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Abstract 

Bulb brassicas are used as supplementary feed in intensive pastures systems. However, 

there is a lack of quantitative data to define their growth and development. This has 

limited the creation and use of prediction models and decision support systems. Thus a 

series of experiments were used to clarify the growth and development of bulb turnips. 

Thermal time requirements for developmental phases of bulb brassicas were quantified 

and relationships to describe the time to bulb initiation were obtained in field and 

controlled environments.  

In the first controlled environment experiment cardinal temperatures were determined 

from germination of nine cultivars of forage brassicas and daily thermal time 

accumulation models were developed for three groups of forage brassicas and ‘Aparima 

Gold’ swede (Brassica napus spp. napobrassica). These models allowed the calculation of 

thermal time accumulation in two field experiments. The first field experiment evaluated 

‘Aparima Gold’ swede and ‘Barkant’ and ‘Green Globe’ turnips sown on five dates from 

November 2008 to March 2009. A second field experiment evaluated ‘Green Globe’ 

turnip sown on four dates from December 2009 to March 2010 under two soil 

temperature regimes (covered with plastic sheets and uncovered). A second controlled 

environment experiment evaluated phyllochron and hypocotyl thickening of swede, 

turnips and rape cultivars sown on four dates and in three temperature regimes using 

two glasshouses and an outside environment from December 2011 to March 2012. 
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‘Aparima Gold’ swede had a thermal time requirement to 50% emergence of 83oCd (Tb = 

0oC) whereas the turnip cultivars averaged 56oCd (Tb = 3.6oC). Total dry matter 

production of bulb brassicas was described by logistic curves where leaf production was 

the main component of yield until bulb development started. From this point, leaf 

production stabilized until leaf senescence became predominant and bulbs became the 

main component of yield. Dry matter yields decreased as sowing date was delayed and 

that was related to the total amount of radiation intercepted. Radiation use efficiency of 

‘Green Globe’ turnips increased with mean temperature at a rate of 0.07 g DM/MJ 

total/oC, from 10 to 20oC.  

Bulb initiation was botanically defined as when hypocotyl was 10 mm thick and occurred 

at ~ 760oCd for ‘Aparima Gold’ and at ~ 390oCd for turnips. Until bulb initiation of ‘Green 

Globe’, increases in LAI (0.4 m2/m2/oCd) and in leaf production (0.3 kg DM/ha/oCd) were 

observed. From this point on, the relationship between the ratio leaf:root dry matter 

production and accumulated thermal time followed an exponential decline (R2 = 0.99) 

with a base parameter of 0.995.  

Phyllochron of brassicas was not constant across sowing dates. The phyllochron of 

‘Aparima Gold’ swede ranged from 52 to 106oCd/leaf, ‘Goliath’ rape from 42 to 

92oCd/leaf (Tb = 3.9oC) and for turnips from 20 to 67oCd/leaf across field and controlled 

environment experiments. Phyllochron increased with mean temperature at a rate of 

3.4oCd/leaf/oC for ‘Green Globe’ and 3.7oCd/leaf/oC for ‘Barkant’ turnips from 7 to 21oC. 

‘Aparima Gold’ and ‘Goliath’ also increased phyllochron with mean temperature (2.0 and 

2.8oCd/leaf/oC, respectively) but further studies are recommended to uncouple the 

effects of temperature and photoperiod. 

Keywords: Brassica spp., bulb initiation, cardinal temperatures, phyllochron, sowing date, 

thermal time.  
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1 General introduction 

1.1 Pastures and supplementary crops in New Zealand 

New Zealand has 52% of its land area used by pasture or grassland with approximately 10 

million ha covered with sown pastures and forage species (Valentine and Kemp, 2007). 

Most of the pastoral production of the country is based on the grazing of perennial 

species, predominantly with perennial ryegrass (Lolium perenne) and white clover 

(Trifolium repens) as main species (Matthews et al., 1999). However, there is a period of 

the year when pasture supply declines due to its seasonal production (Valentine and 

Kemp, 2007; Chapman et al., 2009). It is during this period that the necessity of 

supplementary strategies to match the requirements of animal production arises. 

In 2011 the total number of dairy cows reached 6.2 million in New Zealand, 260,000 more 

than in 2010. This increase was led by a greater number of farms converted into dairy 

farms, which raised the number of dairy cows in the South Island to 2.2 million, 36% of 

the national total (Bascand, 2012). In Canterbury, one of the main regions of the South 

Island, farmers have shifting away from sheep breeding and lamb finishing activities 

towards contract grazing as a support for the dairy sector (MPI, 2011). The same trend 

has occurred in the North Island where more farms have changed from beef to grazing 

for dairy cattle (Bascand, 2012). As a consequence, a need for supplementary strategies 

has come from the seasonal production of pastures and an increased demand for high 

productivity animal systems. 

1.2 The use of forage brassicas in New Zealand 

Forage brassicas have been used as supplementary feed for many years. Brassicas also 

can be valuable in farm rotations that involve cereals and pulse crops and in pasture 

renewal programs (Charlton and Stewart, 2000). In New Zealand kale (Brassica oleracea 

spp. acephala), swedes (B. napus spp. napobrassica), rape (B. napus spp. biennis) and 

bulb turnips (B. rapa spp. rapa) are used in winter, while bulb turnips (Moot et al., 
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2007b), leaf turnips (B. rapa), kale and fodder radish (Raphanus sativa) are commonly 

used during the summer (Valentine and Kemp, 2007). 

Brassicas are biennial plants used as annual crops (Valentine and Kemp, 2007) in their 

vegetative form in the first season. They are characterized by the storage of the yield in 

bulbs or stems, and only produce seeds in the second season (de Ruiter et al., 2009). They 

usually are 85-90% digestible with a metabolisable energy (ME) concentration of 12-13 

MJ/kg DM, and produce leaves with 15-25% crude protein and bulbs with 8-15% crude 

protein (Valentine and Kemp, 2007). 

It is not recommended to have animal diets totally composed of brassicas (de Ruiter et 

al., 2009). Diets of dairy cows should not have more than 33% of brassicas and dry cows 

should not be fed with more than 70% of the diet as brassicas. This is because these crops 

are rich in sugars and low in fibre, which brings the risk of rumen acidosis to the animals 

being fed. Access to hay and silage are used before animals are introduced to a new 

break to minimize health issues (de Ruiter et al., 2009). 

Bulb brassicas present three phases of growth (Neilsen, 2005). The first phase consists of 

seedling emergence, the second shows a fast growth of shoots and bulb development 

and the third is when shoot growth declines and the bulb turns into the main component 

of dry matter production (Neilsen, 2005). Therefore, the bulb has an important role in the 

total dry matter production of bulb brassicas and its initiation is a key development stage 

that defines when the dry matter partitioning between leaf and bulb occurs. 

1.3 Environment influences, development and yield of brassicas 

Like all crops, brassica yields are related to light interception, accumulation of thermal 

time (Moot et al., 2007a) and adequate water and nutrient supplies (Neilsen, 2005). Crop 

yields differ with the length of the growing period. Crops that are sown early in the 

season have the potential to produce higher yields than those sown later. Leaf 

appearance is also driven by thermal time accumulation, so early sown crops usually 
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achieve canopy closure in more favourable growing conditions than the later sown crops 

and this accentuates yield differences (Collie and McKenzie, 1998; Moot et al., 2007b).  

Photoperiod also influences phenology but mainly in annual oilseed brassica by 

shortening developmental phases as the day length increases (Nanda et al., 1996b). 

Temperature strongly influences the development of brassicas and acts in each 

phenological stage (Hodgson, 1978a). However little is known about the time of bulb 

initiation and growth, which is the key development phase that affects growth, 

partitioning and yield of forage brassicas.   

The available literature is short on information about bulb brassica development, 

phenological stages and the influences of environmental factors on these stages.  

1.4 Aims of the thesis 

This study is part of a Pastoral 21 feed program that aims for a production of 45 t DM/ha 

per annum in New Zealand through the introduction of high productivity cropping 

sequences suitable for animal production. Forage brassicas are options considered in the 

program to improve the productivity of supplementary feed during winter and summer. 

The potential productivity of cropping sequences can be predicted with crop models, 

which can also facilitate the decision making of farmers in chosing the most appropriate 

sequence to follow. However, the lack of information about the physiology and 

environmental drivers of the production of bulb brassicas decreases the accuracy of 

predictions made with available programs. This was demonstrated by Chakwizira et al. 

(2011a) and Chakwizira et al. (2012a) where the predictions based on the PARJIB model 

(Reid, 2002) were considered poor for turnips (R2 = 0.10) and only reasonable for swedes 

(R2 = 0.54). Therefore this thesis will provide relationships that quantify the influence of 

environmental factors, mainly temperature, on crop growth and development that could 

be used to improve crop models of bulb brassicas. 
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To understand the growth and development of bulb brassicas the processes involved in 

the the total dry matter (DM) production and how these are affected by temperature 

need to be covered (Figure 1.1). Total DM production is a function of how much light is 

intercepted by the crop (RI) and how eficciently the crop uses the light intercepted (RUE) 

(Monteith, 1977; Sinclair and Muchow, 1999). Radiation use efficiency (RUE) is affected 

by photosynthesis rate (Sinclair and Muchow, 1999), which is affected by temperature 

(Justes et al., 2000). In this study the photosynthesis rate will not be measured but 

relationships between RUE and temperature will be evaluated. The amount of radiation 

intercepted is a function of how the canopy develops and therefore leaf appearance rate 

and leaf area expansion will be studied.  

 

Figure 1.1 Aspects involved in the growth and development of bulb brassicas.  

Note: DM stands for dry matter, RI for radiation interception, RUE for radiation use efficiency and LAI for 

leaf area index.  

A distinct characteristic of bulb brassicas is that total DM production is composed by leaf 

and bulb (Figure 1.1). For this reason, it is important to understand when the partitioning 

between leaf and bulb production occurs and if this is conservative in relation to 
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temperature accumulation. This partitioning will be studied by observing when bulb 

initiation occurs and how the leaf:bulb ratio changes with temperature accumulation and 

across sowing dates. 

To cover the major phenophases in bulb forage crops, such as germination, emergence, 

leaf appearance and bulb initiation a series of experiments are presented in this thesis. 

The thesis structure is presented in Figure 1.2. The first experiment (Chapter 1) estimates 

cardinal temperatures for brassica development to provide an understanding of 

temperature effects and establish thermal time requirements for germination. This 

experiment tests different models and develops daily thermal time accumulation models 

for brassicas. The second experiment (Chapter 5) presents relationships for light 

interception, dry matter production, bulb initiation, leaf number and dry matter 

partitioning for swedes and turnips in three types of brassicas sown on five dates from 

November 2008 to March 2009. The third experiment (Chapter 6) is based on turnips to 

provide more detailed information about the influences of soil temperature on the time 

of bulb production and consequently dry matter partitioning within the plant. The fourth 

experiment (Chapter 7) evaluates how temperature regimes affect phyllochron and bulb 

development in a controlled environment using three bulb brassicas and one non bulb 

brassica species.  
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Figure 1.2 Thesis structure.  
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2 Literature review 

2.1 Introduction 

The development of brassicas can be described by phenophases of germination, 

emergence and vegetative production. Vegetative production of bulb brassicas is divided 

into canopy development, light interception and radiation use efficiency, bulb initiation 

and leaf:bulb ratio. In this literature review sections are dedicated to show what has been 

presented about these processes and how that can help to understand the growth and 

development of crops. Sections will also review the literature about bulb initiation of 

brassicas and other crops and how the ratio between leaf and bulb production has been 

explored previously. 

To relate the results to thermal time accumulation, and to establish temperature 

influences on the processes presented in Figure 1.1, it is necessary to determine the 

cardinal temperatures for these crops. A section of the literature review will cover this 

topic and will present the limitations and advantages of methods available, and were 

used in this thesis, to estimate cardinal temperatures.  

This literature review section presents studies that have been done about brassica 

development. When possible the literature reported relates to bulb brassicas. However, 

when relevant information was unavailable, results from other species are included. 

2.2 Forage brassicas 

Brassica is a large family that includes many common vegetables. Many types of brassicas 

are available and some of them can produce bulbs (e.g. swedes and turnips), long stems 

(e.g. kale) and large flower buds (e.g. broccoli and cauliflower). Others can be leafy (e.g. 

rape and Pak Choy), seeding (e.g. oilseed rape), or form hearts (e.g. cabbage) (Charlton 

and Stewart, 2000).  
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Turnips are believed to be one of the oldest species and B. rapa/campestris is one of the 

basic diploid species of the family of brassicas from which the ampli-diploid species of B. 

napus, B. juncea and B. carinata have been derived as shown in Figure 2.1 (Kimber and 

McGregor, 1995; Gowers, 2010). Vernalization is required for the flowering of turnips 

that do not have a juvenile period (Gowers, 2010).  

 

Figure 2.1 Relationship between the main brassica species (adapted from Gowers, (2010)). 

The agronomy of these crops is well reported in the literature (McNaughton and Thow, 

1972; Charlton and Stewart, 2000; de Ruiter et al., 2009), but there is a lack of 

information on their crop physiology and the effects of environment on brassica 

phenology, especially the time of bulbing in brassicas. Bulbing and non bulbing crops can 

either be produced for human consumption or animal feed (Charlton and Stewart, 2000). 

When used as animal feed they provide the ability to transfer feed throughout seasons. 

Leaves can be grazed before winter while the bulb can be kept to be consumed by 

animals during the winter (Moot et al., 2007b). 

Brassicas are biennial plants that grow vegetatively in the first year and produce seeds in 

the second. The non-bulb producing forage brassicas are leaf turnips (B. rapa; syn. B. 

campestris), rape (Brassica napus spp. biennis) and kale (Brassica oleracea spp. acephala) 

(de Ruiter et al., 2009). Brassica types like leaf turnips, rape and bulb turnips are available 

options for the period of summer/autumn. Leaf turnips can be sown from October up to 
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early autumn. Rape can be a multigraze crop sown in spring and autumn, with early and 

late maturing cultivars. Bulb turnips can be sown from October until February and fed 

from summer up to late winter. There are also options for the winter period such as kale, 

swedes and some types of rape (de Ruiter et al., 2009). 

The interest in brassicas as a supplementary feed comes from their ability to produce 

high yields (up to 20 t DM/ha) (Beare et al., 2009) with adequate nutritional value, such 

as 80-90% of digestibility, 15 - 25% protein and up to 13 MJ/kg DM of metabolisable 

energy (Valentine and Kemp, 2007).  

2.2.1 Turnips and swedes 

Turnips (Brassica rapa L. var. rapa L. syn. Brassica campestris ssp. Rapifera (Metzg.) 

Sinsk.) and swedes (Brassica napus var. napobrassica (L.) Rchb. syn. B. napus ssp. rapifera 

(Metzg.) Sinsk.) are root crops used for human and animal utilization. B. rapa var. rapa 

and B. napus var. napobrassica are the names commonly used (Gowers, 2010). 

Turnips have a large range of cultivars that can be early (tankard types), medium (soft 

turnips) and late maturing (de Ruiter et al., 2009). The leaves of turnips come from a tight 

rosette on top of the bulb and have a yellow-green colour. Its bulbs have white flesh and 

may have red/purple or green tops or have no colour, being all white. The storage organ 

in turnips comes from the enlargement of the hypocotyl that forms a “bulb” (Gowers, 

2010). Some cultivars were bred with the intention to produce a tankard type that is 

easier to be pulled from the ground by the stock (Eckard et al., 2001). Tankard types are 

usually early maturing types while soft turnips are medium maturing types and globe 

turnips like, ‘Green Globe’, are late maturing types (de Ruiter et al., 2009). Turnips have a 

rapid growth with the maximum yield achieved within 80-90 days. A decline in leaf yield 

is then observed due to senescence and decay of lower leaves after canopy closure is 

reached (Pearson and Thomson, 1996). 
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Swedes are also known as rutabaga in North America (Spaner and Lee, 2001), and turnips 

or neeps in Scotland (Gowers, 2010). Swedes are the second most commonly grown 

forage brassica in New Zealand, after turnips (White et al., 1999). These crops have a 

period of growth when the induction to flowering is delayed, although this is not as 

evident as with kale. These plants have the top and the bottom part of their storage 

organ coming more from stem and root tissue, respectively, than do turnips. This is the 

reason that leaf scars are present at the top of the bulb and adventitious roots can be 

seen at the bottom of the bulb (Gowers, 2010). 

The neck present on swede is the result of the connection of the top part of the bulb with 

a stem where leaves come from. This is not a main characteristic of swede and it is 

possible to find swedes that do not produce a neck. Leaves have a dark green colour and 

are covered by a wax layer (Gowers, 2010). Approximately 150-180 days are needed for 

swedes to reach maturity characterizing these as slow maturing plants (Pritchard et al., 

1991). 

2.3 Agronomy of forage brassicas 

2.3.1 Yield of forage brassicas 

Beare et al. (2009) pointed out that brassica productivity is usually below its potential due 

to constraints related to water deficits, insects, diseases and crop establishment. Most of 

the information available for brassicas is about water use and fertilizer effects on yields 

(Clark et al., 1996; Pearson and Thomson, 1996; de Ruiter et al., 2009; Fletcher et al., 

2010). However, Adams et al. (2005) stated “factors of agronomy and husbandry 

necessary to produce high yields of more than 15 t DM/ha are still not well validated in 

the available literature”.  

The study of Eerens and Lane (2004) showed that improvements in crop yield of brassicas 

can be done when crop management information is provided to farmers. They presented 

a best management practice protocol to target a turnip production of 14 t DM/ha in the 

North Island of New Zealand and analysed the results obtained during two years from 
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different farms. Farms that followed the protocol had an average total and leaf dry 

matter yield, and consequently the leaf:bulb ratio, higher than in farms that did not 

follow the protocol. When the protocol was followed only one farm produced less than 

10 t DM/ha while more than 60% of the farms produced more than 12 t DM/ha. When 

the protocol was not followed only 22% of the farms produced more than 12 t DM/ha 

while others produced less than 10 t DM/ha. 

In Southland, New Zealand, high yields of swede crops of more than 20 t DM/ha can be 

produced (Beare et al., 2009). Wiedenhoeft and Barton (1994) obtained a yield of 4.5 t 

DM/ha for ‘Typhon’ turnip and 4 t DM/ha for ‘Winifred’ and ‘Emerald’ rape. Jung and 

Shaffer (1993) reported yields higher than 10 t DM/ha for bulb turnips sown in a no-

tillage system in the USA. The authors also reported that increases in the sowing rate 

from 2 to 5 kg/ha reduced bulb diameter and increased the dry matter partitioning 

towards leaf production but this did not affect total dry matter yield. 

Gowers et al. (2006) compared yields of cultivars of swedes and observed total dry 

matter yields that went from 9.5 to 13.6 t DM/ha and bulb dry matter yields between 7.1 

to 10.5 t DM/ha. In this study ‘Winton’ was the most productive cultivar followed by 

‘Highlander’ and ‘Major Plus’. A large range of brassica yields can be found in New 

Zealand and it ranges from 5 to 20 t DM/ha for swedes (Beare et al., 2009; Chakwizira et 

al., 2011b). Explanations for this variability can be based on levels of fertilization (Türk et 

al., 2009), irrigation schedules (Neilsen, 2005), poor crop establishment (Beare et al., 

2009), sowing dates and length of the growing season (Harper and Compton, 1980; 

Adams et al., 2005), and environmental conditions (Harper and Compton, 1980; Keogh et 

al., 2012).  

2.3.2 Sowing dates 

Sowing dates are the main causes of variation in dry matter yields of forage brassicas 

(Adams et al., 2005). Collie and McKenzie (1998) evaluated turnip yields and obtained 

15.4 t DM/ha for crops sown in January, 13.8 t DM/ha in early February, 10.6 t DM/ha in 

late February, 8.4 t DM/ha in early March and 5.9 t DM/ha in late March. Scott and 
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Pollock (2004) simulated a decrease in production of 30% between swede crops sown in 

December and January at Lincoln as a result of differences in temperature accumulation 

between the two sowing dates. Keogh et al. (2012) reported a decrease of 55.5% in bulb 

turnip with a delay in sowing date from August 1st to August 31st in Ireland. These 

decreases resulted from the amount of thermal time accumulated, which affects leaf 

appearance rate, leaf canopy development, light interception and therefore growth (Hay 

and Walker, 1989; Scott and Pollock, 2004). One of the objectives of this study is to 

quantify the relationships between temperature and these important developmental 

phases. 

2.4 Leaf canopy development, radiation interception (RI) and radiation use 

efficiency (RUE)  

Green leaf canopy is responsible for intercepting incident radiation. The size and the 

speed at which the canopy is established are crucial to determine the total size of the 

canopy (Fletcher et al., 2012). These can be quantified through measurement of 

phyllochron, leaf area index (LAI) and leaf area expansion rate.  

Potential yields of crops can be explained by temperature, the amount of radiation 

intercepted by crops (Muchow et al., 1990) and how efficiently this radiation is converted 

into dry matter production (Monteith, 1977). Radiation intercepted is described by the 

amount of incident radiation (Ro) and the fraction of incident radiation that is intercepted 

(R/Ro). Radiation use efficiency (RUE) refers to the crop mass accumulation in relation to 

light levels (Sinclair and Muchow, 1999). This section reviews published values for these 

important crop physiology factors. 

2.4.1 Phyllochron 

Phyllochron is the time interval between visual appearance of leaves of successive 

phytomers, which are composed by the node and the tissues derived from this node 

(Wilhelm and McMaster, 1995). When phyllochron is constant it provides a consistent 

method to predict crop development (Rickman and Klepper, 1995). However, some 
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authors have shown that the phyllochron can be affected by several factors such as 

temperature and photoperiod (Cao and Moss, 1989a; Rickman and Klepper, 1995).  

In most cases leaf appearance in relation to accumulated thermal time is characterized by 

a linear function (Milford et al., 1985b; Morrison and McVetty, 1991; Rickman and 

Klepper, 1995; Miralles et al., 2001; Wilson et al., 2004; Fletcher et al., 2012) and the 

phyllochron is obtained as the slope of this line. Milford et al. (1985b) obtained a 

constant phyllochron of 30oCd for sugar beet in the analysis of a five year set of data 

across a narrow range of sowing dates (April to mid-May in the north hemisphere).  

Nanda et al. (1995) evaluated brassicas under a range of average temperatures from 15 

to 24oC and of photoperiod from 10.2 to 11.3 h. A constant phyllochron of 59.9oCd was 

found for B. campestris, 64.9oCd for B. juncea, 82.6oCd for B. napus and 63.7oCd for B. 

carinata for leaves 1 to 6 whereas later leaves appeared at a faster rate. The same 

change in phyllochron between earlier and later leaves was observed by Miralles et al. 

(2001) for oilseed brassicas. Fletcher et al. (2012) also observed changes in phyllochron of 

turnips and rape after the accumulation of 280oCd for turnips and 355oCd for rape. This 

was approximately the same time when canopy closure occurred. However leaves that 

appeared before this point had a shorter phyllochron than later leaves, contrasting with 

rapeseed data. 

Wilson et al. (2004) used a constant phyllochron of 62oCd for ‘Pasja’ turnip and 110oCd 

for kale, over a base temperature (Tb) of 0oC, to develop a yield prediction program for 

forage brassicas. Adams et al. (2005) reported a constant phyllochron (Tb = 4oC) for 

‘Green Globe’ turnips of 51.2oCd, ‘Goliath’ rape of 61.3oCd and ‘Gruner’ and ‘Kestrel’ kale 

of 67.5oCd and 64.5oCd, respectively. These data were obtained across three sowing 

dates that produced a narrow range of temperature of approximately 12 to 15oC. 

Fletcher et al. (2012) obtained a phyllochron (Tb = 4oC) of 47oCd for ‘Barkant’ turnips, 

60oCd for ‘Titan’ rape, 76oCd for ‘Kestrel’ kale and 51oCd for ‘Keystone’ swede sown in 

November.  
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Cao and Moss (1989b) observed that the phyllochron of wheat and barley exponentially 

increased as temperature increased. It was indicated that the thermal efficiency of leaf 

production (leaf per degree-day) decreased as temperature increased and therefore 

temperature needed to be taken into account when modelling phyllochron of these 

crops. In another study Cao and Moss (1989a) showed that the phyllochron of wheat and 

barley increased as temperature increased or as photoperiod decreased. However, 

Jamieson et al. (1995) showed that leaf appearance of wheat was explained only by 

temperature when this was measured near the apical meristem. Initially leaf appearance 

was explained by soil temperatures and as the stems were extended canopy 

temperatures were the most appropriate to calculate thermal time. This highlighted that 

systematic errors can occur in estimations of phyllochron due to lack of accuracy in 

temperature measurements, which is why air and soil temperatures were monitored in 

this research. 

Morrison and McVetty (1991) reported that thermal efficiency of leaf production of 

summer rape, obtained in relation to growing degree days (GDD), decreased as mean air 

temperature increased. The authors showed that the rate of leaf appearance per growing 

degree day (leaves/GDD) decreased between 10 and 25oC at a rate of 0.0009 

leaves/GDD/oC. The data presented by Miralles et al. (2001) also indicated a decrease in 

leaf appearance rate of rapeseed as mean air temperature increased. The authors did not 

specify the range of mean temperatures but based on visual analysis of the figures 

presented, this range was approximately from 14oC to 25oC.  

Collie and McKenzie (1998) observed that bulb brassicas sown on 11 February had a 

faster phyllochron (35.7oCd) than the other sowing dates of 25 February (43.5oCd), 11 

March (41.7oCd) and 25 March (47.6oCd). Comparisons of phyllochron data of ‘Kestrel’ 

kale presented by Adams et al. (2005) and Fletcher et al. (2012) also indicate that the 

phyllochron of forage brassicas may be variable and further investigations need to be 

done. 
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2.4.2 Leaf area index (LAI) and expansion rate (LAER) 

Leaf area index (LAI) is defined as the ratio of total leaf area to ground surface area 

(Watson, 1947). This is the index that describes how much leaf area the canopy has so 

that an estimation of the amount of radiation intercepted can be done (Section 2.4.3). It 

can be determined gravimetrically when the specific leaf area is known or through direct 

assessments with leaf area scanners or optical sensors where the canopy area index is 

determined (Behrens and Diepenbrock, 2006). Leaf area depends on soil water, diseases, 

temperature and nutrient supply (Terry et al., 1983) as these are all factors that affect 

leaf size, appearance and duration. Furthermore, LAI is usually not a major factor 

affecting RUE (Sinclair and Horie, 1989; Sinclair and Muchow, 1999). 

Canopy closure occurs when a crop reaches the critical LAI (LAIc), which is when 95% of 

the total incoming radiation is intercepted by the crop (Chakwizira et al., 2012b). Collie 

and McKenzie (1998) reported that thermal time requirements to reach canopy closure 

of turnips (at LAI of 4) varied from 758 to 1094oCd (Tb = 0oC), depending on sowing dates. 

However, Fletcher et al. (2012) showed that canopy closure was reached after the 

accumulation (Tb = 4oC) of 300oCd for turnips, 360oCd for rape and 450oCd for kale and 

swedes. Chakwizira and Fletcher (2012) showed that LAI development of forage brassicas 

was affected by water supply where crops under water stress failed to reach LAIc when 

compared with crops fully irrigated. Fletcher et al. (2013) showed that nitrogen depletion 

caused a small decrease in LAI of forage rape and values were always around or above 

the LAIc of 3.6. 

Milford et al. (1985c) indicated that leaf expansion and leaf size were responsible for the 

total number of leaves of sugar beet crops rather than changes in total LAI in the early 

stages of crop development. Thus the rate of production of leaf area depends on how fast 

leaves are produced and how fast and large leaves grow (Milford and Riley, 1980). These 

are processes sensitive to temperature (Terry, 1968), water stress (Fletcher et al., (2012) 

and fertility (Chakwizira et al., (2012b).  
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Milford and Riley (1980) showed that a higher total leaf area of sugar beet crops grown 

under higher temperatures resulted from larger leaves and not more leaves. The stronger 

influence of expansion rate on final leaf size was because warmer temperatures 

increased the mean and absolute rates of expansion more than it decreased the duration 

of the expansion phase (Milford and Riley, 1980). The same was observed by Cao et al. 

(1988) for soybean that had leaf area development rates more related to final leaf area 

than maize plants, which have their leaf area influenced by the duration of the expansion 

phase.   

Milford and Riley (1980) reported that the optimum temperature for the expansion of 

leaves of 1 – 3 of sugar beet plants was between 11 and 15oC, while for leaves 4 – 6 it was 

around 18 – 20oC. Milford and Riley (1980) and Milford et al. (1985a) observed that 

differences in final leaf areas were more affected by the temperatures experienced by 

leaves at their early developmental stages and the amount of nitrogen in the shoot at 

that same time than by the predominant conditions during the main period of leaf 

extension. Mourao and Hadley (1997) showed that LAI of broccoli plants increased at a 

rate of 0.60 cm2/cm2/oC with mean air temperature between 11.2 and 14.5oC. Morrison 

et al. (1992) observed a constant leaf expansion rate of 0.21 cm2/GDD for summer rape 

crops when temperatures went from 13.5 to 22oC.  

Wilson et al. (2004) tested a potential yield model for ‘Pasja’ turnips and kale crops which 

considered that individual leaf area depended on leaf position, population and also 

cohort size for kale. The model considered total leaf size increased from leaf 1 to leaf 12 

and after that it was constant. The rate of expansion of individual leaf area was 0.004 

m2/oCd for kale and 0.002 m2/oCd for ‘Pasja’.  Collie (1997) showed the effect of sowing 

dates in leaf expansion of bulb brassicas where crops sown earlier (February) had a 

shorter duration of leaf expansion of 375oCd and faster expansion rate of 1.5 mm/oCd 

than crops sown later (March), which had a duration of 318oCd and a rate of 1.3 mm/oCd.  
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2.4.3 Radiation interception (RI) 

In the first stage of growth, before senescence sets in, dry matter production is 

proportional to the amount of light intercepted by the canopy. The maximum rate of 

photosynthesis will depend on the photosynthetic efficiency of individual leaves and on 

their disposition within the canopy (Monteith, 1965). Other factors such as leaf 

properties (e.g. thickness), shape and size of leaves and characters that affect the three-

dimensional arrangement of leaves within the canopy influence the penetration of 

radiation in the canopy (Hay and Porter, 2006).  

The total intercepted radiation results from the size of the crop canopy (LAI in Equation 

2.1) and the rate of canopy establishment (Fletcher et al., 2012). The relationship 

between LAI and intercepted radiation was demonstrated in the studies of Chakwizira 

and Fletcher (2012) and Fletcher et al. (2013). Chakwizira and Fletcher (2012) showed 

that reductions in leaf area expansion due to water stress decreased the total 

accumulated radiation intercepted of rape and turnips. Fletcher et al. (2013) observed 

that, despite decreased maximum LAI, nitrogen depleted forage rape plants still had LAI 

values near or at the LAIc. This resulted in small changes in radiation interception under 

distinct nitrogen regimes for this crop. 

To account for leaf position on the calculation of intercepted radiation the extinction 

coefficient (k) is used. This coefficient combines plant and canopy characteristics (Hay 

and Porter, 2006) that influence radiation interception and can be described due its 

exponential relationship with leaf area index (LAI) (Equation 2.1) (Hay and Walker, 1989).  

Equation 2.1 R/Ro = 1-exp(-k*LAI)  

Muchow et al. (1990) highlighted that the amount of radiation incident on the crop, the 

proportion of radiation intercepted and the combination of temperature and radiation 

interception are crucial determinants of maize yields. They showed that temperature 

affected mainly the duration of growth because when crops intercepted radiation for a 
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longer time higher yields were obtained. This led to the conclusion that high maize yields 

were associated with low temperature and high solar radiation. Fletcher et al. (2012) 

explained that summer forage brassicas had a lower potential of production than winter 

crops because they reached canopy closure earlier than the winter ones, which resulted 

in differences in the total amount of incident solar radiation.  

2.4.4 Radiation use efficiency (RUE) 

Monteith and Moss (1977) showed that the concept of RUE is an appropriate approach to 

describe crop growth. RUE is obtained as the slope of the regression between dry matter 

accumulated and accumulated radiation intercepted (Sinclair and Muchow, 1999). 

Another method of RUE calculation based on crop CO2 assimilation was demonstrated by 

Sinclair and Horie (1989). This was a more laborious method where variation in 

photosynthetic rates of individual leaves, light distribution in the canopy and crop 

respiration may impair the precision of the method (Sinclair and Horie, 1989). However it 

demonstrated that RUE was an appropriate crop based process to aggregate the 

combined effects of photosynthesis and respiration. 

Monteith and Moss (1977) observed that the maximum amount of dry matter 

accumulated was strongly correlated with the amount of radiation intercepted by the 

crop. The relationships obtained between intercepted radiation and dry matter 

production of apples, barley, potatoes and sugar beet were similar (approximately 1.4 

g/MJ total) despite differences in the amount of intercepted radiation. Further studies 

showed that differences in RUE values were observed among species and C4 crops 

presented higher values of approximately 1.95 g/MJ total than C3 species, with 1.4 g/MJ 

total (Sinclair and Muchow, 1999). For forage brassicas such as turnip, kale, swedes and 

rape sown in mid-November Fletcher et al. (2012) obtained an average RUE of 0.77 g 

DM/MJ total. 

Sinclair and Muchow (1999) showed that leaf photosynthetic rate was the most 

important variable affecting RUE and factors that decreased this rate also influenced RUE 

determination. Factors such as latitude and LAI seemed to have little effect on RUE. The 
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inclusion of root mass increases RUE but leaf senescence can underestimate RUE if dead 

leaves are not collected from the soil surface. The actual energy and protein content of 

crops and dry matter sampling variability can also affect RUE (Sinclair and Muchow, 

1999). Fletcher et al. (2013) showed that decreases in RUE due to nitrogen restriction had 

a greater importance in determining dry matter production than decreases in radiation 

interception for forage rape crops. Furthermore, measurements of RUE based on the 

biomass obtained between two consecutive harvests over the corresponding amount of 

radiation intercepted may have large errors. A more appropriate calculation of RUE 

should result from the slope of a linear regression fitted to sequential harvests that 

provide an accumulation of dry matter in relation to accumulated radiation intercepted 

(Sinclair and Muchow, 1999). Radiation intercepted can be expressed in relation to 

photosynthetically active radiation (PAR) or total radiation. This also causes discrepancies 

in the values of RUE presented in the literature (Sinclair and Muchow, 1999). Monteith 

(1972) suggested that an average ratio of PAR to total radiation of 0.5 was appropriate to 

establish comparisons between the two methods. In this thesis all results will be 

presented in total radiation. 

