaf number and 

therefore leaf number would not give a good indication of the amount of feed 

available from a turnip crop. A determination of the total leaf weight produced might 

give a better relationship with bulb production. 

4.5 Conclusion 

The beginning of the second growth phase in turnip was determined to occur after the 

senescence of the cotyledons, with just over 8 true leaves emerged. The change in 

growth phase occurred at approximately 500 day-degrees, although the temperature 

data (ambient) used in this experiment underestimated that experienced by the plants 

(glasshouse) and the use of day degrees to determine the level of plant development 

requires further investigation. 

No indicator was found for the end of the second growth phase of turnip. The 

counting of leaf scars on turnip bulbs was found to be inaccurate and additionally the 

counting of leaf number, either through tracking live leaves or bulb scars, appears to 
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be of no practical use in the field determination of growth stage of turnip after bulb 

initiation. 
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Chapter 5 

5 Comparison of the development of turnip (cv. Barkant) and 

rape (cv. Bonar) under controlled glasshouse conditions 

5.1 Introduction 

The higher yield and water use efficiency of turnip in comparison to the other forage 

brassica species (Chapter 3) raised the question of how the turnip was able to produce 

greater biomass and pr~duce it more efficiently than the other crops from the same 

amount of water. In the glasshouse study of growth and development of turnip 

(Chapter 4), the three stages of turnip growth, identified in the first field experiment, 

were investigated. Transitions between these stages mark important changes in the 

development of turnip and also determine points for adjustments to management 

procedures, including irrigation. 

Rape was used as a comparison species to investigate the greater production and 

efficiency of turnips. Rape had been selected over the higher yielding pasja as rape 

does not have a bulb component. The bulb component is suspected to have an 

influence on the superior yield of turnip so a non-bulb species provides a contrast in 

growth physiology. Although rape had a lower total yield than pasja in the field 

experiment (Chapter 3) it's WUE was not significantly different. 
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Bulb initiation, the start of the second growth phase, is an important stage in the 

development of the turnip crop as it indicates the start of accelerated growth and the 

development of the storage root. Secondary growth in rape is associated with stem 

elongation and the timing of this stage of development may also be important in 

overall crop growth and management. 

A second glasshouse experiment was conducted to further examine the development 

of the turnip, and to compare its development to that of rape. The timing and 

development of turnip bulb initiation and stem elongation in rape were investigated to 

determine any differences between the two species. The number of live leaves 

maintained per plant was also investigated as an indicator that may explain the yield 

potential of the species and provide information on crop management and timing of 

grazing. 

5.2 Methods 

The experiment was conducted in the Tasmanian Institute of Agricultural Research 

(TIAR) glasshouse, at the Burnie campus of the University of Tasmania from 23 

March 2001to31July2001. The glasshouse was equipped with automatic 

temperature regulation and an automatic watering system. Temperature regulation 

was through gas heaters, roof venting and,evaporative coolers. Average minimum 

and maximum daily temperatures were 9 °C and 19 °C respectively, with a 

temperature range from 5 to 23 °C during the experiment. Temperature was not 

recorded for 20 of the first 55 days of the experiment due to a technical error and, 
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consequently, day-degrees could not be accurately calculated in this experiment. 

Watering occurred twice daily at 7am and 7pm for 3 minutes per watering to provide 

sufficient water to ensure the plants did not experience moisture stress. 

Seeds of Lumip (c.:v. Barkant) and rape (cv. Bonar) were germinated in an incubator in 

the dark at 20 °C for 2 days. Germinated seeds were sown at a depth of 5mm, three 

per pot, into 20 cm pots containing standard glasshouse potting mix (Appendix 1). 

The number of plants per pot was reduced to 1 after the 4th true leaf had emerged. 24 

pots of each species were allocated at random to one of 4 blocks. All plants were 

fertilised weekly after day 28 with liquid fertiliser (Phostrogen ®: NPK 14, 4.4, 22.5, 

with trace elements). 

Leaf number, leaf senescence, and the commencement of root expansion in turnip and 

stem elongation in rape were recorded at intervals of about 4 days (Fig 5.1). 

Data from the experiment relating to time until cotyledon senescence, root expansion 

in turnip and stem elongation in rape, and the leaf numbers at root expansion in turnip 

and stem elongation in rape, were not normally distributed. This data was analysed 

using the Wilcoxon rank sums test (Ramsey and Schafer 1996) using SAS® (SAS 

Institute 1989). Other results were normally distributed and were analysed using 

repeated measures analysis in Genstat® (Genstat 5 Committee 1989). 
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Plate 5.1 A rape plant exhibiting leaf death but no stem development. 
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5.3 Results 

5.3.1 Secondary growth 

There was a significant difference (P<0.05) in the number of days taken by the two 

species to show signs of secondary growth i.e., bulb initiation for turnip and stem 

elongation for rape. On average, turnip was observed to start bulb development at 63 

± 14 DAS, 8 days after cotyledon death, whereas in rape, stem elongation 

commenced at 98 ± 12 DAS, 35 days after cotyledon death. Although there was an 

apparent difference in the number of days to the senescence of the cotyledons 

between the two species, it was not statistically (P>0.05) significant. The average 

number of days to cotyledon death in turnip was 55 ± 5 DAS whiJe in rape it was 63 

± lODAS. 

There was no significant (P>0.05) difference in the number of live leaves (excluding 

cotyledons) at the commencement of secondary growth, with turnip having 8.5 live 

leaves at the time of bulb initiation and rape 9 leaves at the time of stem elongation. 
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5.3.2 Total leaf production 

Turnip produced significantly (P<0.05) more leaves per plant in total than rape over 

the period of the experiment (Fig 5.1). Turnip produced around 26 leaves over the 

course of the experimen~ compared to rape, which produced just over 22 leaves. 

25 

... 
Cl> 

,Q 20 
E 
:J 
c: 

1U 15 
~ 
1U -~ 10 

5 

ow-~~tl..:..,.~~~~~~~~~~~~~~~~~~~~~---1 

0 20 40 60 80 100 120 140 
Time (days) 

Figure 5.1. The cumulative number of leaves per plant for turnip (X) and rape ( +). Mean ± SE 
(n = 96). 
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5.3.3 Leaf senescence 

The first senescent leaves in both species were evident at about 60 DAS. From 60 

DAS to about 100 DAS there was no difference in the rate of leaf senescence. There 

was, however, a significantly (P<0.05) higher rate of senescence in rape from 100 

DAS until the end of the experiment (Fig 5.2). 
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Figure 5.2. Cumulative leaf senescence in turnip (X) and rape (+)from sowing (DAS). Mean ± 
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5.3.4 Number of live leaves 

There was a significant (P<0.05) difference in the number of live leaves that were 

supported by the two species. Turnip had significantly more live leaves than rape 

throughout the experiment (Fig 5.3). Turnip leaf number increased steadily 

throughout the experiment while the rate of increase in rape declined after around 70 

DAS. This difference was mainly due to the higher rate of leaf senescence of the 

rape. 
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Figure 5.3. The number of live leaves for turnip (X) and rape ( +) after the day of sowing. Mean 
±SE (n=96). 
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5.4 Discussion 

The start of the secondary growth phase of the two species occurred at different times 

after sowing. In turnip the development of the bulb had previously been shown to 

correspond to the time of senescence of the cotyledons (Chapter 4). In this 

experiment there was a delay of around 7 days between the senescence of the 

cotyledons and the development of the bulb. In rape, the start of secondary growth, 

stem elongation, occurred 35 days after the senescence of the cotyledons. It is 

possible that the progress of leaf senescence may have an effect on the timing of 

secondary growth. There was little difference in the number of live leaves per plant 

at the' start of secondary growth between turnip with 8.5 leaves and rape with 9. The 

number of leaves at the start of secondary growth in turnip (8.5) was the same as in 

the previous glasshouse experiment (Chapter 4). 

The start of leaf senescence in turnips grown in the field corresponded with the 

development of the bulb (Chapter 3). Incoll and Neales (1970) observed that the 

greatest tuber growth in Jerusalem Artichoke (Helianthus tuberous L.) occurred while 

the leaves were rapidly senescing. The tuber was not the direct sink for current 

assimilate production, and dry matter which had previously been stored in the stem 

was translocated to the tuber. From these findings it appears possible that the turnip 

may behave in a similar manner with the bulb being supplied with plant reserves 

previously stored in the senescing leaves and not being directly reliant on current 

plant photosynthesis. !f this applies to rape, then early leaf senescence, of around 3 
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leaves, occurs before the start of stem elongation (Plate 5.1). This may make the 

redistribution of material from the senescing leaves in rape less effici~nt than turnip, 

and may represent one aspect of the turnip's superior yield potential. 

Turnip produced more leaves, and maintained a higher number of live leaves, per 

plant than rape under controlled conditions in a glasshouse. During the experiment, 

turnip produced around 4 more leaves per plant than rape, and the number of live 

leaves at the conclusion of the experiment was 18 for turnip compared to 11 for rape. 

Although turnip produced more leaves than rape, fo the field (Chapter 3) there was no 

difference between the LAI of turnip and rape under irrigation and rape had a higher 

LAI than turnip under rainfed conditions. This difference in the maintenance of live 

leaves and the field LAI suggests that rape has larger leaves than turnip. The ability 

of turnip to produce and maintain a greater number of smaller leaves could represent 

a photosynthetic advantage in terms of shading within the canopy and contribute to 

the large difference in DM yield in field crops. Furthermore, turnip had a lower rate 

of leaf senescence than rape after 100 DAS. This may be due to the rape plants 

reaching maturity earlier than turnip. 

In the field, rape is generally grazed several times and regrowth of the crop is used in 

addition to the initial growth (Salardini pers. comm.). In comparison, turnip is a 

single harvest crop and it has a longer productive growth period than rape. Time to 

maturity for Bonar rape is between 78 to 98 DAS and about 80 days for Barkant 

turnip (Wrightson Seeds 1999a), although in practice most turnip crops reach 
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maturity somewhere between 90 and 120 DAS (Percival et al. 1986). Although plant 

maturity may have had an effect on the results for rape at 131 DAS, analysis at any 

age shows turnip with an advantage in leaf production. For example if the results are 

examined at 100 DAS, turnips have 13 live leaves and rape only 9 live leaves. Turnip 

maintained a greater number of live leaves than rape throughout the experiment after 

approximately 40 DAS. 

A similar maximum number of live leaves was maintained by the turnip plants in this 

experiment as in the previous glasshouse experiment (Chapter 4). A higher total 

number of leaves was produced in the previous experiment, however, rate of leaf 

senescence was also higher. The previous experiment was conducted during summer 

in an unregulated glasshouse when warmer temperatures and longer day lengths may 

have produced an increased rate of plant growth and leaf development over the 

experimental period. 