Collie and McKenzie (1998) observed that the RUE of turnips decreased for sowing dates 

later than February 11th. ‘Green Globe’ turnips sown in late January and early February 

averaged an RUE of 3.6 g DM/MJ PAR while late February had 2.7 g DM/MJ PAR, early 

March had 2.2 g DM/MJ PAR and late March had 1.5 g DM/MJ PAR. They attributed these 

variations to annual fluctuations in incident radiation and delays in timing to leaf canopy 

closure caused by later sowing dates. However, Fletcher et al. (2012) obtained a similar 

value of RUE of 0.77 g DM/MJ total for kale, turnip, swedes and rape despite differences 

obtained in the timing to canopy closure among these species, discrediting the reasons 

presented by Collie and McKenzie (1998).  

Effects of temperature on RUE have been reported by Justes et al. (2000) for winter 

oilseed rape and by Brown et al. (2006) for lucerne. Brown et al. (2006) observed an 

increase of RUE at a rate of 0.09 g DM/MJ total/oC from 8 to 18oC. Justes et al. (2000) 

showed that RUE of oilseed rape crops decreased with temperature from 12 to 6oC 
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followed by a stronger decline below 6oC. This was due to the fact that rape has an 

optimum temperature for photosynthesis of about 20-25oC, with a linear increase in the 

rate from 5 to 20-25oC (Paul et al., 1990; Paul et al., 1992). Paul et al. (1990) observed 

stronger decreases in rape photosynthesis rates at temperatures below 15oC. In a recent 

study Chakwizira et al. (2013) showed that the RUE of kale crops decreased at a rate of 

0.41 g DM/MJ PAR/oC between ~ 13 and ~ 16oC.This suggests that factors which affect 

photosynthesis rate, such as temperature, nitrogen and water also affect RUE values.  

2.5 Bulb initiation and dry matter partitioning 

2.5.1 Bulb initiation 

Turnips and swedes produce vegetative storage organs, which will be defined as bulbs in 

this study. Bulb initiation is a key event in bulb brassicas development, as important as 

flowering is to grain crops, because it defines when dry matter partitioning occurs 

between leaf and bulb production. The definition of this point is crucial to improve the 

prediction of crop yield models for brassicas. Botanically bulbs are defined as an enlarged 

hypocotyl and are mainly composed of secondary xylem (Gowers, 2010).  

The initiation of bulb production and storage root at the cellular level has been studied 

for turnips by Peterson (1973), for carrots by Olymbios (1973) and for sugar beet 

(Milford, 1973). Hole et al. (1984b) showed that radish plants may not produce a normal 

swollen storage root but at cellular level, secondary development had occurred. This 

indicated that the process of bulb initiation was unaffected. Such studies provide 

important plant physiological knowledge but analysis of bulb initiation at cellular level 

will not be approached here because the aim is to evaluate how environmental factors 

act on bulb initiation at a field crop level.   

The rate of secondary development, which is responsible for bulb formation, occurs 

rapidly and at an early stage, when the secondary cambia is developmed, in the 

development of sugar beet (Milford, 1973), and carrots (Hole et al., 1984a). Neilsen 

(2005) observed the same with turnips, that bulbs were initiated early in the crop 
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development. Hole et al. (1984a) showed that despite the fact that initial development of 

the storage root occurred early in plant development, its growth could be delayed by 

competition for assimilates with the shoot. 

Brewster (1982) defined bulb initiation of onions according to two criteria. These were: 1) 

the ratio between maximum bulb diameter and minimum pseudo-stem diameter shown 

by Clark and Heath (1962) and, 2) the ratio between bulb plus sheath dry weight and leaf 

blade dry weight. When these ratios increased above their previously constant values (lag 

phase) the initiation of the bulb was indicated. Furthermore specific values of these ratios 

were used as alternative criteria and the bulb was also considered initiated when the 

diameter ratio exceeded 2.0 (Clark and Heath, 1962) and the dry matter ratio exceeded 

1.2. These values were used when visual analysis of changes in the rate of increase of the 

ratios was difficult to observe. The cessation of leaf appearance of new blades has also 

been presented as an indication of the initiation of the bulb, which was used because the 

bulb of onions is formatted by the sheath of leaf blades (Brewster, 1982). Brewster (1982) 

also divided further bulb development in onset of bulbing, which was when bulb was 

initiated, and duration of bulb growth, which was the period between the bulb initiation 

and bulb maturity. Therefore botanical and field observable definition of bulb initiation 

may differ. This will be considered for forage bulb brassicas, particularly in Chapter 7. 

Brewster (1977) reported that one of the most important environmental factors that 

influenced the bulb initiation of onions was long photoperiods (between 13 and 24h). In 

addition, high temperatures and seasonal differences in temperature could also promote 

bulbing in onions. Sowing dates affected the timing of bulb maturity of onions but did not 

seem to affect bulb initiation (Brewster, 1982). Dragland (1982) reported that drought did 

not affect bulb and total dry matter production of swedes when the drought period 

occurred when bulbs had up to 10 mm of diameter. However it reduced bulb production 

when this period occurred when bulbs had more than 30 mm of diameter. This suggested 

that water stress may not affect bulb initiation as much as it affects further bulb growth. 
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Mondal et al. (1986b) observed that both delay in sowing date and increase of plant 

densities affected the growth more than the onset of onion bulbs. They also showed that 

the radiation interception by leaf canopy reached a plateau between the initiation and 

maturity of bulbs and maturity date of the bulbs decreased with increases in the 

percentage of light intercepted. This indicated that earlier initiation of bulbs could be due 

to higher LAI (Mondal et al., 1986b; Mondal et al., 1986a), despite the fact that no direct 

relationships between bulb initiation and LAI was presented by any of the studies. 

However for ‘Barkant’ turnips, Neilsen (2005) reported that differences in leaf area 

between plants grown in different temperature environments did not affect thermal time 

requirements to bulb initiation. This suggests the development process was independent 

of plant weight or leaf area. 

Effects of amounts of incident light on onion bulbs were indicated as the cause of 

changes in bulb shapes by Mondal et al. (1986b). Higher plant populations (100 - 400 

plants/m2) produced bulbs more slender than in low populations (< 100 plants/m2) 

(Mondal et al., 1986a), which is an indication of low levels of irradiance produced by 

intraspecific competition.  

Neilsen (2005) observed that ‘Barkant’ turnips initiated bulbs after the accumulation of 

approximately 500oCd (Tb = 0oC) in a controlled environment and bulb initiation was 

determined through visual assessment of hypocotyl swelling. A relationship between bulb 

initiation and cotyledon senescence was proposed. However, when different 

temperature regimes were tested this relationship did not hold.  

Three temperature regimes were also tested by Neilsen (2005) but thermal time 

accumulation was not calculated. Using the information provided and a base 

temperature of 3.6oC (proposed for turnips in Section 3.3.2.1), it is possible to 

approximately estimate the thermal time requirement for bulb initiation in this 

experiment as 551oCd at 20oC, 502oCd at 16oC and 482oC at 14oC. Furthermore, the 

author observed that bulb initiation was independent of the shoot growth because both 
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the number of leaves and leaf area were variable at this point. The number of leaves 

ranged from 6.7 to 9.4. Thus, a focus of this study will be the definition of bulb initiation. 

2.5.2 Shoot:root dry matter production ratio 

The analysis of the ratio of shoot:root dry matter has been used to indicate bulb initiation 

in some crops (Clark and Heath, 1962; Brewster, 1982). It is important to understand how 

the ratio develops throughout crop growth to model dry matter partitioning on a daily 

basis.  

Terry (1968), who studied sugar beet, and Bleasdale (1966), who used turnips, showed 

that light intensity and soil moisture had little influence on the ratio between shoot and 

root dry matter. However, these authors showed that the relationship was affected by 

temperature and soil nutrient levels. Milford and Riley (1980) observed that decreases in 

temperature resulted in more dry matter partitioned towards the roots of sugar beet 

plants. This could be due to a lower optimum temperature for root growth (12oC) than 

for shoot growth (19oC) (Milford and Riley, 1980). The same difference in optimum 

temperatures for growth was observed by Terry (1968).   

Jung and Shaffer (1993) obtained the ratio between shoot and root production of turnips 

sown on three dates in the United States. When the ratio data of ‘Green Globe’ and 

‘Purple Top’ turnips was plotted against days after sowing (Figure 2.2) the relationship 

was characterized by an exponential decline. The base parameter of the exponential 

curve for turnips was 0.96 (±0.004) and similar across sowing dates. However, these 

curves had different ratio values at the starting point across sowing dates. ‘Purple Top’ 

turnips had a shoot:root ratio of ~ 2.0 for the first harvest 60 days after sowing (DAS) in 

June and July, which was lower than the 4.0 in August. ‘Green Globe’ turnips averaged a 

ratio value of 6.8 in June and July, which was also lower than the ratio of 13 in August. 

This showed that delays in sowing dates could affect the start of the decline in the 

relationship possibly without affecting the curve shape parameter. Jung and Shaffer 

(1995) reported that the decline of shoot:root ratios were related to loss of shoot due to 

leaf senescence, foliar disease and increase in root production in mid to late autumn.  
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Figure 2.2 Shoot:root ratio of dry matter production against days after sowing (DAS) for a) ‘Green 

Globe’ and b) ‘Purple Top’ turnips sown in June (● and solid line), July (■ and dotted line) and 

August (▲ and dashed line); data obtained from Jung and Shaffer (1993). 

Note: Equations are a) solid line y = 1.29 + 67.8*(0.96
x
) with R

2
 of 0.99, dotted line y = 0.89 + 87.2*(0.96

x
) 

with R
2
 of 0.99 and dashed line y = 2.29 + 53.9*(0.97

x
); b) solid line y = 0.19 + 5.84*(0.98

x
) with R

2
 of 0.99, 

dotted line y = 0.26 + 13.9*(0.96
x
) with R

2
 of 0.99 and dashed line y = 0.79 + 45.7*(0.96

x
); it was not 

possible to obtain the R
2
 values for August functions due to the lack of data. 

Effects of sowing date and temperature on the shoot:root ratio will be analysed in this 

PhD study. Possible relationships between the start of the decline of the ratio and the 

initiation of the bulb will be evaluated. Furthermore, relationships that can describe 

changes in the initial value of the ratio across sowing dates will be investigated.   

2.6 Temperature  

Temperature influences crop development rate (Kamkar et al., 2008) through its impact 

on enzymatic activity. At low temperatures enzyme proteins are incapable of carrying out 

the conformation changes necessary for reactions. At high temperatures enzymes are 

coagulated and cannot catalyse reactions. Between these two extreme temperatures, is 

the optimum temperature where the response curves reach their peak (Bonhomme, 

2000). 



25 

 

2.6.1 Thermal time accumulation 

The use of ‘degree-day’ (oCd) units came from the relationship between crop 

development and temperature (Bonhomme, 2000), where the accumulation of thermal 

time is used to describe development and growth events of crops. Crop development 

predictions based on temperature are the basis for crop modelling programs that act as 

useful tools and decision support systems, e.g. CERES (Jones et al., 1986), APSIM 

(McCown et al., 1996) and PARJIB (Reid, 2002). 

The calculation of degree days based on the mean of the maximum and minimum 

temperature minus a low threshold temperature (base temperature) decreases the 

accuracy of degree days in the estimation of developmental stages (Arnold, 1960; Mc 

Intyre et al., 1987). This is because the daily variation of temperature follows a sinusoidal 

curve (Mc Intyre et al., 1987; Bonhomme, 2000) and even when the average temperature 

is the same as the threshold temperature, in certain periods of the day some 

development still may occur (Bonhomme, 2000). The comparison between the degree 

days accumulation calculated with temperature measured at 20 minute intervals 

produced lower totals than the daily maximum and minimum averages (Mc Intyre et al., 

1987). From that, it was observed that more realistic temperature accumulation was 

obtained with smaller intervals of temperature (Mc Intyre et al., 1987; Bonhomme, 

2000). 

To describe how degree-days are accumulated it is necessary to establish the cardinal 

temperatures (base, optimum and maximum). The low temperature threshold is 

particularly important for crops that are grown in seasons of the year where low 

temperatures are more likely to be experienced in the field (temperate species and 

winter crops). The description of phenology response at low temperatures is also 

important because it determines growth duration, once long durations increase the risk 

of failure of the crop due to frosts (Wilson et al., 1995). The base and maximum (or 

ceiling) temperatures are the extreme temperatures beyond which the rate of 

development equals 0. Between the threshold temperatures there is the optimum 

temperature, which is when the maximum development rate occurs (Bonhomme, 2000).    
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2.6.2 Cardinal temperatures 

Cardinal temperature estimations are origin-specific or even taxa-specific (Kamkar et al., 

2012). This will be investigated in Chapter 3, where cultivars of the same species or 

related to the same species, due to crossings, are grouped and estimations of cardinal 

temperatures and the development of daily thermal time models are made. 

The process of defining cardinal temperatures involves testing a range of temperatures to 

determine plant development in response to temperature. A wide range of temperatures 

enables more realistic estimations of base temperature (Angus et al., 1981). Estimates of 

base temperature can be accurate only if the range of temperature observed is below the 

optimum temperature (Roberts and Summerfield, 1987). If lower temperature thresholds 

are inaccurate, it can introduce significant error into the development equation (Howell 

and Neven, 2000).  

Angus et al. (1981) showed that the range of temperatures tested influenced the 

estimates of base temperatures for temperate species. Cho et al. (2008) determined a 

base temperature of 13.5oC for Pak-choi (Brassica campestris ssp. chinensis). The base 

temperature estimated was considered higher than other leaf vegetables. This was a 

result of the lack of low temperatures tested because 15oC was the lowest temperature 

used. Moot et al. (2000) highlighted that higher base temperatures will have a greater 

influence in low temperature environments resulting in slow germination rates and 

smaller final germination percentages. Therefore it is important that these estimations 

are as realistic as possible.  

Furthermore, models that can accurately describe the response to temperature are 

crucial to the estimation of cardinal temperatures. Extreme threshold temperatures (base 

and maximum temperatures) are usually determined by the extrapolation of the inverse 

of germination rate (Monteith, 1981; Cho et al., 2009), or other development processes 

(e.g. leaf appearance, bud appearance, tassel initiation), against temperature and that is 

why the performance of the model is important. Because of this extrapolation it is 

common to observe large standard errors in the estimation of threshold temperatures 
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(Craufurd et al., 1998). Angus et al. (1981) and Yin et al. (1995) obtained large standard 

errors (e.g. ±14.8oC) for the base temperature estimation due to extrapolations beyond 

the range of temperatures tested. 

Crop development rate (Angus et al., 1981; Ellis et al., 1992; Yin et al., 1995; Wang and 

Engel, 1998) and arthropod development rate responses to temperature are curvilinear 

(Lactin et al., 1995; Diaz, 2007; Arbab and McNeill, 2011) when the whole range of 

temperatures tested is taken into count. However, at limited ranges of temperatures the 

response tends to be linear (Bonhomme, 2000) and at the extremes of low and maximum 

temperature thresholds the response is curvilinear (Ellis et al., 1992; Diaz, 2007). As an 

overall observation, development rate responses to temperature show a skew bell-

shaped curve characterized by an accelerating increase in the rate at low temperatures, a 

linear section and an optimum temperature range that is followed by a rapid decrease in 

the development rate (Yin et al., 1995). 

2.6.2.1 Developmental models 

Cardinal temperature estimation can be made through linear (Hodgson, 1978b; Angus et 

al., 1981; Nanda et al., 1995; Moot et al., 2000; Black et al., 2006) and curvilinear models 

(Yin et al., 1995; Roche et al., 1997; Yan and Hunt, 1999; Cho et al., 2008; Streck et al., 

2008; Cho et al., 2009) as long as limitations intrinsic to each model are recognised. 

Hardegree (2006) reported that the nonlinear model tested was the most 

computationally efficient procedure to describe the germination response to 

temperature. Linear models, or models with linear components, have been successfully 

used and their simplicity is always shown as an advantage. 

In this thesis the selection of an appropriate model will be an essential component of 

accurately prediction of crop development and four models will be tested. These include 

the linear, a variation of the linear model with base temperature set at 0oC, bilinear, line 

plus exponential and Lactin models. A description of the advantages and disadvantages of 

each follows. 
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2.6.2.2 Linear 

The linear model is the most common for base temperature estimation and 

determination of thermal time requirements (Kamkar et al., 2012) because it is the 

simplest based on a regression function (Angus et al., 1981). However, Angus et al. (1981) 

highlighted that the model’s approach can be questionable if it reveals ecological 

generalizations at the same time that it is statistically convenient. Simple thermal time, or 

growing degree day, equations accumulate thermal time linearly with increasing 

temperature above a base temperature. For these models usually there is no optimum 

temperature, although sometimes there is an upper limit above which accumulation is 

considered constant (Hodges and Hodges, 1991). This example was used by Yin et al. 

(1995) to describe the development rate of rice. 

The main limitation of the simple linear model is the attempt to describe a nonlinear 

response near the base temperature. This limitation is also observed when models with 

linear components, like the bilinear and line plus exponential models, are used. The 

nonlinearity observed in the relationship between development rate and temperature 

will influence the description of the response depending on the range of temperatures 

studied (Bonhomme, 2000).  

Within a limited temperature range, above base temperature and up to the optimal 

temperature, a linear response is observed and the use of linear models is justified (Ellis 

et al., 1992; Yan and Hunt, 1999). However, linear models cannot account for the 

deceleration that occurs in the development rate near the base temperature (Ellis et al., 

1992). For this reason the range of temperatures near the base temperature needs to be 

small so that the response can be split into several parts and the fitting of the linear 

function improved (Bonhomme, 2000). 

Another limitation of this model is related to the process of choosing the most 

appropriate range of temperatures between the base and optimum temperatures. This is 

because the optimum temperature is represented by a narrow range of temperatures 

instead of a single value (Ellis et al., 1992). Visual analysis of the data were used by Ellis et 
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al. (1992), Yin et al. (1995) and Slafer and Rawson (1995) to determine sub and supra 

optimal ranges. For Ellis et al. (1992) and Yin et al. (1995) errors occurred due to the lack 

of a specific value and Yin et al. (1995) concluded that the upper limit of the temperature 

range chosen was inappropriate.  

The range of temperatures used can also change the slope of the regression line and 

influence the estimation of the base temperature and thermal time requirements. This 

was shown by Ellis et al. (1992) who obtained values of base temperatures for maize 

tassel initiation that were 5 to 11oC cooler than the values of 8 and 10oC usually used for 

maize (Jones et al., 1986). Moot et al. (2000) also observed that the range of 

temperatures fitted to the linear model influenced the thermal time requirement of 

‘Wana’ cocksfoot. In this case, a thermal time requirement of 319oCd was estimated with 

the use of a wider range of temperatures (5 to 20oC) and when a narrower range of 

temperatures was used (5 to 10oC) the estimation of thermal time requirement 

decreased to 208oCd.  

The simplicity of the model allows modifications to improve its fitting or to allow 

comparisons of thermal time requirements among distinct crops (Moot et al., 2000). The 

modification presented by Moot et al. (2000) consisted in the regression analysis of rate 

against temperature with the intercept (base temperature) of the regression model set at 

0oC. However, the model still has the limitation of the range of temperature used and the 

description of a curvilinear response through a linear regression.  

2.6.2.3 Bilinear 

The bilinear model is the same as the split-line regression model in Genstat (Genstat 14th 

edition, Lawes Agricultural Trust) and it was also used as the thermal time approach by 

Streck et al. (2008). The model has been extensively used to predict cardinal 

temperatures and crop development (Gilmore et al., 1958; Wilson et al., 1995; Yin et al., 

1995; Streck et al., 2008; Cho et al., 2009). It was developed because the linear approach 

fails to account for the decline of development rate above the optimum temperature 

(Yan and Hunt, 1999). It is a refinement of the linear approach for the upper threshold 
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temperatures with a linear decrease in the accumulated thermal time acknowledged 

between optimum and maximum temperatures (Streck et al., 2008). Therefore one of the 

advantages of the bilinear model is the estimation of the optimum (Slafer and Rawson, 

1995), independently of visual analysis, and maximum temperatures.  

A commonly reported fault of the bilinear model is the overestimation of the maximum 

development rate (Yin et al., 1995). Yan and Hunt (1999) attributed this to the fact that 

the estimation results from two linear regressions, while the real response is curvilinear 

and usually smoother. Ellis et al. (1992) and Hardegree (2006) showed that near the 

optimum temperatures there is a distinct plateau instead of a sharp peak, as estimated 

by the bilinear model. Figure 2.3 shows how the overestimation occurs. This was 

supported by Black et al. (2006) who reported that an optimum range of temperature 

between 22 and 27oC was more appropriate for clovers and ryegrass than a single value. 

Figure removed for copyright compliance  

Figure 2.3 a) Sorghum (Sorghum bicolor L. Moench) panicle initiation rate and b) spinach 

(Spinachia oleracea cv. ‘Gwibin’) germination rate against mean temperature (oC) (Adapted from 

Craufurd et al., (1998). 

Another problem related to the model is that base and maximum temperatures can also 

be overestimated because the bilinear function is the combination of two linear functions 

(Cho et al., 2009). Craufurd et al. (1998) observed that the bilinear model overestimated 

the maximum temperature for leaf tip appearance rate of sorghum to be 198oC. 

Hardegree (2006) compared five models where three were based on the bilinear model. 

The three models underestimated germination rate at low temperature (3oC). The 

underestimation of rates at this point forced the regression line to intercept the x-axis at 

higher temperatures and resulted in the overestimation of base temperatures.  

Yin et al. (1995) showed that this model still has the limitation of describing a curvilinear 

response through linear functions, especially near the base temperature range. The 

model overestimated development rates because it assumed that the rate was constant 
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at sub optimal temperatures when actually there was a deceleration of the rate near the 

base temperature (Ellis et al., 1992).  

The advantage of this method, because it is based on linear functions, is simplicity. This 

allows modifications to improve results. This was observed by Wilson et al. (1995) who 

changed the thermal time accumulation model used for maize phenology by Muchow et 

al. (1990). Wilson et al. (1995) observed that the model failed in predictions for crops 

grown in cooler regions. When the linear component of the model had a base 

temperature of 8oC (Jones et al., 1986) this ignored the fact that leaf appearance was not 

a linear function of thermal time at low temperatures (Warrington and Kanemasu, 1983). 

The original model overestimated the duration of the period between sowing and silking 

and the grain yield in cool-temperate locations. Therefore the model was modified to 

account for leaf appearance rates at low temperatures and required a different rate of 

thermal time accumulation from 0 to 18oC. 

2.6.2.4 Line plus exponential 

The line plus exponential model, or exponential-plus-linear model (Theobald et al., 2006), 

is one of the standard curves in Genstat (Genstat 14th edition, Lawes Agricultural Trust). 

This function is employed most often in studies of seed rate and nitrogen fertilizer 

response (Foulkes et al., 1998; Theobald et al., 2006). 

Theobald et al. (2006) compared the model with an inverse-quadratic function to predict 

optimum seed rates for wheat. The line plus exponential model provided lower optimum 

seed rates because it overestimated yields at 80 seeds/m2 and underestimated yields at 

the lowest (20 seeds/m2) and highest (640 seeds/m2) seed rates. 

The fact that the model produces a sharper elbow at the maximum y point (Theobald et 

al., 2006) results in the premature interception of the x-axis. In the case of development 

rate response to temperature this sharpness of the model may result in the 

underestimation of development rates near low temperatures and, consequently, on the 
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overestimation of the base temperatures. However the model has been successfully used 

(Foulkes et al., 1998) and because it is a nonlinear function it may provide a realistic 

fitting to temperature responses, improving the quality of cardinal temperature 

estimations. 

2.6.2.5 Lactin model 

Lactin et al. (1995) proposed a model to describe development rates of arthropods in 

response to temperature. These rates increase from a low temperature threshold until 

the optimum temperature and then rapidly decrease until a high lethal temperature 

(Lactin et al., 1995), in the same fashion as crop development rates do. The model has 

been used to estimate cardinal temperatures and describe arthropod development in 

response to temperature (Kean and Stufkens, 2005; Diaz, 2007; Aghdam et al., 2009; 

Arbab and McNeill, 2011) but not for crop development. 

The model was developed as a modification of the Logan model (Logan et al., 1976) also 

developed to describe arthropod development rates. The Logan equation accounts 

simultaneously for the developmental threshold and the nonlinear response to 

temperature. However predictions were unrealistic and the model failed to predict a low 

temperature developmental threshold (Lactin et al., 1995). Therefore Lactin et al. (1995) 

omitted a redundant parameter of the Logan equation and introduced a new parameter. 

This corrected the fault and allowed the curve to intersect the x-axis at suboptimal 

temperatures, resulting in the estimation of a lower temperature threshold. The Lactin 

model was considered more realistic than the Logan model once it acknowledged that 

development stops at low temperatures, while following a curvilinear response at this 

temperature range. 

Aghdam et al. (2009) concluded that the Lactin model could accurately estimate 

important development parameters despite the fact that it overestimated the maximum 

development rate. Arbab and McNeill (2011) showed that the Lactin model provided the 

best fit to the development data of Sitona lepidus Gyll. (Coleoptera: Curculionidae) at the 

same time it estimated optimum and maximum temperatures. 
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The Lactin model avoids the sharpness of linear components in models, like bilinear and 

line plus exponential. It also avoids the symmetry of the estimation of base and maximum 

temperatures to optimum temperature. However calculations to estimate cardinal 

temperatures are not as simple as they are for linear models and this can be a 

disadvantage of this model.  

2.6.3 Crop development stages used in the estimation of cardinal temperatures and 

thermal time requirements 

Germination experiments in controlled environments allow testing a wide range of 

temperatures, where no other factor can affect the response, and are therefore a basic 

requirement for cardinal temperature estimation (Bonhomme, 2000). However problems 

may still exist when germination experiments are used to determine cardinal 

temperatures. Angus et al. (1981) emphasized that not all seeds that germinate will result 

in emerged plants. Therefore care must be taken when the extrapolation of these results 

is used to other crop development events.  

Thompson and Fox (1976) and Kondra et al. (1983) showed that germination responses of 

vegetables seeds to temperature were different among species but not among cultivars. 

Kondra et al. (1983) observed that cultivars of B. campestris had lower germination 

percentages than B. napus at temperatures below 9oC and at 25oC. Also B. napus cultivars 

had a faster germination rate at low temperatures (2, 3 and 5oC) while B. campestris 

cultivars were faster at higher temperatures. Wilson et al. (1992) showed that turnip 

cultivars were fastest to germinate followed by rape and kale cultivars in a study that 

tested the germination of these crops under a range of temperatures from 5 to 35oC. Vigil 

et al. (1997) obtained similar base temperatures of 0.9oC for the emergence of three 

spring and two winter canola cultivars in an experiment where temperatures tested were 

0, 2, 4 and 16oC. However, this can change in species that have had an intense process of 

selection (e.g. maize and wheat) (Thompson and Fox, 1976).  

Tokumasu et al. (1985) observed three groups of germination response to temperature 

for brassicas such as Chinese, purple and leaf mustards, Brussels sprouts, red and Chinese 
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cabbages, hakuran, kohl rabi, turnip and rape. The first group was composed of species 

that were sensitive to high (45oC) temperatures; the second group species were sensitive 

to low (5oC) temperatures and the third group was made of species that were sensitive to 

both extreme temperatures.  

Another way to estimate cardinal temperatures is through the evaluation of development 

stages such as emergence (Moot et al., 2000; Black et al., 2006; Lonati, 2009; Wang et al., 

2009), leaf appearance (Nanda et al., 1995; Adams et al., 2005) and anthesis or flowering 

in grain crops (Gilmore et al., 1958; Ellis et al., 1992; Slafer and Rawson, 1995; Wilson et 

al., 1995; Craufurd et al., 1998; Wang and Engel, 1998; Streck et al., 2008). Several 

studies have been done with maize and wheat but only a few were on brassicas 

(Hodgson, 1978a; Nanda et al., 1995; Nanda et al., 1996b; Vigil et al., 1997). 

Hodgson (1978a) determined the base temperature and thermal time requirements to 

four development phases of ‘Torch’ (B. campestris) and ‘Midas’ (B. napus) annual 

rapeseed in a field experiment. ‘Torch’ had a base temperature of 7oC for the period of 

planting to bud appearance, 3oC from bud appearance to first flowering, 3oC from first 

flowering to pod formation and 4oC from pod formation to grain filling. ‘Midas’ had base 

temperatures of 1, 1, 6 and 1oC for each development period, respectively. The data 

presented by Hodgson (1978a) had a different base temperature for only one of the four 

stages observed for both cultivars. This contrasted with Wang (1960) and Monteith 

(1981) who showed that cardinal temperatures may differ with growth stages or 

cultivars.  

Morrison et al. (1989) determined a base temperature for the growth of ‘Westar’ 

summer rape (B. napus) of 5oC in growth cabinets over a range of temperatures from 10 

to 25oC and a 16 h photoperiod. The discrepancies between Morrison et al. (1989) and 

Hodgson (1978a) were attributed to the fact that winter sowing dates used by Hodgson 

(1978a) may have increased the vegetative phase duration, which decreased the rate and 

influenced the base temperature estimation (Morrison et al., 1989). Furthermore these 
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could have resulted from different ranges of temperatures tested between the two 

studies. 

The results presented by Morrison et al. (1989) showed agreement between responses to 

temperature obtained in growth cabinets and in field experiments. This supported the 

use of a base temperature of 5oC for field data calculations. Nanda et al. (1996a) obtained 

a similar base temperature to Morrison et al. (1989) of 5-5.5oC between emergence and 

bud appearance stage of rapeseed. For leaf appearance Nanda et al. (1995) estimated a 

base temperature 5.7oC for B. campestris, 6.6oC for B. juncea, 4.6oC for B. napus and 

5.3oC for B. carinata over a range of temperature from 15 to 24oC.  

The studies undertaken by Morrison et al. (1989), Nanda et al. (1995) and Nanda et al. 

(1996b), among others, have focussed mainly on oilseed brassicas whereas few studies 

have been done with bulb brassicas. Adams et al. (2005) estimated the base temperature 

for leaf appearance of ‘Goliath’ rape, ‘Green Globe’ turnip and ‘Gruner’ and ‘Kestrel’ kales 

using two methods. Linear regressions between leaf appearance rates and mean air 

temperature resulted in a base temperature of 5.5oC while the least-variable method 

resulted in a base temperature of 4oC. However problems such as poor quality of fitting 

of the linear function, the narrow range of temperatures used, a high lowest temperature 

recorded during the exp=erimental period (10oC) and the least-variable method make 

these results questionable.  

Collie and McKenzie (1998) used a base temperature of 0oC to calculate thermal time 

accumulation for turnips dry matter production. This same temperature was used by 

Wilson et al. (2004) and Zyskowski et al. (2004) when a crop model for yield prediction of 

kale and ‘Pasja’ turnip was presented. The discrepancy in the data for cardinal 

temperatures of brassicas is mainly related to methods of estimation, ranges of 

temperatures tested and species used. Therefore, determination of the base temperature 

is a focus of this research. 
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2.6.3.1 Thermal time requirements 

Thermal time (Tt) requirements between two developmental stages are used to express 

the relationship between temperature and plant development (Arnold and Monteith, 

1974). Several studies that have reported Tt requirements of different crops and Angus et 

al. (1981) observed that Tt required for emergence of tropical and temperate crops was 

species dependent.   

Håkansson and von Polgár (1984) studied rapeseed emergence according to sowing 

depth and soil moisture and obtained requirements that ranged from 30 to 56oCd. Vigil et 

al. (1997) observed differences between spring and winter canola. They observed a Tt 

requirement to 50% emergence of 80oCd for spring canola and a range of Tt 

requirements that went from 68 to 117oCd for winter canola. Collie (1997) obtained Tt 

requirements for 50% emergence of turnip cultivars that went from 91oCd to 125oCd, 

according to sowing dates. Chakwizira (2008) studied methods of phosphorus application 

in kale and ‘Pasja’ turnip crops and observed that the emergence of both crops started at 

87oCd but 50% emergence was reached after 300oCd.  

2.7 Use of plastic cover to increase soil temperatures 

One of the most used ways to produce a range of temperatures in field experiments is 

through sowing dates. However in certain locations sowing dates will still provide 

differences in photoperiod. To uncouple the effect of temperature and photoperiod 

another way to create temperature regimes in the field is using plastic covers to increase 

soil temperature (Albright et al., 1989; Raeini-Sarjaz and Barthakur, 1997; Marenco and 

Lustosa, 2000). Marenco and Lustosa (2000) reported that plots covered by plastic sheet 

had temperatures 10oC warmer than uncovered plots in the northeast of Brazil. Fletcher 

et al. (2008) obtained an increase of 5oC at 5 cm of soil depth in plots covered by plastic 

mulch in Canterbury, New Zealand. 

The air space between the soil surface and the plastic cover acts as an insulation layer 

against heat transfer, which decreases heat losses due to evaporation of soil moisture 



37 

 

and prevents heat exchange from soil to atmosphere (Harrold et al., 1959). When 

transparent plastic covers are used, 85-95% of the short wave radiation is transmitted 

and due to the lack of heat exchange, energy is preserved and temperature increases 

(Albright et al., 1989). Improvements in crop yield due to plastic covers have been 

reported in the literature (Harrold et al., 1959; Wolfe et al., 1989; Raeini-Sarjaz and 

Barthakur, 1997; Fletcher et al., 2008). These increases resulted from the combination of 

less evapotranspiration and higher soil temperatures (Harrold et al., 1959). 

Raeini-Sarjaz and Barthakur (1997) showed that a perforated plastic cover increased the 

total dry matter of bush bean plants, even when plants were exposed to moderate water 

stress, in comparison to non-perforated plastic covers and uncovered crops. They 

observed increases in LAI due to plastic covers and showed that the perforated plastic 

cover produced a higher maximum leaf area than the control and non-perforated plastic 

cover treatments. Mourao and Hadley (1997) also observed a faster initial increase of LAI 

for covered broccoli plants than uncovered crops. Fletcher et al. (2008) showed that 

maize hybrids grown with plastic mulch reached silking earlier and produced higher dry 

matter yields at silking than uncovered hybrids. The rate of canopy development of maize 

was increased by differences in temperature produced by the plastic mulch cover and 

occurred until plants reached canopy closure.  