5.5 Conclusion 

Secondary growth in turnip, the development of the bulb, occurred earlier than 

secondary growth in rape, stem elongation. Stem elongation in rape occurred after 

the senescence of around 3 true leaves, while in turnip, bulb development occurred 

following the senescence of the cotyledons and during the senescence of the first true 

leaf. The results of the current and previous glasshouse experiments suggest that the 

development of the bulb in turnip is triggered by the death of the cotyledon leaves. It 

is also suggested that the expansion of the turnip bulb is the result, at least in part, of 
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the transfer of assimilate from the senescing leaves to the storage organ. It is possible 

that the timing of the initiation of secondary growth provides turnip with an 

advantage, over the other brassica forage species, through improved storage of 

redistributed carbohydrate within the plant. 

Turnip was able to produce and maintain a higher number of leaves per plant than 

rape throughout the experiment, however, due to the larger size of rape leaves, LAI 

and light interception of these species is similar (Chapter 3). In addition both species 

produced LAI in excess of that required for full light interception in the field (Chapter 

3), even under rainfed conditions. 
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Chapter 6 

6 Yield, water use efficiency, and physiology of turnip and rape 

measured at six levels of irrigation in the field 

6.1 Introduction 

The results from the previous field experiment indicated that turnip was the most 

promising brassica species in terms of yield, and WUE compared to pasja, rape and 

kale (Chapter 3). In this field experiment the yield, WUE, growth rate, nutritive 

characteristics and LAI of turnip and rape were compared over a greater number of 

irrigation treatments than in the first field experiment to investigate how turnip and 

rape respond to smaller soil moisture deficits. In the previous field experiment no 

irrigation levels between 100% and 50% were investigated, whereas, this experiment 

included treatments at 80%, and 60% irrigation to determine if smaller soil moisture 

deficits produced a beneficial WUE response in these crops. 

Physiological differences between turnip and rape were also studied to ~etermine the 

potential mechanism for the observed advantage of turnip over rape. Olymbios 

(1973) suggested that the swollen bulb in carrot may play a role in buffering the water 

supply to the shoots and that this may enable the carrot to transpire for longer, 

producing greater amounts of carbohydrate. To investigate this possible buffering 

capacity of the bulb in turnip, changes in stomata! function were studied in the field 

in both turnips and rape under fully irrigated and water stressed conditions. 
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6.2 Materials and Methods 

6.2.1 Establishment of the experiment 

The experiment was conducted at the Elliott Res~arch and Demonstration Station in 

North Wesl Tasmania (41°5'S, 45°46'E) on a red ferrosol soil (Isbell 1996) from 

October 2000 to February 2001. 

Seedbed preparation commenced with the application of dolomite (5 t/ha) prior to the 

final grazing of the existing pasture. The pasture was killed on 13 September 2000 

using Glyphosate® (21/ha) with Dimethoate® (90 ml/ha) to control luceme flea 

(Sminthurus viridis). The paddock was mouldboard ploughed on 23 September 2000, 

and rotary hoed on 5 October 2000 to produce a firm seedbed. 

Turnips (cv Barkant), and Rape (cv Bonar) were sown at 1.5 and 3.5 kg/ha 

respectively on 31 October 2000. The seed was sown with 50-50 lime and 

superphosphate, to ensure even distribution, due to the low sowing rate, using a 

Nordsten drill. Superphosphate (48 kg/ha phosphorus), molybdenum (60g/ha) and 

boron (l.8kg/ha) were incorporated at sowing. 

Irrigation treatments were applied using 9 micro-sprinklers per plot on a square grid 

spacing of 2 m x 2 m, to provide complete overlap of water application (Fig 6.1, 

Plates 6.1 and 6.2). Each plot was surrounded by a 2-meter buffer on all sides to 

ensure no contamination from irrigation water from other plots. The rate of water 
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application to the plots was 13mm per hour (± l.3mrn/hour). Application rates of 

100%, 80%, 60%, 40% and 20% percent of the 100% treatment and rainfed (no 

irrigation) were achieved by varying the time that irrigation was applied. A pressure 

regulation valve was used to keep the pressure in the irrigation system at 150 kPa to 

ensure even pressure and volume of flow throughout each irrigation event. In 

addition, the 20% irrigation treatment commenced when the 80% treatment finished 

and the 40% treatment commenced when the 60% treatment finished so that the same 

volume of water was always being used from the irrigation system. The 100% 

irrigation treatment was irrigated for the full period. 

A GOPHER® capacitance probe (Soil Moisture Technology 2001) was used to 

monitor soil moisture and schedule irrigation. Access tubes for the GOPHER ® were 

installed as describ~d by Soil Moisture Technology (2001) by drilling a slightly 

oversize hole and separating the soil removed from the hole into lOcm increments. 

This soil was then used to incrementally back fill around the access tube. A multi . 

point down hole calibration (Soil Moisture Technology 2001) was then performed 

when the soil was at field capacity. The soil moisture in all plots was recorded every 

3 - 4 days to a depth of 80 cm and prior to irrigation treatments being applied. A 

moisture budget was also calculated as described in Chapter 3. Irrigation was applied 

to maintain the 100% irrigated treatments at between 40 mm soil moisture deficit and 

field capacity. 

The experiment was a randomised complete block design, with four replicates. 

128 



Plate 6.1 A plot irrigation system of nine sprinklers arranged on a 2x2m square pattern 
at seedling emergence. 

Plate 6.2 Irrigation of plots showing risers on the sprinklers used to keep water 
application above the crop canopy. 
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X indicates sprinkler position 

Figure 6.1. Sprinkler location in plots (X) and irrigation coverage of the central sprinkler in plots 
used to investigate irrigation responses. 

Urea was applied to all plots at 50kg N/ha on 4 December 2000 and 25kg N/ha on 3 

January 2001. Dimethoate ®was applied to control luceme flea on the 10 November 

2000, Lorsban ® (chlorpyrifos) to control Cutworm (Agrotis spp) on 15 November 

2000, and Dominex ® (alpha-cypermethrin), to control Diamond back moth (Plutella 

xylostella L.) on 27 December 2000. 
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6.2.2 Rainfall and irrigation 

Rainfall during the experiment was 200 mm. Heavy rainfall occurred at the beginning 

of the experiment and there were two further rainfall events exceeding 30mm at 55 

and 89 DAS (Fig 6.2). The first irrigation was applied to test the irrigation system 23 

DAS, and watering was scheduled according to GOPHER ® soil moisture 

measurements. Irrigation was applied 17 times during the experiment. The 100% 

irrigated treatment received 273 mm of irrigation water, with the other treatments 

receiving proportional lesser amounts of water (Fig 6.2 Table 6.1 ). 
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Figure 6.2. Timing and amount of rainfall and irrigation applied to the 100% treatment. 

Table 6.1. Total water (mm) received by the turnip and rape crops (Irrigation plus rainfall) 
under each of the 6 irrigation treatments from sowing to final harvest. 

Irrigation 
100% 
80% 
60% 
40% 
20% 

Rainfed 

Water received 
473 
418 
363 
309 
255 
200 
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6.2.3 Temperature accumulation 

The accumulation of day-degrees was also recorded using a base temperature of o0c. 

The crops received approximately 1550 day-degrees during the growing season (Fig 

6.3). TI1e average daily ambient temperature was 15.8°C. 
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Figure 6.3. Day-degrees accumulation during the experiment. 

6.2.4 Assessment of yield, leaf area, leaf number, growth rate, water use 

efficiency, stomata! resistance and nutritive characteristics 

Harvests for estimating forage DM production were taken at 30, 49, 70, 84 and 98 

DAS. All plant material from 3 x (O.Sm x O.Sm) quadrats from each plot was 

harvested and the number of plants in each quadrat was recorded. The three samples 

from the quadrats were then bulked together into one sample, the root and shoot 

material separated, and any dirt removed. The number of individual live leaves on 
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five plants per plot was recorded at this time. DM production was calculated from 

the total fresh weight and the DM percentage of a sub sample dried to constant weight 

at either 100°C for 24 hours for dry matter samples or 60°C for 48 hours for samples 

used for quality analyses. The yield estimates were total yield, utilisable yield and 

shoot yield, which were the same as in the previous field experiment (Chapter 3). 

A Delta-T-Devices Sun Scan canopy analysis system (Potter et al. 1996) was used to 

measure Leaf Area Index (LAI). The Sun Scan probe was used in conjunction with a 

beam fraction sensor, measuring ambient light, elevated above the crop canopy. 

Measurements were taken at 43, 52, 59, 66, 72, 78 and 93 DAS. Three readings were 

taken randomly per plot at each time and the results of the readings averaged to give 

LAI for each plot. 

A Delta-T-Devices automatic porometer was used to determine timing of stomata! 

closure on leaves of turnip and rape. The transient porometer measured the time 

taken for the water vapor emitted from the leaf, on to which the porometer cup (a 

small chamber) was clamped to raise the relative humidity within the cup by a fixed 

amount. The leaf stomata! resistance was determined by comparing this result to 

standard calibration measurements, obtained using a calibration plate of know 

resistance (Anon 1980). The porometer measured stomata! resistance, which had the 

units s/cm. High stomata! resistance decreased transpiration rates. Readings were 

taken on three occasions, at 45, 71and72 DAS. Measurements were taken on both 

species in the 100%, 40% (71 and 72 DAS only) and rainfed treatments. The three 
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sets of measurements were taken at different times of the day. The initial 

measurements 45 DAS were taken between 11:00 and 16:30 to establish stomata! 

behavior. Based on these results the measurements 71 DAS were started later at 

12:30. The measurements 72 DAS were conducted later, between 14:40 and 18:00, 

to detect plant response under greater stress conditions. Two readings per leaf from 3 

leaves per plot, in 2 replicates of the experiment were taken. Calibration 

measurements were undertaken every 1-2 hours during measurement and calibration 

curves were developed from these measurements (Appendix 2). 

Samples for quality analysis of turnip and rape shoots and turnip bulb were taken at 

84 and 98 DAS. Quality analyses were undertaken by FEEDTEST, Agriculture 

Victoria, Pastoral and Veterinary Institute Hamilton, using near infrared spectroscopy 

(NIR). The analyses were conducted as described in the previous field experiment 

(Chapter 3). 

6.2.5 Statistical analyses 

A number of different statistical analysis methods were performed to analyse the data. 

Yield and growth rate within individual species were analysed using repeated 

measures analysis of variance using Genstat ® (Genstat 5 Committee, 1989). Species 

comparisons and nutritional value of the species were analysed using analysis of 

variance using Genstat ® (Genstat 5 Committee, 1989). Standard errors generated in 

the analysis were used for comparisons between treatments at the P<0.05 significance 

level. LAI data were analysed using REML variance components analyses. Linear 
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regression analysis was used to examine the relationship between WUE and species 

and multiple linear regression was used to examine WUE within species and between 

harvests. Graphs are presented with the standard error of the means, and tables 

include LSD values. 
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6.3 Results 

6.3.1 Yields at final harvest 

6.3.1.1 Total Yield 

There was a posilive linear relationship (R2 > 0.93) between total DM yield and level 

of applied irrigation for both species (Table 6.2). There was no significant (P>0.05) 

difference in total yield response to irrigation (slope) of turnip and rape (Fig 6.4, 

Table 6.2). There was a significant (P<0.05) difference in rainfed yield (intercept) 

between the species. 
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Figure 6.4 Total yield (Shoots, stem and root/bulb material t DM/ha) vs. irrigation (%)for 
turnip ( +) and rape (X). Bars are SE (n = 4). 
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Table 6.2. Total yield response to irrigation of turnip and rape at final harvest. 

Species 

Turnip 

Rape 

where; 

Yt = 

Yr = 

It = 

Total Yield Equation 

Yt = 8.97 + 5.71It 

Yr= 6.41 + 8.02It 

turnip yield (t DM/ha) 

rape yield (t DM/ha) 

0.93 

0.95 

Irrigation (As a proportion of the 100% irrigation treatment) 

6.3.1.2 Utilisable yield 

The utilisable yield of turnip and rape increased linearly across the irrigation 

treatments at final harvest (R2 = 0.93) (Table 6.3). The utilisable yield of turnip was 

greater than rape, there was a significant (P<0.05) difference in rainfed yield 

(intercept), but no significant difference (P>0.05) in response to irrigation (slope). 

(Fig 6.5, Table 6.3). 
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Figure 6.5 Utilisable yield (t DM/ha) vs. irrigation (%)for turnip(+) and rape (X). Bars are SE 
(n = 4). 

Table 6.3. Utilisable yield response to irrigation of turnip and rape at final harvest. 

Species 

Turnip 

Rape 

where; 
Yt = 

Yr = 

It = 

Utilisable Yield Equation 

Yt = 8.97 + 5.71It 0.93 

Yr= 5.01 + 4.16It 0.93 

turnip yield (t DM/ha) 

rape yield (t DM/ha) 

Irrigation (As a proportion of the 100% irrigation treatment) 
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6.3.1.3 Shoot yield 

As for total and utilisable yield, shoot yield was linear with irrigation treatment for 

both species (R2 >0.90) (Table 6.4). There was no significant (P>0.05) difference in 

lhe shoot yield of the two species in either rainfed yield (intercept) or response to 

irrigation (slope). (Fig 6.6, Table 6.4). 
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Figure 6.6 Shoot yield (tDM/ha) vs. irrigation(%) for turnip(+) and rape (X). Bars are SE (n = 

4). 
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Table 6.4. Utilisable yield response to irrigation of turnip and rape at final harvest. 

Species 

Turnip 

Rape 

where; 

Yt = 

Yr = 

It = 

Shoot Yield Equation 

y t= 4.61+3.31It 

Yr=5.01 +4.16It 

turnip yield (t DM/ha) 

rape yield (t DM/ha) 

0.90 

0.93 

Irrigation (As a proportion of the 100% irrigation treatment) 

6.3.2 Yield accumulation in response to the irrigation treatments 

Turnip and rape produced greater utilisable yields as the rate of irrigation increased 

(Plates 6.3 - 6.6), however, there was some overlap between the yields of adjacent 

treatments at some harvests. Turnip at all irrigation treatments produced a 

significantly (P<0.05) higher utilisable yield than the corresponding rape treatments 

at all harvests from 49 DAS (Fig 6.7). Turnip produced 14.4 t DM/ha and 8.9 t 

DM/ha compared to 8.8 t DM/ha and 5.1 t DM/ha for rape, under the 100% irrigation 

and rainfed treatments respectively (Fig 6.7). The final utilisable yield for 100% 

irrigated rape was similar to that of the rainfed turnips. 

Utilisable yields of both Species increased under all irrigation treatments until 84 

DAS (Fig 6.7 A). Bulb yield of turnip increased until final harvest, in all but the 

100% irrigated treatment where maximum bulb yield was at 84 DAS, the rate of yield 

increase in bulb was lower over the final period for all treatments. In rape the 
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utilisable yield of the 80% and 20% irrigated treatments also declined over the last 

period (Fig 6.7 D). 

The ratio of shoots to bulbs in turnip was not affected by irrigation treatment at any of 

Lhe harvests. The final ratio of shoots to bulbs was approximately 1 to 1. The ratio 

changed from around 12 to 1 at the first harvest (30 DAS), to 1.5 to 1 at the 70 DAS 

harvest. There was no significant (P>0.05) difference in the yields of turnip shoots 

and rape shoots at any of the 5 harvests. 
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Figure 6.7. Dry matter yield (t DM/ha) vs. days after sowing for turnip shoots (A), turnip bulbs 
(B), utilisable turnip (C), and utilisable rape (i.e. shoots) (D) over 6 irrigation treatments 100% 
( + ), 80 % (0), 60 % (x), 40 % (_.), 20 % (•) and rainfed ( e ). Bars are SE (n = 4). 
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Plate 6.3 The growth of turnip 80 DAS on a plot receiving 100% of maximum irrigation. The ruler 
is J m long and marked at 10 cm increments. 

Plate 6.4 The growth of turnip 80 DAS on a plot that was rainfed. The ruler is 1 m long and marked 
at 10 cm increments. 
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Plate 6.5 The growth of rape 80 DAS on a plot re<;eiving 100% of maximum irrigation. The ruler is I 
m long and marked at 10 cm increments. 

Plate 6.6 The growth of rape 80 DAS on a plot that was rainfed. The ruler is I m long and marked at 
10 cm increments. 
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6.3.3 Leaf number 

Turnip was found to support a greater number of live leaves per plant than rape. The 

average number of live leaves at the final harvest was 11 for turnip compared to 7 .8 

for rape (Fig 6.8). 

In rape there was no significant (P>0.05) difference in the average number of live 

leaves across all harvests in the 100%, 80% or 60% treatments, or in the 40%, 20% 

and rainfed treatments. In turnip there was no significant (P>0.05) difference in the 

100%, 80% 60% and 40% treatments or in the 20% and rainfed irrigation treatments 

(Fig 6.8). 
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Figure 6.8. The average number of live leaves per plant at harvest times (DAS) for 100% (+), 
80% (0), 60% (X), 40% (.A.), 20% (II) irrigation and rainfed (e). Bars are SE (N =4) 
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6.3.4 LAI 

There was no significant (P>0.05) difference in LAI between turnip and rape for any 

of the irrigation treatments. A maximum LAI of approximately 10 for both tuqrip 

and rape was observed for the 100% and 80% treatments 80 DAS. At the same time 

undt?r rainfed conditions LAI for both species was approximately 4. Overall there was 

a relatively strong trend for both species of increasing LAI with increased irrigation, 

except under the 100% and 80% treatments where there was little difference in either 

species (Fig 6.9). 

Both species showed a significant increase (P<0.05) in LAI at the measurement at 59 

DAS, which then declined at the following measurement. The LAI of all plots also 

increased rapidly between 72 and 78 DAS. In both species the LAI of all treatments 

remained constant after 78 DAS (Fig 6.9). 

Leaves of the 100% irrigation treatment were approximately twice the size (surface 

area) as the leaves on the rainfed plants for both species. Leaves of the rape were 

about 30% larger than the turnip leaves. 
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Figure 6.9. LAI vs days after sowing for turnip (A) and rape (B) under six irrigation treatments 
100% (+), 80% (0), 60% (X), 40% (.&.), 20% (II) and Rainfed (e). Bars are SE (n = 4). 
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6.3.5 Growth rate 

There was no difference in growth rates of turnip and rape for any irrigation 

treatments at the second harvest 49 DAS. Growth rates of both species were low; 

turnip hatl a growth rate of 20 kg DM/ha while rape had a lower rate of 15 kg DM/ha. 
' 

The growth rate of turnip increased more quickly than rape under all irrigation 

treatments between ·30 and 49 DAS. The growth rate of turnip was greater than rape 

in all treatments until the final harvest period (Fig 6.10). 

Maximum growth rates in turnip occurred at 84 DAS in all but the 40% irrigated and 

rainfed treatments. The maximum growth rate for turnip under the 100% irrigation 

treatment was 327 kg DM/ha/day. In the final period the growth rate of the turnips 

fell dramatically in all but the rainfed treatment (Fig 6.10). 

The maximum growth rate for rape under the 100% irrigation treatment was 215 kg 

DM/ha/day at 84 DAS, approximately 2/3 of that of turnip. A decline in growth rate 

occurred in the 100%, 80% and 60% irrigated rape at 70 DAS while.the other 

treatments maintained their growth rates during this period (Fig 6.10). 

Rape like turnip also had a decline in growth rate during the last harvest period with 

only the 40% irrigation treatment maintaining a growth rate similar to that recorded 

84DAS. 
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Figure 6.10. Growth rate kg DM/ha/day vs. days after sowing for (A) turnip and (B) rape, 
under 6 irrigation treatments 100% (+), 80% (0), 60% (X), 40% (A), 20% (II) and Rainfed (e). 

150 



6.3.6 WUE 

6.3.6.1 WUE at final harvest 

The response of both species to applied irrigation was linear, with a similar DM 

increase per millimetre of water applied regardless of the irrigation treatment. 

There was no significant (P>0.05) difference between the WUE of turnip and rape at 

the final harvest. WUE of turnip was 21 kg DM/ha/mm of irrigation applied and the 

WUE of the rape was 25 kg DM/ha/mm (Fig 6.11, Table 6.5). Both species had a 

strong linear response to water with R2 of 0.93 and 0.95 for turnip and rape 

respectively. 
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Figure 6.11. Irrigation response at final harvest for turnip(+), and rape (A). Bars are SE (n = 
4) 
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Table 6.5. Irrigation response of turnip and rape at final harvest. 

Species 

Turnip 

Rape 

where; 

Yt = 

Yr = 

Wt = 

WUE Equation 

Yt = 4.80 + 0.021 Wt 

Yr= 0.45 + 0.024Wt 

turnip yield (t DM ha-I) 

rape yield (t DM ha-I) 

water received (mm) 

6.3. 7 Species WUE at individual harvests 

6.3.7.1 Turnip 

0.93 

0.95 

There was a significant (P<0.05) effect of irrigation on turnip yield from 49 DAS (Fig 

6.12) with yield response to irrigation being linear at all harvests. The maximum 

WUE estimate for turnip under irrigation was 32 kg DM/ha/mm 84 DAS, after which 

it declined to 21 kg D M/ha/mm for the final period of the experiment (Table 6.6). 

There were significant (P<0.05) differences in irrigation WUE between the harvests 

.at 30 and 49 DAS, and between 70 and 84 DAS. 

WUE under rainfed conditions was higher than under irrigated conditions throughout 

the whole growth period. The maximum rainfed WUE was 45 kg DM/ha/mm 84 

DAS (Table 6.6). 
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Figure 6.12. Turnip response to irrigation applied at 6 levels over 5 harvest dates: 30 (+), 49 
(•), 70 (A), 84(X), and 98 (0) DAS. 

Table 6.6. WUE of turnips under irrigated and dryland conditions at 5 harvests. 