2.8 Crop prediction models 

Crop prediction models, or simulation models, were developed for several crops (Jones et 

al., 1986; Hoogenboom et al., 1992). These models provide detailed information about 

crop growth and development and therefore, are used in research as a way to improve 

the knowledge about the physiology behind crop yield. Also, these models work as 

decision support tool for farmers to improve crop management strategies (Hoogenboom 

et al., 1992; Hunt et al., 1998). A greater importance of crop prediction models has been 

observed due to the increased pressure for a more efficient and sustainable use of the 

land and resources, like water and fertilizer (Jones et al., 2003). 
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Basically the models use daily and historical weather data to predict the growth and 

development of crops. In addition to that, soil and root system characteristics, water 

balances and crop management strategies are also considered in these models 

(Hoogenboom et al., 1992). Relationships between development and thermal time 

accumulation or photoperiod are the main factors used in the prediction of crop 

development. Furthermore, the prediction of yield uses relationships that consider the 

amount of radiation intercepted and how efficiently this radiation is used by the crop 

(Hoogenboom et al., 1992; Wang et al., 2002). In this way, the models need to be fed 

with relatively simple information, such as temperature and radiation (Hoogenboom et 

al., 1992), to predict crop production and development. 

Models like the CERES and GRO, which were some of the first models available, are all 

linked to the DSSAT system (Jones et al., 2003; Keating et al., 2003). The decision support 

system for agrotechnology transfer (DSSAT) has been used for the past 25 years and 

models 16 crops, such as maize, wheat, soybean and peanut, among others. This is a 

whole farm model developed in the USA that accounts for soil-water-environment-

management interactions and can also work with crop rotations (Jones et al., 2003). In 

the same way, the agricultural production systems simulator (APSIM) is a crop prediction 

model that also simulates long-term effects of farming in the soil dynamics. It is a model 

developed in Australia and allows the simulation of more than 20 crops, such as lucerne, 

sorghum, canola and barley, among others including pastures and trees (Keating et al., 

2003). 

These models cover a wide range of crops but forage brassicas are not one of them. 

Simulations done for these crops are usually based on the APSIM module for canola 

(Chapman et al., 2012; Pembleton et al., 2013). Zyskowski et al. (2010) incorporated a 

module on APSIM 7.1 (Keating et al., 2003) to simulate the nitrogen uptake of kale crops. 

The authors considered the simulation was satisfactory with a RSMD of 95 kg N/ha for 

total N uptake and 34 kg N/ha for leaf N. This model was derived from a model presented 

by Zyskowski et al. (2004) that predicts biomass production through canopy 

development. However, when it comes to bulb forage crops, another component of dry 
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matter production needs to be added into the model (the bulb). This results in changes in 

the relationships of canopy development and dry matter partitioning and can, therefore, 

decrease the accuracy of the simulations.  

The accuracy of simulations was demonstrated by Chakwizira et al. (2012a) where the 

predictions done by the Forage Brassica Calculator (Wilson et al., 2006; Chakwizira et al., 

2012a) were considered fair (RMSD of 0.7 t/ha for kale and 0.8 t/ha for swedes). However 

the data had a large spread with R2 of 0.42 for kale and 0.54 for swedes, which shows an 

average accuracy of the simulation. In another study Chakwizira et al. (2011a) showed 

that the overall dry matter prediction for turnips was poor with a R2 of 0.10 and a RMSD 

of 2.7 t/ha. These predictions were based on the PARJIB model (Reid, 2002) which is 

based on the total dry matter production obtained through radiation intercepted and 

radiation use efficiency.  The fact that the model predicts the total dry matter production 

without accounting for the partitioning between plant parts, such as leaf and bulb, may 

be one of the reasons for decreased accuracy of the predictions for dry matter 

production of bulb brassicas.  

Wang et al. (2002) presented several modelling approaches for physiological processes 

that have been incorporated into the APSIM model. Some of these were relationships 

between development and thermal time accumulation, radiation use efficiency, ratios 

between yield components to indicate dry matter partitioning, leaf area development 

and leaf appearance. These are the same relationships that this thesis aims to provide 

and, therefore, the information presented can be incorporated in the available models to 

improve the performance and quality of the simulations for bulb forage brassicas.  
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2.9 Summary 

 To understand and predict how bulb brassica crops develop it is important to first 

provide detailed information on how canopy and bulb are produced. Definition of 

thermal time requirements to bulb initiation will be approached in Chapters 5, 6 

and 7. 

 Literature is scarce about the development and phenology of bulb brassicas. 

These aspects and dry matter production will be evaluated across sowing dates in 

Chapters 5 and 6. 

 To understand how temperature affects crop development the establishment of 

cardinal temperatures is needed. Cardinal temperatures for brassicas will be 

determined in Chapter 3. 

 The estimation of cardinal temperatures is highly dependent on the model used 

to explain the development process observed. The ideal model needs to be 

simple, provide a strong fit to the data and estimate all three cardinal 

temperatures (base, optimum and maximum). The performance of four models 

will be evaluated on the estimation of cardinal temperatures and thermal time 

requirements for germination of brassicas in Chapter 3. 

 The use of plastic covers on the soil is an effective way to increase soil 

temperature and provide temperature regimes in field experiments. This strategy 

will be used in Chapter 6 for the evaluation of temperature effects on brassicas 

growth and development. 

 Leaf canopy is responsible for the radiation interception of the crop. The 

development of the canopy can be understood with evaluations of phyllochron 

which will be evaluated in Chapter 7. 
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3 Defining cardinal temperatures and thermal time requirements for 

germination of nine cultivars of forage brassicas 

3.1 Introduction 

To understand how temperature affects crop development (Figure 1.1), it is necessary to 

know how accumulated temperature affects crops. The accumulation of temperature is 

based on thermal time models that are dependent on cardinal temperatures and on 

development rate responses to temperature. The simplest way to define cardinal 

temperatures is through germination tests under constant temperatures (Section 2.6.3). 

The actual development rate in response to temperature in most cases is curvilinear 

(Section 2.6.2.1). Linear models have been used to describe this response because these 

are easier to use and can be reasonably accurate (Section 2.6.2.2). However, even when 

linear approximation works well, nonlinear models may still be used to obtain a clearer 

interpretation of the response (Seber and Wild, 1989). 

For this chapter the aim was to determine the germination rate of several brassicas 

cultivars in response to temperature. Both linear and nonlinear models were then used to 

define cardinal temperatures and examine the efficiency of each approach. The models 

were evaluated to define cardinal temperatures for nine brassica cultivars, two of which 

were then used in another controlled environment experiment to investigate vegetative 

development processes. 

3.2 Material and methods 

3.2.1 Germination test 

Germination of nine brassica cultivars was evaluated under nine constant temperatures 

at Lincoln University, New Zealand in September and October of 2010. The brassica 

cultivars used were: ‘Aparima Gold’ swede, ‘Barkant’ and ‘Green Globe’ bulb turnip and 

‘Pasja’ leaf turnip, ‘Gruner’ and ‘Regal’ kale, ‘Goliath’ and ‘Titan’ rape and a 

Raphanobrassica hybrid (Table 3.1). Unlit incubators (Sanyo MIR 152, Sanyo Electric Co., 
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Japan) were set at 5, 10, 12, 15, 20, 25, 30, 35 and 38oC. Actual temperature was 

monitored with a ‘Hobo 4-Channel External’ (Onset Computer Corporation) logger every 

30 minutes. The average temperature reached in each incubator was similar to the target 

temperature set (Table 3.2). Daily variations of temperature are shown in Figure 3.1. Fifty 

seeds of each cultivar were placed on filter papers soaked with distilled water in Petri 

dishes. Three pseudo-replicates for each cultivar were re-randomised on each incubator 

shelf after every seed counting. Distilled water was added as required to prevent 

moisture stress.  

Table 3.1 Cultivars and their species evaluated for germination at Lincoln University, New Zealand 

in 2010. 

Cultivar Species Common name

 'Barkant' Brassica rapa spp. rapa Turnip

 'Green Globe' B. rapa spp. rapa Turnip

 'Pasja' B. rapa spp. rapa x B. rapa spp. pekeninensis Leafy turnip

 'Aparima Gold' B. napus spp. napobrassica Swede

 'Goliath' B. napus spp. biennis Rape

 'Titan' B. napus spp. biennis Rape

 'Gruner' B. oleracea spp. acephala Kale

 'Regal' B. oleracea spp. acephala Kale

Raphanobrassica1 B. oleracea  spp. acephala x Raphanus sativus Raphanobrassica  

Note: the seedlot was only identified as a crossing between radish and brassica and therefore will be 

treated as a Raphanobrassica 

Table 3.2 Average temperature measured inside incubators and targeted temperature during the 

evaluation period at Lincoln University, New Zealand in 2010. 

Target (oC) Measured (oC)

5 4.7

10 9.2

12 12.0

15 15.3

20 19.5

25 24.8

30 29.7

35 34.5

38 37.0  
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Figure 3.1 Daily variation of temperature for incubators set at 5oC (○), 15oC (∆), 25oC (◊) and 35oC 

(□) and targeted temperatures (solid lines) at Lincoln University, New Zealand in 2010. 

Seeds were considered germinated when the length of the radical exceeded the diameter 

of the seed. Germinated seeds (ISTA, 2011) were counted and removed twice a day. For 

temperatures of 30, 35 and 38oC, seeds were counted and removed three times a day. 

Monitoring of seeds occurred until germination ceased and seeds started to go mouldy. 

The number of germinated seeds was used to calculate the cumulative germination over 

time. 

3.2.2 75% final germination 

A Gompertz model was fitted to the germination data over days for each replicate 

(Equation 3.1) to quantify the time to reach 75% of final germination (Equation 3.2) and 

the germination rate (1/germination time) (Black et al., 2006). The reciprocal of time to 

75% of final germination is the germination or development rate (1/day). 

Equation 3.1 Germination percentage = C*exp(-exp[-B*(t-M)]) 

Equation 3.2 Germination time = M-ln[-ln(0.75)]/B 

In these equations t is time (days), C is the maximum potential germination, M is a time 

scale (lag related) constant and B is the rate of increase (Roche et al., 1997). 
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3.2.3 Models and data analysis 

Five linear and nonlinear models were fitted to the germination rate data. These models 

were linear (Angus et al., 1981), linear with base temperature set as 0oC (Moot et al., 

2000), Lactin (Lactin et al., 1995), bilinear and line plus exponential, which is a standard 

curve of Genstat (Section 2.6.2.3). Three of the models, linear and linear with base 

temperature of 0oC and bilinear, were used to calculate the thermal time requirement to 

reach 75% of the final germination (q). This is due to the fact that only linear models 

allow the estimation of a constant physiological time, in degree-days, above zero 

(Campbell et al., 1974; Aghdam et al., 2009). 

3.2.3.1 Linear model 

The linear model (Equation 3.3) described by Angus et al. (1981) and Diaz (2007) 

describes development rate D as a function of temperature T. ‘a’ is the intercept and ‘b’ is 

the slope of the regression line. Base temperature (Tb) and ‘q’ can then be calculated by 

Equation 3.4 and Equation 3.5 (Angus et al., 1981). 

Equation 3.3 D (T) = a+b*T 

Equation 3.4 Tb = -a/b 

Equation 3.5 q = 1/b 

Another way of using the linear model is with a base temperature of 0oC (Section 2.6.2.2). 

For these models only sub-optimal temperatures were included although the same 

procedure can be used for the supra-optimal temperatures. The maximum temperatures 

used for these models are presented in Table 3.4 as T range. 

The standard error for the thermal time requirement (se q) obtained from the models 

was calculated using Equation 3.6 as presented by Campbell et al. (1974).  

Equation 3.6 seq = seb/b2     
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3.2.3.2 Bilinear or broken-stick model 

The bilinear, or broken-stick, model uses the split-line regression procedure available in 

Genstat and Equation 3.7 and Equation 3.8 to describe D (T) and to estimate cardinal 

temperatures.  

Equation 3.7 D(T) = Dmax-b1*(Topt-T), when T ≤ Topt 

Equation 3.8 D(T) = Dmax+b2*(Topt+T), when T > Topt 

In these equations Topt is the optimum temperature when the maximum development 

rate (Dmax) occurs, ‘b’1 and ‘b’2 are the slopes of the sub and supraoptimal portions, 

respectively. Dmax was the y-value and Topt was the x-value of the breakpoint between the 

two lines given by output from Genstat. Base temperature and maximum, or ceiling, 

temperature (Tm) are the points where the two regression lines intercept the x-axis and 

their calculations are presented in Appendix 10.1. The Tt requirement to 75% 

germination can then be calculated for the sub and supra-optimal temperature ranges (q1 

and q2) using Equation 3.5. 

3.2.3.3 Line plus exponential model 

The line plus exponential model is a standard curve presented by Genstat and the 

development rate is estimated by Equation 3.9. Details on calculations for cardinal 

temperatures are given in Appendix 10.2. 

Equation 3.9 D(T) = A+B*(RT)+c*T 

In this equation ‘A’, ‘B’, ‘R’ and ‘c’ are parameters given by the model. ‘A’ is the 

asymptote representing the point where the curve intercepts the y-axis, ‘B’ represents 

Tm, ‘R’ is the increase in development rate in relation to temperature and ‘c’ is the linear 

component of the equation (Genstat 14th edition, Lawes Agricultural Trust). 
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3.2.3.4 Lactin model 

The Lactin model (Section 2.6.2.5) is described by Lactin et al. (1995) (Equation 3.10). 

Details on the calculations of cardinal temperatures are given in Appendix 10.3. 

Equation 3.10 D(T) = e(AT)-e[AB-(B-T)/c]-d 

In this equation ‘A’ is a constant that defines the rate at optimum temperature, ‘B’ is Tm, 

‘c’ is the temperature range over which physiological breakdown becomes the prevailing 

influence and ‘d’ forces the curve to intercept the y-axis at a value below zero which 

allows estimation of a low temperature threshold (Arbab and McNeill, 2011). 

3.2.3.5 Performance of the models 

Three criteria were used to assess the performance of the models. First, a higher 

coefficient of determination (R2) indicates a stronger fit. Second, the adjusted coefficient 

of determination (R2
adj.) allows comparison between equations with different numbers of 

parameters (Aghdam et al., 2009) where higher values of R2
adj. (Equation 3.11) indicate a 

stronger fit (Rezaei and Soltani, 1998). 

Equation 3.11 R2
adj. = 1-(n-1/n-p)*(1-R2) 

In this equation n is the number of observations, p the number of model parameters and 

R2 the coefficient of determination. Third was the Akaike information criterion (AIC), 

where the lowest value of AIC (Equation 3.12), which is sensitive to the negative sign, 

corresponds to the function that minimizes the loss of information (Akaike, 1974; 

Aghdam et al., 2009).  

Equation 3.12 AIC = n*ln(SSE/n)+2p 

In this equation SSE is the sum of squares for error. 
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3.2.3.6 Results grouped by species 

A single set of cardinal temperatures was estimated for the three species groups of B. 

rapa, B. napus and B. oleracea for calculation of daily thermal time with the linear, 

bilinear and Lactin models. For the linear model base temperature was simply averaged, 

using the sub-optimal linear temperature range. The same procedure was used for the 

three cardinal temperatures obtained with the bilinear thermal time model for each 

species. For the Lactin model, germination rate was expressed relative to the maximum 

datum of each cultivar then re-analysed by non-linear regression for the three groups of 

species to estimate the parameters of the new curve.  

An exception was made in the bilinear daily thermal time model for the B. napus group. 

This is because the bilinear model estimated different base temperatures between 

‘Aparima Gold’ and the two rape cultivars, ‘Goliath’ and Titan’. The base temperature 

estimated for ‘Aparima Gold’ was lower than that for both ‘Goliath’ and ‘Titan’. A daily 

thermal time model based on the bilinear model was developed therefore for ‘Aparima 

Gold’ separated from the B. napus spp. biennis group, which refers to rape cultivars.  

The separation between ‘Aparima Gold’ and rape cultivars did not occur in the 

development of the daily thermal time model based on the Lactin model. This is because 

the base temperatures estimated by the Lactin model for ‘Aparima Gold’ and ‘Goliath’ 

were negative and had large standard errors (Table 3.4 in Section 3.3.2.2). Therefore 

there was a large variation in the estimates of base temperature and the grouping based 

on B. napus species was kept. 

Calculations for the linear daily thermal time model are presented as Equations 3.13 and 

3.14. 

Equation 3.13 Tt = 0, when T < Tb 

Equation 3.14 Tt = T-Tb, when Tb ≤ T within the suboptimal linear temperature range 
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Calculations for the daily thermal time model based on the bilinear model are shown as 

Equations 3.15, 3.16 and 3.17. 

Equation 3.15 Tt = 0, when T < Tb 

Equation 3.16 Tt = T-Tb, when Tb ≤ T ≤ Topt 

Equation 3.17 Tt = (Tm-T)/q2, when Topt ≤ T ≤ Tm 

Equation 3.18 Tt = 0, when T > Tm 

Calculations for the daily thermal time model using the Lactin model are presented as 

Equations 3.19, 3.20 and 3.21. These were based on the non-linear daily thermal time 

model that Streck et al. (2008) adapted for maize, which used a development rate 

relative to the maximum development rate datum obtained. 

Equation 3.19 Tt = 0, when T < Tb 

Equation 3.20 Tt = (e(A*T)-e[A*B-(B-T)/c]-d)/Dmax*(Topt-Tb), when Tb ≤ T ≤ Tm 

Equation 3.21  Tt = 0, when T > Tm 

3.2.3.7 Data analysis 

Data are presented as means plus standard errors (se). Temperature and cultivar effects 

on the final germination percentage given by Gompertz curves were examined using 

analysis of variance (Genstat 14th edition, Lawes Agricultural Trust), which dealt with the 

pseudo-replicate Petri dishes within temperatures. Differences in mean estimates of 

cardinal temperatures and thermal time requirements within models, and between 

species groups (B. rapa, B. napus and B. oleracea) within models, were analysed through 

t-tests (where the t critical value was 1.96 for all comparisons) and pooled se (Equation 

3.22). 
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The bilinear and line plus exponential models estimated cardinal temperatures through 

statistical differentials (Kempthorne and Folks, 1971). The Lactin model had the estimates 

of the parameters, their standard errors, Tb and Tm calculated by the Gauss-Newton 

method (Hartley, 1961), while Topt and its standard errors were calculated by statistical 

differentials. 

Differences in mean estimates of cardinal temperatures and thermal time requirements 

within models and between species groups within models were analysed using t-test and 

pooled standard errors. Pooled standard errors were calculated as Equation 3.22, where 

se is standard error and df is degrees of freedom. 

Equation 3.22 Pooled se = [(se2
1df1+se2

2df2+…+se2
ndfn)/(df1+df2+…+dfn)] 

3.3 Results 

3.3.1 Final germination and days to 75% of final germination 

Cumulative germination over time was fitted with Gompertz curves for all cultivars and 

temperatures. Germination rate near the extreme temperatures (5 and 38oC) was slower 

than near the optimal temperature range. An example of the cumulative response for 

‘Aparima Gold’ is given in Figure 3.2.  
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Figure 3.2 Cumulative germination for ‘Aparima Gold’ swede at constant temperatures of 5oC (○), 

25oC (∆) and 35oC (□) obtained at Lincoln University, New Zealand in 2010. 

Note: error bar is the maximum standard error of differences of means for the final germination percentage 

of all cultivars and temperatures. 

The final germination percentage estimated by the Gompertz curves is shown in Figure 

3.3 for all cultivars. Final germination percentage was affected (p<0.001) by the 

interaction between temperature and cultivar.  
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Figure 3.3 Final germination percentage (%) of brassica cultivars tested at constant temperatures (
o
C) at Lincoln University, New Zealand in 2010. 



 

52 

 

For all cultivars final germination percentage above 75% was evident across a wide range 

of temperatures and the deviation from this point (Figure 3.3) identifies the optimum 

temperature range. For ‘Aparima Gold’, ‘Goliath’, ‘Gruner’ and ‘Regal’ their final 

germination decreased below 75% above 35oC and were close to 0 at 38oC. For ‘Barkant’ 

and ‘Pasja’ the deviation from the optimum temperature range occurred at the low 

temperature extreme of 5oC. ‘Green Globe’ and ‘Titan’ final germination was decreased 

at the lowest (5oC) and highest (38oC) temperatures. The Raphanobrassica hybrid had the 

narrowest range of optimum temperatures and the deviation from this range at 10oC and 

30oC for low and high temperatures, respectively.  

The final germination percentage estimated from Gompertz curves was used to calculate 

the germination rate, which was then fitted against temperature using the five D (T) 

models. The analyses of final germination percentage and germination rate showed three 

distinct groups of responses to temperature. The three species grouped were B. rapa, B. 

napus and B. oleracea. B. rapa data includes results from ‘Barkant’, ‘Green Globe’ and 

‘Pasja’. B. napus data are from ‘Aparima Gold’, ‘Goliath’ and ‘Titan’ but exceptions were 

made due to differences in base temperatures estimations (Section 3.3.2.1). B. oleracea 

data include ‘Gruner’, ‘Regal’ and the Raphanobrassica hybrid.  

3.3.2 Germination rate and models 

3.3.2.1 Cardinal temperatures (Tb, Topt and Tm) 

Models were fitted to germination rate data obtained for each cultivar (Figure 3.4). 

Cardinal temperature and thermal time requirement estimations are presented in Table 

3.3 for the linear model, Table 3.4 for the Lactin model and Table 3.5 for the bilinear and 

line plus exponential models. Model parameters are in Appendix 10.4 for linear, Appendix 

10.5 for Lactin, Appendix 10.6 for bilinear and Appendix 10.7 for line plus exponential.  
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Figure 3.4 Germination rate of three brassica cultivars at constant temperatures (oC) fitted by four 

models: Lactin (solid line), bilinear (dashed line), line plus exponential (dash-dotted line) and 

linear (dotted line) at Lincoln University, New Zealand in 2010: a) ‘Barkant’, b) ‘Green Globe’ and 

c) ‘Pasja’. 
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Figure 3.5 Germination rate of three brassica cultivars at constant temperatures (oC) fitted by four 

models: Lactin (solid line), bilinear (dashed line), line plus exponential (dash-dotted line) and 

linear (dotted line) at Lincoln University, New Zealand in 2010: a) ‘Aparima Gold’, b) ‘Goliath’ and 

c) ‘Titan’. 
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Figure 3.6 Germination rate of three brassica cultivars at constant temperatures (oC) fitted by four 

models: Lactin (solid line), bilinear (dashed line), line plus exponential (dash-dotted line) and 

linear (dotted line) at Lincoln University, New Zealand in 2010: a) ‘Gruner’, b) ‘Regal’ and c) 

‘Raphanobrassica’. 
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Table 3.3 Estimates, ± standard errors of base temperature (Tb) and thermal time requirements 

(q, also with Tb set to zero) from the linear model for germination rate of nine forage brassica 

cultivars, using the linear suboptimal temperature (T) range, at Lincoln University, New Zealand in 

2010. 

Cultivar T range (oC) Tb q q (Tb=0)

 'Barkant' 5 to 20 3.2 ± 0.41 18.2 ± 0.7 23.4 ± 0.82

 'Green Globe' 5 to 30 3.8 ± 0.75 17.7 ± 0.84 21.0 ± 0.75

 'Pasja' 5 to 20 3.7 ± 0.77 17.1 ± 0.96 22.9 ± 1.06

 'Aparima Gold' 5 to 25 1.2 ± 0.44 29.0 ± 0.87 31.0 ± 0.46

 'Goliath' 5 to 30 3.1 ± 0.92 21.3 ± 1.25 25.2 ± 0.89

 'Titan' 5 to 25 4.6 ± 0.54 27.4 ± 1.26 37.3 ± 1.72

 'Gruner' 5 to 20 -0.4± 1.82 59.5 ± 4.10 58.0 ± 1.41

 'Regal' 5 to 20 1.1± 1.34 54.9 ± 5.93 59.6 ± 2.58

Raphanobrassica 5 to 20 2.6 ± 0.75 44.3 ± 3.03 54.0 ± 2.05

B. rapa 3.6 ± 0.66 17.5 ± 0.83 22.4 ± 0.87

B. napus spp. biennis 3.9 ± 0.77 24.4 ± 1.12 31.2 ± 1.27

B. oleracea 1.1 ± 1.37 52.9 ± 4.52 57.2 ± 2.07  

The linear and Lactin models estimated similar base temperatures (Tables 3.3 and 3.4). 

However, estimation by the Lactin model resulted in lower (p<0.005) base temperature 

values with large standard errors (3.08 – 6.72) for ‘Aparima Gold’, ‘Goliath’ and ‘Pasja’. 

This was due to its curved extrapolation of the x-axis intercept at low temperatures 

(Table 3.4). Base temperature ranged between 0oC for ‘Goliath’, ‘Aparima Gold’, ‘Pasja’ 

and ‘Gruner’, and 4.2oC for ‘Titan’. Comparisons using t-tests showed that only ‘Green 

Globe’ and ‘Titan’ presented different (p<0.005) base temperatures from ‘Aparima Gold’. 

The base temperature for ‘Titan’ was also higher (p<0.005) than ‘Gruner’. ‘Green Globe’ 

and ‘Titan’ therefore had the highest base temperature while all other cultivars were not 

different. From the ‘t’-tests it is possible to see the weight that higher values of standard 

errors had in this result. The base temperature is the only cardinal temperature that was 

not measured and is extrapolated from the models.  
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Table 3.4 Estimates, ± standard errors of base (Tb), optimum (Topt) and maximum (Tm) 

temperatures and maximum germination rate (Dmax) obtained with the Lactin model for 

germination of nine forage brassica cultivars at Lincoln University, New Zealand in 2010. 

Cultivar T range (oC) Tb Topt Tm Dmax

 'Barkant' 5 to 38 3.4 ± 2.04 30.9 ± 0.52 41.4 ± 0.80 1.59

 'Green Globe' 5 to 38 3.4 ± 1.59 30.3 ± 0.24 41.0 ± 0.40 1.41

 'Pasja' 5 to 38 0.2 ± 3.87 32.0 ± 0.24 39.2 ± 0.20 2.3

 'Aparima Gold' 5 to 38 -3.5 ± 3.08 28.7 ± 0.31 38.1 ± 0.10 0.89

 'Goliath' 5 to 38 -4.6 ± 6.72 30.0 ± 0.36 37.9 ± 0.10 1.24

 'Titan' 5 to 38 4.2 ± 0.96 29.1 ± 0.50 37.9 ± 0.20 0.79

 'Gruner' 5 to 35 -0.6 ± 1.71 25.5 ± 0.68 35.0 ± 0.20 0.38

 'Regal' 5 to 35 2.2 ± 1.55 23.2 ± 0.63 34.9 ± 0.30 0.34

Raphanobrassica 5 to 35 2.2 ± 1.61 25.3 ± 0.83 35.0 ± 0.30 0.42

B. rapa 3.4 ± 1.36 30.9 ± 0.31 40.5 ± 0.36 0.91

B. napus -1.0 ± 2.57 29.2 ± 0.31 38.0 ± 0.11 0.89

B. oleracea 0.97 ± 1.73 24.5 ± 0.36 34.9 ± 0.15 0.84  

The complete temperature range (5 to 38oC) was used for the bilinear model for most 

cultivars (Table 3.5). For B. oleracea the 38oC temperature was excluded from the bilinear 

model analyses because germination rate was already zero at 35oC. The bilinear model 

estimated similar Tb values to those found by the linear model for B. napus spp. biennis 

and B. oleracea. However a Tb of 5.1oC was estimated for the B. rapa group by the 

bilinear model and this was different (p<0.005) to the Tb of 3.6oC estimated for the same 

group by the linear model. 
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Table 3.5 Estimates, ± standard errors of base (Tb), optimum (Topt) and maximum (Tm) 

temperatures obtained with the bilinear and line plus exponential models for the germination of 

nine brassica cultivars at Lincoln University, New Zealand in 2010. 

Cultivar T range (oC) Tb Topt Tm q1 q2

 'Barkant' 5 to 38 4.7 ± 0.91 29.1 ± 0.90 52.9 ± 3.99 14.4 ± 1.11 14.4 ± 2.99

 'Green Globe' 5 to 38 4.6 ± 0.55 28.3 ± 0.57 51.1 ± 2.06 15.4 ± 0.72 14.9 ± 1.89

 'Pasja' 5 to 38 5.9 ± 0.77 34.1 ± 0.36 40.3 ± 0.52 11.6 ± 0.66 2.6 ± 0.33

 'Aparima Gold' 5 to 38 -0.6 ± 0.93 33.3 ± 0.24 38.0 ± 0.10 33.7 ± 1.64 4.7 ± 0.33

 'Goliath' 5 to 38 3.1 ± 0.85 33.0 ± 0.33 38.0 ± 0.19 21.4 ± 1.15 3.6 ± 0.33

 'Titan' 5 to 38 3.5 ± 1.02 32.7 ± 0.46 38.0 ± 0.26 31.6 ± 2.08 5.8 ± 0.71

 'Gruner' 5 to 35 -2.0 ± 1.63 28.3 ± 0.45 35.0 ± 0.32 68.4 ± 6.27 15.1 ± 1.38

 'Regal' 5 to 35 1.1 ± 1.47 23.7 ± 0.71 35.6 ± 0.69 54.9 ± 6.54 29.1 ± 2.9

Raphanobrassica 5 to 35 0.4 ± 1.79 28.3 ± 0.60 35.0 ± 0.45 56.6 ± 6.53 13.6 ± 1.72

B. rapa 5.1 ± 0.76 30.5 ± 0.65 48.1 ± 2.64 13.8 ± 0.85 10.5 ± 2.05

B. napus spp. biennis 3.3 ± 0.94 32.8 ± 0.36 38.0 ± 0.19 26.5 ± 1.67 4.7 ± 0.49

B. oleracea -0.1 ± 1.64 26.8 ± 0.60 35.2 ± 0.51 59.9 ± 6.45 19.3 ± 2.10

Cultivar T range (oC) Tb Topt Tm

 'Barkant' 5 to 38 4.8 ± 1.11 31.1 ± 0.89 41.3 ± 1.23

 'Green Globe' 5 to 38 4.9 ± 0.74 30.1 ± 0.63 41.5 ± 0.85

 'Pasja' 5 to 38 5.9 ± 0.80 33.2 ± 0.66 38.8 ± 0.24

 'Aparima Gold' 5 to 38 1.3 ± 0.58 29.5 ± 0.29 38.0 ± 0.07

 'Goliath' 5 to 38 3.6 ± 0.98 30.4 ± 0.57 38.0 ± 0.12

 'Titan' 5 to 38 4.7 ± 0.83 29.3 ± 0.57 38.0 ± 0.15

 'Gruner' 5 to 35 0.2 ± 1.45 25.7 ± 0.71 35.0 ± 0.17

 'Regal' 5 to 35 2.7 ± 1.10 23.1 ± 0.74 35.0 ± 0.29

Raphanobrassica 5 to 35 2.6 ± 1.41 25.5 ± 0.88 35.0 ± 0.24

Bilinear

Line plus exponential

 

The group of cultivars of B. rapa had its base temperature estimated by the Lactin model 

at 3.4oC, optimum temperature at 30.9oC and maximum temperature at 40.5oC. Cultivars 

of B. napus had a base temperature of -1oC, optimum temperature of 29.2oC and 

maximum temperature of 38oC. The B. oleracea group had a base temperature of 1oC, 

optimum temperature of 24.5oC and maximum temperature of 35oC (Table 3.4). There 

was no difference among base temperatures within the groups of species tested. 

However, B. napus had higher (p<0.005) optimum and maximum temperatures than B. 
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oleracea. The lack of statistical difference within base temperatures resulted from the 

large standard errors in t-test.  

Optimum temperature estimated by the Lactin model was consistent within species and 

averaged 31oC for B. rapa, 29oC for B. napus and 25oC for B. oleracea. Comparisons of ‘t’-

tests for B. napus ‘Aparima Gold’ and ‘Titan’ had the same optimum temperature. 

However ‘Goliath’ was similar to cultivars of B. rapa, in which ‘Barkant’, ‘Green Globe’ 

and ‘Pasja’ showed no differences. For B. oleracea t-test showed that ‘Gruner’ had similar 

optimum temperature as ‘Regal’, that was similar to Raphanobrassica.  

The t-tests also showed consistency within maximum temperature values for groups of 

brassica species. The entire range of temperatures, from 5 to 38oC, was used to estimate 

maximum temperature for all cultivars except ‘Gruner’, ‘Regal’ and Raphanobrassica. For 

these, the range from 5 to 35oC was used because final germination percentage at 35oC 

was ≤ 10% (Figure 3.3). Average maximum temperature was 41oC for B. rapa, 38oC for B. 

napus and 35oC for B. oleracea. From the group of B. rapa ‘Pasja’ had a different 

maximum temperature from ‘Barkant’ and ‘Green Globe’, that were similar. B. napus and 

B. oleracea plants showed no differences in maximum temperature between each other 

or within each group.  

3.3.2.2 Thermal time requirements 

The thermal time requirement to reach 75% of final germination was estimated using the 

linear, linear with base temperature of 0oC and bilinear models. The linear model with 

base temperature set at 0oC (Table 3.3) allowed comparison among cultivars and species. 

‘Regal’ and ‘Gruner’ had the slowest (p<0.005) germination rate of approximately 60oCd. 

‘Green Globe’ and ‘Pasja’ were fastest with a germination rate of approximately 22oCd. 

‘Barkant’, ‘Green Globe’, ‘Goliath’ and ‘Pasja’ required less than 25oCd. ‘Aparima Gold’, 

‘Gruner’, Raphanobrassica, ‘Regal’ and ‘Titan’ required more than 30oCd (Table 3.3).  
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When grouped with base temperature of 0oC B. rapa had the lowest (p<0.005) thermal 

time requirement of 23oCd, followed by B. napus spp. biennis with a requirement of 31oC 

and B. oleracea was slowest (p<0.005) at 57oC to reach 75% of final germination. Despite 

similar values within cultivars in the same group, ‘t’-test comparisons showed that 

‘Goliath’ had different results than ‘Aparima Gold’ and ‘Titan’ in the group of B. napus. In 

the same way, for the group of B. rapa ‘Barkant’ was different from ‘Green Globe’.   