R2 
Irrigation WUE Rainfed WUE 

DAS WUE Equation 
kgDM/ha/mm kgDM/ha/mm 

30 Y = O.OOlx + 0.484 0.46 3.85 5.82 

49 Y = 0.030x + 2.315 0.93 24.05 27.49 

70 Y = 0.048x + 5.883 0.90 26.15 39.17 

84 Y = 0.078x + 7 .666 0.94 31.58 45.52 

98 Y = 0.057x + 8.971 0.92 20.88 44.86 

153 



6.3.7.2 Rape 

Rape showed a significant response to irrigation from 70 DAS (Fig 6.13). Maximum 

irrigation WUE was 24 kg DM/ha/mm at final harvest (98 DAS). Rainfed WUE was 

higher than irrigation WUE at all except the first harvest with a maximum rainfed 

WUE of 30 kg DM/ha/mm 84 DAS (Table 6.7). The response of rape to irrigation 

was linear at all harvests. 
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Figure 6.13. Rape response to irrigation application at 6 levels over 5 harvest dates: 30 (+), 49 
(II), 70 (A), 84(X),and 98 (0) DAS. 

Table 6.7. WUE of rape both irrigated and rainfed at 5 harvests. 

R2 
Irrigation WUE Rainfed WUE 

DAS WUE Equation 
kgDM/ha/mm kgDM/ha/mm 

30 Y = O.OOlx + 0.377 0.75 4.62 4.54 

49 Y = 0.020x + 1.737 0.74 15.79 20.62 

70 Y = 0.031x + 3.934 0.91 16.76 26.19 

84 Y = 0.054x + 5.091 0.79 22.02 30.23 

98 Y = 0.066x + 5.250 0.95 23.99 26.25 
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6.3.8 Soil Moisture 

6.3.8.1 Measured deficits 

The level of soil moisture depletion in the experiment was closely related to the rate 

of Lhe irrigation treatments across both species and there was no significant difference 

(P>0.05) between the species. The greatest soil moisture deficits in the 100% and 

80% irrigated treatments were recorded in the last five days of the experiment. In the 

100% irrigated treatment, prior to this final period of the experiment, the maximum 

soil moisture deficit was 42mm for rape and 32 mm for turnip. The 60% irrigation 

treatment showed little difference between the species until around 70 DAS after 

which rape appeared to have a slightly greater soil moisture deficit than turnip (Fig 

6.14a). There was very little variation between the species in the 40% irrigation 

treatment, and the maximum soil moisture deficit was at 52 DAS with an 83mm 

deficit for both species (Fig 6.14b). There was little difference in the soil moisture 

deficit between the species in the 20% irrigated treatment until 74 DAS. From 74 

DAS turnip plots had a larger soil moisture deficit than rape. The 20% irrigated plots 

did not exceed a soil moisture deficit of 1 OOmm during the period of the experiment 

(Fig 6.14b ). The rainfed treatments experienced the greatest level of soil moisture 

stress with deficits of greater than 1 OOmm in rape at 45 DAS (Fig 6. l 4b ). The levels 

of soil moisture in the rainfed plots were affected by rainfall after this time, and the 

deficit decreased. The rainfed rape treatment plots had a greater level of soil moisture 

depletion than turnip plots. 
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Figure 6.14a. Soil moisture deficits recorded at 500 mm by the GOPHER®, for turnip ( +) and 
rape(•) at three irrigation regimes: 100%, 80% and 60% irrigation. 
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Figure 6.14Q. Soil moisture deficits recorded at 500 mm by the GOPHER®, for turnip(+) and 
rape (II) at three irrigation regimes: 40%, 20% irrigation and Rainfed. 
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6.3.8.2 Soil moisture budget 

The soil moisture budget indicated that there was very little difference in the soil 

moisture content of the 100%, 80% and 60% irrigation treatments (Fig 6.15). Prior to 

80 DAS the soil moisture budget showed the 100%, 80% and 60% irrigated 

treatments were frequently returned to field capacity. There were differences 

between the soil moisture deficit recorded for the rainfed, 20% and 40% irrigated 

treatments. All treatments except the rainfed treatment were returned to field 

capacity by rain at 54 DAS. The greatest soil moisture deficit recorded was 52mm in 

the rainfed plots at 52 DAS. 

The soil moisture deficit in all plots was shown to increase from 93 DAS until the end 

of the experiment, with all but the rainfed and 20% irrigated treatments recording 

their greatest soil moisture deficit at the end of the experiment. 
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Figure 6.15. Soil moisture deficit calculated from the soil moisture budget for all irrigation 
treatmentsl00% (+), 80% (0), 60% (X), 40% (A), 20% (•)and Rainfed (e). 

6.3.9 Stomatal resistance 

Stomata! resistance was measured on three occasions during the experiment. At the 

initial reading at 45 DAS there was no significant (P>0.05) difference between turnip 

and rape under the 100% irrigated treatment, but under the rainfed treatment turnip 

had a significantly (P<0.05) lower stomata! resistance than rape after 13:00 (Fig 

6.16). The measurements at 71 DAS showed no significant (P>0.05) difference 

between turnip and rape under any of the irrigation treatments, and no statistically 

significant differences between the 100% irrigation, 40% irrigation and rainfed 

treatments (Fig 6.17). 
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The third measurement at 72 DAS showed no significant (P>0.05) difference between 

the 100% irrigated turnip and rape. There was no significant (P>0.05) difference 

between the species at 40% irrigation until the final measurement when turnip was 

significantly (P<0.05) greater than rape (Fig 6.17). The readings for the rainfed 

treatments were variable but there were no significant (P>0.05) differences. 

Calibration curves are presented in Appendix 2. 
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Figure 6.16. Stomatal resistance over time in turnip (solid) and rape (clear) under the 100% (II) 
irrigation and rainfed (+)treatments 45 DAS. 
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Figure 6.17. Stomata! resistance over time in turnip (solid) and rape (clear) under the 100% (II) 
irrigation 40% (A) irrigation and rainfed (+)treatments at 71and72 DAS. 
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6.3.10 Nutritive characteristics 

6.3.10.1 Dry matter percentage 

The DM% of both species (including turnip bulbs) increased with decreasing levels 

of irrigation at all harvests (Table 6.8). DM% increased over time for all treatments 

in the turnip and rape shoots. Rape had a significantly (P<0.05) greater DM% than 

turnips over all harvests ad treatments. Turnip bulb DM% was significantly (P<0.05) 

lower than the shoots. 

6.3.10.2 Crude protein 

Rape was found to have significantly (P<0.05) greater levels of CP than turnip under 

100% irrigation at all harvests however there was no significant (P>0.05) difference 

in CP under rainfed conditions. There were some significant (P<0.05) differences in 

CP between turnip and rape under other irrigation treatments but these were not 

consistent across harvests. In turnip bulbs, there was a general trend of CP content 

increasing with decreasing irrigation, particularly at the second and third harvests. 

The level of CP in bulbs was only 2/3 of that in the shoots (Table 6.8). 

6.3.10.3 Dry matter digestibility 

At the final harvest rape had a significantly (P<0.05) higher DMD than the turnip 

shoots. Increasing levels of irrigation decreased the DMD in rape and turnip at the 70 

and 84 DAS harvests (Tables 6.8). 
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There was no effect of either harvest or irrigation treatment on the DMD of the turnip 

bulbs. The turnip bulbs had a higher level of DMD than the shoots of either species. 

6.3.10.4 Neutral detergent fibre 

Turnip shoots had a significantly (P<0.05) higher NDF content than rape shoots at 

both 84 and 98 DAS. Increased irrigation resulted in increased NDF in the turnip 

shoots and the rape at all except the 98 DAS harvest. There was no effect of time of 

harvest on the NDF content of turnip shoots, while the NDF in rape decreased at the 

final harvest. Turnip bulb NDF content increased slightly over time and there was a 

significant (P<0.05) effect of irrigation treatment which resulted in increased NDF 

contents with increasing level of irrigation at all harvests (Table 6.8). NDF in turnip 

shoots ranged from 22.7% to 24.3%, while bulbs ranged from 16.5% to 19.1 %. NDF 

was negatively correlated with DMD (R = -0.74). 

6.3.10.5 Water soluble carbohydrates (Shoots) 

Rape had a significantly (P<0.05) higher level of WSC than turnip in all except the 

rainfed treatment where there was no significant difference (P>0.05). In turnip shoots 

WSC increased with time. Increased irrigation increased turnip WSC at the 98 DAS 

harvest. WSC in rape also increased with time but there was no consistent effect of 

irrigation (Table 6.8). 
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6.3.10.6 Starch (Bulbs) 

There was no significant (P<0.05) difference in the level of starch in the bulbs, either 

between irrigation treatments or between harvests (Table 6.8). 
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Table 6.8. Mean quality results for: dry matter%, crude protein, dry matter digestibility, 
neutral detergent fibre and water soluble carbohydrate/starch in turnip and rape shoots and 
turni~ bulbs across 4 irrigation treatments. 

DAS Irrigation Dry Matter CP (%) DMD (%) NDF (%) wsc 
Treatment(%) (%) (%) 

Turnip 70 100 9.0 19.2 90.6 24.1 15.1 
Shoots 80 9.4 19.9 92.9 23.5 14.6 

60 9.0 22.2 91.5 24.2 12.5 
40 10.3 19.8 92.4 24.0 13.9 
20 11.1 21.6 95.0 21.7 14.8 

Rainfed 12.2 21.3 92.6 22.0 13.1 

LSD 1.2 2.4 2.3 1.9 3.1 

84 100 9.6 17.1 89.6 25.0 17.0 
80 9.6 18.5 90.4 24.3 17.1 
60 9.5 19.0 91.8 23.6 16.6 
40 11.6 18.1 93.4 22.3 18.8 
20 14.7 20.6 92.2 22.4 15.3 

Rainfed 15.7 20.2 92.2 21.7 14.9 
LSD 1.5 2.1 2.6 2.0 3.6 

98 100 10.2 14.6 90.2 24.0 20.3 
80 11.1 15.1 90.5 23.0 22.4 
60 10.7 15.9 90.6 24.3 17.9 
40 12.6 17.2 90.2 22.7 18.1 
20 14.8 19.1 92.0 22.4 19.9 

Rain fed 15.8 19.8 91.0 23.0 14.5 
LSD 1.2 2.9 2.5 2.5 4.0 

Rape 70 100 10.2 21.5 91.4 23.6 15.4 
Shoots 80 11.0 17.0 89.9 23.7 18.9 

60 10.6 19.7 91.8 23.0 17.9 
40 11.6 20.0 93.6 21.6 18.3 
20 12.9 20.7 93.4 21.5 17.3 

Rainfed 13.7 22.7 94.6 20.1 16.3 
LSD 0.8 3.8 2.7 1.2 2.7 

84 100 10.2 18.9 90.2 23.5 17.9 
80 11.8 18.7 91.9 21.9 19.3 
60 11.5 18.5 89.3 23.5 19.0 
40 13.8 16.9 92.2 21.1 21.8 
20 16.0 18.7 93.5 19.9) 21.3 

Rain fed 17.9 20.0 93.7 19.3 18.9 
LSD 1.7 3.2 2.8 1.9 3.2 

98 100 11.7 16.5 93.0 20.7 22.8 
80 11.6 16.5 92.8 20.5 22.9 
60 12.8 14.6 92.5 20.3 24.3 
40 14.8 14.9 92.9 20.1 24.7 
20 15.2 17.5 92.9 19.6 22.9 

Rainfed 16.2 19.7 92.6 20.4 19.6 
LSD 1.3 3.2 2.2 1.6 2.4 

Species 
LSD 0.5 1.1 1.0 0.7 1.2 

interaction 
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(Table 6.8 cont). Mean quality results for: dry matter%, crude protein, dry matter digestibility, 
neutral detergent fibre and water soluble carbohydrate/starch in turnip and rape shoots and 
turnip bulbs across 4 irrigation treatments. 