Linear model thermal time requirements (Table 3.3) showed that ‘Barkant’, ‘Green Globe’ 

and ‘Pasja’ required less (p<0.005) thermal time accumulation to reach 75% final 

germination, with a range of values from 17.1oCd above a base temperature of 3.7oC for 

‘Pasja’ to 18.2oCd above a base temperature of 3.2oC for ‘Barkant’. ‘Aparima Gold’, 

‘Goliath’ and ‘Titan’ had intermediate values of 21.3oCd above a base temperature of 

3.1oC for ‘Goliath’ to up to 29oCd above a base temperature of 1.2oC for ‘Aparima Gold’. 

Raphanobrassica, ‘Regal’ and ‘Gruner’ had higher (p<0.005) requirements that went from 

44.3oCd above a base temperature of 2.6oC for Raphanobrassica to 59.5oCd above a base 

temperature of 0oC for ‘Gruner’. The bilinear model produced similar results showing that 

‘Barkant’, ‘Green Globe’ and ‘Pasja’ required less thermal time to reach 75% of final 

germination, followed by ‘Goliath’, ‘Titan’ and ‘Aparima Gold’. Slowest cultivars to reach 

75% of final germination were ‘Regal’, Raphanobrassica and ‘Gruner’. 

The linear model estimated a thermal time requirement of 17.5oCd for B. rapa, 25.9oCd 

for B. napus and 52.9oCd for B. oleracea. The t-test comparison between linear and 

bilinear models showed that both models produced similar results except for B. rapa, 

which required 13.8oCd by the bilinear model. This is a result of the influence of the base 

temperature in the calculation since the base temperature estimated by the linear model 

for ‘Pasja’ was 3.7oC while the bilinear model estimated a base temperature of 5.9oC, 

which increased the average base temperature used for the calculation of the thermal 

time requirement for B. rapa, and consequently decreased the thermal time 

requirement. 
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3.3.2.3 Model performance 

The fitting of the germination rate data showed that linear and bilinear models averaged 

R2 values of 94.6% and 92.4%, respectively. The line plus exponential model provided an 

average R2 of 92.7% and Lactin an average R2 of 93.6% (Table 3.6). 

The linear model gave the highest R2
adj. values. This is a simple model that can be used 

provided an appropriate range of temperatures is used. The analysis of the AIC value 

showed that linear and linear with base temperature set at 0oC models performed poorly 

when compared with nonlinear models. The Lactin model had the lowest AIC value and 

also provided a high value of R2
adj.. This model showed a realistic description of the 

germination rate but the ability to estimate negative base temperatures needs to be 

taken into account when it comes to cardinal temperatures definition. 
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Table 3.6 Criteria to assess the performance of the models: R2 (%), adjusted coefficient of 

determination (R2
adj.) and Akaike information criterion (AIC) for the fitting of germination rate 

data at Lincoln University, New Zealand in 2010. 

 'Aparima Gold' 98.5 98.1 96.4 98.3 97.0

' Barkant' 97.9 92.6 92.0 89.1 90.6

 'Green Globe' 95.4 91.6 96.5 94.0 95.2

 'Goliath' 93.6 91.2 94.9 93.6 95.3

 'Gruner' 93.7 94.1 91.6 92.9 92.8

 'Pasja' 95.8 88.7 94.0 93.8 96.5

Raphanobrassica 93.9 90.8 86.0 88.6 88.6

 'Regal' 85.8 86.1 88.0 90.6 92.1

 'Titan' 96.6 88.7 91.6 93.8 94.7

Cultivar

 'Aparima Gold' -126 -122 -154 -175 -159

' Barkant' -117 -94.3 -99.1 -91.0 -95.0

 'Green Globe' -93.8 -88.2 -124 -118 -124

 'Goliath' -92.0 -80.3 -130 -115 -118

 'Gruner' -112 -114 -137 -158 -158

 'Pasja' -80.8 -67.0 -87.8 -87.1 -103

Raphanobrassica -104 -98.4 -123 -139 -139

 'Regal' -96.1 -97.4 -144 -155 -155

 'Titan' -109 -88.2 -134 -140 -144

Cultivar

 'Aparima Gold' 0.98 0.98 0.96 0.98 0.97

' Barkant' 0.98 0.93 0.91 0.88 0.89

 'Green Globe' 0.95 0.92 0.97 0.93 0.94

 'Goliath' 0.93 0.91 0.94 0.93 0.94

 'Gruner' 0.93 0.94 0.91 0.92 0.91

 'Pasja' 0.95 0.89 0.93 0.93 0.96

Raphanobrassica 0.93 0.91 0.84 0.87 0.87

 'Regal' 0.85 0.86 0.86 0.89 0.90

 'Titan' 0.96 0.89 0.91 0.93 0.94

R2
adj.

AIC

Cultivar
R2

Linear Linear (Tb=0) Bilinear
Line plus 

exponential
Lactin 

 

The linear model was useful, simple to use and also provided satisfactory values of R2
adj. 

(Table 3.6). However, when the range to fit was set from the lowest temperature (5oC) to 

what appeared to be the optimum temperature, the slope of the regression was similar 

to that from the bilinear model and these, therefore, estimated the same unrealistic base 

temperatures (Tables 3.3 and 3.4). Values of R2 and R2
adj. were higher when the linear 

model was restricted to a narrower temperature range (Table 3.4). This suggests an 

improved description of the rates of germination, particularly for temperatures near the 
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base temperature. This change was required to characterize the deceleration in the rate 

of germination that occurred at temperatures below 12oC (Figure 3.4). 

Figure 3.4 shows that, in most cases, all models described the data set well. The line plus 

exponential model also fitted well (average R2 of 92.7%). It was not chosen to estimate 

cardinal temperatures because of the evaluation of the criteria used in Table 3.6 and 

because the linear component was related to the sub-optimal range of temperatures. 

This linear component did not account for the change in rate that occurred at this range 

of temperatures.  

The bilinear model provided a reasonable fit (average R2 of 92.3%) to the entire data set 

but it had some limitations that showed problems in the germination rate estimation 

near the base temperature. Figure 3.4 shows that for ‘Aparima Gold’, ‘Goliath’, ‘Titan’, 

‘Gruner’, ‘Regal’ and Raphanobrassica the model overestimated the maximum 

germination rate in relation to other models. Furthermore, because the model is fitted to 

the entire data set but with linear components, changes in the absolute germination 

percentage at suboptimal temperatures were not accounted. For example, the base 

temperature estimate of 5.9oC from the bilinear model for ‘Pasja’ (Table 3.5) is 

considered high. This is because the observed data showed a final germination of 61.9% 

at 5oC. Therefore the model missed the shape of the deceleration in the rate of 

germination that occurred at sub-optimal temperatures. An improvement on this model 

is proposed in Section 3.2.2.4 to estimate daily thermal time accumulations. 

The Lactin model accounted for changes in the germination rate at lower temperatures 

without impairing the fitting of the data at optimal and supra optimal temperatures 

resulting in lower values of AIC (average of -132.8) and higher values of R2 (average of 

93.6%) and R2
adj.(average of 0.92). The model requires derivations of the parameters to 

calculate cardinal temperatures in contrast with simple calculations for the linear and 
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bilinear models. However, once calculations were done the model described the 

problematic sub-optimal range of temperatures. 

3.3.2.4 Daily thermal time models 

Accumulation of thermal time against observed temperature was calculated for each 

group of species, with the exceptions presented in Section 3.2.3.6, based on the mean 

cardinal temperatures derived from the linear (base temperature only) (Figure 3.5) and 

bilinear (Figure 3.6) models. For the Lactin model a combined analysis of cultivars of the 

same groups of species was undertaken (Figure 3.7). 

For the linear model, accumulated thermal time was calculated as observed temperature 

minus the mean base temperature of 3.6oC for B. rapa, 3.9oC for B. napus spp. biennis, 

1.2oC for ‘Aparima Gold’ and 1.1oC for B. oleracea within the minimum linear range (Table 

3.3).  
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Figure 3.7 Daily thermal time accumulation (oCd) against temperature (oC) for the germination of 

B. rapa (a), B. napus spp. biennis (b), B. oleracea (c) and ‘Aparima Gold’ (d) based on the linear 

model at Lincoln University, New Zealand in 2010. 

In the bilinear thermal time model, temperature accumulations occurred above the mean 

base temperature of 3.6oC for B. rapa with an optimum temperature of 30.5oC and a 

maximum temperature of 48oC. Base temperature was considered 3.3oC for the B. napus 

spp. biennis model, with an optimum temperature of 33oC and a maximum temperature 

of 38oC. The B. oleracea model used a base temperature of 0oC, optimum temperature of 

26.8oC and maximum temperature of 35.2oC. For ‘Aparima Gold’ swede the model used a 

base temperature of -0.6oC, optimum temperature of 33.3oC and maximum temperature 

of 38oC (Table 3.5).  

A modification of the bilinear thermal time model for B. rapa was required because the 

thermal time accumulation rate was not constant up to the optimum temperature (Figure 

3.4). For this species thermal time increased linearly from the base temperature of 3.6oC 

until 10oC at a rate of 0.77oCd/oC. Then thermal time accumulation occurred at 1.0oCd/oC 
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until it reached the optimum temperature of 32oC, before dropping to zero at the 

maximum temperature (48oC) at a rate of 1.67oCd/oC.  

 

Figure 3.8 Daily thermal time accumulation (oCd) against temperature (oC) for the germination of 

B. rapa (solid line), B. napus spp. biennis (dashed line), B. oleracea (dashed and dotted line) and 

‘Aparima Gold’ (dotted line) based on the bilinear model at Lincoln University, New Zealand in 

2010. 

The combined analysis of the Lactin model for the species groups estimated a base 

temperature of 3.4oC, optimum temperature of 30.9oC and maximum temperature of 

40.5oC for B. rapa (Table 3.4). The B. napus model was calculated with base temperature 

of -1.0oC, optimum temperature of 29.2oC and maximum temperature of 38.0oC. B. 

oleracea calculations used a base temperature of 1.0oC, optimum temperature of 24.5oC 

and maximum temperature of 35oC. Analysis of the cardinal temperatures estimated by 

the daily thermal time model based on the bilinear and Lactin models showed that 

species had different (p<0.005) optimum and maximum temperatures so one model was 

used for each group of species.  
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Figure 3.9 Daily thermal time accumulation (oCd) against temperature (oC) for the germination of 

B. rapa (a), B. napus (b) and B. oleracea (c) based on the Lactin model at Lincoln University, New 

Zealand in 2010. 

The parameters of the daily thermal time model based on the Lactin model were not 

different within species, except for the ‘B’ value between B. napus and B. rapa. However, 

through visual analysis of the models it is possible to say that they are biologically 

different which does not justify the adoption of one model for all three brassica species.  
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3.4 Discussion 

3.4.1 Germination 

The final germination percentage over constant temperatures showed that all cultivars 

had a wide range of temperatures where at least 75% germination was achieved. The 

only exception was the Raphanobrassica hybrid that reached 75% germination in a 

narrower range, between 12 and 25oC. 

Low temperatures of 5oC affected the final germination percentage of the leaf turnip 

cultivar ‘Pasja’ (62%) more than B. napus cultivars of ‘Aparima Gold’ (92%) and ‘Goliath’ 

(86%) as shown in Figure 3.3. The same was observed by Kondra et al. (1983) for B. 

campestris (Section 2.6.3), which is used in crossings that result in cultivars of B. rapa leaf 

turnips (Charlton and Stewart, 2000).  

High temperatures above 30oC were responsible for final germination values lower than 

15% for B. oleracea cultivars (Figure 3.3). Similarly Tokumasu et al. (1985) observed the 

effect of high temperatures on B. oleracea cultivars that had the final germination 

percentage decreased from 98 and 97% at 35oC to 3 and 12% at 45oC (Section 2.6.3).  

Turnip cultivars germinated more than 91% from 10 to 35oC and rape cultivars decreased 

their percentage at 38oC (Figure 3.3). Wilson et al. (1992) obtained similar results for 

turnip cultivars (Section 2.6.3). They also reported that rape cultivars had the final 

germination decreased at temperatures above 30oC and slightly decreased at 5oC, as was 

observed for ‘Titan’ rape (Figure 3.3).  

Despite having a wide range of temperatures where final germination was above 75%, 

this is not a certainty of success of crop establishment under all temperatures. Therefore 

caution is required when analysing this type of data. Some temperatures resulted in a 

slow germination rate which, in the field, would characterize a situation where plants 
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would have a disadvantage when competing with weeds for light, water, nutrients and 

other resources (Moot et al., 2000).  

3.4.2 Cardinal temperatures and performance of models  

The analysis of germination rates against temperature showed a curvilinear response for 

most species. At the sub-optimal temperature range responses were positive and mainly 

linear. A deceleration in the increase of rates was observed near the base temperatures 

and showed that at these temperatures the linearity of the response was questionable. A 

range of optimal temperatures was observed for most of the cultivars and was followed 

by a decrease of germination rates at the supra-optimal range of temperatures (Figures 

3.4, 3.5 and 3.6). This is consistent with the literature over a broad range of species 

(Section 2.6.2). The overall view of the data is that cardinal temperatures were estimated 

for groups of species since the behaviour of cultivars of the same species, or derived from 

the crossings related to the species grouped, were similar.  

The Lactin model estimated base temperatures of 3.4oC for B. rapa species, 1oC for B. 

oleracea and -1oC for B. napus (Table 3.4). The bilinear model estimated a base 

temperature of -0.1oC for B. oleracea, 3.3oC for B. napus spp. biennis (forage rape) and      

-0.6oC for ‘Aparima Gold’ swede. The base temperature estimated originally for B. rapa 

was 5.1. However after the modification at the suboptimal range of temperatures this 

estimation changed to 3.6oC. The linear model provided relatively similar estimations of 

base temperature to the bilinear model. 

The base temperature for rape cultivars (Table 3.4), and also for B. napus group, was 

lower than the values found by Morrison et al. (1989) (Section 2.6.3). The range of 

temperatures used and the fact that Table 3.4 is related to germination rather than to 

physiological maturity could have influenced the results.  
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The range of base temperatures (0 to 4oC) presented in Tables 3.3, 3.4 and 3.5 for all 

cultivars is consistent with data for temperate species (Angus et al., 1981; Moot et al., 

2000). Out of this range of temperatures were exceptions such as the base temperature 

estimation for ‘Titan’ from the linear (4.6oC) and line plus exponential (4.7oC) models, for 

‘Pasja’ by the bilinear and line plus exponential models (5.9oC), for the bulb turnips by the 

bilinear and line plus exponential models and the negative values provided by the Lactin 

model.   

A range of optimum temperatures between 24 and 33oC was obtained for all cultivars by 

the bilinear, line plus exponential and Lactin models (Tables 3.4 and 3.5). This shows that, 

despite the statistical differences presented in Section 3.3.2.1, all forage brassicas tested 

had similar ranges for optimal germination. Single values to express optimal 

temperatures are necessary for the calculation of thermal time accumulation. However it 

was evident that the range of temperatures where optimal rates occur is more important 

than the consideration of a single value. 

Maximum temperatures of 35oC for B. oleracea and 38oC for B. napus spp. biennis and 

‘Aparima Gold’ were consistent throughout the models tested (Tables 3.4 and 3.5). 

Estimations for B. rapa were more dependent on the performance of the models used 

because germination still occurred at the maximum temperature tested (38oC). For this 

group the nonlinear models had lower and more realistic maximum temperatures 

estimations than the bilinear model. This is because the bilinear model accounted for the 

germination that occurred at 38oC but assumed a constant rate of decline, following a 

linear regression, when actually the rate had an abrupt decline at sub optimal 

temperatures, as shown by the nonlinear models. 

The linear model presented a strong fit (average R2 of 94.6%) for the germination data. 

However a higher average value of AIC of -103.3 (Table 3.6) showed that the model 

performed poorly in relation to the other models. The narrow range of data used, in most 
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cases up to 20oC (Table 3.3), improved the R2 and R2
adj. values (Table 3.6). This shows the 

linear model was able to describe rates under suboptimal temperature ranges as long as 

the range used was small enough to ignore the curvature characteristic from the rate 

deceleration under these temperatures. More detailed explanations about the restriction 

of the model when wider ranges of temperature are covered were given in Section 

2.6.2.2. The linear model is one of the most common models (Angus et al., 1981; Moot et 

al., 2000; Black et al., 2006; Lonati, 2009) and therefore could not be ignored as a valid 

option for the estimation of base temperature and thermal time requirements.  

The bilinear model had an overall satisfactory performance (average R2 of 92.3%) and was 

also a simple model. Figure 3.4 shows that the model tended to overestimate the 

development rate near the optimum temperature range, as reported by (Yin et al., 1995). 

Also in some cases, like for ‘Aparima Gold’, a dislocation of the breakpoint (maximum 

rate), in relation to other models, was observed. This could have occurred because 

germination did not happen at 38oC. The model then forced the breakpoint to a 

temperature higher than the one where the maximum development rate was actually 

observed, resulting in the overestimation of optimum temperature. In other cases, like 

‘Green Globe’ turnip, the dislocation underestimated the optimum temperature (Figure 

3.4). The bilinear model was responsible for 100% of the highest estimates of maximum 

development rate, reinforcing the point made by Yin et al. (1995).  

The bilinear model presented base temperatures that were not excessively negative like 

the Lactin model did. The reliability of base temperature estimations is highly important 

when it comes to forage brassicas. These crops are usually exposed to lower 

temperatures during the winter, which increases the importance of the base temperature 

in relation to the other cardinal temperatures to calculate the thermal time 

accumulation. 
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The Lactin model estimated negative base temperatures like -3.5oC for ‘Aparima Gold’ 

and -4.6oC for ‘Goliath’ and was responsible for 55.5% of the lowest values estimated for 

base temperatures (Table 3.4). This result is clearly related to characteristics of the model 

that forces the interception of the x-axis at low temperatures (Section 2.6.2.5). This made 

the reliability of the base temperatures estimated by the Lactin model questionable. For 

this reason the bilinear model was chosen as the best model tested. Furthermore, 

features of estimating all cardinal points and being a simple model, which allowed it to be 

modified, increased the advantages of this model that produced an easy and simple daily 

thermal time model for thermal time accumulation of brassicas (Figure 3.6).  

The line plus exponential model has a linear component (c in Equation 3.9) that 

accounted for the ascendant part of the rate response to temperature. This may have 

resulted in relatively similar estimations of base temperature to the ones estimated by 

the bilinear model (Table 3.5). The germination rate estimated by the model at low 

temperature extremes was underestimated and therefore it estimated higher base 

temperatures. Figure 3.4 shows that ‘Pasja’ had a final germination percentage of 62% at 

5oC that was not accounted by the model and resulted in the estimation of a base 

temperature of 6oC. Theobald et al. (2006) reported a similar problem (Section 2.6.2.4). 

This could also be due to the curvature characteristic of the model that forced the abrupt 

decrease of the linear portion of the function at low temperatures. Therefore the model 

was not chosen to be used as a daily thermal time model. The same problem was 

observed for the bilinear model. However the simplicity of the bilinear model allowed 

modifications to improve the description of problematic ranges of temperature. 

The Lactin model provided a close fit near the optimum temperature range (Figure 3.4). 

Importantly this described a range of optimum temperatures rather than a single 

temperature. The concavity characteristic of the Lactin model allowed the response to 

supra optimal temperatures to decline at a different rate to the suboptimal 

temperatures. This was possible due to the parameter c of Equation 3.10 that estimates 
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the width of the high temperature decline zone (Kean and Stufkens, 2005). This produced 

more realistic maximum temperatures. The model was also used to develop daily thermal 

time models (Figure 3.7) that were further tested in Chapter 7. 

3.4.2.1 Thermal time requirements  

The linear model with base temperature set at 0oC defined different thermal time 

requirements (Table 3.3) for cultivars. The ones grouped as B. rapa were the fastest to 

germinate (22.4oCd) followed by B. napus (31.2oCd) and B. oleracea (57.2oCd). Despite 

some differences among cultivars (B. napus and B. rapa) there was agreement in thermal 

time requirements within groups (Table 3.3). Values of thermal time requirements 

provided by the linear model were different from the ones provided by the linear model 

with base temperature of 0oC, except for the B. oleracea group. This is expected because 

of different base temperatures used. Larger standard errors of the estimation of thermal 

time requirements for the group (4.52oC) influenced the t-test evaluation and resulted in 

the lack of difference between the two estimates (Table 3.3). 

The bilinear model allowed the estimation of the thermal time requirements to 

germination for both ascendant and descendant parts of the data (Table 3.5). The 

descendant component had more variable results but the grouping of species was 

consistent, except for ‘Pasja’. This cultivar had the lowest (p<0.005) requirement of 

2.4oCd but was still grouped as B. rapa. Thermal time requirements from the bilinear 

model were similar to the ones obtained by the linear model for B. napus and B. oleracea. 

For B. rapa the results were different between the two models despite similar values of 

base temperature (3.6oC and 5.1oC) (Tables 3.3 and 3.5).  
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3.4.2.2 Daily thermal time models 

Daily thermal time models based on the Lactin and the bilinear model were developed to 

be tested in the calculation of thermal time accumulation of bulb brassicas. These models 

were developed for each group of species (Figures 3.5, 3.6 and 3.7). The model based on 

the bilinear model was developed because it has already been successfully used for 

thermal time accumulation of maize (Wilson et al., 1995). Despite the limitations, it has 

provided an easy and applicable model to predict thermal time accumulation.  

Changes were required once it became apparent that the rate of increase in the thermal 

time accumulation of B. rapa was not linear from the base temperature to the optimum 

temperature. This was because the bilinear equations did not account for the 62% 

germination that occurred for ‘Pasja’ at 5oC and estimated the base temperature for B. 

rapa at 5.1oC. Evaluations of the linear daily thermal time for B. rapa (Figure 3.5) 

indicated that the base temperature of 3.6oC was more realistic once the fitting came 

from a smaller range of temperatures. For this reason the linear model was incorporated 

into the bilinear daily thermal time model. From Figure 3.6 it is possible to see that for B. 

rapa cultivars there was a different rate of increase in germination rate from the base 

temperature up to 10oC and from 10oC up to optimum temperature between linear and 

bilinear models.  

The Lactin model was also used to develop a daily thermal time model (Figure 3.7) 

because of the realistic description of germination rate in relation to temperature that 

the model provided. These models will be tested in Chapter 7 to evaluate how the low 

base temperatures of the models influence the determination of thermal time 

requirements. 
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3.5 Conclusion 

 The present study showed that cultivars of the same species, or related to the 

same species through crossings, had similar cardinal temperatures and thermal 

time requirements to reach 75% of final germination.  

 A curvilinear response of germination rate to temperature was observed near the 

base temperature range. For this reason the linear model used for the base 

temperature and thermal time requirements was based on a narrow range of 

temperatures.   

 The commonly used bilinear model was used to estimate cardinal temperatures, 

thermal time requirements and to develop a daily thermal time model for 

germination of brassicas species. However, limitations in describing a curvilinear 

response by a linear regression need to be acknowledged. A modification was 

proposed to the bilinear model for the daily thermal time model for B. rapa to 

improve the quality of thermal time calculations near base temperatures.   

 The Lactin model accounted for nonlinearities intrinsic to the nature of plant 

responses to temperature. However, negative base temperatures were estimated 

for some cultivars, which questioned the reliability of the estimation.  

 Thermal time accumulation occurred at a faster rate for B. rapa cultivars than for 

B. napus and B. oleracea cultivars. 

 Both daily thermal time models proposed, based on the Lactin and bilinear 

models, will be tested to calculate brassica temperature accumulation in a 

controlled environment experiment in Chapter 7.  
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4 Materials and methods of field experiments 

4.1 Introduction 

This chapter will detail the materials and methods used in the two field experiments 

described in Chapters 5 and 6. In Chapter 5 the effect of the environment on dry matter 

production and bulb initiation are evaluated. The literature shows that environment is 

one of the main factors responsible for variation in yields of bulb brassicas (Section 2.3). 

Furthermore, the literature presented in Section 2.5.1 and results from Chapter 5 

indicated that temperature is a strong driver of the bulb initiation of brassicas. Therefore, 

in Chapter 6 more emphasis was given to temperature effects on the development of 

‘Green Globe’ turnips. 

This part of the research programme involved two field studies that were located in two 

blocks of the same experimental area at Lincoln University. They had similar soil 

preparation, and Experiment 1 ran from November 2008 to October 2009 and 

Experiment 2 from December 2009 to September 2010. This chapter describes these 

sites, long term and in season weather data, agronomic measurements and analyses.  

4.2 Experimental site 

Both experiments were established at the Lincoln University Field Service Centre 

(43o38’S, 172o28’E, 11 m.a.s.l) in block I3 (Iversen 3) for Experiment 1 and block I12 

(Iversen 12) for Experiment 2. 

4.2.1 Site history 

Experiment 1 followed an annual ryegrass (Lolium multiflorum), white clover (Trifolium 

repens) and chicory (Cichorium intybus L.) pasture grown from 2005 to 2007. It was then 

sown to barley (Hordeum vulgare L.). Experiment 2 followed perennial ryegrass (Lolium 
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perenne) in 2005 and in 2008 it was also used to grow annual ryegrass (Lolium 

multiflorum). 

4.2.2 Soil characteristics 

The soil is a Wakanui silt loam (Aquic Haplustept, USDA Soil Taxonomy), classified as 

Mottled Immature Pallic soil in the New Zealand Soil Classification (Cox, 1978; Webb et 

al., 2000; Webb, 2003). This is formed from greywacke-derived loess and fluvial 

sediments. It has a uniform top layer (Watt and Burgham, 1992) of 0.3 m depth 

overlaying fine silt to loamy sand horizons, which are usually 2 to 3 m deep (Cox, 1978; 

Watt and Burgham, 1992; Webb et al., 2000). Wakanui silt loam soils are imperfectly 

drained and require attention to prevent water logging (Watt and Burgham, 1992). The 

available water capacity of these soils is approximately 150 mm/m (Webb, 2003). These 

are prone to water build up during periods of water surplus in winter as indicated by 

strong mottling below 0.7 m (Hewitt and Whenua, 1998). 

4.2.3 Long term meteorological conditions 

Long-term climate data were obtained from the Broadfields Meteorological Station 

(NIWA, National Institute of Water and Atmosphere Research, New Zealand) located 2 

km north of Lincoln University. Data presented in Table 4.1 refers to the period of 1960 to 

2007. 

The Canterbury region is characterised as having a cool temperate climate with an annual 

mean temperature of 11.5oC. Historically higher mean daily temperatures occur in 

January and February and lowest averages in June and July. The long-term average 

rainfall is 635 mm which is evenly spread through the year. The annual Penman 

evapotranspiration (EP) is 1092 mm and exceeds rainfall from September to April. This 
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causes a long-term maximum potential soil moisture deficit (PSWDmax) of 520 mm (NIWA, 

2012). 

Table 4.1 Monthly long-term means from 1960 to 2007 for maximum (Tmax), minimum (Tmin) and 

mean (Tmean) air temperatures, rainfall, Penman potential evapotranspiration (EP) and total solar 

radiation (Ro) measured at the Broadfields Meteorological Station, Lincoln, Canterbury, New 

Zealand. 

Tmax Tmin Tmean Rainfall EP Ro

(oC) (oC) (oC) (mm) (mm) (MJ/m2/day)

January 22.1 11.3 16.7 51 156 21.9

February 21.9 11.2 16.5 43 128 18.9

March 20.0 9.7 14.9 53 103 14.1

April 17.2 6.7 12.0 54 65 9.6

May 14.1 4.2 9.1 53 46 5.9

Jun 11.3 1.6 6.4 60 35 4.6

July 10.7 1.4 6.0 63 37 5.1

August 12.1 2.5 7.3 62 52 7.8

September 14.4 4.3 9.3 41 75 12.0

October 16.8 6.1 11.4 48 110 17.1

November 18.6 7.7 13.1 53 132 21.2

December 20.6 9.9 15.2 53 152 22.7

Annual 16.6 6.3 11.5 635 1092 13.4

Month

 

4.2.4 Rainfall and evapotranspiration during the experiment 

In both experiments irrigation water was provided to replace evapotranspiration. Dates 

and quantities of water applied are shown in Figure 4.1. During the growth period of 

Experiment 1, from November 27th of 2008 until October 10th of 2009, rainfall was 

approximately 600 mm, which was slightly below the long-term average. Total 

evapotranspiration was 795 mm which was also below the long-term average of 1092 

mm. During the growth period of Experiment 2 (from December 8th of 2009 until 

September 2nd of 2010) total rainfall was 409 mm and total evapotranspiration was 

approximately 400 mm. A water budget for both experiments is shown in Figure 4.1. 
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Figure 4.1 Irrigation (mm) (dashed columns), rainfall (mm) (solid columns), potential soil water 

deficit (PSWD) (mm), sowing dates (solid arrows) and last harvest (dotted arrows) during the 

growth period of Experiments 1 and 2 at Lincoln University, New Zealand in 2008/2009 and 

2009/2010.  

The summer of 2008/2009 and autumn of 2009 were characterized by above normal 

rainfall (120 to 150% of normal) in the Canterbury region. The summer of 2009/2010 had 

rainfall near long term means and in the autumn of 2010 it was dry in Canterbury, 

especially during the months of March and April. However soil moisture recovered in May 

(NIWA, 2012). 
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4.2.4.1 Temperature and solar radiation 

Mean monthly air temperature and solar radiation (Figure 4.2) were obtained from 

Broadfields Meteorological Station, and followed the long-term means in both 

experiments. The annual average temperature was 12.9oC in 2008, 12.3oC in 2009 and 

13.0oC in 2010. In Experiment 1 the highest mean air temperature of 18.5oC and mean 

soil temperature of 17.9oC were observed in January of 2009. Temperatures in the 

summer of 2008/2009 and autumn of 2009 in Canterbury were 0.5 to 1.0oC below 

average (NIWA, 2012). Temperatures in Experiment 1 were obtained from the 

Broadfields Meteorological Station (NIWA, National Institute of Water and Atmosphere 

Research, New Zealand). The lowest temperatures for Experiment 1 were in July of 2009 

with a mean air temperature of 5.5oC and a mean soil temperature of 3.2oC. In 

Experiment 2 temperature probes recorded hourly air and soil temperatures at 20 mm 

depth. These temperatures were used to calculate the thermal time accumulation for the 

growth period. The summer of 2009/2010 had a cold start and a warm finish with 

temperatures similar to long term means. Temperatures in the autumn of 2010 were 

above average in Canterbury (NIWA, 2012). 

Mean total solar radiation was 23.4 MJ/m2/d in January of 2009 (summer) and decreased 

to 4.7 MJ/m2/d in July of 2009 (winter) during Experiment 1. In Experiment 2 the same 

trend of decreasing from summer to winter occurred but the highest average of 22.7 

MJ/m2/d was recorded in December of 2009 and the lowest average of 4.2 MJ/m2/d was 

recorded in June of 2010. 



 

81 

 

 

Figure 4.2 Mean daily solar radiation (bars), mean daily air temperature (-●-) and mean daily soil 

temperatures (10cm) (-○-) for Experiment 1 (a) and Experiment 2(b) located at Lincoln University, 

New Zealand. 

4.3 Experimental design and treatments 

Experiment 1 was a split plot randomised complete block design. The five main plot 

treatments were sowing dates of November 27th and December 15th of 2008, January 

17th, February 18th and March 14thof 2009. The three subplot treatments were two turnip 

cultivars, ‘Barkant’ and ‘Green Globe’, and ‘Aparima Gold’ swede. 

Experiment 2 was a split plot randomised complete block design. The crop used was 

‘Green Globe’ turnips and main plots were sowing dates of December 15th of 2009, 

January 5th, February 11th and March 5th of 2010. The subplot treatment was + or – plastic 

ground cover. The ground cover was used to create a difference in soil temperature. The 
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cover was a transparent polyethylene film of 100 and 150 µm of thickness (Smiths Mitre 

10 hardware).  

For the December sowing date (SD 1) of Experiment 2 plastic sheets covered all sown 

plots so that plants emerged at the same time. After the emergence of 50% of the plants 

the sheets were removed from the uncovered control plots. For all other sowing dates, 

January (SD 2), February (SD 3) and March (SD 4), the plastic sheets were put in after the 

emergence of 50% of the plants. This was logistically a much easier way to ensure even 

emergence. Trenches were opened around the plots and the edges of the plastic were 

covered with soil to hold the plastic (Plate 4.1). Holes were made in the plastic so that the 

plants could come through the plastic.   

 

Plate 4.1 Plastic cover on a ‘Green Globe’ plants at Lincoln University, New Zealand, in 2011. 

In Experiment 1 plots were 30 x 2.8 meters in a total area of 1.25 ha. In Experiment 2 

plots were 10 x 2.5 meters in a total area of 0.5 ha.  
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4.3.1 Establishment 

In both experiments seeds were sown with a Kverneland precision air seeder (Kverneland 

ASA, Kvernaland, Norway) with a spacing of 0.15 m between the rows and 0.12 m 

between plants. Sowing rate for both swedes and turnips was 1 kg/ha. For both 

experiments germination of all seed lots was over 91%. Both experiments had the 

existing vegetation sprayed with glyphosate (Roundup® 3 L/ha) on November 10th of 

2008 for Experiment 1 and on November 19th of 2009 for Experiment 2.  

In Experiment 1 fertilizers (Section 4.3.1.4) were applied on October 24th of 2008, 

according to the results of soil tests (Section 4.3.1.4), and followed by the preparation of 

the seed bed. Cultivation was carried out by ploughing, Dutch-harrowing and rolling.   

The area for Experiment 2 was ploughed on 25th November 2009, followed by Dutch 

harrowing and rolling on 28th November and a fertilizer application (Section 4.3.1.4) on 

30th November. On 4th December the area was again Dutch harrowed and rolled before 

an application of herbicide (Section 4.3.1.3). The area was again Dutch harrowed and 

rolled after the herbicide application (Section 4.3.1.1). 

4.3.1.1 Irrigation 

The schedule and amount of irrigation applied is presented in Table 4.2. Irrigation was 

applied in order to provide non-limiting conditions. However soil moisture was not 

measured on a regular basis. Potential soil water deficit is presented in Figure 4.1. 