DAS Irrigation Dry Matter CP ( % ) DMD(%) NDF(%) Starch 
Treatment(%) (%) (%) 

Turnip 70 100 7.8 10.3 97.2 16.7 18.8 
Bulbs 80 8.0 10.0 96.8 17.1 19.2 

60 8.4 11.4 97.5 16.4 18.0 
40 9.7 11.2 96.7 16.2 19.3 

20 11.1 12.7 96.7 15.6 18.5 
Rainfed 12.3 13.1 96.6 15.2 18.1 

LSD 0.8 2.6 0.7 1.0 3.7 

84 100 8.3 9.8 96.3 18.2 17.8 
80 8.2 11.1 96.1 17.7 16.7 
60 9.0 10.3 95.9 18.1 17.9 
40 10.7 10.2· 96.8 16.4 20.0 
20 13.5 13.3 96.6 15.9 18.6 

Rainfed 15.6 14.7 96.8 15.0 18.0 

LSD 1.4 2.9 1.0 1.6 4.5 

98 100 8.7 8.9 95.7 19.1 18.0 
80 8.9 8.8 96.2 19.0 19.4 
60 9.7 9.8 96.4 18.7 18.1 
40 10.9 10.7 96.4 17.6 19.0 
20 13.1 12.5 96.1 16.5 18.5 

Rainfed 13.6 12.9 96.4 17.0 17.9 
LSD 0.9 2.4 0.8 1.3 3.7 
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6.4 Discussion 

6.4.1 Yield and growth rate 

In terms of total DM production there was no significant difference between turnip 

and rape under any irrigation treatments, with turnip producing 14.4 t DM/ha and 

rape 13.7 t DM/ha. This was in contrast to the previous field experiment when turnip 

produced significantly greater total yield than rape. In the current experim~nt rape 

produced a greater amount of stem than in the first experiment, as it was grown for a 

longer period of time. This is consistent with the results of Harper and Compton 

(1984) who recorded proportionally greater amounts of stem in progressively older 

rape plants. 

As in the first field experiment, turnip had a greater utilisable yield than rape in all 

treatments. Turnip (14.4 t DM/ha) produced 40% more utilisable DM than rape (8.8 t 

DM/ha) at the final harvest under 100% irrigation. The utilisable yield of turnip was 

lower than measured in the first field experiment (15.4 t DM/ha), but comparable to 

that reported by Eckard et al. (2001) of between 13.5 and 14.4 t DM/ha for irrigated 

turnips. The utilisab~e yield of 100% irrigated rape was, however, greater than 

measured in the first experiment of 7.2 t DM/ha and those reported by Eckard et al. 

(2001) of 7 t DM/ha. The rainfed treatment produced a utilisable yield of 8.9 t 

DM/ha for turnip and 5.1 t DM/ha for rape. The yields for both species were higher 

than in the first field experiment of 5.8 t DM/ha and 3.7 t DM/ha respectively. The 

yield of rainfed turnip was only in the middle of the range reported by Notman 

(1994). The increased rainfed yield was despite the fact that rainfall was lower in the 
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current experiment. However, much of the rain occurred later in the growing season 

in this experiment which was more beneficial to crop growth as, evapotranspiration 

and soil moisture deficits were greater at this time and potential crop growth rate was 

at its maximum. In the first field experiment the majority of rainfall was in the 

establishment growth phase of the crop. Stanhill (1958B) also found that water 

application during this period was of most benefit to crop growth. 

Growth of irrigated turnip in the third growth phase differed from the first 

experiment. In the third growth phase, marked by declining shoot growth, the growth 

rate of turnip bulbs declined resulting in total yield declining or remaining static 

under most treatments. The reasons for the decline in growth were not clear; it was 

possible that lower than optimum levels of irrigation at the conclusion of the 

experiment, when all treatment levels recorded their highest soil moisture deficits 

may have reduced the potential for continued bulb growth. This would have been 

especially evident in the plants maintained at the higher irrigation rates which would 

have had a higher evaporative demand. This agreed with the results of Stanhill 

(1958b) who reported that stress during the swelling of the edible roots, 

corresponding to the second and third growth phases, produced the greatest 

depression in turnip yield. The shoot and bulb growth rate of the rainfed turnips, 

however, continued to increase during this period because these plants were still in 

the second stage of growth, with lower evaporative demand, and were best adapted to 

take advantage of rainfall which occurred 88 DAS. A high shoot to bulb ratio at final 

harvest was a result of slow phase three bulb growth in the crop. The shoot to bulb 
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ratio was not affected by irrigation treatments at any of the harvests and the final ratio 

was approximately 1: 1 compared to a ratio 1 :2 in the first field experiment. 

The growth rate of turnip increased more quickly and was greater than rape in all 

treatments. The maximum 100% irrigated growth rate for turnip was 327 kg 

DM/ha/day between 70 to 84 DAS while the maximum growth rate for rape was 215 

kg DM/ha/day for the same treatment period. The turnip maximum growth rate was 

lower than in the first experiment (Chapter 3) while for rape it was higher. A higher 

maximum growth rate for turnips was measured for the same period in the 60% 

irrigated crop. The 60% irrigated treatment achieved the same absolute growth at 84 

DAS as the 80% irrigation treatment, having lagged significantly behind at 70 DAS. 

During this period the 60% irrigation treatment had a soil moisture deficit averaging 

35mm, which was greater than the deficit in both the 100% ap.d 80% irrigation 

treatments. The greater level of soil moisture stress during the apparent period of 

rapid growth suggests that the yield of the treatment at 70 DAS was underestimated, 

which resulted in the high growth rate recorded. There was a decline in growth rates 

in the last period of all the treatments in both species, except the rainfed turnips 

associated with an increasing soil moisture deficit. The shoot growth rate at the end 

of the experiment was similar to that reported by Clark et al. (1996) and Pearson and 

Thomson (1996). Bulb production, however, slowed towards the end of the 

experiment which reduced the total growth rate, which was not observed in the other 

experiments (Clark et al. 1996, Pearson and Thomson 1996). The 100% irrigated 
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turnip growth rate in this experiment was lower than in the previous field experiment 

where turnip averaged 319 kg DM/ha/day for the whole season (Chapter 3). 

The rate of day-degrees accumulation was more rapid in the current field experiment; 

with 400 day-degrees being achieved 28 DAS compared to 41 DAS'in the 

first field experiment. This higher temperature promoted more rapid early growth of 

both species. Temperatures were similar in both experiments beyond this early 

growth period and the resultant 16 day-degrees difference between the experiments 

was maintained until the conclusion of the experiment. Therefore, although there was 

a difference in the early growth of the crops due to increased temperature, the 

increased growth rate didn't continue throughout the experiment. 

6.4.2 LAI 

The maximum LAI was approximately 10 for both rape and turnip, which was higher 

than in the first field experiment where both species had a maximum LAI of around 

8. It is possible that the different method of measurement (leaf removal and size 

determination vs. in-situ measurement) may have caused some variation in results 

between the two experiments. Under rainfed conditions, LAI was similar to the 

previous experiment, reaching a value of around 4 in both species. The rainfed crops 

still achieved the LAI required for full light interception of approximately 4 (Jones 

1977). This level of LAI which was achieved in both the field experiments for the 

rainfed crops of all species indicated that the most stressed plants produced enough 

foliage to maintain their growth potential, but did not develop further because of a 
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high water deficit. As this was common across both species it shows that ~lthough 

turnip also has a bulb component it still only requires the same LAI for the plant to 

develop under stressed conditions. 

The decrease in LAI observed in both species at around 66 DAS may have been the 

result of the application of the insecticide to the crop 58 DAS. The insecticide was 

applied to the crop to control Diamond Back Moth, which was causing insect damage 

to the crop. The decrease in LAI occurred across all plots so any effect on the 

comparative yields between species or treatments would have been minimal. 

Turnip had a greater average number of live leaves per plant than rape at all harvests 

across all irrigation treatments. At the final harvest, turnip had 11 live leaves 

compared to 7 .8 for rape in the 100% irrigation treatment. This level of leaf 

production was slightly less than occurred in the glasshouse experiment (Chapter 5) 

at approximately the same stage of growth (100 DAS) when turnip had 13 live leaves 

and rape 9, although ~he relative difference between the species was similar. The 

higher irrigation treatments maintained a larger number of live leaves than the 20% 

and rainfed treatments in both species and the 40% irrigated rape. Increasing 

irrigation treatment increased leaf size in both species. The size of leaves for both 

species under 100% irrigation was twice that under rainfed conditions. Rape leaves 

were about 30% larger than turnip leaves under all treatments resulting in the same 

LAI as turnip despite the lower number of leaves supported by the plant. The larger 
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leaf size resulted in rape having the same shoot yield as turnip despite a lower 

number of leaves. 

6.4.3 WUE 

The response of the two species Lo irrigation was linear with the same increase in 

yield per unit of water applied independent of the irrigation treatment. This is the 

same as was found in the first field experiment and is important for crop 

management. The linear response shows that the brassica species do not become 

dormant under high levels of moisture stress, unlike pasture (Freeman 1995; Ward et 

al. 1998). The lack of dormancy means that the timing of water application to the 

brassica crops can be flexible and still enable water to be used at a high level of 

efficiency. 

There was no significant (P>0.05) difference between the WUE of turnip and rape at 

the final harvest. WUE of turnip was 21 kg DM/ha/mm of total water applied and the 

WUE of the rape was 25 kg DM/ha/mm. The WUE of turnip was much lower than 

the value recorded in the first field experiment of 44 kg DM/ha/mm and that reported 

by Jacobs et al. (2002) of up to 31 kg DM/ha/mm, but similar to that reported by 

Eckard et al. (2001) of between 15 and 22 kg DM/ha/mm. The WUE ofrape was 

slightly higher than in the first experiment (20 kg DM/ha/mm), and similar to the 

values reported by Jacobs et al. (2002) of 23 kg DM/ha/mm. The decreased WUE of 

turnip between the two field experiments could be due to a number of factors. 

Increased yield of the rainfed and low irrigation treatments in the second experiment 
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could be due to more favourable timing of rainfall events, particularly at 88 DAS, or 

be due to sub optimum irrigation at the conclusion of the experiment, when the larger 

plants in the high irrigation treatment crops would have required more water than the. 

rainfed crops. This may have compromised the WUE at final harvest. The change in 

WUE relalive to rape could have been due to the turnips' reduced bulb growth during 

the third phase of growth. The loss of this growth would offset some of the WUE 

advantage that was exhibited in the previous experiment. The low yield of rainfed 

rape at the last harvest also increased its calculated WUE response at the final 

harvest. 