Irrigation in Experiment 1 was from hand shifted pipes and after the sowing of the first 

sowing date, on 28/11/2009, the area was irrigated with 30 mm. This caused soil capping 

which resulted in a delay in the germination of this first sowing date. In Experiment 2 

irrigation water was applied using T-tape, placed parallel to drilled rows in each plot. A 

problem with the irrigation through the T-tape impaired the water supply during April. On 

April 18th a soil moisture measurement indicated the value of volumetric soil moisture 
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content of 10%. The first problem was in one of the valves that blocked the water to go 

into plots that were sown in February and March and after that, the main pipe started 

leaking and had to be changed. 

Table 4.2 Schedule of irrigation and total amount of water provided in Experiments 1 and 2 at 

Lincoln University, New Zealand in 2008/2009 and 2009/2010. 

Date Irrigation (mm)

28/11/2008 50

12/12/2008 40

6/01/2009 50

14/01/2009 50

29/01/2009 30

10/02/2009 45

5/03/2009 30

25/03/2009 25

Total 320

18/12/2009 20

22/12/2009 30

28/12/2009 20

5/01/2010 30

18/01/2010 20

25/01/2010 20

6/02/2010 30

19/02/2010 20

25/02/2010 30

5/03/2010 30

16/03/2010 20

23/03/2010 30

23/04/2010 30

30/04/2010 20

7/05/2010 20

Total 370

Experiment 1

Experiment 2

 

4.3.1.2 Weed control 

Before the sowing of each date in Experiment 1 pre emergence trifuralin (Treflan® 480 2 

L/ha) was applied for weed control on 24th November, 11th December and 14th January. 

The application of 14th January was in the remainder of the area that was going to be 

used for January, February and March sowing dates.  Before the sowing of the first two 
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sowing dates in Experiment 2 pre emergence trifuralin (Treflan® 480 3 L/ha) was applied 

on 4/12/2009 on plots that were going to be sown in December and January. Another 

application of the same herbicide at the same rate was done on 6/01/2010 on plots that 

were going to be sown in February and March. 

4.3.1.3 Insect control 

All seeds used in both experiments were Ultrastrike treated to prevent insect attack 

mainly from aphids (Brevicoryne brassicae and Myzus persicae) and springtails 

(Bourletiella spp.). In Experiment 1 Diazinon (460 mL/ha) was applied on 17th December 

to prevent the occurrence of aphids and springtails. Perfekthion® (dimethoate 800 

mL/ha) was applied on 4th February, 2nd March, 17th March, 30th March, 21st April, 5th May 

and 18th May to prevent and control the appearance of aphids. On 2nd March, 6th April, 

29th April and 28th May Mefenoxam (Ridomil® 2.5 kg/ha) was applied to control the 

occurrence of powdery mildew on the leaves of the plants.  

In Experiment 2 a rotation of insecticides was used to control aphids. Diazinon (800 

mL/ha) was applied on 6th January of 2010. Perfekthion® (Dimethoate) was applied at a 

rate of 800 mL/ha on 5th January and 20th of January and at a dose of 600 mL/ha on the 

8th February, 23rd February and 2nd March. Attack® (Permethrin and Pirimiphosmetyl at a 

rate of 1 L/ha) was applied on 18th March, 30th March, 7th April, 30th April, 17th May and 

28th May.  

Despite the spraying and rotation of chemicals aphids still caused problems in both 

experiments. Cabbage grey aphid (Brevicoryne brassicae) and the green peach aphid 

(Myzus persicae) were present in the January (SD 3) and February (SD 4) sowing dates of 

Experiment 1 and in the January (SD 2), February (SD 3) and March (SD 4) sowing dates of 

Experiment 2. The presence of these aphids resulted in the infection of some plants with 

mosaic virus. Both the turnip mosaic virus (TuMV) and turnip yellow virus (TuYV) were 
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observed in plants in Experiments 1 and 2. The occurrence of these types of virus was 

identified through visual analysis of plants and identification of the aphids. There were 

plants that presented crinkling of the leaves with yellowing of older leaves, which 

characterized the TuMV, and also plants that presented redness and purpling of leaves, 

which characterized the TuYV. When possible these damaged plants were avoided for 

growth and development measurements. 

4.3.1.4 Soil fertility 

Results of soil fertility analysis are presented in  

Table 4.3. For Experiment 1 lime (3.5 t/ha) and sulphur super 20 (600 kg/ha, equivalent to 

48 kg P/ha) were applied on 24th October 2008, based on the results of soil tests. On each 

sowing date 50 kg N/ha was surface applied after sowing in the form of diammonium 

phosphate (DAP), which also supplied 7.4 kg P/ha. Two further nitrogen applications 

occurred, after the visual identification of the bulb and one month after that, each at a 

rate of 150 kg N/ha also as DAP adding a total of 350 kg N/ha (with 51.8 kg P/ha).  

Table 4.3 Soil fertility analysis results of samplings done in 2008 for Iversen 3 area used in 

Experiment 1 and Iversen 12 area used in Experiment 2 at Lincoln University, New Zealand in 

2008/2009. 

Olsen Soluble P S-SO4
-S Ca2+ K+ Mg2+ Na+

(μg/mL) (μg/g)

Iversen 3 2008 5.7 13 1.0 7.0 0.5 1.1 0.2

Iversen 12 2008 6.1 17 1.6 7.8 0.7 1.0 0.2

Recommended 5.8-6.3 20-30 0.7-1.5 6.0-12 0.5-0.7 1.0-3.0 0.2-0.4

-----------(meq/100g)----------
Area Year pH

 

Note: Analysis for Iversen 3 was done by Analytical Research Laboratories Limited (Napier) and for Iversen 

12 by Hill Laboratories (Hamilton).  

In Experiment 2, 400kg/ha of sulphur super were applied on October 24th of 2008. A 

single dose of 430 kg N/ha was applied at sowing as DAP. The DAP was applied once 
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because some plots had to be covered by the plastic sheet after sowing. An efficiency 

factor of 80% was used to increase the rate applied from 350 to 430 kg N/ha due to a 

single application. In both experiments the nitrogen applied was calculated to satisfy the 

extraction of turnip and swede crops that could potentially grow 12 t of dry matter/ha.   

4.4 Measurements 

4.4.1 Emergence 

Emergence was observed in both experiments in two fixed sections of 1 m length of drill 

in each plot. Plants that emerged were counted every two to three days until no further 

emergence occurred. 

4.4.2 Leaf appearance 

In Experiment 1 each plot had 10 marked plants in which the number of live and dead 

leaves was counted every four days when they were also visually assessed for bulb 

initiation. By the end of the period of leaf counting the self-thinning of the plants reduced 

this number to 5 plants.  

Leaf appearance was measured in the November (SD 1), December (SD 2) and February 

(SD 4) sowing dates. The January sowing date (SD 3) was not measured. This occurred 

because of a failure in the sowing of ‘Aparima Gold’ for this sowing date. A problem with 

the chain of the air seeder stopped the rotation of the discs and as a result no seeds were 

drilled. This only became apparent when plants failed to emerge. Few data points were 

obtained in February (SD 4) due to the time spent with sample processing and also 

because of the spraying schedule to control aphids that limited time available for field 

sampling due to withholding periods of 3 to 7 days (Section 4.3.1.3). 
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In the February sowing date (SD 4) marked plants were changed four times because 

plants died due to self-thinning. Also the counting of leaves in this sowing date was 

delayed due to the processing of harvested plants from the previous sowing dates that 

took longer than expected. This reduced the reliability of the data from this sowing date.  

The March sowing date (SD 5) had three leaf counts that were approximately 20 days 

apart, due to the withholding period of insecticides and fungicides application, and were 

therefore unsuitable for phyllochron relationships. In this sowing date all marked plants 

had to be changed several times due to insects damage, which also impaired the 

reliability of the measurements.  

In Experiment 2 each plot had five marked plants for leaf counting. Leaves counted were 

marked with coloured wires that identified the numbers for each leaf. Leaves were 

counted for the December (SD 1) sowing date. The only evaluation available of number of 

leaves for further sowing dates was done at the moment of the harvest when the number 

of leaves per plant harvested was observed.  

To overcome the lack of leaf data a pot trial was added in 2011 (Section 7.3.1). 

4.4.3 Dry matter 

During Experiments 1 and 2 dry matter harvests were taken at 10 to 15 day intervals in 

each plot using two 0.25 m2 squares. All the samples were washed and separated into 

shoot and bulb and then dried at 65°C until constant weight. 

Logistic functions were fitted to the total, leaf and bulb dry matter production data. 

Equation 4.1 presents the logistic function where ‘c’ is the upper asymptote and refers to 

the maximum dry matter production, ‘a’ is the lower asymptote, ‘b’ is a constant, ‘m’ is 

when the inflection point of the curve occurs, which refers to when the maximum growth 
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rate occurs, and x is time. Data points were production was affected by senescence or 

virus infection were excluded from the fitting. However these data points are presented 

in figures for completeness. 

Equation 4.1  (a+c)/(1+exp[-b*(x-m)])   

4.4.4 Light interception and RUE 

Light interception measurements were taken using the Sunscan plant canopy analyser 

(Delta-T Devices Ltd., Burwell, Cambridge, U.K.). Six readings were taken in each replicate 

and then averaged. In Experiment 1 measurements were taken on 26/01, 9/02, 5/03, 

9/03 and 17/03/2009. In Experiment 2 measurements were taken on 1/02, 12/02, 19/03 

and 30/03/2010. Sunscan readings provided values of fractional radiation interception 

(R/Ro) which were used to estimate the leaf area available in Experiment 1.  

In Experiment 2 data were obtained from destructive samples using a leaf area meter and 

solar radiation information obtained from the Broadfields Meteorological Station (NIWA, 

National Institute of Water and Atmosphere Research, New Zealand). After harvests, 

leaves were put through a LI-3100C area meter (Li-Cor Inc., Nebraska, USA) and then 

dried at 65°C until constant weight. The value obtained was divided by the area sampled 

to calculate leaf area. 

Radiation use efficiency (RUE; g DM/MJ total solar radiation/m2) was obtained as the 

slope of the linear regression fitted to the total dry matter production (g/m2) against 

accumulated intercepted radiation (MJ/m2). 

Daily leaf area values, to calculate daily intercepted radiation, were obtained from 

extrapolations using a linear regression between measured points. Light intercepted by 

the canopy (R/Ro) was calculated using Beer’s law that describes an exponential decrease 
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of light through the canopy (Campbell and Van Evert, 1994) (Equation 2.1 in Section 

2.4.3). The value for the extinction coefficient (k) used was 0.77 which was calculated by 

(Chakwizira, 2008) for ‘Pasja’ turnips. 

4.5 Thermal time  

Hourly temperatures were used to calculate the thermal time accumulation in all 

experiments. In Experiment 1 ‘Aparima Gold’ thermal time accumulation was calculated 

following the bilinear daily thermal time model proposed in Section 3.3.2.4 for this 

cultivar but with a base temperature of 0oC, which was not different to the -0.6oC 

originally calculated (Section 3.3.2.1). For both experiments ‘Barkant’ and ‘Green Globe’ 

thermal time accumulation was calculated accordingly to the bilinear daily thermal time 

model proposed for B. rapa in Section 3.3.2.4. 

In Experiment 2 the analysis of the relationships between dry matter production and 

thermal time accumulated based on both air and soil temperatures resulted in higher 

relationships (p=0.036) when the thermal time used was calculated with soil 

temperatures. Therefore all calculations were based on soil temperatures (Figure 4.3). In 

all sowing dates the average amount of thermal time accumulated by plants in the 

treatment without the plastic cover was approximately 13.8% below the amount 

accumulated by plants in the plastic cover treatment (values ranged from 10.4 to 17.5%). 
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Figure 4.3 Soil temperature of uncovered (shaded line) and covered plots (solid line) in 

Experiment 2 located at Lincoln University, New Zealand in 2009/2010: a) December, b) January, 

c) February and d) March sowing dates. 

Results in Chapters 5 and 6 were all based on the bilinear daily thermal time model 

proposed in Chapter 3. As will be shown further in Chapter 7 the method of thermal time 

accumulation used did not affect the results of comparisons among treatments. 

Therefore the bilinear daily thermal time model, which uses a base temperature of 3.6oC, 

similar to 4oC presented in the literature for turnips (Adams et al., 2005), was used.  

4.6 Data analyses  

Analyses of variance presented in Chapters 5 and 6 used the split-plot procedure from 

Genstat (version 14, VSN International Ltd., UK). Standard error bars presented in the 

figures in Chapters 5 and 6 refer to the standard error of means. Differences that account 

for less than 10% of the total sum of squares (s.s.) will be addressed in tables but not in 

the text. When this happens, the percentages of total s.s. will be presented in the text. 
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In Experiment 1 all comparisons were split in two. One comparison analysed the three 

cultivars, ‘Aparima Gold, ‘Barkant’ and Green Globe’, among the November (SD 1), 

December (SD 2), February (SD 4) and March (SD 5) sowing dates. The second comparison 

analysed the two turnip cultivars, ‘Barkant’ and ‘Green Globe’, among all five sowing 

dates, to account for the February (SD 3) failure in swede sowing. 

Bulb initiation in both Experiments 1 and 2 was determined based on the logistic function 

fitted to the bulb dry matter data. The point of bulb initiation was defined as the start of 

the growth period, after the lag phase characterized by a logistic function. The growth 

period was based on a linear approximation of the logistic function presented by 

Koesmarno and Sedcole (1994). This approximation excludes the lag and final phases of 

the logistic function and considers the growth phase during which a proportion of the 

growth (λ) takes place. The value of λ considered here was 0.905, which was also used by 

Loss et al. (1989) in a study about growth and development of wheat. In this way, the 

timing of bulb (tB) initiation was calculated from Equation 4.2, where ‘k’ is a constant 

defined by Equation 4.3. 

Equation 4.2 tB = (m-K)/b     

Equation 4.3 k = ln[(1 + λ)/(1 - λ)]       

Exponential curves (Equation 4.4) were fitted to the ratio between leaf and bulb dry 

matter production data. In this equation R is the slope, A is the y-intercept and B is a 

constant. All equations were fitted to the data using the standard curves procedure of 

Genstat. 

Equation 4.4 y = A + B*(Rx)        
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5 Turnips and swede production in five sowing dates (Experiment 1) 

5.1 Introduction 

In Chapter 3 it was possible to understand how temperature affects the germination of 

brassicas and to determine cardinal temperatures. The cardinal temperatures and the 

bilinear thermal time model developed in Chapter 3 will be used in this Chapter to 

understand how environmental factors affect the development and growth of bulb 

brassicas. 

The literature shows a range of elements that affect forage brassicas yields and one of 

these is environment (Section 2.3). Yields have been reported in the literature (Section 

2.3.1) but thermal time requirements for key developmental phases, such as bulb 

initiation, have had less investigation. Furthermore, the description of yields in response 

to environmental effects is still rarely considered. Therefore, to provide the information 

necessary to fill this gap this chapter will evaluate how growth and development of bulb 

brassicas changes across sowing dates. 

This chapter will analyse how yields of three cultivars of bulb brassicas respond to 

changes in environmental conditions throughout five sowing dates. This will provide part 

of the information required to understand the physiology of bulb brassicas (Figure 1.1). 

The focus will be on information provided under non limiting conditions so that the 

results can further be used in crop simulation models for bulb brassicas. Attention will be 

given to establish a practical method to identify bulb initiation and to provide the thermal 

time requirements for this phase.   
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5.2 Results 

5.2.1 Emergence 

Thermal time requirements to reach 50% emergence are presented in Table 1. All results 

were affected by the interaction (p=0.022) between sowing date and cultivar. This was 

because ‘Aparima Gold’ in the February (SD 4) sowing date had a higher increase in the 

thermal time requirement to emergence than the two turnip cultivars (Table 5.1). 

November (SD 1) had higher thermal time requirements for emergence due to soil 

capping. Therefore the data from this sowing date was excluded in the average 

calculation of the thermal time requirements for emergence. The average requirements 

obtained with December, January, February and March sowing dates were 55.7oCd for 

turnips and of 82.9oCd for swedes. 

Table 5.1 Thermal time requirement for 50% emergence of ‘Aparima Gold’ swede (Tb = 0oC), 

‘Barkant’ and ‘Green Globe’ turnips (Tb = 3.6oC) sown on five dates at Lincoln University, New 

Zealand in 2008/2009.  

Sowing date  'Aparima Gold'  'Barkant'  'Green Globe' Average

November 318 D 180 C 187 C 183 c

December 69.9 AB 46.2 AB 43.6 AB 44.9 ab

January * 78.1 63.1 70.6 ab

February 83.2 AB 30.4 A 30.4 A 30.4 a

March 95.7 B 75.1 AB 78.4 AB 76.7 b

lsd1 56.9

lsd2 41.5  

Note: lsd
1
 and capital letters refer to the interaction between sowing date and cultivar in the comparison 

among all cultivars; lsd
2
 and lower case letters refer to sowing date in the comparison among all sowing 

dates. 

The final number of plants emerged per m of drill row was affected by sowing date 

(p<0.001) and cultivar (p=0.007). November (SD 1) and December (SD 2) sowing dates 

had the highest final emergence with an average 8.0 plants/m, which is equivalent to 
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53.6 plants/m2. Then January (SD 3), February (SD 4) and March (SD 5) averaged 4.6 

plants/m, equivalent to 30.8 plants/m2. The swede cultivar averaged 5.0 plants/m, the 

same as 33.5 plants/m2, compared with 6.6 plants/m for turnips, equivalent to 44.2 

plants/m2. These values are above the 30 plants/m2 recommended by de Ruiter et al. 

(2009) but are similar to that recommended by Moot et al. (2007b) of 45 plants/m2. The 

range in plant population was not considered a major issue because bulb initiation is a 

process that occurs early in the plant development and self-thinning of plants should not 

affect this (Section 2.5.1).  

5.2.2 Total, bulb dry matter production and bulb initiation 

Total and bulb dry matter production of ‘Aparima Gold’, ‘Barkant’ and ‘Green Globe’ are 

presented in Figures 5.1, 5.2 an 5.3. Logistic curves were used to describe the relationship 

between dry matter production and thermal time accumulated in all cases.  
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Figure 5.1 Total dry matter production (● and solid line) and bulb dry matter production (○ and 

dotted line) of ‘Aparima Gold’ swede against thermal time (oCd) accumulated from sowing (Tb = 

0oC) on four dates: (a) November (SD 1), (b) December (SD 2), (c) February (SD 4) and (d) March 

(SD 5) at Lincoln University, New Zealand in 2008/2009; arrows indicate timing of bulb initiation 

presented in Table 5.2. 

Note: Shaded points ( ) were not considered in the curves due to virus infection and senescence; equations 

for logistic curves are presented in Appendix 10.8 and Appendix 10.9; standard errors bars refer to sowing 

date for total DM production (solid line) and the interaction between sowing date and cultivar for bulb DM 

production (dotted line) in the comparison among all cultivars. 
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Figure 5.2 Total dry matter production (● and solid line) and bulb dry matter production (○ and 

dotted line) of ‘Barkant’ turnip against thermal time (oCd) accumulated from sowing (Tb = 3.6oC) 

on five dates: (a) November (SD 1), (b) December (SD 2), (c) January (SD 3), (d) February (SD 4) 

and (d) March (SD 5) at Lincoln University, New Zealand in 2008/2009; arrows indicate timing of 

bulb initiation presented in Table 5.2. 

Note: Shaded ( ) and pattern ( ) filled points were not considered in the curves due to virus infection or 

senescence; equations for logistic curves are presented in Appendix 10.10 and Appendix 10.11; standard 

error bars refer to sowing date for total DM production (solid line) and bulb DM production (dotted line) in 

the comparison among all sowing dates. 
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Figure 5.3 Total dry matter production (● and solid line) and bulb dry matter production (○ and 

dotted line) of ‘Green Globe’ turnip against thermal time (oCd) accumulated from sowing (Tb = 

3.6oC) on five dates: (a) November (SD 1), (b) December (SD 2), (c) January (SD 3), (d) February 

(SD 4) and (d) March (SD 5) at Lincoln University, New Zealand in 2008/2009; arrows indicate 

timing of bulb initiation presented in Table 5.2. 

Note: Shaded ( ) and pattern (  ) filled points were not considered in the curves due to virus infection and 

senescence; equations for logistic curves are presented in Appendix 10.12 and Appendix 10.13. 

 

 

 

 



 

99 

 

The maximum dry matter production decreased (p<0.001) as sowing dates progressed 

from November (SD 1) to March (SD 5). Bulb dry matter production (Figures 5.1, 5.2 and 

5.3) was affected by sowing date (p<0.001), cultivar (p<0.001) and the interaction 

between the two factors (p=0.003). In the comparison among all sowing dates results 

were affected by sowing date (p<0.001). In the comparison among all cultivars both 

cultivar and the interaction differences will not be discussed (Section 4.6) because they 

represent a low proportion (< 7%) of the sum of squares.  

The delay of 18 days between November (SD 1) and December (SD 2) decreased yields by 

2.8 t DM/ha for ‘Aparima Gold’, 4.7 t DM/ha for ‘Barkant’ and 1.3 t DM/ha for ‘Green 

Globe’ turnip. The delay of 51 days between November (SD 1) and January (SD 3) 

decreased yields by 9.3 t DM/ha for ‘Barkant’ and 5.5 t DM/ha for ‘Green Globe’ turnip. 

The delay between November (SD 1) and February (SD 4) decreased yields by 9.6 t DM/ha 

for ‘Aparima Gold’, 10.6 t DM/ha for ‘Barkant’ and 7.3 t DM/ha for ‘Green Globe’ turnip. 

A further delay of 106 days between November (SD 1) and March (SD 4) decreased 

production by 11.8 t DM/ha for ‘Aparima Gold’, 12.6 t DM/ha for ‘Barkant’ and 8.9 t 

DM/ha for ‘Green Globe’ turnip. 

Thermal time requirements to reach bulb initiation (Table 5.2) were affected by sowing 

date (p<0.001) and cultivar (p=0.004) in the comparison among all cultivars. November 

(SD 1) and February (SD 4) sowing dates had similar requirements (average of 683oCd) 

that were higher than December (SD 2) and March (SD 5) sowing dates (average of 

512oCd). ‘Aparima Gold’ swede required an average of 752oCd to reach bulb initiation, 

which was more than the average of 523oCd required by the turnip cultivars. Differences 

among sowing dates occurred due to the differences in requirements of ‘Aparima Gold’ 

but turnip cultivars were similar across sowing dates.  
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Table 5.2 Thermal time requirements (oCd) to reach bulb initiation of ‘Aparima Gold’ swede (Tb = 

0oC), ‘Barkant’ and ‘Green Globe’ turnips (Tb = 3.6oC) sown on five dates at Lincoln University, 

New Zealand in 2008/2009. 

Sowing date  'Aparima Gold'  'Barkant'  'Green Globe' Average

November 913 357 664 644 B

December 516 524 438 493 A

January * 530 538 534

February 915 629 617 720 B

March 664 469 462 531 A

Average 752 b 502 a 544 a

lsd1 93.9

lsd2 151.8  

Note: lsd
1
 and capital letters refer to differences due to sowing date; lsd

2
 and low case letters refer to 

differences due to cultivars in the comparison among all cultivars. 

5.2.3 Leaf appearance and leaf dry matter production 

5.2.3.1 Leaf appearance 

Number of leaves presented in Figures 5.4, 5.5 and 5.6 refers to total green leaves 

present at each counting. The phyllochron was calculated from the linear portion of the 

relationship but not forced through the origin because the time to the first leaf 

represents the emergence period. Leaf counting in November (SD 1), December (SD 2) 

and February (SD 4) stopped when leaf senescence was predominant and some plants 

were affected by powdery mildew (Erysiphe cruciferarum), present on the leaves.  
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Figure 5.4 Number of leaves of ‘Aparima Gold’ swede against thermal time (oCd) accumulated 

from sowing (Tb = 0oC) on four dates: a) November (SD 1), b) December (SD 2), c) February (SD 4) 

and d) March (SD 5) at Lincoln University, New Zealand in 2008/2009. Equations and R2 of 

regressions are presented in Appendix 10.14 and phyllohcron data in Table 5.3. 
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Figure 5.5 Number of leaves of ‘Barkant’ turnip against thermal time (oCd) accumulated (Tb = 

3.6oC) from sowing on four dates: a) November (SD 1), b) December (SD 2), c) February (SD 4) and 

d) March (SD 5) at Lincoln University, New Zealand in 2008/2009. Equations and R2 of regressions 

are presented in Appendix 10.15 and phyllochron data in Table 5.3. 
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Figure 5.6 Number of leaves of ‘Green Globe’ turnip against thermal time (oCd) accumulated from 

sowing (Tb = 3.6oC) on four dates: a) November (SD 1), b) December (SD 2), c) February (SD 4) and 

d) March (SD 5) at Lincoln University, New Zealand in 2008/2009. Equations and R2 of regressions 

are presented in Appendix 10.16 and phyllochron data in Table 5.3. 

For the first two sowing dates (November and December) it was possible to observe that 

for all cultivars tested there was a linear increase in the number of green leaves followed 

by a stabilization of this number and then a decrease, when leaf senescence was 

predominant. For ‘Aparima Gold’ the number of green leaves increased linearly until 

approximately 13 leaves, stabilized and then started to decrease at approximately 

2000oCd in November (SD 1). In December (SD 2) the linear increase occurred until 

approximately 12 leaves followed by stabilization of the leaf number around 11 leaves. 

‘Barkant’ and ‘Green Globe’ turnips had similar patterns in November (SD 1) with a linear 

increase until 16 leaves for ‘Barkant’ and 13 leaves for ‘Green Globe’ followed by a 

stabilization and a decrease after the accumulation of ~ 1300oCd. In December (SD 2) the 

total number of green leaves increased until 13 leaves and stabilized around 10 leaves for 

both turnip cultivars.  
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Phyllochron estimations for ‘Aparima Gold’, ‘Barkant’ and ‘Green Globe’ are presented in 

Table 5.3. The swede cultivar had slower (p<0.001) rates of leaf appearance than the 

turnip cultivars, which were not different from each other. The phyllochron was not 

constant and decreased (p<0.001) from the November (SD 1) to December (SD 2) sowing 

dates, followed by an increase (p<0.001) to the February (SD 4) sowing date. 

Table 5.3 Phyllochron (oCd/leaf) based on regression analysis of leaf appearance against thermal 

time accumulated with the bilinear model for ‘Aparima Gold’ swede (Tb = 0oC) and ‘Barkant’ and 

‘Green Globe’ turnips (Tb = 3.6oC) sown on three dates at Lincoln University, New Zealand in 

2008/2009.  

Sowing date  'Aparima Gold'  'Barkant'  'Green Globe' Average

November 60.3 49.5 55.6 55.3 B

December 51.9 37.9 44.7 45.0 A

February 104 64.2 56.6 75.8 C

Average 70.2 a 49.7 b 52.0 b

lsd1 7.96

lsd2 7.88  

Note: lsd
1
 and capital letters refer to the effect of sowing date; lsd

2
 and low case letters refer to the effect 

of cultivar 

5.2.3.2 Leaf dry matter production 

The maximum leaf dry matter production (Table 5.4) was affected by sowing date 

(p<0.001) when compared among all cultivars and by sowing date (p<0.001) and the 

interaction between cultivar and sowing date (p<0.001) in the comparison among all 

sowing dates. The interaction will not be discussed (Section 4.6) because its F value was 

7.8 (5.5% of total s.s.) compared with sowing date as a main effect with an F value of 23.1 

(77.8% of total s.s.). Total leaf dry matter production decreased from November (SD 1) to 

December (SD 2) and was similar among February (SD 4) and March (SD 5) for ‘Aparima 

Gold’. For turnips the average leaf dry matter production was similar between the first 

two sowing dates and decreased in January (SD 3), February (SD 4) and March (SD 5). The 
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aphid infestation that occurred in January (SD 3), February (SD 4) and March (SD 5) 

(Section 4.3.1.3) affected the leaf production once plants were infected by mosaic virus. 

Table 5.4 Maximum leaf dry matter production (kg/ha) of ‘Aparima Gold’ swede, ‘Barkant’ and 

‘Green Globe’ turnips sown on five dates at Lincoln University, New Zealand in 2008/2009. 

Sowing date  'Aparima Gold'  'Barkant'  'Green Globe' Average

November 8500 9907 a 7221 b 8543 Aa

December 7235 7158  b 7027 b 7140 Ba

January 3612 cd 4408 c 4010 b

February 3027 3572 cd  3701 cd 3433 Cb

March 1780 2367 d 2588 d 2245 Cb

lsd1 1334.7

lsd2 1745.4  

Note: lsd
1
 and capital letters refer to differences due to sowing date in the comparison among all cultivars; 

lsd
2
 and low case letters refer to differences due to the interaction and sowing date in the comparison 

among all sowing dates. 

5.2.4 Radiation use efficiency 

All leaf area index readings were taken late in the season when crops had already 

achieved the critical leaf area index. The accumulated total radiation intercepted for 

November (SD 1) and December (SD 2) is shown in Figure 5.7. An analysis of covariance 

for parallel lines between the two sowing dates showed no differences between the 

slopes of the regressions fitted to the data. However, the intercepts of both regressions 

were different for ‘Aparima Gold’ (p<0.001), ‘Barkant’ (p=0.011) and ‘Green Globe’ 

(p=0.006). This showed that the amount of radiation intercepted between the two 

sowing dates differed and therefore a regression for each data set was used. 
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Figure 5.7 Accumulated total intercepted radiation (MJ/m2) against thermal time (oCd) 

accumulated from sowing (Tb = 0oC for swedes and 3.6oC for turnips) for (a) ‘Aparima Gold’, (b) 

‘Barkant’ and (c) ‘Green Globe’ evaluated during three sowing dates: November (SD 1) (● and 

solid line), December (SD 2) (○ and dotted line) and January (SD 3) ( ) at Lincoln University, New 

Zealand in 2009. 

Note: regressions equations are a) solid line y = 1.0(±0.01)x + 91.2(±17.4) (R
2
 of 0.99), dotted line y = 

1.0(±0.03)x – 152(±24.6) (R
2
 of 0.99); b) solid line y = 1.5(±0.03)x + 105(±24.6) (R

2
 of 0.99), dotted line y = 

1.5(±0.03)x – 84.7(±48.3) (R
2
 of 0.99); c) solid line y = 1.5(±0.03)x + 106(±23.7) (R

2
 of 0.99), dotted line y = 

1.5(±0.05)x – 107(±46.7) (R
2
 of 0.99), standard error bar (cultivar) is 16.9. 
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The analysis of variance for radiation use efficiency (RUE) (Figure 5.8) showed no 

differences (p=0.307) between the November (SD 1) and December (SD 2) sowing dates 

among the three cultivars. January (SD 3) sowing date was not analysed due to too few 

points available to provide the RUE estimation. However the data for this sowing date is 

shown in Figure 5.8. RUE of ‘Aparima Gold’ and ‘Barkant’ averaged 1.34 g DM/MJ total 

and ‘Green Globe’ averaged 1.03 g DM/MJ total, which resulted in an average RUE of 

1.24 g DM/MJ total for the cultivars used. Furthermore, an analysis of covariance for 

parallel lines for each cultivar indicated that a single regression to describe RUE for each 

cultivar could be fitted to both data from November (SD 1) and December (SD 2) sowing 

dates. 
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Figure 5.8 Total dry matter (g/m2) production against accumulated radiation intercepted (MJ/m2) 

for (a) ‘Aparima Gold’, (b) ‘Barkant’ and (c) ‘Green Globe’ evaluated during three sowing dates 

November (SD 1) (●), December (SD 2) (○) and January (SD 3) ( ) at Lincoln University, New 

Zealand in 2009. 

Note: January (SD 3) data points were not included in the regressions; regression equations are a) y = 

1.0(±0.12)x-331(±136) with an R
2
 of 0.85; b) y = 1.3(±0.13)x-587(±139) with an R

2
 of 0.92; c) y = 1.0(±0.06)x-

384(±64) with an R
2
 of 0.97. 
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5.2.5 Ratio shoot:root  

For all cultivars exponential curves were used to describe the relationship between the 

ratio of shoot and root dry matter production and thermal time accumulated (Figures 5.9 

and 5.10). The comparison among all cultivars showed that the base parameter of the 

exponential equation (curve shape parameter) was affected by the interaction of sowing 

date and cultivar (p<0.001), by cultivar (p<0.001) and sowing date (p<0.001). The 

interaction will not be discussed (Section 4.6) because it had an F value of 8.4 (3.1% of 

total s.s.). Higher (p<0.001) curve shape parameters were obtained for ‘Aparima Gold’ in 

comparison to the turnip cultivars. This parameter was similar for November (SD 1), 

December (SD 2) and February (SD 4) whereas January (SD 3) and March (SD 5) had lower 

(p<0.001) values.  

These differences were only obtained using values of base parameters up to six decimal 

places in the analyses. Therefore, biologically it is possible to consider that the curve 

shape parameter values were similar throughout the sowing dates for swedes and 

turnips. This indicates that the partitioning in response to thermal time accumulated was 

always similar.  
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Figure 5.9 Ratio between shoot and root dry matter production of ‘Aparima Gold’ against thermal 

time (oCd) accumulated from sowing (Tb = 0oC) on four dates: (a) November (SD 1), (b) December 

(SD 2), (c) February (SD 3) and (d) March (SD 5) at Lincoln University, New Zealand in 2008/2009. 

Solid line regressions are: (a) y=-0.12+45.3(0.998x), (b) y=0.35+123.3(0.997x), (c) y=-

0.177+16.29(0.999x) and (d) y=1.71+24(0.998x). 

Note: shaded data points were not used in the fitting of the regressions; bolded numbers refer to the base 

parameter of the equations; standard errors of the parameters are presented in Appendix 10.17. 
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Figure 5.10 Ratio between leaf and bulb dry matter production of ‘Barkant’ (●) and ‘Green Globe’ 

(○) evaluated on five dates: (a) November (SD 1), (b) December (SD 2), (c) January (SD 3), (d) 

February (SD 4) and (e) March (SD 5) at Lincoln University, New Zealand in 2008/2009. Solid line 

regressions are: (a) y=0.179+45.7(0.997x), (b) y=0.012+45.84(0.997x), (c) y=0.661+607(0.993x), (d) 

y=0.883+35.9(0.996x) and (e) y=1.398+75.6(0.994x). 