6.4.4 Soil Moisture 

The soil moisture content of all treatments started at field capacity and by about 20 

DAS soil moisture deficits were beginning to increase according to the applied 

irrigation. The soil moisture deficit in the rainfed treatment increased most quickly 

and achieved the greatest deficit of over lOOmm for both species. The relative 

depletion of soil moisture content between the two species varied with treatment. 

The use of soil water by rape in the 100% irrigation treatment was high, with a 

marginally greater deficit of up to 25mm than turnip from early in the experiment. 

Despite rape being able to utilize~more water at the high levels of irrigation it was not 

able to produce a greater DM yield than turnip, therefore turnip exhibited a greater 

level of WUE. 
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The growth of both species decreased when the soil moisture deficit exceeded 40mm 

as occurred in the first field experiment. Growth of both species in the 40%, 20% and 

rainfed irrigation treatments would have been restricted by long periods of moisture 

stress of greater than 40 mm. 

There was a large difference in the levels of moisture stress recorded by the 

GOPHER ® and the soil moisture budget method. The soil moisture budget showed 

the three highest irrigation treatments (100%, 80% and 60%) all being returned above 

field capacity on a regular basis during the experiment. Although the soil moisture 

budget used a crop factor (Simonne et al. 1993a) to take into account the growth 

stage of the crop this may have been affected by temperature and other climatic 

factors. The higher temperatures at the start of the current experiment would have 

resulted in larger plants early in the season, extracting a greater amount of water than 

was being predicted by the soil moisture budget. 

6.4.5 Stomata! resistance 

Stomata! resistance was studied to investigate whether the bulb of the turnip gave it 

an advantage over the other brassica species in terms of buffering water supply to the 

shoots during periods of moisture stress. It has been suggested that this might occur 

in carrot (Olymbios 1973) and it is possible that this could be one mechanism of the 

advantage in terms of D M production of turnip. The experiment produced no 

conclusive results. At 45 DAS there was no difference between turnip and rape under 

the 100% irrigation treatment, but under the rainfed treatment there was a significant 
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difference with turnip having lower stomata! resistance than rape. This suggests that 

the turnip had sufficient moisture available at the shoots to enable it to maintain 

photosynthesis in the rainfed treatment for longer than rape. It is possible that the 

bulb of the turnip may have provided a buffering capacity, in readily available water, 

to the shouts uf turnip to enable it to accept a higher rate of moisture loss from the 

plant through the open stomata enabling it maintain photosynthesis. The results at 71 

DAS, however, showed little difference between species across any of the treatments. 

The results reflected the three irrigation treatments with the stomata! resistance 

greatest in the rainfed treatment followed by the 40% and 100% irrigation treatments 

at all except the last measurement. At 72 DAS the 100% irrigation treatments 

showed no difference between the species, while the 40% irrigation and rainfed 

treatments did show some differences. However, differences were not consistent. 

The differences between the results obtained,at the 45 and 71172 DAS measurements 

may be related to growing conditions at the time of measurement. In the rainfed 

treatment, which had varying results between the times of measurement, there was no 

difference in the level of soil moisture stress for either species between the 

measurements at 45 and 71/72 DAS. Turnip had a lower level of soil moisture stress 

than rape at both times however the difference was not significant (P>0.05). 

Although there was no difference in temperature between the measurement dates 

there was a difference in humidity. At 45 DAS the humidity was lower than on the 

other days of measurement which may have placed greater stress on the plant causing 

the difference in response between the turnip and rape plants. 
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There is very little data about stomata! function available for brassica species and 

further research to more conclusively determine the effect of the turnip bulb on the 

water supply to the shoots during short periods of water stress is required. When 

periods uf slress are due to high evaporative demand, where the plant is unable to 

extract the water it requires quickly enough from the soil, the turnip may be able to 

keep its stomata open and therefore maintain photosynthesis for longer than non-bulb 

species. 

6.4.6 Nutritive value 

There was no practical difference in the nutritive value between the species. There 

were some differences compared to the previous field experiment for turnips mainly 

relating to the change ~n bulb to shoot ratio as there are differences in the feed value 

of the turnip components. 

The levels of CP in the experiment were lower than in the first field experiment and it 

was possible that the lower level of N fertiliser application, 75 kg/ha compared 100 

kg/ha may have had some effect on the level of CP. The N requirements for this 

experiment were probably higher than anticipated for these soils. The major change 

in the composition (shoot to bulb ratio) of the crop at final harvest in comparison to 

the first experiment resulted in higher overall CP for turnip as the bulb component of 

the turnip crop was lower in CP. 
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Although increasing levels of irrigation decreased the DMD in both species, DMD of 

both species was greater than 89% irrespective of irrigations treatment, and the 

decrease was not of any practical significance. DMD was higher than, the values 

reported by Eckard et al. (2001) and those found in the first field experiment. 

NDF in tbe bulbs was higher than the first experiment and was closer to the results 

reported by Jacobs et al. (2001). This higher level of NDF may reduce the problems 

associated with fibre deficiency when feeding turnips. 

6.4. 7 Crop residues 

The rape stem remained in the paddock for more than 3 months after grazing of the 

brassica crop, even after the re-sowing of pasture species. In addition to the fibrous 

stem when the experimental plots were sprayed to kill the remaining rape plants some 

plants were not controlled and continued to grow in the field affecting the 

establishment of the subsequent pasture (Plate 6.7 and 6.8). As forage crops are often -

primarily grown as part of a pasture renovation program (Jacobs et al. 2001), any 

residual effects from the forage crops that affect the subsequent pasture reduce the 

value of the forage crop. In contrast turnips provided a clean seedbed with very little 

regrowth to compete with the re-established pasture. 
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Plate 6.7 Competition from regrowth rape in re-established pasture compared to no 
competition from regrowth turnip. 

Plate 6.8 Bare patches and reduced pasture growth caused by regrowth rape in the re
established pasture compared to the pasture growth in the area previously sown to 
turnips. 
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6.5 Conclusion 

The current experiment supported the results of the first experiment, showing that 

turnip produced the highest level of utilisable yield of the brassica species and that 

irrigation during the second growth stage produced the best WUE response. Despite 

turnip having a lower WUE in this experiment, the yield of rainfed turnips was not 

significantly (P>0.05) different to that of the 100% irrigated rape. 

The role the turnip bulb plays in increased WUE and yield potential of turnips was 

examined, however, measurements investigating stomata! resistance were 

inconclusive and this aspect of the turnip plant requires further research. 

The other apparent advantage of the turnip bulb as a secondary storage for relocated 

energy reserves from senescing leaves, may not have been as large as in the previous 

experiment. In the current field experiment rape was grown to 98 DAS compared to 

90 DAS in the first experiment and in addition there was greater early growth in this 

experiment, due to the higher temperatures. This resulted in the greater production of 

stem, the secondary storage in the rape. This may indicate that when rape is grown 

for a longer time it has the ability to store carbohydrates from senescing leaves, but 

not until a later stage of plant growth. This increased growth of stem enabled rape to 

produce similar levels of total yield to turnip in the current research. This additional 

stem growth was, however, of little interest in this context as stem is of no yield 

benefit, as it is not utilised by stock. 
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The lack of turnip bulb growth at the end of the third growth phase had a large effect , 

on the performance of turnip resulting in lower than expected final yields. In the first 

experiment strong growth of the turnip bulb continued during the third growth phase, 

which did not occur in the current experiment, as the plants were unable to maintain 

bulb expansion fur Lhe whole period of the third growth phase. 

The requirements for forage crops to complement pasture renovation programs were 

!rlghlighted by the persistence of rape in the paddock into the next pasture phase. 

Turnip provided a cleaner seedbed with virtually no re-growth in the following 

pasture without the need for herbicide application. Rape required the application of 

herbicides to control remnant plants before sowing of the pasture species, and when 

all rape plants were not correctly controlled it had a large effect of the establishment 

of the following pasture. 

The timing of rainfall in the current experiment had an effect on the yield and WUE 

of both species. Rainfall occurred early in the first growth phase, as it had in the first 

experiment, but also in the second and third growth phases. This rainfall during the 

later stages increased the yield of the rainfed and low irrigation treatments. This 

resulted in lower irrigation WUE, however, irrigation still produced up to an 

additional 5 t DM/ha. 
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Chapter 7 

7 The effect of temperature on the early growth and 

development of turnip (cv. Barkant). 

7.1 Introduction 

Temperature is a major factor in determining the·rate of physiological development in 

plants. A measure of average temperature can be used to determine levels of plant 

development, this is known as day-degrees. Day-degrees are an empirical approach 

to measuring crop development (Hall 2001). When a crop has a linear developmental 

response to average daily temperature, this average temperature can be used to model 

crop development and indicate when the crop will reach particular points in its 

development. 

Mendham and Salisbury (1995) reported that the development to maturity of rapeseed 

was a linear function of the log of the mean temperature. As such day-degrees, or 

thermal time, can be used as a measure of brassica crop development (Mendham and 

Salisbury 1995). If the brassica forage crops act in a similar manner to the oilseed 

brassicas then recording day degrees will allow for a more refined management 

strategy which is not dependant on observing the phenological development of crops 

in the field. 
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Previous glasshouse and field experiments in this study have shown that bulb 

initiation is an important stage of plant development for management of irrigation in 

turnip crops. From the start of bulb initiation (the beginning of the second growth 

phase) rate of accumulation of total plant biomass increases, provided sufficient water 

is available. Irrigation supplied during the second growth phase is most effective in 

promoting maximum production of plant biomass. Growth rates of up to 460 kg 

DM/ha/day have been recorded during the second growth phase, compared to 

approximately 100 kg DM/ha/day for the third growth phase, after shoot growth rate 

has declined. Irrigation applied during the second growth phase is therefore more 

effective and can produce a larger yield and increases the WUE of the crop. 

The timing of bulb initiation in relation to the time of death of the cotyledons and the 

number of true leaves developed have been examined in previous field and 

glasshouse experiments in the study. The prediction of plant growth, devel~pment 

and bulb initiation based on temperature accumulation (day-degrees) was briefly 

studied in Chapter 4 of this work. This experiment investigates these effects in detail. 

7.2 Methods 

The experiment was conducted in the Tasmanian Institute of Agricultural Research 

(TIAR) glasshouse, at the Burnie campus of the University of Tasmania from 9 

September 2001to21December2001. Time to bulb initiation, shoot yield, size of 

leaves and the number of leaves at bulb initiation in turnip ( cv. Barkant) were studied 

under four different temperature regimes. Three of the temperature regimes were 
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maintained in a glasshouse and the fourth was at ambient temperature outside the 

glasshouse. The glasshouse consisted of three separate zones that could each be 

he~ted and cooled individually by gas heaters, roof venting and evaporative coolers. 

A computer, using the 'Plant Plan'® (Anon 1997) program, controlled temperature 

and watering systems in Lhe glasshouse. 

Data loggers were used to record temperature in each of the glasshouse chambers 

(zones 1-3), while a separate data logger used for the ambient treatment (zone 4) 

failed. The temperature data used for zone 4 was accessed from the local Burnie 

Bureau of Meteorology weather station. The programmed chamber temperatures 

were (day/night) zone 1 (20/10°C), zone 2 (22/10°C), zone 3 (25/14°C) and zone 4 

plants at ambient external temperature. Zone 2 was originally intended to be 25 °C 

during the day, however, a change in another experiment being conducted in the 

glasshouse dictated that 22 °C be used. 

Seed was genninated in the dark in an incubator at 20°C and genninated seed was 

planted into 20-cm diameter pots containing a standard potting mix (Appendix 1). 

The germinated seed was planted at three seedlings per pot and later thinned to one 

plant per pot after the third true leaf had emerged. In each of the four temperature 

treatments 10 replicates were established. 

An automatic irrigation system was installed in all treatments to water all pots twice 

per day, at 7 am and 7 pm for 3 minutes per watering. This ensured that all pots 
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received sufficient water so that moisture was not limiting. Osmocote ® fertiliser was 

included in the potting mix and plants were watered with liquid fertiliser (Phostrogen 

®: NPK 14, 4.4, 22.5, with trace elements) weekly from 21 DAS, to supply essential 

nutrients. 

The number of leaves on each plant was recorded every 2 - 3 days and the plants 

were visually checked for signs of bulb initiation. At bulb initiation individual plants 

were harvested for determination of leaf area and shoot yield. Leaf area was 

estimated by photocopying all leaves from a plant, scanning the photocopies, and 

using the, Delta-T SCAN Image Analysis System to measure leaf area from the 

photocopy (Kirchhof and Pendar 1993). The whole plant was then weighed and dried 

to constant weight and then weighed again to obtain the dry weight and DM% of the 

shoots. 

Day-degree units were calculated from the average daily temperature in each zone: 

Day- degrees = "sn (T max + T IDln )12 
.L.isl 

using a base temperature of 0°C 

where S1 = day 1, the start of the count 

Sn = day n, the end of the count 

T max = Daily maximum temperature 

T mm = Daily minimum temperature 

Statistical analyses of plant development and leaf number vs. day-degrees data was 

conducted using analysis of variance and analyses of leaf number, leaf area and yield 
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were conducted using analysis of variance in GENSTAT® (Genstat 5 Committee 

1989). Standard errors generated in the analysis were used for comparisons between 

treatments at the P<0.05 significance level. 

7.3 Results 

7.3.1 Temperatures treatments 

The temperatures maintained by the computerised control system in the zones of the 

glasshouse differed slightly from the target temperatures. The temperature regimes in 

the individual glasshouse zones were recorded for the duration of the experiment, and 

the daily maximum and minimum temperatures were obtained for the ambient 

treatment from the Burnie Bureau of Meteorology weather station. Average, 

maximum, and minimum temperature data is presented in Table 7 .1. The variation of 

temperature between the individual zones provided a range of temperature treatments. 

As expected there was little difference between zones 1 and 2, with the glasshouse 

climatic control system un able to provide the degree of control necessary to establish 

such a small difference in temperature. Zone 3 provided a warmer temperature 

regime than zones 1 and 2 and the ambient regime, zone 4, provided a cooler 

temperature regime (Fig 7 .1 ). 

Table 7.1. Zone teml!eratures (0 C) for the three glasshouse zones and the outside ambient zone. 

Target Average Mean 
Maximum 

Mean 
Minimum 

Zone temperature temp. during SD Maximum 
temp. Minimum 

temp. 
(day I night) experiment temp. temp. 

1 20/10 16.1 1.2 22.0 23.0 9.8 7.4 

2 22/10 16.2 0.7 22.0 22.8 10.4 8.7 

3 25/14 19.8 0.5 25.3 26.4 14.3 13.8 

4 Ambient 14.3 1.9 18.3 23.4 10.3 4.7 
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The accumulation of day degrees was more rapid in zone 3 than the other treatments, 

reaching 500 day degrees 25 DAS compared to 32 DAS for zones 1/2 and 36 DAS 

for zone 4, the ambient temperature zone. There was no difference in the rate of day 

degrees acclimation between zones 1 an<l 2 (Fig 7.1). 

700 

600 

"' 500 Cl> 
f.! 
C'I 
.g 400 
>. 
ea 
c 300 

200 

100 

0 10 20 30 
Days after sowing 

40 

Figure 7.1. Temperature accumulation in treatment zones: Zone 1 (+),Zone 2 (II), Zone 3 (A) 
and Zone 4 (X), against days after sowing. ' 
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7.3.2 Plant development in response to temperature 

Time to development of the first true leaf varied according to the temperature 

treatment. The higher average temperature in zone 3 produced earlier development of 

the first leaf compared to the two intermediate zones and ambient conditions (Fig 

7.2). Time to bulb initiation also varied with temperature regime (Fig 7.2). Plants in 

zone 3, under the highest temperature regime, reached bulb initiation at 34 DAS, 

which was significantly (P<0.05) earlier than those in zone 1 (41 DAS), zone 2 (39 

DAS) and zone 4 (45 DAS). 
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Figure 7 .2. Average leaf number per plant against days after sowing to bulb initiation under 
each treatment: Zone 1 (+),Zone 2 (II), Zone 3 (•)and Zone 4 (X). Bars are SE. 
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The plants in zone 3 had also grown significantly (P<0.05) more leaves at bulb 

initiation than those in the other three temperature regimes (Table 7 .2, Fig 7 .2). 

There was no statistically significant difference between the other treatments. In this 

experiment bulb initiation also corresponded with death of cotyledons. In zone 3 this 

meant that there were more true leaves on the plants at time of cotyledon death than 

in the other zones. 

Table 7 .2 Average leaf number at bulb initiation. 

Average leaf 
number at bulb SD 

initiation 

Zonel 7.6 0.5 

Zone2 7.6 0.5 

Zone3 9.4 0.7 

Zone4 6.7 1.0 

*Different letters indicate significant differences p<0.05 

Significance* 

A 

A 

B 

A 
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The leaf area at bulb initiation of plants grown in zone 3 was approximately double 

that of plants grown under the other temperature treatments (Fig 7 .3). The leaves in 

zone 3 were longer and wider than those in the other zones, averaging 135 mm long 

and 72 mm wide, compared to 86 mm long and 4 7 mm wide for leaves from zones l 

and 2, and 67 mm long and 42 mm wide in zone 4. 
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Figure 7.3. Leaf area (cm2
) per plant at bulb initiation (Different letters indicate significant 

differences (P<0.05)). 
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Dry matter production in temperature zone 3 was significantly (P<0.05) greater than 

that in the other zones, being 2.5 times that of zone 2, the next highest production of 

DM. Zones 1 and 2 were not significantly (P>0.05) different in DM production, and 

there was no significant difference between zones 1 and 4, however, zone 2 produced 

significantly (P<0.05) more shoot yield than zone 4 (Fig 7.4 and Plate 7.1). 
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Figure 7.4. Shoot yield (g) of turnip plants at bulb initiation (Different letters indicate significant 
differences (P < 0.05). 
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Plate 7.1 Differences in turnip plant size at bulb initiation between (a) zone I - 20/to°C (day/night temperature), (b) zone 2 - 22/to°C, (c) zone 3 -
25/14°C and (d) zone 4 - ambient external temperature. All plants are shown at the same scale. 

(a) (b) (c) (d) 



When the turnip development stage was compared to the temperature data converted 

to day-degrees there was no significant difference between the treatments at the 95% 

confidence level (Fig7 .5). A single linear relationship accounted for 96% of the 

variation in the results. The average number of <lay-degrees lo bulb initiation was 

608 ± 47. 
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Figure 7.5. Leaf number versus day-degrees to bulb initiation: Zone 1 (+),Zone 2 (II), Zone 3 
(.l) and Zone 4 (X). Bars are SE. 

7.4 Discussion 

The experiment showed that the start of expansion in the turnip root could be 

predicted using temperature data. The average number of day-degrees required for 

bulb initiation in this experiment was approximately 608. The ability to mon~tor the 
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development of turnip crops to this critical stage (the start of the rapid phase of 

growth) would enable improved management. This would allow the crop to be less 

intensively monitored during the early stages of growth and monitored more clo~ely 

nearer to bulb initiation. The day-degrees for monitoring of turnip development may 

improve the irrigation scheduling model of Simonne et al. (1993a), which relies on 

calendar days after planting. The model by Simonne et al. (1993a) is also adapted 

for turnip green production and may require refinement for turnip cultivars with high 

bulb production. Scheduling of irrigation could also be improved, as temperature 

data for the season would enable a time frame to be developed to predict when water 

would be more efficiently applied to the crop, increasing WUE. 

Actual temperature affected vegetative growth, with larger leaves being produced in 

the higher temperature zone 3 compared to zones 1, 2 and 4. The higher temperature 

regime produced more than twice as much vegetative growth, with the same number 

of day-degrees, than any other treatment. Bulb initiation of the turnip was 

independent of the shoot growth of the crop. The growth factors recorded, biomass 

of the plant and the leaf area of the plants measured at bulb initiation, were 

significantly different between zone 3 and the other zones despite there being no 

significant difference in day-degrees to bulb initiation. 

Although vegetative growth did not relate to bulb initiation, it is probable that larger 

plants at initiation will develop larger bulbs more quickly. It is likely that crops 

193 



grown in areas with higher mean temperatures will produce greater bulb biomass as 

well as more shoot growth. 

The number of leaves at bulb initiation was a factor that had been investigated over 

several experiments. The average number of leaves at bulb initiation has been shown 

to be around 8, observed during both field and previous glasshouse experiments. In 

this experiment, there was a significant difference between the number of leaves at 

bulb initiation under a higher temperature regime compared to the other lower 

temperature treatments. However, there was no significant difference in the rate of 

leaf development relative to day-degrees. Therefore, although leaf number may be a 

reasonable indicator of bulb initiation, recording day-degree information provided a 

much more reliable measure. In this experiment temperature of the growth 

environments was more accurately measured than in a previous glasshouse 

experiment (Chapter 4). It therefore represented a more accurate estimate of day

degrees to bulb initiation. The first field experiment had a lower day-degrees 

accumulation than the current experiment to bulb initiation, 500 day-degrees. In the 

second field experiment, however, bulb initiation occurred at 600 day-degrees the 

same as the current experiment. The identification of bulb initiation in the first field 

experiment may have been premature. The use of 600 day-degrees as the indication 

of bulb initiation, from the current work and the second field 'experiment (Chapter 6), 

would be the best indicator that the crop was in the second growth phase and able to 

take maximum advantage of irrigation application. The death of the cotyledon leaves 

that occurred at or prior to bulb initiation, provided a simple visual indicator of the 
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transition to the second growth phase. The number of leaves produced was also an 

indicator of this change, but number of leaves produced was more difficult to 

determine in a crop situation than death of cotyledons. 