Note: shaded data points were not used in the fitting of the regressions; bolded numbers refer to the base 

parameter of the equations; standard errors of the parameters are presented in Appendix 10.18. 
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5.3 Discussion 

5.3.1 Thermal time requirements for emergence and leaf appearance 

Thermal time requirements for emergence averaged among four sowing dates, excluding 

the November sowing date, were 83oCd (±10.3oCd) for ‘Aparima Gold’ and 56oCd 

(±8.9oCd) for the turnip cultivars (Table 5.1). The average soil temperature was 19oC in 

November (SD 1) and January (SD 3), 18oC in December, 17oC in February (SD 4) and 15oC 

in March (SD 5) for the emergence period. November (SD 1) thermal time requirements 

were excluded from the average due to soil capping with delayed emergence. Angus 

(1981) also reported that soil crusts formed after heavy rain and irrigation and this 

delayed the emergence of some crop species. Finch-Savage and Phelps (1993) also 

observed delayed and reduced emergence of onion seedlings due to soil capping. 

Values obtained in this chapter were similar to the requirements recorded by Håkansson 

and von Polgár (1984) and Vigil et al. (1997) presented in Section 2.6.3.1.  However, Collie 

and McKenzie (1998) and Chakwizira (2008) obtained higher thermal time requirements 

in their studies (Section 2.6.3.1). Both studies considered a base temperature of 0oC, 

which can increase the amount of temperature accumulated by turnips until 50% 

emergence. Furthermore, the second flush of emergence that is observed after the 

sowing of brassicas species probably delayed the emergence presented by Chakwizira 

(2008). However, no further details were given by the author. 

Leaf appearance rate increased linearly until a maximum number of green leaves for 

swedes and turnips (Figures 5.4, 5.5 and 5.6). After this increase the rate of appearance 

stabilized around 11 green leaves for ‘Aparima Gold’ and 10 for turnips until senescence 

started, near the accumulation of 2000oCd for ‘Aparima Gold’ and 1300oCd for turnips. 

The stabilization of the leaf appearance occurred approximately 57 days after sowing 

(DAS) (at 970oCd) in November (SD 1) and 46 DAS (at 820oCd) in December (SD 2) for 

‘Aparima Gold’. For turnips this occurred at 56 DAS in November (SD 1) (at 660oCd) and 
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38 DAS (at 820oCd) for ‘Barkant’ and 46 DAS (at 580oCd) for ‘Green Globe’ in December 

(SD 2). Neilsen (2005) reported that leaf appearance of ‘Barkant’ turnips sown in August 

increased linearly until 60 DAS and after that the rate changed and became slower.  

The average phyllochron for ‘Aparima Gold’ was 70.2oCd/leaf (±2.6oCd/leaf) and 

51oCd/leaf (±2.7oCd/leaf) for the turnips but these were not constant across the three 

sowing dates analysed (Table 5.3). Collie and McKenzie (1998) observed that turnips 

sown at an early date in February had a faster phyllochron (35.7oCd/leaf) than turnips 

sown in late February and March (averaged at 44.3oCd/leaf). The values of phyllochron 

obtained for turnips (Table 5.3) were in agreement to those used by Wilson et al. (2004) 

and observed by Fletcher et al. (2012) (Section 2.4.1). All of these results suggest a single 

value is inappropriate for the phyllochron of brassicas and so a more detailed approach 

for bulbing brassicas is presented in Chapter 7.  

5.3.2 Dry matter production and radiation use efficiency 

Total and bulb dry matter production of brassicas in relation to thermal time 

accumulated from sowing (Tb of 0oC for swedes and 3.6oC for turnips) were described by 

logistic curves (Figures 5.1, 5.2 and 5.3). The maximum total dry matter production of all 

cultivars decreased with delays in sowing dates. Decreases in dry matter production of 

brassicas due to delays in sowing date have been reported previously (Section 2.3.2). The 

average decrease among the three cultivars used was 20.5% between November (SD 1) 

and December (SD 2), 47% between December (SD 2) and January (SD 3), 13.4% between 

January (SD 3) and February (SD 4) and 40% between February (SD 4) and March (SD 5). 

The decrease between December (SD 2) and January (SD 3) is slightly higher than that 

simulated by Scott and Pollock (2004) for swede crop dry matter production  (Section 

2.3.2), which could be due to the incidence of turnip mosaic and turnip yellow virus on 

plants. The decreases obtained for the later sowing dates presented in this Chapter were 

in agreement to Adams et al. (2005) detailed in, Section 2.3.2.  
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An RUE of 1.24 g DM/MJ total (±0.22 g DM/MJ total) was obtained for all cultivars for 

November (SD 1) and December (SD 2), showing that differences between swedes and 

turnips were consistent for RUE. Values of RUE were based on the radiation intercepted 

obtained from the LAI readings and all LAI measurements were obtained when crops 

were above the LAIc of 3.8. In Figure 5.7 the first three data points of November (SD 1) 

and the first two data points of December (SD 2) were estimated using linear regressions 

rather than logistic curves. This may have caused an overestimation of the RUE values 

obtained from the relationship presented in Figure 5.8. However the average RUE 

seemed to be within the range presented previously (Section 2.4.4) and despite 

differences in plant morphology, forage brassica crops do not show a large variation in 

the values of RUE presented in the literature. In Chapter 6 the effects of temperature on 

RUE of ‘Green Globe’ turnips will be investigated and these, therefore, can also be 

considered for other bulb brassicas.  

The differences observed in DM production among sowing dates are explained by 

differences in the intercepted radiation because RUE was similar between the November 

(SD 1) and December (SD 2) sowing dates. Accumulated radiation intercepted increased 

with thermal time accumulated in both sowing dates for all cultivars (Figure 5.7). Plants 

sown in November (SD 1) had higher accumulated radiation intercepted than in 

December (SD 2), which therefore resulted in higher yields. Fletcher et al. (2012) 

reported that differences in crop duration, which affects the amount of incident solar 

radiation on the crop, and rate of canopy closure were the reason for differences in dry 

matter production of forage brassicas. The delay in sowing date between November (SD 

1) and December (SD 2) decreased the total amount of radiation intercepted by 18% 

(293.4 MJ/m2) for ‘Aparima Gold’, 13.4% (232.3 MJ/m2) for ‘Barkant’ and 14.4% (248.6 

MJ/m2) for ‘Green Globe’ turnip. Based on the RUE values, these differences result in 

potential DM decreases of 3.5 t DM/ha for swedes, 3.1 t DM/ha for ‘Barkant’ and 2.6 t 

DM/ha for ‘Green Globe’ turnips. These decreases are higher than those of 2.8 t DM/ha 
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observed for swedes and 1.3 t DM/ha for ‘Green Globe’, and smaller than the observed 

reduction of 4.7 t DM/ha for ‘Barkant’.  

5.3.3 Bulb initiation and ratio shoot:root  

The thermal time requirement for the bulb initiation of turnip cultivars was 523oCd (± 

57.0oCd) across all sowing dates while the swede cultivar had a thermal time requirement 

of 752oCd (±52oCd) with variations among sowing dates (Table 5.2). The value for the 

turnip cultivars is in agreement to that observed by Neilsen (2005) (Section 2.5.1).  

The higher thermal time requirement observed for the swede cultivar is consistent with 

the conclusion presented in Chapter 3 that ‘Aparima Gold’ has higher thermal time 

requirements for 50% emergence than turnip cultivars. This was also observed by 

Fletcher et al. (2012) when swede crops reached canopy closure later and had a slower 

rate of phyllochron than turnip crops.   

The thermal time requirements for bulb initiation were obtained using the equation 

proposed by Koesmarno and Sedcole (1994) (Equations 4.2 and 4.3) and are based on the 

bulb dry matter production of the crop throughout the growth period. The method is new 

for this purpose and gave consistent estimates of the time of bulb initiation.   

Despite the fact that the method is based on the bulb dry matter production, which was 

different among sowing dates for all cultivars, the timing of bulb initiation differed little 

with sowing dates, but were different between swedes and turnips. The same lack of 

difference across sowing dates was observed for onions by Brewster (1982) (Section 

2.5.1).  

In this chapter the increase in the number of new leaves stabilized at ~ 13 green 

leaves/plant in November (SD 1) and December (SD 2) later than when bulbs were 
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initiated. The stabilization occurred after an average accumulation of 900oCd for ‘Aparima 

Gold’ and an average of 594oCd for the turnip cultivars without a clear relationship to 

time of bulb initiation. The number of leaves at bulb initiation was variable between 

November (SD 1) and December (SD 2). In November (SD 1) ‘Aparima Gold’ had 12 leaves 

at bulb initiation, ‘Barkant’ had 7 and ‘Green Globe’ had 13. In December (SD 2) ‘Aparima 

Gold’ had 11 leaves and both turnip cultivars had 10 leaves. Neilsen (2005) also observed 

that the number of leaves at the bulb initiation was variable (Section 2.5.1). A more 

detailed study of leaf appearance and bulb initiation will be presented in Chapter 7 to 

verify if this relationship still occurs across sowing dates. 

The ratio between shoot and root dry matter production showed an exponential decline 

for all cultivars in all sowing dates and the curve shape parameters of the curves were 

statistically different among sowing dates (Figures 5.9 and 5.10). However, biologically 

the pattern presented by the ratio in relation to accumulated thermal time was the same 

for all sowing dates, for swedes and turnips. 

The existence of patterns for the exponential decline across sowing dates showed that 

after the bulb was initiated a single curve shape parameter can be used to model this 

relationship in response to thermal time accumulation, describing the development of 

bulbing brassicas. The moment when the ratio starts to decline, when the root dry matter 

production starts to be participative, was defined by the bulb initiation estimated from 

the equation proposed by Koesmarno and Sedcole (1994) (Equations 4.2 and 4.3). The 

swede cultivar started the decline of the curve after an average accumulation of 719oCd, 

while the average thermal time accumulation for the bulb initiation of this cultivar was 

752oCd. The turnip cultivars started the decline of the ratio at an average 502oCd while 

the average thermal time requirement for the bulb initiation was 523oCd. This indicates 

that when the decline of relationship between shoot:root ratio and accumulated thermal 

time starts, it can possibly be used as an indicator of the bulb initiation. However early 

assessments of the ratio can account for root development that occurs prior to bulb 
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initiation. In this case, the relationship described by the base parameter obtained (0.998 

for swedes and 0.995 for turnips) can be used after bulb initiation (752oCd for swedes 

and 523oCd for turnips), when the decline of the relationship between ratio and 

accumulated thermal time commences. 

The initial value of the shoot:root ratio when the decline started for ‘Aparima Gold’ was 

9.8 in November (SD 1), 10.7 in December (SD 2), 7.7 in February (SD 4) and 6.9 in March 

(SD 5) (Figure 5.9).  For ‘Barkant’ this value was 6.1 in November (SD 1), 10.8 in December 

(SD 2), 4.63 in January (SD 3), 6.48 in February (SD 4) and 6.5 in March (SD 5). For ‘Green 

Globe’ the ratio decline started at 8.1 in November (SD 1), 15.5 in December (SD 2), 11.5 

in January (SD 3), 6.45 in February (SD 4) and 8.5 in March (SD 5) (Figure 5.10). These 

values were not constant throughout the sowing dates and therefore a single ratio value 

could not be used as an indication of bulb initiation.  

The framework obtained in this chapter for brassica bulbing and production will be tested 

in the next chapter to evaluate if the relationships obtained held when soil temperature 

was changed. 
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5.4 Conclusions 

 Thermal time requirement to 50% emergence was higher for ‘Aparima Gold’ 

(83oCd) than for turnip cultivars (56oCd). The soil capping observed in the 

November sowing date resulted in higher thermal time requirements and was 

excluded from calculations. 

 Phyllochron was not constant among sowing dates but ‘Aparima Gold’ had an 

average rate of 70.2oCd, which was slower than the turnip cultivars of 51oCd. 

 Dry matter production decreased with later sowing dates and differences 

between November (SD 1) and December (SD 2) sowing dates were explained by 

lower radiation intercepted by plants in December (SD 2). 

 RUE was unaffected by sowing dates and cultivars in the two sowing dates 

analysed, and averaged 1.24 g/MJ total. 

 Biologically the patterns for the relationship between the shoot:root ratio and 

thermal time accumulated were similar, which allows the use of a single curve 

shape parameter to describe the relationship across sowing dates.  

 Thermal time requirement for bulb initiation was higher for ‘Aparima Gold’ 

(752oCd) than for turnip cultivars (523oCd). 
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6 ‘Green Globe’ turnip production under two regimes of soil 

temperature (Experiment 2) 

6.1 Introduction 

Chapter 5 suggested that bulb initiation occurred after the accumulation of a determinate 

amount of thermal time. These results are similar to those presented in the literature for 

turnips and for onions, where the bulb initiation differed little with sowing dates (Section 

2.5.1).  

Chapter 5 also showed differences among sowing dates for the amount of radiation 

intercepted and the ratio leaf:bulb at the starting point of the decline of the relationship 

with thermal time accumulated, when the bulb dry matter participation starts. These 

differences can be due to changes in photoperiod or temperature and therefore this 

chapter aims to uncouple photoperiod and temperature effects for some aspects of 

brassica development. This was done by increasing soil temperatures through the use of 

plastic covers on some plots.  

The framework set in Chapter 5 for development of bulbing brassicas will be used to 

determine whether the relationships hold when different temperature regimes are 

imposed on the plants. This chapter will add more information to quantify the aspects 

presented in Figure 1.1, specially temperature effects on radiation use efficiency, leaf 

area expansion, bulb initiation and ratio leaf:bulb. Once again the focus will be on non 

limiting conditions so that the information provided can be used to improve the 

performance of crop prediction models for bulb brassicas. However due to challenges 

faced during this experiment, data obtained under water stress periods will still be 

presented for completeness.  
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6.2 Materials and methods 

This section is a brief summary of the materials and methods related to this chapter with 

details in Chapter 4. The presence of aphids was observed in later sowing dates; January 

(SD 2), February (SD 3) and March (SD 4). The most affected sowing dates were February 

(SD 3) and March (SD 4) that had plants infected by mosaic virus (Section 4.3.1.3). 

Symptoms of the turnip mosaic virus (TuMV) and turnip yellow virus (TuYV) were 

observed and resulted in a premature loss of leaves due to the crinkling and senescence 

of leaves.  

There were no differences (p=0.563) between the R2 values from regressions performed 

with air or soil temperature to calculate phyllochron. Therefore soil temperature was 

used in all relationships because the treatments imposed changed soil temperature 

(Figure 4.3). The mean soil temperature for covered crops was 20.5oC in December (SD 1), 

17.6oC in January (SD 2), 13.5oC in February (SD 3) and 11.5oC in March (SD 4). Uncovered 

crops had an average soil temperature of 17.9oC in December (SD 1), 15.8oC in January 

(SD 2), 12.4oC in February (SD 3) and 10.6oC in March (SD 4). 

6.2.1 Data analysis 

A water stress period occurred in April (Section 4.2.4) and affected February (SD 3) and 

March (SD 4) sowing dates. The March (SD 4) sowing date was most affected by this 

problem because the water limitation period occurred during the early stages of plant 

development. For this reason interactions on the results analysis that are related to 

differences produced by the March (SD 4) sowing date were disregarded. This was done 

because the aim of the study is to provide information on crop development under no 

limiting conditions so that the results can improve crop models.  

Standard errors of means presented in figures refer to the highest values obtained from 

analysis of variance. Shaded and pattern filled data points in figures were not used for the 
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fitting of functions, due to the assumption that the responses to be quantified are only 

valid under non-limiting conditions.  

Bulb initiation estimation used the method proposed by Koesmarno and Sedcole (1994) 

(Equations 4.2 and 4.3 in Section 4.6) that estimates the point of 90.5% (Loss et al., 1989) 

of the maximum bulb dry matter production estimated by the logistic function fitted to 

the bulb production data.  

6.2.1.1 Leaf area expansion rate 

The leaf area expansion rate was obtained using the LAI data until LAIc was reached. A 

dummy point representing a null value of LAI was used for December (SD 1) and February 

(SD 3). This came from the ‘x’ intercept obtained from January (SD 2) and March (SD 4) 

(Figure 6.3 b and d). This was necessary due to the lack of data near the intercept of the 

x-axis. An analysis of variance was used to assess the slopes of LAI data against 

accumulated thermal time. A residual maximum likelihood (REML) analysis tested the 

intercepts of these regressions to determine whether one line could be fitted to the data 

set from the three sowing dates. Standard errors for each parameter (slope and 

intercept) were obtained using Equation 6.1. 

Equation 6.1     se = sqrt[(sesd1
2)+(sesd2

2)+(sesd3
2)] 

In this equation the standard errors used refer to the standard errors obtained for each 

parameter of each sowing date. 
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6.3 Results 

6.3.1  Emergence 

The plastic cover was put over the plots after 50% emergence had occurred. Therefore, 

thermal time requirements for 50% emergence and final number of emerged plants were 

only analysed by sowing date. The thermal time to 50% emergence (Table 6.1) was higher 

(p<0.001) in December (SD 1) than January (SD 2), February (SD 3) and March (SD 4) due 

to the delay of irrigation that occurred in December (SD 1) to prevent soil capping 

(Section 4.1.4). 

Table 6.1 Thermal time (Tt) required to reach 50% emergence of ‘Green Globe’ turnips sown on 

four dates at Lincoln University, New Zealand in 2009/2010. 

Sowing date Tt 50% emergence (oCd)

December (SD 1) 90.8A

January (SD 2) 49.1B

February (SD 3) 55.5B

March (SD 4) 60.0B
 

The final number of emerged plants per m of drill row averaged 7.4 in December (SD 1) 

and January (SD 2) but 5.0 (p<0.001) in February (SD 3) and March (SD 4). These gave 49.6 

plants/m2 in December (SD 1) and January (SD 2) and 34.2 plants/m2 in February (SD 3) 

and March (SD 4). Later sowing date populations are in agreement to the value presented 

by de Ruiter et al. (2009) of 30 plants/m2 as a typical target population for turnips.  

6.3.2 Total and bulb dry matter production and bulb initiation 

6.3.2.1 Total dry matter production 

Logistic curves were fitted to total dry matter production against thermal time 

accumulated from sowing above a base temperature of 3.6oC (Figure 6.1). Maximum total 
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dry matter production was affected by sowing date (p<0.001), ground cover (p<0.001) 

and their interaction (p=0.002). The total DM production decreased from December (SD 

1) to March (SD 4) and covered plots produced more than uncovered plots. The 

interaction will not be discussed (Section 4.6) because it had an F value of 7.9 (4.0% of 

total s.s.) compared with 44.7 (10.2% of total s.s.) for the ground cover and 130.9 (82.4% 

of total s.s.) for sowing date.  
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Figure 6.1 Total (closed points, solid and shaded lines) and bulb (opened points, dashed and 

dotted lines) dry matter (DM) production (t/ha) for ‘Green Globe’ turnips against thermal time 

(oCd) from sowing (Tb = 3.6oC) for covered ( , ∆, solid and dashed lines) and uncovered (●, ○, 

shaded and dotted lines) crops sown in (a) December (SD 1), (b) January (SD 2), (c) February (SD 

3) and (d) March (SD 4) at Lincoln University, New Zealand in 2009/2010. Arrows indicate bulb 

initiation for covered (dashed) and uncovered (dotted) crops presented in Table 6.2; se bars refer 

to the maximum total DM (solid) and bulb DM (dashed) and show differences across sowing 

dates. 

Note: shaded points (  and ) were not considered in the curves due to senescence and virus infection. 

6.3.2.2 Bulb dry matter production and initiation 

Bulb dry matter production against thermal time accumulated from sowing above a base 

temperature of 3.6oC is presented in Figure 6.1. The point of bulb initiation was estimated 

(Section 6.2) based on the logistic function fitted to the bulb dry matter data. Bulb dry 

matter production was higher (p<0.001) from December (SD 1) than March (SD 4) sown 
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crops and the covered crops had a higher (p=0.002) bulb production than the uncovered 

crops. 

The thermal time requirement to reach bulb initiation was affected by sowing date 

(p=0.047) and the interaction between sowing date and ground cover (p<0.001). The 

interaction occurred because uncovered crops had a similar thermal time of 470oCd to 

reach bulb initiation across the sowing dates. In contrast covered crops had lower values 

of 410oCd for February (SD 3) and March (SD 4), than in December (SD 1) and January (SD 

2) (550oCd) (Table 6.2).  

Table 6.2 Thermal time requirements (oCd) to reach bulb initiation of ‘Green Globe’ turnips sown 

on four dates either with (p) or without (np) plastic cover, at Lincoln University, New Zealand in 

2009/2010. 

Sowing date np p Average

December (SD 1) 436 ABC 670 D 553 a

January (SD 2) 536 BCD 568 CD 552 a

February (SD 3) 393 AB 422 ABC 408 b

March (SD 4) 521 BCD 314 A 418 b

Average 472 493

lsd1 131.8

lsd2 151.2  

Note: lsd
1
 refers to differences due to sowing date and lsd

2
 refers to the interaction between sowing date 

and treatment. 

6.3.3 Leaf appearance and leaf dry matter production 

Leaf appearance of ‘Green Globe’ turnips after the December sowing date is presented in 

Figure 6.2. The phyllochron of ‘Green Globe’ turnips sown in December (SD 1) under 

plastic was 44.6oCd, which was slower (p=0.025) than the 35.5oCd obtained for plants 

grown without the plastic cover. In all sowing dates visual observations indicated the leaf 

size of covered crops was larger than those uncovered. This confirmed the effects of soil 
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temperature (Section 6.2) on phyllochron and led to the necessity of a more detailed 

study of temperature effects on phyllochron of brassicas (Chapter 7). 

 

Figure 6.2 Number of leaves against thermal time (oCd) accumulated from sowing (Tb = 3.6oC) by 

‘Green Globe’ turnips when grown with (● and solid line) or without (○ and dotted line) plastic 

cover and sown in December (SD 1) at Lincoln University, New Zealand in 2009/2010. 

Note: solid line regression equation is y=0.02(±0.001)x-1.57(±0.42) (R
2
 of 0.99), dotted line regression is 

y=0.03 (±0.001)x-2.35(±0.37) (R
2
 of 0.99). 

6.3.3.1 Leaf dry matter production 

Leaf dry matter production decreased (p<0.001) with sowing dates and covered plots had 

a higher (p<0.001) dry matter production than uncovered plots. The interaction (p<0.005) 

will not be discussed because it accounted for less than 3.2% of the total sum of squares 

(Section 4.6).  
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Table 6.3 Maximum leaf dry matter production (kg/ha) of ‘Green Globe’ turnips sown on four 

dates with (p) or without (np) plastic cover at Lincoln University, New Zealand in 2009/2010. 

Sowing date np p Average

December (SD 1) 8718 a 13382 b 11050 A

January (SD 2) 6636 c 7115 c 6876 B

February (SD 3) 2715 d 3617 d 3166 C

March (SD 4) 993 e 2517 d 1755 D

Average 4766 A 6658 B

lsd1 1041.9

lsd2 705.9

lsd3 1376.3  

Note: lsd
1
 and capital letters on sowing date averages refer to sowing dates; lsd

2
 and capital letters on 

treatment averages refer to treatments; lsd
3
 and low case letters refer to the interaction between sowing 

date and treatment. 

6.3.4 Leaf area expansion rate and radiation use efficiency  

6.3.4.1 Leaf area expansion rate  

Leaf area index against accumulated thermal time is presented in Figure 6.3. In February 

(SD 3) covered crops reached LAIc but for March sowing (SD 4) none of the crops reached 

this value. This was because of the incidence of mosaic virus and water stress, which 

restricted leaf expansion of individual leaves.  

Maximum green LAI was affected by sowing date (p<0.001). December (SD 1) had the 

highest maximum LAI of 8.9 compared with 6.8 in January (SD 2), 3.5 in February (SD 3) 

and 2.2 in March (SD 4).  The covered crops averaged an LAI of 6.3 compared (p<0.001) 

with 4.4 for the uncovered crops. 

Leaf area expansion rate (m2/m2/oCd) was obtained as the slope of the regressions 

between LAI and accumulated thermal time (Figure 6.3). A constant total leaf area 
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expansion rate of 0.015 (± 0.0008) m2/m2/oCd was obtained for ‘Green Globe’ turnips 

under non-limiting conditions, when the March (SD 4) data were excluded. 

The analysis of covariance for parallel lines showed that one regression could be used to 

explain the leaf area expansion rate for each sowing date under non-limiting conditions. 

Furthermore, a REML analysis (Section 6.2.1.1) showed that one regression could be 

fitted to the data set from December (SD 1), January (SD 2) and February (SD 3) (Figure 

6.3) for covered and uncovered crops. 
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Figure 6.3 Leaf area index (m2/m2) against accumulated thermal time (oCd) from sowing (Tb=3.6oC) 

when grown with (closed points) or without (open points) plastic cover and sown in a) December 

(SD 1) (○), January (SD 2) (∆) February (SD 3) (□) and b) March (SD 4) at Lincoln University, New 

Zealand in 2009/2010. Solid lines in a) refer to covered and uncovered treatments while in b) 

solid line is covered and dashed line is uncovered crops. 

Note: regression equations are a) y = 0.015 (±0.0008)-4.232 (±0.4173) (R
2
 of 0.92) and d) solid line is y = 

0.011x (±0.0020) – 2.93 (±0.9130) (R
2
 of 0.92) and dotted line is y = 0.003x (±0.0013)–0.62 (±0.6650) (R

2
 of 

0.92); standard error of means presented refers to differences on maximum leaf area index due to sowing 

date; pattern and shaded data points were not included in the regressions due to leaf senescence. 

6.3.4.2 Radiation interception (RI) 

Accumulated radiation intercepted (RI) against thermal time accumulated from sowing 

over a base temperature of 3.6oC is presented in Figure 6.4. Analysis of covariance for 

parallel lines for December (SD 1) and January (SD 2) had similar intercepts but different 

slopes (p=0.033 for December and p=0.014 for January) between covered and uncovered 

crops; while in February (SD 3) intercepts and slopes were the same but in March (SD 4) 
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intercepts and slopes were different (p<0.001). Therefore a regression for each treatment 

was fitted in December (SD 1), January (SD 2) and March (SD 4) but in February (SD 3) a 

single regression was used. Total intercepted radiation increased (p<0.001) between 

December (SD 1) and January (SD 2), which was followed by a decrease in the sequential 

sowing dates. It was also higher (p<0.001) for covered than uncovered crops and was 

affected by the interaction of sowing date and ground cover (p=0.004), due to the water 

stress period (Section 6.2.1). 

 

Figure 6.4 Accumulated total intercepted radiation (MJ/m2) by ‘Green Globe’ turnips against 

thermal time (oCd) accumulated from sowing (Tb=3.6oC) when sown with (● and solid line) or 

without (○ and dotted line) plastic cover in a) December (SD 1), b) January (SD 2), c) February (SD 

3) and d) March (SD 4) at Lincoln University, New Zealand in 2009/2010. 

Note: regression equations are: a) solid line y = 1.21(±0.08)x – 304(±51.8) (R
2
 of 0.99), dotted line y = 

1.48(±0.07)x – 304(±51.8) (R
2
 of 0.99); b) solid line y = 1.42(±0.03)x – 393(±21.9) (R

2
 of 0.99), dotted line y = 

1.31(±0.04)x – 393(±31.7) (R
2
 of 0.99); c) solid line refers to both covered and uncovered treatments and is 

y = 0.97(±0.05)x – 198(±33.4) (R
2
 of 0.97); d) solid line y = 0.48(±0.02)x – 123(±13.2), dotted line y = 

0.89(±0.03)x – 225(±18.6) (R
2
 of 0.99); larger standard error bar refers to the interaction and smaller error 

bar refers to sowing dates. 
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6.3.4.3 Radiation use efficiency 

Radiation use efficiency of ‘Green Globe’ turnips (Figure 6.5) differed (p<0.001) across 

sowing dates where December (SD 1) had the highest RUE of 2.02 g DM/MJ total 

followed by January (SD 2) at 1.16 g DM/MJ total. February (SD 3) and March (SD 4) 

sowing dates were similar to each other and had a lower average of 0.87 g DM/MJ total. 

Over all sowing dates the covered crops had a higher (p=0.039) RUE of 1.33 g DM/MJ 

total than the uncovered crops with RUE of 1.13 g DM/MJ total.  
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Figure 6.5 Total dry matter production of ‘Green Globe’ turnips against accumulated radiation 

intercepted when grown with (● and solid line) or without (○ and dotted line) plastic cover and 

sown in (a) December (SD 1), (b) January (SD 2), (c) February (SD 3) and (d) March (SD 4) sowing 

dates in Lincoln University, New Zealand in 2090/2010. Shaded and pattern filled data points 

were not included in the regressions. 

Note: equations are (a) solid regression line is y=2.06(±0.38)x-385(±215) with a R
2
 of 0.91 and dotted 

regression line is y=1.98(±0.78)x-325(±331) with a R
2
 of 0.73; (b) solid regression line is y=1.23(±0.13)x-

61.8(±75.5) with a R
2
 of 0.97 and dotted regression line is y=0.78(±0.17)x+103(±115) with a R

2
 of 0.81; (c) 

solid regression line is y=1.12(±0.23)x-104(±79.6) with a R
2
 of 0.88 and dotted regression line is 

y=0.71(±0.14)x+6.10(±44.8) with a R
2
 of 0.86; (d) solid regression line is y=1.03(±0.24)x+17.5(±40.7) with a 

R
2
 of 0.85 and dotted regression line is y=0.66(±0.07)x+10.3(±7.63) with a R

2
 of 0.96. 

RUE was analysed against mean soil and mean air temperature. The relationship against 

mean soil temperature had an R2 of 0.73 and this decreased to 0.53 when mean air 

temperature was used. Therefore the results presented in Figure 6.6 are based on soil 

temperature. The RUE increased at a rate of 0.07 g DM/MJ total/oC (Figure 6.6).  
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The higher (p<0.001) values of RUE obtained from the December (SD 1) sowing date 

considered were based on only two harvests. The consequent linear regressions to 

estimate the radiation interception between the two points probably underestimated the 

radiation intercepted because the typical response of leaf area index against thermal 

time is logistic (Müller et al., 2006; Chakwizira, 2008). An overestimation of 53% for 

uncovered and 48% for covered crops was estimated based on the relationship presented 

in Figure 6.6. 

 

Figure 6.6 Radiation use efficiency (RUE) of ‘Green Globe’ turnips against mean soil temperature 

(oC) when sown with (closed points) or without (open points) plastic cover in December (● and ○), 

January (  and ∆), February (  and □) and March (  and ◊) sowing dates at Lincoln University, New 

Zealand in 2090/2010. 

Note: December (SD1) data points were excluded from the regression; regression equation is y = 0.07x 

(±0.02) – 0.05 (±0.24) (R
2
 of 0.73). 

6.3.5 Ratio shoot:root  

The average base parameter of the exponential curve fitted to the ratio between shoot 

and root dry matter production showed no differences across sowing dates under non-

limiting conditions, indicating a single value of this parameter. 
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Figure 6.7 Ratio between shoot and root dry matter production of ‘Green Globe’ turnips against 

thermal time (oCd) accumulated from sowing (Tb=3.6oC) grown with (● and solid line) or without 

(○ and dotted line) plastic cover sown in (a) December (SD 1), (b) January (SD 2), (c) February (SD 

3) and (d) March (SD 4) sowing dates at Lincoln University, New Zealand in 2009/2010.  

Note: the pattern filled data point was excluded from the regression; bolded numbers in the following 

equations indicate the base parameter of the equations, (a) solid line regression is y = 0.54(±0.51) + 87.7(± 

20.1)(0.997(±0.0004)
x
) with an R

2
 of 0.99, dotted line regression is y=0.84(±0.33) + 127(± 

27.1)(0.995(±0.0005)
x
) with an R

2
 of 0.99; (b) solid line regression is y=-2.23(±2.18) + 

54.0(±11.0)(0.998(±0.0007)
x
) with an R

2
 of 0.97, dotted line regression is y= 0.30(±0.29) + 356(± 

60.2)(0.994(±0.0004)
x
) with an R

2
 of 0.99; (c) solid line regression is y=-0.04(±1.70) + 165(± 

106)(0.998(±0.0016)
x
) with an R

2
 of 0.92, dotted line regression is y=-0.03(±1.49) + 255(± 

159)(0.993(±0.0017)
x
) with an R

2
 of 0.94; (d) solid line regression is y=-11.4(±19.60) + 

41.8(±9.40)(0.998(±0.0018)
x
) with an R

2
 of 0.93, dotted line regression is y=68.0(±1.01) - 46.0(± 

168)(1.001(±0.0015)
x
) with an R

2
 of 0.96. 

The ratio value at the starting point of the decline of the relationship presented in Figure 

6.7 was variable across sowing dates. In December (SD 1) the decline started at an 

average ratio of 12.5, in January (SD 2) at 16.5, in February (SD 3) at 19.0 and in March 

(SD 4) at 14.4. The leaf area index at this point increased with mean soil temperature 
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between 10.6 and 20.5oC (Figure 6.8) at a rate of 0.39 (±0.09) m2/m2/oC. Furthermore leaf 

dry matter production per thermal unit (oCd) at this point also indicated an increase with 

mean soil temperature at a rate of 0.29 (±0.12) kg/ha/oCd/oC (Figure 6.9). 

 

Figure 6.8 Leaf area index (LAI) at the starting point of the decline of the ratio shoot:root against 

mean soil temperature (oC) for ‘Green Globe’ turnips when sown with (closed data points) or 

without (open data points) plastic cover in December (● and ○), January (  and ∆), February (  

and □) and March (  and ◊) sowing dates at Lincoln University, New Zealand in 2009/2010. 

Note: regression equation is y = 0.39(±0.09)x + 0.20 (±1.35) (R
2
 of 0.76).  
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Figure 6.9 Leaf dry matter production (kg DM/ha) per unit of thermal time (oCd) at the starting 

point of the decline of the ratio shoot:root against mean soil temperature (oC) for ‘Green Globe’ 

turnips when sown with (closed data points) or without (open data points) plastic cover in 

December (● and ○), January (  and ∆), February (  and □) and March (  and ◊) sowing dates at 

Lincoln University, New Zealand in 2009/2010. 