7.5 Conclusion 

Higher temperatures had an effect on the yield and rate of growth of the turnip crop in 

the early stages of growth. Higher temperatures lead to increased vegetative growth, 

higher leaf area and a larger number of leaves than plants grown under cooler 

conditions. Increased temperature, however, had no effect on the day-degrees 

requirement for development of the turnip plant. 

Use of temperature, monitored as day-degrees, appears to be a reliable method for 

monitoring the development of a turnip crop and as a tool to increase WUE. Using a 

threshold day-degrees requirement of 600 day-degrees before application of irrigation 

will ensure that turnip crops are in their most responsive phase of growth before 

irrigation is applied. 
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Chapter 8 

8 General conclusions and recommendations 

The primary aim of this research was to determine which of four forage brassica 

species, turnip (Brassica rapa var. rapa), pasja (Brassica campestris X B. napus), 

rape (Brassica napus var. napus), and kale (Brassica oleracea) was the most 

promising option for irrigated summer forage in the cool temperate region of 

Australia, and to develop strategies for irrigation management that would increase the 

efficiency of water use in the production of these brassica forage crops. 

In the cool temperate region moisture stress causes reduced pasture growth after mid-

I 

December resulting in a summer feed gap and a drop in milk production. In 

Tasmania, 60% of dairy farmers irrigate pasture to maintain production during this 

summer feed gap. Brassica forage crops have the ability to produce much greater 

quantities of fodder than pasture under the same conditions. 

This research examined the relative performance of brassica crops under various 

irrigation regimes in two field experiments complemented by three glasshouse 

experiments investigating detailed aspects of brassica growth. The first field 

experiment compared production of turnip, pasja, rape and kale under 4 irrigation 

treatments while the second field experiment compared turnip production to that of 

rape under 6 irrigation treatments. 
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' 
Turnips produced more utilisable yield than the other brassica species under irrigated 

and rainfed conditions in the two field experiments. In the first field experiment the 

100% irrigated turnip treatment produced 70% more utilisable DM yield than pasja, 

double the yield uf rape and nearly three times as much as kale. In the second field 

experiment the 100% irrigated turnip treatment produced 40% more utilisable DM 

yield than rape. Under rainfed conditions, turnip produced more than rainfed pasja 

and all but the 100% irrigated rape and kale in the first field experiment. In the 

second field experiment, the final utilisable yield for rainfed turnips was equal to that 

of the 100% irrigated rape. Regardless of the amount of water available for 

irrigation, turnip was the best species used for the production of brassica forage 

becau.se rainfed turnip out yielded the other species, which were either partially or 

fully irrigated. 

The yields of all irrigated forage species compared favourably to irrigated pasture. In 

cool temperate regions the yield of a well managed pasture was reported to be up to 

14 t DM/ha/year whereas a poorly managed pasture yielded around 7 t DM/ha/year 

(Notman 1994). Turnip, when fully irrigated, was able to produce a similar yield 

over a 3 month growing season to that produced by a well-managed pasture over a 

year. When fully irrigated, the other brassica species were all able to produce more 

than poorly managed or degraded pasture over a year. One of the main reasons for 

using forage crops has been as part of a pasture renovation program (Notman 1994; 

Jacobs et al. 2001) and it would be assumed that only degraded pasture areas would 
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be used for forage crops and therefore the amount of feed produced by brassica 

species would be higher than the yield of the pasture forgone for the forage crop. 

The high WUE response of turnip to irrigation may be related to the fact that it 

produced bolh leaf and bulb material. Pasja also produced a bulb, however, it was 

smaller than the turnip bulb, tightly held into the soil and was not utilised during 

grazing. There were two major considerations associated with turnip bulb 

production. The first was the effect of the turnip bulb on WUE and yield. As 

mentioned previously Incoll and Neales (1970) working with Jerusalem Artichoke 

(Helianthus tuberous L.), observed that the tuber was not the direct sink for current 

assimilate production, but that DM which had first been stored in the stem was later 

translocated to the tuber. They also observed that the greatest tuber growth occurred 

while the leaves were rapidly senescing. Results from the field and glasshouse 

experiments in the current research, including timing of bulb initiation in relation to 

leaf senescence and the increased efficiency of turnip over the other brassica species, 

indicate that the bulb of the turnip may have been supplied with material translocated 

from senescing leaves and the bulbs development was not reliant solely on current 

plant production. In rape some senescence of leaves occurred before the start of stem 

elongation. This may have made the redistribution of material from the senescing 

leaves in rape less efficient than turnip, and may have represented one aspect of the 

turnips superior yield. Further investigation would determine the extent of re

translocation, possibly using markers to track the movement of carbohydrates from 

the senescing leaves to determine their role in bulb development. 
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The second effect of the turnip bulb related to the bulb acting as a buffer for the plant 

at high levels of moisture stress. This was possible in both turnip and pasja, but 

would have been more prominent in turnip due to the bulb size and the increased 

evaporative demand caused by lhe single grazing of the turnip crop. The bulb would 

have provided water to the shoots for transpiration in periods where water uptake into 

the plant from the soil was unable to meet plant requirements. This would have 

enabled the turnip to continue growing in conditions when growth of other species 

might have slowed or ceased. In this research the experiment investigating this 

response through measl).rement of stomatal resistance was inconclusive. There was 

also little literature available on this subject, although Olymbios (1973) mentioned it 

in relation to his work with carrots. Further study of the possible role of the bulb on 

the growth and development of turnip is required and the following research is 

suggested: detailed measurement of the physiological response of the brassica species 

to water stress, to determine if there is a difference in stomata! behaviour under 

moisture stress between brassica species with and without bulbs; investigation of 

photosynthetic rates of brassica species both with and without bulbs to quantify any 

increased photosynthetic ability of the bulb species under moisture stress; 

measurement to determine the effect of turnip bulb size on the water buffering 

capacity of the bulb. 

All the brassica crops have been shown to grow in three phases, and these phases 

affect crop management. The first phase is initial establishment, followed by rapid 

199 



plant development following bulb initiation in the second phase. The third phase is 

marked by declining shoot growth. To ensure optimum WUE and maximise growth 

potential in turnip it is most important to maintain low soil moisture deficits during 

the second growth phase, and irrigation at this stage is most critical. 

Markers to the key growth phase change from the first phase to second phase have 

been identified to allow for the easy field management of irrigation application, 

allowing farmers to achieve maximum WUE and feed production. The senescence of 

the cotyledons provides a simple visual indicator of the onset of bulb expansion and 

the transition from the first to the second growth phase in turnip. This change of 

growth is also indicated by day-degrees accumulation, with approximately 600 day

degrees being required to the start of the second growth phase. The end of the second 

growth phase cannot be identified precisely. In contrast with the rapid start of bulb 

expansion the transition from the second to the third growth phase is a gradual 

process occurring over an extended period. No indicator marks the change from an 

increasing level of live shoot material, in terms of either leaf number or yield, to the 

plant maintaining a constant level of shoots. The decline in shoot yield with 

maintained bulb growth has also been observed by Clark et al. (1996) and Pearson 

and Thomson (1996). The ability to moniti:>r the development of turnip crops to 

determine the start of bulb growth enables improved management. Scheduling of 

irrigation could be improved, as temperature data for the season enables a time frame 

to be developed to predict when the water would be more efficiently applied, 

increasing WUE. 
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Response of all species to applied irrigation, in both field experiments, was 

proportional to the total amount of water applied. In the first field experiment the 

WUE of the turnips was about twice that of the other brassicas, however, there was 

no significant difference belween lhe WUE of the two species at the final harvest in 

the second field experiment. The response to irrigation between the experiments was 

affected by two factors. Firstly the timing of rainfall had a large influence on the 

growth of the crops. In the first experiment the majority of the rain fell during the 

first phase of growth, while in the second experiment a higher proportion of the 

rainfall occurred during phases two and three. This later rainfall increased the growth 

of the rainfed and low irrigation crops reducing the response to irrigation. Eckard et 

al. (2001) reported a positive response to irrigation in the second year of his 

experiment due to lower rainfall in December and January than had occurred in the 

first season. The second factor was reduced growth of the turnip bulb during the third 

~owth phase, possibly caused by a high soil moisture deficit at the conclusion of the 

second experiment. This resulted in a higher shoot to bulb ratio than in the first field 

experiment and reduced the potential yield of the crop at final harvest, resulting in a 

lower than expected WUE of turnip. The result in the first experiment showed that a 

high WUE was achievable in turnip under favourable growing conditions. 

All Brassica species were able to take advantage of available water at any time. The 

rainfed and low irrigation treatment crops of all species responded to water to the 

same extent as the more highly irrigated crops. This gave the brassica forages an 
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advantage over ryegrass pasture. When ryegrass pasture was highly stressed it 

became dormant and water applied to dormant plants was unproductive (Freeman 

1995; Ward et al. 1998). As the brassicas did not become dormant they were able to 

use available water more readily than pasture. 

There was minimal practical difference in the nutritive characteristics of the brassica 

species. All species were considered to be suitable to maintain milk production 

during lactation and overall quality was little effected by level of irrigation. The 

lower level of CP in turnips (mainly due to lower bulb levels of CP), however, could 

be a problem. Moate et al. (1998) stated that feeding cows typical summer feeds 

including pasture, could lead to inadequate protein intake for live weight gain and 

milk production. 

The WUE and high yield potential of turnip, indicated that it would be the best 

brassica forage crop in the cool temperate region to fill the summer feed gap. The 

utilisable yield advantage of turnip over the other brassica species came from the fact 

that it had two utilisable components, shoots and bulb. In addition, under favourable 

conditions turnip was able to produce a greater yield of total yield than the other 

brassica species from the same amount of water. Turnip appeared to have an 

advantage due to the bulb, through both, buffering of the water supply to the shoots 

during periods of mild moisture stress, and from more efficient storage of the 

carbohydrate from senescing leaves. The advantage of the brassica forage crops over 
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irrigated pasture for summer feed is due to their faster growth rates, higher yield 

potential, and the lack of dormancy under moisture stress conditions. 
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Appendix 1 

Composition of glasshouse potting mix (all experiments). 

Potting mix per lm3
: 

Bulk material: 50% Pine Bark 

30% Coarse Sand 

Containing: 

20% Peat (Sphagnum moss) 

1 Kg Single super phosphate 

0.3 Kg Potash 

2 kg Osmocote ® (NPK 15:4:10 with micronutrients) 

1 Kg Micromax ® (12% S, 0.1%B,0.5% Cu, 12% Fe, 2.5% Mn, 

0.05% Mo, 1 % Zn) 

2.2KgLime 

1.6 Kg Dolomite 

1.2 Kg Saturaid ®(wetting agent) 
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Appendix2 

Delta-T devices automatic porometer MK3 calibration curves 
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Figure A2.l. 45 DAS porometer calibration curves for 11:00, 13:00 and 15:30. 
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Figure A2.2. 71 DAS porometer calibration curves for 12:30, 14:30 and 15:30 
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Figure A2.3. 72 DAS porometer calibration curves for 14:30, 15:30 and 17:00 
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