Note: regression equation is y = 0.29(±0.12)x – 2.20 (±1.77) (R
2
 of 0.51). 
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6.4 Discussion 

6.4.1 Thermal time requirements for emergence and leaf appearance 

The average thermal time requirement for emergence in non-limiting conditions was 

55oCd (±13.5oCd) across January (SD 2), February (SD 3) and March (SD 4) (Table 6.1). This 

is similar to the average of 56oCd (±8.9oCd) presented for turnip cultivars in Chapter 5. A 

higher thermal time requirement (91oCd) was obtained in December (SD 1) probably due 

to a delay in setting up the irrigation system because the thermal time accumulated from 

sowing to the first irrigation was 40.7oCd. This could have delayed initial imbibition and 

radicle emergence (Bradford, 1990; Finch-Savage and Phelps, 1993).  

The phyllochron of ‘Green Globe’ turnips differed between the covered and uncovered 

crops (Figure 6.2). The range of 35.5 to 44.6oCd/leaf was consistent with previous results 

(Section 5.2.3.1) and with those presented by Collie and McKenzie (1998). The variability 

in phyllochron suggests a single value is inappropriate for turnips and further study on 

the cause of this variation is warranted (Chapter 7). 

6.4.2 Dry matter production, leaf area expansion rate and radiation use efficiency 

6.4.2.1 Dry matter production and leaf area expansion rate 

Differences in total dry matter production were mainly due to differences in radiation 

interception across the sowing dates and ground cover treatments (Section 6.3.4.2). 

Decreases in total, bulb (Figure 6.1) and leaf (Table 6.3) dry matter production were 

consistent with results presented in Chapter 5. Total dry matter production decreased 

across sowing dates for uncovered crops by 35.5% between December (SD 1) and January 

(SD 2), 50.5% between January (SD 2) and February (SD 3) and 66% between February (SD 

3) and March (SD 4). Leaf dry matter production decreased in all sowing dates and 

covered plots had higher leaf production in December (SD 1) and March (SD 4). This was 
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probably because soil temperatures were higher under the covered plots and the 

reduction in soil evapotranspiration in March (SD 4), as a result of the plastic cover 

(Section 2.7).  

Covered crops had higher dry matter production than uncovered crops (Figure 6.1) which 

was probably due to higher soil temperatures under the plastic cover. In Figure 6.1 it is 

possible to observe that, under non-limiting conditions, covered crops accumulated more 

thermal time until the peak of dry matter production than uncovered crops. The 

importance of the thermal time accumulated on dry matter production was also 

observed by Fletcher et al. (2012), where the duration of the growth period, represented 

by degree-days accumulated, influenced the total dry matter production.  

6.4.2.2 Radiation intercepted and leaf area expansion rate 

Total radiation intercepted between December (SD 1) and January (SD 2) was similar for 

both cover treatments (Figure 6.4). However thermal time accumulated at maximum 

total dry matter production (Figure 6.1), which influences the amount of radiation 

intercepted (Fletcher et al., 2012), and RUE values were higher (Figure 6.6) for covered 

crops. The combination of higher RUE values and higher thermal time accumulation, due 

to higher mean soil temperatures, resulted in higher total dry matter yields of covered 

crops in these sowing dates. In February (SD 3) and March (SD 4) covered crops had a 

higher total radiation intercepted (Figure 6.4) and thermal time accumulated at 

maximum total dry matter production (Figure 6.1), which resulted in higher yields of 

covered crops. 

 Maximum leaf area index obtained from destructive measurements was higher for 

covered than uncovered crops (Figure 6.3). Despite these differences a similar total leaf 

area expansion rate of 0.015 (±0.0008) m2/m2/oCd was obtained in non-limiting 

conditions. This shows that higher thermal time accumulation, promoted by higher mean 
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temperatures on the covered crops, resulted in higher LAI, which increased the radiation 

intercepted by crops. Raeini-Sarjaz and Barthakur (1997) also observed increases in LAI 

due to plastic covers (Section 2.7) and Milford and Riley (1980) reported that higher leaf 

areas of sugar beet were obtained due to increases in mean temperature.  

6.4.2.3 Radiation use efficiency 

Radiation use efficiency ranged from 0.87 to 1.16 g DM/MJ total (±0.06 g DM/MJ total) 

(Figure 6.5) and was consistent with values presented in Chapter 5 and Section 2.4.4 for 

forage brassicas in general. A higher value of 2.0 g DM/MJ total of RUE was obtained in 

December (SD 1). As presented in Section 2.4.4, this was probably the result of the 

extrapolation of the radiation intercepted from only two measurements of leaf area 

index done in this sowing date. The relationship obtained between RUE and mean soil 

temperature (Figure 6.6) showed that the RUE of December (SD 1) was overestimated by 

37.4% for uncovered and 34.8% for covered crops. However, the influence of mean 

temperature in RUE observed in Figure 6.6 indicates that RUE could be higher in this 

sowing date despite the overestimation that occurred.  

Radiation use efficiency increased with temperature at a rate of 0.07 g DM/MJ total/oC 

(±0.02 g DM/MJ total/oC) from 10.6oC to 20.5oC (Figure 6.6) and therefore covered crops 

had a higher average of RUE than uncovered crops. Chakwizira et al. (2013) observed that 

the RUE of kale crops decreased at a rate of 0.41 g DM/MJ PAR/oC (equivalent to 0.21 g 

DM/MJ total/oC). If a temperature of 14oC is considered in the equation proposed by 

Chakwizira et al. (2013) (y = 0.41x-3.68), the RUE value estimated is 2.06 g DM/MJ PAR, 

which is equivalent to 1.03 g DM/MJ total. If the same temperature is used in the 

equation presented in Figure 6.6, a value of RUE of 0.93 g DM/MJ total is estimated. This 

value is similar to the one estimated by Chakwizira et al. (2013) supporting that a single 

value of RUE is not adequate for forage brassicas. Justes et al. (2000) also suggested a 

dependency of winter oilseed rape RUE on mean air temperature with a slight decline of 
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RUE between 12 and 6oC followed by a strong decline below the threshold of 6-7oC. This 

is probably the result of the effects of temperature on photosynthesis rate (Section 

2.4.4).  

6.4.3 Bulb initiation and ratio shoot:root 

6.4.3.1 Bulb initiation 

The average thermal time requirement to bulb initiation in non-limiting conditions, which 

were sowing dates that were not affected by the water stress period, was 553oCd (± 

42.8oCd) (Table 6.2). This value is similar to the 545oCd (± 41.5oCd) determined for ‘Green 

Globe’ turnips in Chapter 5 and is also in agreement with the 500oCd proposed by Neilsen 

(2005).  

The method used to determine the bulb initiation point (Koesmarno and Sedcole, 1994) is 

dependent on the bulb dry matter production, which was different when soil 

temperature increased. For this reason Chapter 7 will provide thermal time requirements 

estimations based on direct assessments of hypocotyl thickening to evaluate if the 

method proposed by Koesmarno and Sedcole (1994) is appropriate for this purpose. 

6.4.3.2 Ratio shoot:root 

The relationship between shoot:root dry matter production and thermal time was 

described by exponential functions and showed similar decline across sowing dates and 

ground cover treatments (Figure 6.7). The relationships were also consistent with those 

calculated in Chapter 5. These results suggest that one base parameter can describe the 

decline in the shoot:root ratio of turnips, once bulb initiation has occurred.  
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The starting point of the decline in the shoot:root ratio in relation to thermal time 

accumulated (Figure 6.7) differed from bulb initiation (Table 6.2) in January (SD 2), 

February (SD 3) and March (SD 4). This was probably due to the inconsistency of the 

method for bulb initiation estimation. However the relationship can be used to model the 

development of turnips because bulb initiation under non limiting conditions occurs after 

the accumulation of ~ 550oCd, which is considered as when the decline of the relationship 

between shoot:root ratio and accumulated temperature commences. 

The absolute value of the ratio when the relationship began to decline was variable 

across sowing dates, as was presented in Section 2.5.2 with the data of Jung and Shaffer 

(1993). This was due to variations in LAI and leaf dry matter production before bulb 

development. Figures 6.8 and 6.9 showed that LAI and leaf dry matter production per 

accumulated oCd increased with mean temperature at a rate of 0.39 m2/m2/oC (±0.09 

m2/m2/oC) and 0.29 kg DM/ha/oCd/oC (±0.12 kg DM/ha/oCd/oC), respectively. For crop 

modelling purposes these relationships should be used until the bulb initiation point 

(550oCd), which is when the relationship between ratio and temperature sets its 

exponential decline with a slope value of 0.995 (±0.0015). 

This chapter evaluated how different soil temperatures can increase dry matter 

production of turnips. The indication is that bulb initiation occurs after the accumulation 

of approximately 500-550oCd. However, this will be tested through a direct measurement 

of the hypocotyl thickening. This is due to the dependency of the method used on bulb 

dry matter production. The precision of this estimation is highly important because bulb 

production is the key point for dry matter production of bulbing brassicas. Evidence of 

temperature effects on phyllochron were also presented here and further information 

about variation in phyllochron will be provided in Chapter 7.  
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6.5 Conclusion 

 The average thermal time requirement for emergence of ‘Green Globe’ turnips 

was 55oCd/leaf. 

 Phyllochron changed with different soil temperatures. 

 Radiation interception was responsible for changes in total dry matter production. 

 RUE increased at a rate of 0.07 g DM/MJ total/oC with mean soil temperature 

between 5.6 and 20.5oC. 

 Leaf area expansion rate was constant at 0.015 m2/m2/oCd until reaching critical 

leaf area index across sowing dates in non-limiting conditions.  

 A base parameter of 0.995 can be used to describe the exponential decline of 

shoot:root ratio with accumulated thermal time after 553oCd (bulb initiation). 

 Until the start of the decline of the ratio leaf:bulb, LAI and leaf dry matter 

production increased at a rate of 0.39 m2/m2/oC and 0.29 kg DM/ha/oCd/oC, 

respectively, with mean soil temperature between 10 and 20oC. 
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7 Turnips, swede and rape development under controlled glasshouse 

environment 

7.1 Introduction 

Bulbing brassicas have distinct periods of dry matter production. Initially leaf and then 

bulb production contribute to the total dry matter yield. Subsequently leaf dry matter 

production decreases and the bulb becomes the main component of dry matter yield 

(Neilsen, 2005). Therefore a predictive model requires the quantification of these drivers 

of dry matter production. 

After the two field experiments (Chapters 5 and 6) it was observed that dry matter 

production is dependent on radiation interception, a single slope can describe the 

partitioning of dry matter between shoot and root, and the leaf production and leaf area 

at the start of the partitioning increase with mean temperature. Furthermore, it was 

observed that bulb initiation occurs at ~ 550oCd for bulb turnips. However, 

inconsistencies in the method of identification of bulb initiation and the need for a more 

detailed study about phyllochron led to the experiment presented in this chapter. In this 

experiment phyllochron was measured more frequently and to refine the prediction of 

bulb initiation the time to hypocotyl thickening at 10 mm and 18 mm was observed in the 

more controlled environment of a glasshouse. 

Temperature has been shown to be a strong driver of crop development in bulbing 

brassicas and of leaf production (Chapters 5 and 6). For this reason, thermal time 

accumulation is used to quantify leaf production and the time of bulb initiation in this 

analysis. Specifically, the daily thermal time models developed in Chapter 3 are tested in 

this chapter. This chapter will complete the aspects of bulb initiation and leaf appearance 

of Figure 1.1 and that will help to set up a framework for a crop simulation model for bulb 

brassicas production under non limitng conditions.  
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7.2 Materials and methods  

Bulb initiation and phyllochron of the four brassica cultivars was evaluated under 

controlled glasshouse conditions. There were ‘Barkant’ and ‘Green Globe’ turnips, 

‘Aparima Gold’ swede and ‘Goliath’; a crossing between rape and kale. The rape x kale 

cultivar was added to provide a non-bulbing control to aid in the definition of ‘bulbing’ 

compared with stem thickening. Initially a glasshouse and outside environment were 

used to create different temperature regimes. Sowing dates were December 16th of 2011 

(SD 1), January 27th (SD 2), February 23rd (SD 3) and March 26th of 2012 (SD 4). Soil and air 

temperatures were measured hourly using ‘Hobo 4-Channel External’ (Onset Computer 

Corporation) loggers. Soil temperature probes were 5 mm deep and the air temperature 

probe was at ~ 200 mm above the soil surface. After the first sowing date it was apparent 

that the ‘Fletcher’ glasshouse had a poor light environment (Table 7.1) because plants 

etiolated. Consequently, a third environment of the ‘Aluminex’ glasshouse was included 

from the second sowing date on. This created an unbalanced experimental design 

(Section 7.2.3). 

Light quantity was measured on three occasions and light quality twice (Tables 7.1 and 

7.2). Results are an average of the measurements in each environment. Light quantity 

was measured with a Li-cor light meter LI-250 (LI-COR Biosciences, Lincoln, NE, USA) and 

light quality was measured with a Field Scout TM red/far red meter (Spectrum 

Technologies Inc., Plainfield, IL, USA) that measures red light at 660 nm and far red light 

at 730 nm.  

Table 7.1 Light quantity (µmol photons/m2/s) in three environments used to grow four brassica 

cultivars at Lincoln University, New Zealand in 2011/12. 

Date Fletcher Aluminex Outside

27/01 2.66 7.05 22.3

30/01 3.53 4.77 14.97

17/03 1.50 5.29 14.43  



 

145 

 

Table 7.2 Light quality expressed in red (µmol/m2/s) and far red (µmol/m2/s) wave lengths and 

the ratio between them measured in three environments used to grow four brassica cultivars at 

Lincoln University, New Zealand in 2011/2012. 

red far red

30/01 0.27 0.25 1.10

17/03 0.39 0.37 1.05

30/01 0.46 0.43 1.07

17/03 0.36 0.30 1.49

30/01 155.00 139.50 1.11

17/03 110.30 105.00 1.05

Fletcher

Aluminex

Outside

Environment Date (2012) ratio
Wave length 

 

Approximately seven seeds were sown in each 4 L round pot with sieved Wakanui silt 

loam soil from Iversen field at Lincoln University and Lismore soil (Cox, 1978) from the 

Lincoln University dryland research farm at Ashley Dene. Pots were fertilized with 16.5 g 

of diammonium phosphate (DAP) at sowing in each pot to target a dose of 420 kg N/ha, 

which is the extraction of a 12 t DM/ha crop with a N concentration of 3.5%. Plants were 

watered, twice a day throughout the growing period and watering followed the same 

schedule used for other plants grown inside the glasshouses and outside. Plants were 

thinned when plants had approximately three to four leaves and only one plant was left 

per pot. Ten pots were sown for ‘Barkant’, ‘Green Globe’ and ‘Aparima Gold’ and five 

pots for ‘Goliath’ in each environment. In all environments a completely randomized 

design was adopted for each sowing date.  

In the December sowing (SD 1) the first pots to be sown were inside the Fletcher 

glasshouse. Each cultivar was sown separately to avoid potential confusion with types of 

seeds. Then the same process was repeated for plants outside. As a consequence the 

sowing of cultivars outside was delayed by about 4 hours compared with those inside the 

glasshouse. For the January (SD 2), February (SD 3) and March (SD 4) sowing dates pots 

were sown at the nursery facilities and then placed in each environment. Again in these 

sowing dates each cultivar was sown, one at a time. 
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Insecticide was applied to control aphids on February 14th and 22nd, March 8th, 15th, 22nd 

and 28th, April 18th and 23rd, and May 2nd, 10th and 16th. A rotation of several chemicals 

was used which included Attack (permethrin and pirimiphosmetyl at a dose of 1L/ha), 

Karate (cyhalothrin at a dose of 100 ml/ha), Pyrimol (pirimicarb at a dose of 250 g/ha) 

and Perfekthion (dimethioate at a dose of 1 L/ha).  

Despite this, plants sown in January (SD 2) and February (SD 3) were severely attacked by 

aphids, in all environments. Plants sown in January (SD 2) and February (SD 3) in the 

Aluminex glasshouse subsequently showed a severe infection of mosaic virus, with 

‘Barkant’ and ‘Green Globe’ the most affected cultivars. Aphids present on plants were 

predominantly the cabbage grey aphid (Brevicoryne brassicae) and the green peach aphid 

(Myzus persicae). After these aphids turnip mosaic virus (TuMV) and turnip yellow virus 

(TuYV) were observed. 

The February sowing date (SD 3) required an application of fungicides to control 

rhizoctonia (Rhizoctonia solani). Amistar® (azoxystrobin at a dose of 1 L/ha) and Ridomil 

Gold® (mefenoxam at a dose of 2.5 kg/ha) were applied on March 29th. However, 

emergence and survival of some of these plants were compromised.  

The emergence of plants from the March sowing date (SD 4) was severely affected by 

grass grub (Costelytra zealandica) and only a few plants emerged. The damage was more 

intense on plants grown inside the glasshouses than outside.  

These agronomic issues limited the emergence of some plants in all environments. 

Despite this, there was an adequate number of non-limited plants to accurately monitor 

leaf appearance and bulb initiation, in each treatment. 
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7.2.1  Measurements  

Leaf appearance was evaluated one or two times per week, when new leaves were 

marked. Leaf counting started when the first pair of true leaves was produced. At the 

same time all plants had the hypocotyl thickness measured (mm) and were visually 

assessed to identify signs of bulb initiation. On etiolated plants (grown inside the 

‘Fletcher’ and ‘Aluminex’ glasshouses) the thickness of the hypocotyl was measured at 

soil level and 10 mm below the insertion of the cotyledon leaves. The non-bulbing 

‘Goliath’ (control) was used to track changes in hypocotyl thickening relative to bulbing 

plants and its thickening data are available in Appendix 10.21. 

Final harvests were taken on 21/02/2012 for plants sown in December (SD 1), 

23/04/2012 for January (SD 1), 11/06/2012 for February (SD 3) and 6/08/2012 for March 

(SD 4). Dry matter yields were not analysed because this was not the aim of this 

experiment but these are presented in Appendix 10.22, Appendix 10.23, Appendix 10.24 

and Appendix 10.25. 

Total leaf area per plant (cm2) was obtained through a leaf area meter (LICOR 3100; Licor 

Inc. Lincoln, USA). All leaves of each harvested plant were laid flat and spread and passed 

through the scanner. Individual leaf size per plant resulted from total leaf area per plant 

divided by the number of leaves passed through the scanner. 

7.2.2 Thermal time accumulation 

Air temperatures were used for leaf appearance and hypocotyl thickening. These were 

used because the growing point of bulb brassicas is located above ground from 

emergence until the end of the growth cycle (Plate 7.1). Therefore the temperatures 

obtained at 200 mm from the soil surface were considered the most appropriate to be 

used.  
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Plate 7.1 ‘Barkant’ turnip plants with growing points above ground from emergence to bulbing in 

an experiment conducted across four sowing dates and three environments at Lincoln University, 

2011/2012. 

When air temperature was plotted against soil temperature the relationship showed that 

in the Aluminex glasshouse the average air temperature was 7.9% colder than the soil 

temperature. In the Fletcher glasshouse the average air temperature was 5.6% warmer 

than the soil temperature. The Aluminex glasshouse had a forced ventilation system with 

fans that probably resulted in higher evapotranspiration of soil moisture and therefore 

increased soil temperature. The Fletcher glasshouse had a passive ventilation system 

where no fans are used and air exchange occurs through openings located in the upper 

part of the glasshouse. This results in a higher humidity inside this glasshouse and less 

evapotranspiration of soil moisture, which probably maintained soil temperature cooler 

and air temperature warmer. Outside the average air temperature was 10.4% colder than 

the soil temperature and the largest difference between air and soil temperatures 

(21.5%) was obtained in December. The variation of air and soil temperatures outside is 
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presented in Figure 7.1 for the entire duration of the experiment. These values are the 

average of the differences in all sowing dates.  

 

Figure 7.1 Air (black line) and soil (red line) temperatures (oC) from the beginning of the 

experiment (16/12/2011) until the last harvest (6/08/2012) for plants grown outside at Lincoln 

University, New Zealand. 

The highest maximum temperature recorded in the Aluminex glasshouse was 32.2oC for 

air and 30.8oC for soil while the lowest minimum temperature was 7.8oC for air and 7.6oC 

for soil. In the Fletcher glasshouse the highest maximum temperature was 35.7oC for air 

and 32.1oC for soil whereas the lowest minimum temperature was 7.8oC for air and 7.8oC 

for soil. Outside the highest maximum temperature was 38.3oC for air and 39.8oC for soil 

while the lowest minimum temperature was -5.3oC for air and -1.4oC for soil. Therefore 

there were periods when temperature was below base and optimum temperatures in all 

environments.   

Thermal time accumulation followed the daily thermal time models proposed in Chapter 

3. Therefore ‘Aparima Gold’ calculations were based on the daily thermal time models 

proposed for this cultivar (based on the bilinear and Lactin models) with a base 

temperature of 0oC. ‘Goliath’ calculations used the two daily thermal time models 



 

150 

 

proposed for Brassica napus spp. biennis, which were based on the bilinear and Lactin 

developmental models.  

For ‘Barkant’ and ‘Green Globe’ three thermal time accumulation models were 

compared. The daily thermal time models based on the bilinear and Lactin models 

proposed in Chapter 3 for these cultivars and also another bilinear daily thermal time 

model. This third model is treated here as the triangle model. The triangle thermal time 

model calculations followed Equations 7.1, 7.2 and 7.3: 

Equation 7.1 Tt = 0, when T < Tb 

Equation 7.2 Tt = T-Tb, when Tb≤T≤Topt      

Equation 7.3 Tt = (Tm-T)*(Topt-Tb)/(Tm-Topt)      

where Tb is the base temperature of 3.6oC, Topt is the optimum temperature of 30.5oC, Tm 

is the maximum temperature of 48oC and T is the measured temperature (oC). The 

difference between this model and the one based on the bilinear development model 

proposed in Chapter 3 for B. rapa is that the rate of accumulation of temperature is 

constant between Tb and Topt. In the daily thermal time model based on the bilinear 

model proposed in Chapter 3 the rate of accumulation is 0.77oCd/oC until 10oC. Then this 

rate changes to 1.0oCd/oC from 10oC until Topt. This additional triangle model was tested 

because of the slower rate of temperature accumulation below 10oC. This results in a 

slower thermal time accumulation in comparison with models that only consider a 

constant rate between the base and optimum temperatures, commonly used in the 

literature (Angus et al., 1981; Wilson et al., 2004; Adams et al., 2005). 
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7.2.3 Data analysis 

All analyses of variance to compare sowing date and environments were split in two. The 

first analysis compared December, January, February and March sowing dates (SD 1, 2, 3 

and 4, respectively) for the Fletcher glasshouse and outside. The second analysis 

compared January, February and March sowing dates (SD 2, 3 and 4, respectively) for the 

Fletcher and Aluminex glasshouses and outside. This approach was required due to the 

absence of the December sowing date (SD 1) in the Aluminex glasshouse.  

All least significant differences of means presented are at the α = 0.05 level. All analyses 

of variance used Genstat (version 14, VSN International Ltd., UK). Final number of leaves 

was also analysed as a generalized ANOVA but the analysis was solely for each sowing 

date because plants were grown for different durations (Section 7.2.1). Furthermore, 

observed differences that accounted for less than 10% of the total sum of squares were 

addressed in tables but were not approached in the text. In these cases the relative 

percentage of the total sum of squares will be provided in the text. 

Phyllochron was determined by least squares regression analysis of the number of leaves 

against thermal time accumulated from sowing. The slope used in this determination was 

the one obtained from the function that had the highest R2 as long as at least eight leaves 

were included in the regression. Leaf appearance rate (leaves/day) was determined by 

least squares regression analysis of number of leaves against days after emergence.  

Photoperiod was calculated for each day from emergence and determined from 

longitude and latitude using the method presented by Goodspeed (1975), which includes 

civil twilight. 
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7.2.3.1 Bulb initiation 

Bulb initiation was divided in two phases to identify the most appropriate to define the 

initiation of the bulb. The phases were: when hypocotyls were from 8 to 14 mm thick (BI) 

and from 15 to 20 mm thick (B). In the analyses the first phase was considered when the 

hypocotyl was 10 mm thick since some plants that had hypocotyls that were 8 mm thick 

did not present a visual sign of bulb initiation. Therefore, 10 mm was used as a 

conservative value for bulb initiation. The second phase, with values of 15 to 20 mm, can 

be observed in the field and shows that the bulb is set. The division of phases in bulb 

development is also used for onions (Brewster, 1982) where the phase of onset of the 

bulb describes the initiation of the bulb. This phase is followed by the duration of growth, 

which is the phase between bulb initiation and bulb maturity.  

The etiolation observed in plants grown inside the glasshouses made the visual 

identification of all bulbing phases more difficult than for plants grown outside. This fact 

was considered when determining the range of hypocotyl thickness used in each phase. 

‘Goliath’ plants had slower thickening of the hypocotyl after 6 to 10 mm, with the 

exception of the February (SD 3) and March (SD 4) sowing dates. This was also taken into 

account to establish a value for the bulb initiation. Because ‘Goliath’ was not a bulbing 

cultivar the figure of hypocotyl thickness over thermal time accumulated is presented in 

Appendix 10.21. Therefore only results of plants that were not affected by etiolation 

(plants grown outside) is discussed in the text and included in regressions of rate of 

hypocotyl thickening against mean temperature. For completeness the analysis of 

thermal time requirements for bulb initiation phases and figures that show the 

relationship between rate of hypocotyl thickening and mean temperature also include 

the data of plants grown inside the glasshouses.   

Thermal time requirements to phases of hypocotyl thickness were obtained by fitting a 

logistic function to the regression of the thickness data over the accumulated thermal 
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time data. The rearrangement of the logistic equation provided in Equation 7.4 gives the 

thermal time value for each bulb development classification. 

Equation 7.4 Tt = (bm-ln[(-Th-a-c)/Th-a)])/b       

where Tt is accumulated thermal time, a and c are asymptotes, m is when the inflection 

point of the curve occurs, b is a constant and Th is the targeted thickness. 

The means presented in tables of thermal time requirements for hypocotyl thickness are 

related to the data presented in each related row. However the analysis, represented by 

subscript letters, for all sowing dates only accounts for averages between the Fletcher 

glasshouse and outside in all sowing dates. In the same way, the analysis for all 

environments only accounts for averages obtained from January (SD 2), February (SD 3) 

and March (SD 4) in all environments. 

7.3 Results 

7.3.1 Leaf appearance 

7.3.1.1  ‘Aparima Gold’ 

The number of leaves against thermal time accumulated from sowing for ‘Aparima Gold’ 

is presented in Figure 7.2 and phyllochron values are presented in Table 7.3. 
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Figure 7.2 Number of leaves against thermal time (oCd) accumulated from sowing (Tb = 0oC) for 

‘Aparima Gold’ sown on four dates and in three environments at Lincoln University, New Zealand 

in 2011/2012: (a) December (SD 1), (b) January (SD 2), (c) February (SD 3) and (d) March (SD 4) 

sowing dates; Fletcher glasshouse (●), outside (○) and the Aluminex glasshouse ( ).  

Note: phyllochron is presented in Table 7.3 and equations are presented in Appendix 10.26. 

Table 7.3 Phyllochron (oCd/leaf) based on regression analysis of ‘Aparima Gold’ leaf appearance 

against thermal time (oCd) accumulated from sowing (Tb = 0oC) across four sowing dates and 

three environments evaluated at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average 

December (SD 1) 92.3 B * 88.9 BC 90.6 A

January (SD 2) 97.8 ABba 103.5 a 106.3 Aa 102.6 Ba

February (SD 3) 81.3 Cb 100.9 a 60.2 Dc 80.9 Cb

March (SD 4) 62.1 Dc 65.2 c 66.1 Dc 64.8 Cc

Average 83.4 a 89.9 b 80.4 a

lsd1 10.9

lsd2 11.2  

Note: Capital letters and lsd
1
 (interaction) refer to the comparison among all sowing dates; low case letters 

and lsd
2
 (interaction) refer to the comparison among all environments. 
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The comparison among all sowing dates showed that phyllochron was affected by sowing 

date (p<0.001) and the interaction between sowing date and environment (p=0.002). The 

interaction occurred because the phyllochron of plants inside the Fletcher glasshouse 

decreased as sowing dates were delayed while the phyllochron of plants inside the 

Aluminex glasshouse was similar in January (SD 3) and February (SD 4) and decreased in 

March (SD 4). Furthermore, plants grown outside decreased their phyllochrons between 

January (SD 2) and February (SD 3), which was similar to March (SD 4). The average 

phyllochron of plants grown outside was similar to plants inside the Fletcher glasshouse 

averaging 80oCd/leaf. Plants inside the Aluminex had a slower phyllochron, which 

averaged 90oCd/leaf. Overall, it was apparent no single phyllochron could be used across 

all treatments. 

The thermal time accumulation calculated with the Lactin daily thermal time model gave 

values of phyllochron that were, on average, ~ 20oCd higher than those from the bilinear 

model. This was due to the distinct cardinal temperatures and rates of thermal time 

accumulation that are used in these models. However, both thermal time accumulation 

models showed the same pattern of response in phyllochron among sowing dates and 

across the environments tested (Appendix 10.27). 

The relationships between phyllochron and photoperiod at the emergence of plants, and 

between phyllochron and mean air temperature, are shown in Figure 7.3. In both cases 

phyllochron decreased from January (SD 2) towards March (SD 4) (Table 7.3). In all 

environments the phyllochron decreased with decreases in photoperiod at a rate of 

12.7oCd/h and with decreases in mean air temperature at a rate of 2.0oCd/oC.  
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Figure 7.3 Phyllochron (oCd/leaf) against (a) mean air temperature (oC) and (b) photoperiod (h) at 

emergence for ‘Aparima Gold’ sown on four dates and in three environments at Lincoln 

University, New Zealand in 2011/2012: Fletcher glasshouse (●), outside (○) and Aluminex 

glasshouse ( ); December (SD 1) (red), January (SD 2) (black), February (SD 3) (blue) and March 

(SD 4) (green).  

Note: February (SD 3) was excluded from the fitting due to Amistar application; regression equations are a) 

y = 2.0(±1.6)x + 54.1(±26) (R
2
 of 0.20) and b) y = 12.7(±3.0)x – 63.4(±44) (R

2
 of 0.70). 

7.3.1.2  ‘Barkant’  

Leaf appearance against thermal time accumulated by ‘Barkant’ is shown in Figure 7.4. 

The phyllochron was affected by sowing date (p<0.001), environment (p<0.001) and the 

interaction (p=0.003) (Table 4). The interaction will not be discussed because it was less 

than 6.4% of the total sum of squares (Section 7.2.3). Plants grown inside the glasshouses 

had a similar phyllochron (55oCd/leaf) and these were slower than the phyllochron of 

plants grown outside (36oCd/leaf). Phyllochron increased from December (SD 1) to 

January (SD 2), followed by a decrease in February (SD 3) and March (SD 4). 
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Figure 7.4 Number of leaves against thermal time accumulated (oCd) from sowing (Tb = 3.6oC) for 

‘Barkant’ turnip sown on four dates and in three environments at Lincoln University, New Zealand 

in 2011/2012: (a) December (SD 1), (b) January (SD 2), (c) February (SD 3) and (d) March (SD 4) 

sowing dates; Fletcher glasshouse (●), outside (○) and the Aluminex glasshouse ( ). 

Note: phyllochrons are presented in Table 7.4 and equations are presented in Appendix 10.28. 

Table 7.4 Phyllochron (oCd/leaf) based on regression analysis of ‘Barkant’ leaf appearance against 

thermal time (oCd) accumulated from sowing (Tb = 3.6oC) across four sowing dates and three 

environments evaluated at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 53.0 B * 48.0 BC 50.46 A

January (SD 2) 67.6 Aa 60.8 a 50.5 BCbc 59.63 Ba

February (SD 3) 52.3 Bb 62.4 a 37.1 De 50.61 Cb

March (SD 4) 45.1 Ccd 40.5 de 19.8 Ef 35.12 Dc

Average 54.49 Aa 54.58 a 35.82 Bb

lsd1 7.19

lsd2 7.06  

Note: Capital letters and lsd
1
 (interaction)

 
refer to the comparison among all sowing dates; low case letters 

and lsd
2
 (interaction) refer to the comparison among all environments. 
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The differences in calculated phyllochron did not change with the model used for the 

thermal time accumulation. Phyllochrons calculated with the bilinear model were all 

lower than those from the Lactin and triangle models (Appendix 10.29).The Lactin model 

produced phyllochron values that were, on average, ~ 7oCd higher and the triangle model 

~ 6oCd higher than the bilinear model. 

The relationships between phyllochron (oCd/leaf) and mean air temperature (oC) and 

photoperiod (h) at the emergence of ‘Barkant’ are presented in Figure 7.5. In December 

(SD 1), January (SD 2), February (SD 3) and March (SD 4) phyllochron decreased (Table 

7.4) as the mean air temperature decreased at a rate of 3.7oCd/oC and as photoperiod 

decreased at a rate of 7.7oCd/h.  

 

Figure 7.5 Phyllochron (oCd/leaf) against mean air temperature (oC) and photoperiod (h) at 

emergence for ‘Barkant’ turnip sown on four dates and three environments at Lincoln University, 

New Zealand in 2011/2012: Fletcher glasshouse (●), outside (○) and Aluminex glasshouse ( ); 

December (SD 1) (red), January (SD 2) (black), February (SD 3) (blue) and March (SD 4) (green) 

sowing dates. 

Note: February (SD 3) data were excluded from the fitting due to Amistar application; regression equations 

are a) y = 3.70 (±0.64)x-6.60 (±10.3) (R
2
 of 0.83) and (b) y = 7.71 (±2.82)x – 60.6 (±38.9) (R

2
 of 0.50). 
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7.3.1.3  ‘Green Globe’ 

Leaf appearance against thermal time accumulated is presented in Figure 7.6 and 

phyllochron is shown in Table 7.5. Phyllochron was affected by sowing date (p<0.001), 

environment (p<0.001) and their interaction (p=0.011). The interaction will not be 

discussed because it accounted for less than 4.3% of the total sum of squares (Section 

7.2.3).  

In the comparison among all sowing dates phyllochron was similar between December 

(SD 1) and January (SD 2), followed by a decrease in February (SD 3) and March (SD 4), 

which were similar. Plants grown outside had the fastest phyllochron of 34oCd/leaf, 

followed by the Fletcher glasshouse with 50oCd/leaf and the Aluminex glasshouse, which 

had the slowest phyllochron of 55oCd/leaf. Again, no single value for phyllochron was 

apparent. 
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Figure 7.6 Number of leaves against thermal time (oCd) accumulated from sowing (Tb = 3.6oC) by 

‘Green Globe’ turnip sown on four dates and in three environments at Lincoln University, New 

Zealand in 2011/2012: (a) December (SD 1), (b) January (SD 2), (c) February (SD 3) and (d) March 

(SD 4) sowing dates; Fletcher glasshouse (●), outside (○) and Aluminex glasshouse ( ). 

Note: phyllochrons are presented in Table 7.5 and equations are presented in Appendix 10.30. 

Table 7.5 Phyllochron (oCd/leaf) based on regression analysis of ‘Green Globe’ leaf appearance 

against thermal time (oCd) accumulated from sowing (Tb = 3.6oC) across four sowing dates and 

three environments evaluated at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 63.9 A * 52.1 B 58.0 A

January (SD 2) 62.4 Aa 67.2 a 52.0 Bb 60.5 Aa

February (SD 3) 48.1 Bbc 53.6 b 24.2 De 42.0 Bb

March (SD 4) 38.1 Cd 44.0 cd 27.4 De 36.4 Bc

Average 53.1 Aa 54.9 b 34.3 Bc

lsd1 6.20

lsd2 6.43  

Note: Capital letters and lsd
1
 (interaction) refer to the comparison among all sowing dates; low case letters 

and lsd
2
 (interaction) refer to the comparison among all environments. 
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Phyllochron obtained with the daily thermal time model based on the Lactin model and 

the triangle model showed the same differences observed with the bilinear model. The 

Lactin model produced values of phyllochron that were, on average, ~ 7oCd higher and 

the triagle model ~ 6oCd higher than the values obtained with the bilinear model 

(Appendix 10.31). 

The phyllochron obtained for January (SD 2), February (SD 3) and March (SD 4) sowing 

dates decreased with mean air temperature at a rate of 4.7oCd/oC and with photoperiod 

at a rate of 7.4oCd/h (Figure 7.7).   

 

Figure 7.7 Phyllochron (oCd/leaf) against mean air temperature (oC) and photoperiod (h) at 

emergence for ‘Green Globe’ turnip sown on four dates and three environments at Lincoln 

University, New Zealand in 2011/2012: Fletcher glasshouse (●), outside (○) and Aluminex 

glasshouse ( ); December (SD 1) (red), January (SD 2) (black), February (SD 3) (blue) and March 

(SD 4) (green) sowing dates.  

Note: February (SD 3) were excluded from the fittings due to Amistar application; regression equation is a) 

y = 3.38(±0.65)x-4.7(±10.4) (R
2
 of 0.75) and b) y = 7.44(±2.11)x – 58.7(±39.2) (R

2
 of 0.50). 

7.3.1.4  ‘Goliath’ 

Leaf appearance against thermal time accumulated is presented in Figure 7.8 and 

phyllochron averages in Table 7.6. The comparison among all sowing dates showed that 
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phyllochron was affected by sowing date (p<0.001) and environment (p=0.006). The 

effect of environment will not be discussed because it accounted for less than 7.6% of the 

total sum of squares (Section 7.2.3). Phyllochron increased between December (SD 1) and 

January (SD 2), followed by a decrease in February (SD 3) and March (SD 4).  

Phyllochron obtained with the daily thermal time model based on the Lactin model did 

not change the results obtained with the bilinear model (Appendix 10.33). Values 

obtained with the Lactin model were, on average, ~ 7oCd higher than values from the 

bilinear model.  

Changes in the phyllochron of plants grown outside after the appearance of 

approximately 10 leaves were observed in December (SD 1) and February (SD 3) (Figure 

7.8a and c) but not in January (Figure 7.8b). In March (SD 4) (Figure 7.8d) this change was 

observed after approximately 6 leaves. 
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Figure 7.8 Number of leaves against thermal time (oCd) accumulated from sowing (Tb = 3.9oC) for 

‘Goliath’ sown on four dates and in three environments at Lincoln University, New Zeland in 

2011/2012: (a) December (SD 1), (b) January (SD 2), (c) February (SD 3) and (d) March (SD 4) 

sowing dates; Fletcher glasshouse (●), outside (○) and Aluminex glasshouse ( ). 

Note: phyllochrons are presented in Table 7.6 and equations are presented in Appendix 10.32. 
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Table 7.6 Phyllochron (oCd/leaf) based on regression analysis of ‘Goliath’ leaf appearance against 

thermal time (oCd) accumulated from sowing (Tb = 3.9oC) across four sowing dates and in three 

environments evaluated at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 77.3 * 64.7 71.0 A

January (SD 2) 91.7 95.0 91.7 92.8 Ba

February (SD 3) 65.0 49.7 42.4 52.8 Cb

March (SD 4) 54.0 52.3 46.1 51.5 Cb

Average 72.0 A 65.6 61.2 B

lsd1 7.30

lsd2 10.3

lsd3 9.54  

Note: Capital letters, lsd
1
 (environment) and lsd

2
 (sowing date) refer to the comparison among all sowing 

dates; low case letters and lsd
3
 (sowing date) refer to the comparison among all environments.  

The phyllochron for ‘Goliath’ obtained at the January (SD 2), February (SD 3) and March 

(SD 4) sowing dates decreased as the photoperiod decreased at a rate of 13.3oCd/h and 

as temperature decreased at a rate of 2.8oCd/oC (Figure 7.9).  
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Figure 7.9 Phyllochron (oCd/leaf) against mean air temperature (oC) and photoperiod (h) at 

emergence for ‘Goliath’ sown on four dates and three environments at Lincoln University, New 

Zealand: Fletcher glasshouse (●), outside (○) and Aluminex glasshouse ( ); December (SD 1) (red), 

January (SD 2) (black), February (SD 3) (blue) and March (SD 4) (green).  

Note: February (SD 3) data were excluded from fittings due to Amistar application; regression equation is a) 

y = 2.76(±1.89)x – 26.80(±30.7) (R
2
 of 0.26) and b) solid line regression is y = 13.5(±0.44) – 118(±6.28) (R

2
 of 

0.99). 

7.3.2 Leaf area per plant 

7.3.2.1  ‘Aparima Gold’ 

Total leaf area (cm2) was analysed separately for each sowing date. Total leaf area/plant 

of ‘Aparima Gold’ differed (p<0.001) within the December (SD 1), January (SD 2) and 

March (SD4) sowing dates (Table 7.7). Plants inside the glasshouses produced similar 

total leaf areas, with the exception of January (SD 2). These values were five times higher 

than from plants grown outside, showing the effect of mean air temperature. 
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Table 7.7 Total leaf area (cm2) of ‘Aparima Gold’ sown on four dates and in grown three 

environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd

December (SD 1) 426 A * 185 B 47.6

January (SD 2) 854 A 537 B 309 C 211.8

February (SD 3) 2104 1401 1486 ns

March (SD 4) 3661 A 3924 A 705 B 378.7  

Note: Different letters in the same row indicate differences; ns means not significant.  

Individual leaf sizes (Table 7.8) were different among the environments in December 

(p<0.001), January (p=0.002), February (p=0.023) and March (p<0.001). In December (SD 

1) plants inside the Fletcher glasshouse had leaves 2.5 times larger than those grown 

outside. In January (SD 2) leaves grown inside the glasshouses were also 2.5 times bigger 

than leaves grown outside. The February (SD 3) sowing date had the same size of leaves 

grown inside the Aluminex glasshouse and outside, which were 1.5 times smaller than 

leaves grown inside the Fletcher glasshouse. In March (SD 4) leaves produced inside the 

glasshouses were four times bigger than those from outside. 

Table 7.8 Individual leaf size (cm2/leaf/plant) of ‘Aparima Gold’ sown in four dates and grown in 

three environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd cv (%)

December (SD 1) 83.8 A * 34.2 B 8.64 14.5

January (SD 2) 115.2 A 93.6 A 42.5 B 37.79 47.8

February (SD 3) 187.6 B 125.7 A 127.5 A 47.19 33

March (SD 4) 235.4 A 210.1 A 59.3 B 29.66 14.2  

Note: different letters in the same row indicate differences. 

7.3.2.2 ‘Barkant’ 

‘Barkant’ total leaf area per plant (cm2) differed among environments for December (SD 

1) and January (SD 2) sowing dates (Table 7.9). No differences were observed for 
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February (SD 3) (p=0.217) and March (SD 4) (p=0.069). However, in both later sowing 

dates large coefficients of variation (70% and 45%, respectively) were obtained. This may 

have resulted in the lack of differences between the Fletcher and Aluminex glasshouses in 

February (SD 3) and between plants grown inside the glasshouses and outside in March 

(SD 4).  

Table 7.9 Total leaf area per plant (cm2) of ‘Barkant’ sown on four dates and grown in three 

environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd

December (SD 1) 480 A * 229 B 97.4

January (SD 2) 738 A 430 B 528 B 143.4

February (SD 3) 1531 874 1107 ns

March (SD 4) 3435 3869 2021 ns  

Note: Different letters in the same row indicate differences; ns means not significant.  

The analysis of individual leaf sizes (Table 7.10) showed the same patterns observed for 

total leaf area. Leaves produced inside the Fletcher glasshouse were larger (p<0.001) 

than leaves produced outside in December (SD 1). In January (SD 2) leaves produced 

inside the Fletcher glasshouse were larger (p<0.001) than leaves produced inside the 

Aluminex glasshouse and outside, which were similar to each other. This was a result of 

the virus infection that occurred on ‘Barkant’ plants inside the Aluminex glasshouse. 

Table 7.10 ‘Barkant’ individual leaf size per plant (cm2) sown on four dates and grown in three 

environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd

December (SD 1) 69.7 A * 29.5 B 10.12

January (SD 2) 81.3 A 49.8 B 46.6 B 12.08

February (SD 3) 113.1 78.5 79 ns

March (SD 4) 159.6 166.0 110.9 ns  

Note: different letters in the same row indicate differences; ns means not significant.  
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7.3.2.3  ‘Green Globe’ 

Total leaf area per plant (Table 7.11) was affected by the environments in December (SD 

1) (p=0.004), January (SD 2) (p=0.003), February (SD 3) (p<0.001) and March (SD 4) 

(p=0.006). In February (SD 2) plants inside the Fletcher glasshouse and outside had 2.6 

times more leaf area than plants inside the Aluminex glasshouse, which were affected by 

aphids. The lowest leaf area produced in February (SD 3) was inside the Aluminex 

glasshouse, followed by the Fletcher glasshouse. The highest leaf area was recorded for 

plants grown outside, where ‘Green Globe’ plants visually had a greater response to the 

application of Amistar than other cultivars (Plate 7.2).  

Table 7.11 Total leaf area (cm2) of ‘Green Globe’ sown in four sowing dates and grown in three 

environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd

December (SD 1) 362 A * 218 B 86.2

January (SD 2) 839 A 289 B 643 A 285.8

February (SD 3) 1951 A 898 B 2676 C 547.5

March (SD 4) 4668 3054 1328 797.3  

Note: different letters in the same row indicate differences. 
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Plate 7.2 Plants sown in February (SD 3) and grown outside at Lincoln University, New Zealand in 

2011/2012: red dots indicate ‘Green Globe’; blue dots indicate ‘Barkant’ and yellow dot indicates 

a ‘Goliath’ plant. 

Individual leaf sizes presented in Table 7.12 were affected by the environments in 

December (SD 1) (p<0.001), January (SD 2) (p=0.002), February (SD 3) (p<0.001) and 

March (SD 4) (p=0.009). Plants sown in February (SD 3) had smaller leaf sizes inside the 

Aluminex glasshouse than inside the Fletcher glasshouse and outside, which were similar. 

This was probably a result of the response that ‘Green Globe’ plants grown outside 

showed to the application of Amistar.  
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Table 7.12 ‘Green Globe’ individual leaf size (cm2) sown in four dates and grown in three 

environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd

December (SD 1) 59.3 A * 30.6 B 10.23

January (SD 2) 95.9 A 43.0 B 61.9 B 26.21

February (SD 3) 162.5 A 79.6 B 187.6 A 40.60

March (SD 4) 237.8 A 165.0 B 95.2 A 42.31  

Note: different letters in the same row indicate differences. 

7.3.2.4 ‘Goliath’ 

Total leaf area per plant of ‘Goliath’ (Table 7.13) was affected by environments in 

December (p=0.017), January (p=0.006), February (p=0.009) and March (p<0.05).  

Table 7.13 Total leaf area per plant (cm2) of ‘Goliath’ sown on four dates and grown in three 

environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd

December (SD 1) 504 A * 202 B 210.7

January (SD 2) 627 A 402 B 329 B 159.2

February (SD 3) 3083 A 1910 B 1802 B 699.1

March (SD 4) 4191 A 2151 AB 835 B 2260.0  

Note: different letters in the same row indicate differences. 

Individual leaf size per plant (Table 7.14) was affected by environment in December 

(p=0.006), January (p<0.001) and February (p=0.022). The high coefficient of variation 

(32%) could have resulted in the lack of differences on the individual leaf size per plant in 

March (SD 4). 
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Table 7.14 Individual leaf size per plant (cm2) of ‘Goliath’ sown on four dates and grown in three 

environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside lsd

December (SD 1) 75.1 A * 27.6 B 24.83

January (SD 2) 78.4 A 54.8 B 35.8 C 14.93

February (SD 3) 216.1 A 154.7 B 147 B 45.97

March (SD 4) 204 127 72 ns  

Note: different letters in the same row indicate differences; ns means not significant.  

7.3.3 Bulb development 

Phases of hypocotyl thickening on bulbing brassicas in the environments tested are 

shown in Plate 7.3 and Plate 7.4.  

 

Plate 7.3 Phase of 10 mm thickness of hypocotyl (BI) of brassicas grown inside glasshouses and 

outside at Lincoln University, New Zealand in 2011/2012. 

Note: a) ‘Barkant’, b) ‘Green Globe’, c) ‘Green Globe’, d) ‘Aparima Gold’, e) ‘Aparima Gold’ and f) ‘Barkant’ 
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Plate 7.4 Phases of ≥ 18 mm of hypocotyl thickness for ‘Barkant’ turnip inside the glasshouses and 

outside at Lincoln University, New Zealand in 2011/2012. 

Hypocotyl thickening was delayed inside the glasshouses due to the etiolation of the 

plants (Plate 7.5). 
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Plate 7.5 Differences in hypocotyl etiolation between three environments tested at Lincoln 

University, New Zealand in 2011/2012: Fletcher glasshouse, outside and Aluminex glasshouse. 

Note: a) ‘Aparima Gold’, b) ‘Green Globe’, c) ‘Green Globe’ and d) ‘Aparima Gold’. 

7.3.3.1 ‘Aparima Gold’ 

Hypocotyl thickness against thermal time is presented in Figure 7.10.  
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Figure 7.10 Hypocotyl thickness against thermal time (oCd) accumulated after sowing (Tb = 0oC) 

for ‘Aparima Gold’ sown on four dates and three environments at Lincoln University, New Zealand 

in 2011/2012: a) December (SD 1), b) January (SD 2), c) February (SD 3) and d) March (SD 4) for 

the Fletcher glasshouse (●), outside (○) and the Aluminex glasshouse ( ). Shaded lines indicate 

the thermal time to 10 mm of hypocotyl thickness in the Fletcher glasshouse (dashed line), 

outside (dotted line) and the Aluminex glasshouse (dash-dot line). Logistic curves presented are 

for glasshouses (solid line) and outside (dashed line); equations and R2 are presented in Appendix 

10.34. 

Thermal time accumulated until the phase where hypocotyl thickness was 10 mm (Table 

7.15) was affected by sowing date (p<0.001), environment (p<0.001) and their interaction 

(p<0.001). The interaction occurred because plants outside required the same thermal 

time in December (SD 1), January (SD 2) and February (SD 3), but an increased amount in 

March (SD 4), while a different pattern was observed in the glasshouses. Inside the 

Fletcher glasshouse thermal time requirements increased from December (SD 1) until 

February (SD 3) and then decreased in March (SD 4), which was similar to January (SD 2). 

In the Aluminex glasshouse requirements increased between January (SD 2) and February 
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(SD 3), which was similar to March (SD 4). The thermal time requirement of plants 

unaffected by etiolation varied little with sowing dates and averaged at 764oCd .  

Table 7.15 Thermal time (oCd) accumulated from sowing (Tb = 0oC) until the phase of bulb 

initiation of ‘Aparima Gold’ sown on four dates and in three environments at Lincoln University, 

New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 1022 C * 725 D 873 A

January (SD 2) 1269 Bc 1054 de 700 Df 1009 Aba

February (SD 3) 1476 Aa 1425 ab 726 Df 1209 Cb

March (SD 4) 1183 Bcd 1301 c 904 Ce 1137 BCb

Average 1238 Aa 1260 a 764 Bb

lsd1 132.4

lsd2 131.5  

Note: Capital letters and lsd
1
 (interaction) refer to the comparison among all sowing dates; low case letters 

and lsd
2
 (interaction) refer to the comparison among all environments. 

Thermal time requirements to 18 mm of hypocotyl thickness (Table 7.16) were affected 

in both comparisons by the environment (p<0.001) and the interaction between sowing 

date and environment (p=0.033). The interaction will not be discussed because it 

accounted for less than 7% of the total sum of squares (Section 7.2.3). Thermal time 

requirements of plants that were not affected by etiolation for this phase presented 

differences in December (SD 1) and March (SD 4) sowing dates. However, biologically 

values are similar across the sowing dates and a single value of 1002oCd can be used to 

predict this phase. 
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Table 7.16 Thermal time (oCd) accumulated from sowing (Tb = 0oC) until the phase of 18 mm 

hypocotyl thickness (B) of ‘Aparima Gold’ sown on four dates and in three environments at 

Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 1338 B * 1097 B 1218

January (SD 2) 1583 Aa 1371 b 960 Cc 1305

February (SD 3) 1574 Aa 1658 a 924 Cc 1380

March (SD 4) 1555 Aa 1529 ab 1027 Bc 1386

Average 1513 A 1519 1002 B

lsd1 211.2

lsd2 163.2

18 mm

 

Note: Capital letters and lsd
1
 (interaction) to the comparison among all sowing dates; low case letters and 

lsd
2
 (interaction) refer to the comparison among all environments. 

Rate of hypocotyl thickening in relation to days after the appearance of the first pair of 

leaves against the mean air temperature is shown in Figure 7.11. February (SD 3) sowing 

date was excluded from the regression due to Amistar application that increased the rate 

of thickening of the hypocotyl because of growth promotion. The base temperature 

estimated by this regression was -0.6oC, which is similar to that estimated by the bilinear 

model (Chapter 3).  
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Figure 7.11 Rate (1/days) of hypocotyl thickening of ‘Aparima Gold’ against mean air temperature 

(oC) in four sowing dates and three environments at Lincoln University, New Zealand: Fletcher 

glasshouse (●), outside (○) and Aluminex glasshouse ( ). 

Note: solid line was fitted to outside data and /equation is y = 0.02(±0.005)x + 0.01(±0.07) with a R
2
 of 0.95; 

pattern filled point ( ) was excluded from the fitting due to the effect of Amistar. 

7.3.3.2 ‘Barkant’ 

Hypocotyl thickness against thermal time is presented in Figure 7.12. Thermal time 

requirements to reach a 10 mm hypocotyl thickness (Table 7.17) were affected by sowing 

date (p<0.001), environment (p<0.001) and their interaction (p<0.001). The interaction 

occurred because in the Fletcher glasshouse requirements increased between December 

(SD 1) and January (SD 2), which was similar to February (SD 3), and then increased again 

in March (SD 4). In contrast outside plants had the lowest requirement in January (SD 2) 

and the highest in February (SD 3). In the Aluminex glasshouse requirements increased 

from January (SD 3) until March (SD 4). Values unaffected by etiolation varied little with 

sowing dates and a single thermal time requirement of 359oCd was obtained for this 

phase. 
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Figure 7.12 Hypocotyl thickness over thermal time (oCd) accumulated from sowing (Tb = 3.6oC) for 

‘Barkant’ sown on four dates and three environments at Lincoln University, New Zealand in 

2011/2012: a) December (SD 1), b) January (SD 2), c) February (SD 3) and d) March (SD 4) for the 

Fletcher glasshouse (●), outside (○) and the Aluminex glasshouse ( ). Shaded lines indicate the 

thermal time to 10 mm of hypocotyl thickness in the Fletcher glasshouse (dashed line), outside 

(dotted line) and the Aluminex glasshouse (dash-dot line). Logistic curves presented are for 

glasshouses (solid dark line) and outside (dashed dark line); equations and R2 are presented in 

Appendix 10.35. 
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Table 7.17 Thermal time (oCd) accumulated from sowing (Tb = 3.6oC) to bulb initiation of ‘Barkant’ 

sown in four dates and three environments at Lincoln University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 560.4 C * 336.8 DE 448.6 A

January (SD 2) 766.2 Bc 586.3 d 325.9 Ef 559.5 Ba

February (SD 3) 760.9 Bc 764.6 c 406.3 De 643.9 Bb

March (SD 4) 971.9 Aa 851.8 b 365.6 Deef 731.6 Cc

Average 765 Aa 734 b 359 Bc

lsd1 69.6

lsd2 72.1  

Note: lsd
1
 refers to the interaction in the comparison among all sowing dates; lsd

2
 refers to the interaction 

in the comparison among all environments. 

The phase of 18 mm of hypocotyl thickness (Table 7.18) was affected by environment 

(p<0.001) and the interaction between environment and sowing date (p<0.001). The 

interaction occurred because plants grown outside had the same requirements in all 

sowing dates while inside the Fletcher glasshouse requirements increased from 

December (SD 1) to January (SD 2) and in March (SD 4). In the Aluminex glasshouse 

requirements increased from January (SD 2) to February (SD 3) and in March (SD 4). 

Thermal time requirements of plants unaffected by etiolation for this phase were similar 

across sowing dates and a single value of 480oCd was obtained. 
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Table 7.18 Thermal time (oCd) accumulated from sowing (Tb = 3.6oC) until the phase of 18 mm of 

hypocotyl thickness (B) of ‘Barkant’ sown on four dates and three environments at Lincoln 

University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 797 C * 518 D 657

January (SD 2) 1004 Bb 709 c 481 Dd 732 a

February (SD 3) 895 BCb 913 b 514 Dd 774 a

March (SD 4) 1123 Aa 1133 a 406 Dd 888 b

Average 955 Aa 918 b 480 Bc

lsd1 114.0

lsd2 108.0

18 mm

 

Note: Capital letters and lsd
1
 (interaction) refer to the comparison among all sowing dates; low case letters 

and lsd
2
 (interaction) refer to the comparison among all environments. 

The rate of hypocotyl thickening calculated with days after the appearance of the first 

pair of leaves against mean air temperature is shown in Figure 7.13. The regression fitted 

to the rate presented by plants grown outside showed a decrease in the rate of hypocotyl 

thickening with decreases in temperature. The regression estimated a base temperature 

of 0.13oC, which is lower than the base temperature estimated by all the models tested 

for Brassica rapa in Chapter 3.  
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Figure 7.13 Rate (1/days) of hypocotyl thickening of ‘Barkant’ against mean air temperature (oC) 

sown in four dates and three environments at Lincoln University, New Zealand in 2011/2012: 

Fletcher glasshouse (●), outside (○) and Aluminex glasshouse ( ). 

Note: solid line was fitted to outside data and equation is y = 0.04(±0.01)x – 0.005(±0.16) with a R
2
 of 0.84. 

7.3.3.3  ‘Green Globe’ 

Hypocotyl thickness against thermal time is presented in Figure 7.14. Thermal time 

requirements to 10 mm of hypocotyl thickness (Table 19) were affected by environment 

(p<0.001), sowing date (p=0.003) and the interaction (p=0.006). Plants grown outside had 

the lowest thermal time requirements to this phase (416oCd), followed by the Fletcher 

glasshouse (924oCd) and the Aluminex glasshouse (970oCd). The effects of the interaction 

and sowing dates in both comparisons will not be discussed because they accounted for 

less than 5.9% of the total sum of squares (Section 7.2.3).  
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Figure 7.14 Hypocotyl thickness against thermal time (oCd) accumulated from sowing (Tb = 3.6oC) 

for ‘Green Globe’ sown on four dates and three environments at Lincoln University, New Zealand 

in 2011/2012: a) Decemeber (SD 1), b) January (SD 2), c) February (SD 3) and d) March (SD 4) for 

the Fletcher glasshouse (●), outside (○) and the Aluminex glasshouse ( ). Shaded lines indicate 

the thermal time to 10 mm of hypocotyl thickness in Fletcher glasshouse (dashed line), outside 

(dotted line) and Aluminex glasshouse (dash-dot line). Logistic curves presented are for 

glasshouses (solid dark line) and outside (dashed dark line); equations and R2 are presented in 

Appendix 10.35. 
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Table 7.19 Thermal time (oCd) accumulated from sowing (Tb = 3.6oC) until 10 mm of hypocotyl 

thickness of ‘Green Globe’ sown in four dates and three environments at Lincoln University, New 

Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 715 B * 422 C 568 A

January (SD 2) 1013 Aab 907 bc 451 Cd 789 Ba

February (SD 3) 967 Abc 836 c 388 Cd 730 Ba

March (SD 4) 1002 Ab 1168 a 404 Cd 870 Bb

Average 924 Aa 970 a 416 Bb

lsd1 113.6

lsd2 135.0  

Note: lsd
1
 refers to the interaction in the comparison among all sowing dates; lsd

2
 refers to the interaction 

among all environments. 

Thermal time requirements to 18 mm of hypocotyl thickness (Table 7.20) were affected 

in both comparisons by environment (p<0.001), sowing date (p=0.025) and the 

interaction between the two factors (p=0.011). Plants inside the glasshouses required 

twice the thermal time (1228oCd) to reach this phase than plants grown outside (532oCd). 

The effects of interaction and sowing date will not be discussed once these accounted for 

less than 8.7% of the total sum of squares (Section 7.2.3).  
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Table 7.20 Thermal time (oCd) accumulated from sowing (Tb = 3.6oC) until the phase of 18 mm of 

hypocotyl thickness (B) of ‘Green Globe’ sown on four dates and three environments at Lincoln 

University, New Zealand in 2011/2012. 

Sowing date Fletcher Aluminex Outside Average

December (SD 1) 899 B * 600 C 749 A

January (SD 2) 1237 Ab 1198 b 587 Cc 1006 B

February (SD 3) 1251 Ab 1084 b 476 Cc 937 B

March (SD 4) 1194 Ab 1736 a 465 Cc 1172 AB

Average 1145 A 1339 532 B

lsd1 137.0

lsd2 298.6

18 mm

 

Note: Capital letters and lsd
1
 (interaction) refer to the comparison among all sowing dates; low case letters 

and lsd
2
 (interaction) refer to the comparison among all environments. 

Rate of hypocotyl thickening of ‘Green Globe’ plants grown outside over mean air 

temperature decreased with decreases in temperature (Figure 7.15). February (SD 3) data 

were not included in the regression due to the Amistar application. The regression 

estimated a base temperature of 4.5oC which is proximal to the base temperature of 

3.6oC estimated by the bilinear model for ‘Green Globe’ in Chapter 3.  
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Figure 7.15 Rate (1/days) of hypocotyl thickening for ‘Green Globe’ against mean air temperature 

(oC) sown in four dates and three environments at Lincoln University, New Zealand in 2011/2012: 

Fletcher glasshouse (●), outside (○) and Aluminex glasshouse ( ). 

Note: solid line was fitted to outside data and equation is y = 0.04(±0.004)x – 0.20(±0.05) with a R
2
 of 0.99; 

pattern filled point ( ) was excluded from the fitting due to the effect ofAmistar. 
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7.4 Discussion 

This chapter showed the influence of temperature on the rate of leaf appearance and 

hypocotyl thickening of brassicas cultivars. The plasticity of leaf production of Brassica 

rapa cultivars affected the phyllochron across sowing dates. Bulb initiation was defined as 

when hypocotyls are 10 mm thick. Information provided in this chapter can be used to 

improve crop development prediction models.  

7.4.1  Leaf development 

The relationship between number of leaves and thermal time accumulated (Figures 7.2, 

7.4, 7.6 and 7.8) was successfully described by linear regressions. Stronger relationships 

between phyllochron and mean air temperature were obtained for turnips (Figures 7.5 

and 7.7) than for Brassica napus cultivars (Figures 7.3 and 7.9). Thus phyllochron was not 

constant across sowing dates and environments. However the consistent relationships 

obtained between phyllochron and mean air temperature in Figures 7.3, 7.5, 7.7 and 7.9 

could be used to model the leaf development of bulbing brassicas in response to 

temperature. 

The average rate of decline in phyllochron with mean air temperature for turnip cultivars 

was 3.6oCd/oC (±0.6oCd/oC). Morrison and McVetty (1991) and Miralles et al. (Miralles et 

al., 2001) observed decreases in rapeseed phyllochron with mean air temperature 

(Section 2.4.1). Rawson (1993) observed that in a low temperature regime (average of 

10.3oC) wheat plants had faster phyllochrons than in a high temperature regimes 

(23.7oC).  Cao and Moss (1989b) observed that phyllochrons increased as temperature 

increased resulting in a lower thermal efficiency (Section 2.4.1). However these changes 

in phyllochron presented by Cao and Moss (1989b) were considered a result from 

systematic errors by Jamieson et al. (1995) (Section 2.4.1). In this chapter temperature 

measurements were taken at canopy height and soil temperature was measured through 

temperature probes buried in the soil. Air temperatures were used because the growing 
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point of turnips, after emergence, is above ground during all growth period (Plate 7.1). 

Therefore these would be the most realistic temperatures experienced by the crops. 

The phyllochron ranged from 60 to 106oCd/leaf for ‘Aparima Gold’, from 20 to 67oCd/leaf 

for the turnip cultivars and from 42 to 95oCd/leaf for ‘Goliath’. These values are within 

the range of phyllochrons presented by Adams et al. (2005) (Section 2.4.1). The narrow 

range of temperatures used by Adams et al. (2005) could have resulted in the lack of 

differences among the sowing dates tested in their study. Collie and McKenzie (1998) 

obtained a different phyllochron for turnips sown in early February than the three other 

later sowing dates, that had constant phyllochron (Section 2.4.1). Thus, it appears that 

the constant phyllochron presented by these studies was an artefact of their sowing date 

range.  

For ‘Goliath’ plants the phyllochron was faster before approximately 8 leaves in 

December. However in later sowing dates the phyllochron was faster after the 

appearance of 8 leaves in February and 5 leaves in March (Figure 7). The same was 

observed by Fletcher et al. (2012) for turnip and rape cultivars sown in November 

(Section 2.4.1) and Terry (1968) for sugar beet (Section 2.4.1). 

Differences in the phyllochron among sowing dates and environments obtained in this 

Chapter showed a connection with individual leaf sizes where smaller leaves appeared 

faster than bigger leaves. However, the relationship could not be tested among sowing 

dates because leaf expansion rate of leaves was not measured and plants were not grown 

for the same duration across sowing dates (Section 7.2.1). Furthermore, Section 7.3.2 

showed that individual leaf sizes increased with mean air temperatures. Terry (1968) also 

observed increases in leaf area of sugar beet crops with increases in temperature from 10 

to 24oC. 
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It is possible that larger leaves shaded leaf primordia that were, therefore, not activated 

and did not produce visible leaves, decreasing the rate of leaf appearance. This process 

has been demonstrated for grasses through the concept of site filling for tiller production 

(Davies and Thomas, 1983). Davies and Thomas (1983) showed that plants that had larger 

leaves did not have all tiller buds developed into visible tillers due to a suggested effect of 

shading at the base of grass plants that inhibited the activity of these buds.  

Thermal time requirements for leaf production supported the conclusions of Chapters 3 

and 5 that swedes have higher thermal time requirements (Table 7.3) than rape (Table 

7.6) and turnip cultivars (Tables 7.4 and 7.5). This was due to the fact that outside 

‘Aparima Gold’ swedes required an average of 80.4oCd/leaf (±3.9oCd/leaf) to produce a 

leaf while ‘Goliath’ rape required an average of 61.2oCd/leaf (±3.5oCd/leaf) and the turnip 

cultivars required an average of 39oCd/leaf (±2.5oCd/leaf). In Chapter 5 ‘Aparima Gold’ 

required an average of 72oCd/leaf (±2.6oCd/leaf) while the turnip cultivars ‘Barkant’ and 

‘Green Globe’ required an average of 51oCd/leaf (±2.9oCd/leaf). The same was observed 

by Fletcher et al. (2012) where turnip cultivars reached full canopy closure earlier and 

had faster phyllochron than rape and swede cultivars. 

7.4.2 Bulb initiation 

From the range of thicknesses tested the 10 mm hypocotyl thickness range was 

considered the most appropriate to define bulb initiation (Figures 7.10, 7.12 and 7.14). 

This gave a precise and early definition of the initiation of bulbs in relation to the other 

range of 18 mm tested (Tables 7.16, 7.18 and 7.20). The early definition of this phase is 

important to predict dry matter partitioning between shoot and bulb of these crops. The 

bulb initiation stage was essentially constant when assessed outside and could be 

observed after the accumulation of 764oCd (±46.5oCd) for ‘Aparima Gold’ swede (Table 

7.15), 360oCd (±24.6oCd) for ‘Barkant’ turnip (Table 7.17) and 416oCd (±40.0oCd) for 

‘Green Globe’ turnip (Table 7.19).  
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The definition of bulb initiation based on 10 mm of thickness would be difficult in the 

field. Results from Chapter 5 for ‘Aparima Gold’ showed that the range of 10 mm was 

consistent to what was obtained with the method proposed by Koesmarno and Sedcole 

(1994), which resulted in the accumulation of 752oCd (±52.0oCd) to bulb initiation. 

However for turnips, Chapters 5 and 6 showed that results obtained with this method 

were consistent with the range of 18 mm of hypocotyl thickness (Tables 7.18 and 7.20) in 

this chapter. This shows that the bulb probably initiates at 10 mm of hypocotyl thickness 

but participation in total bulb dry matter production starts at 18 mm of hypocotyl 

thickness. In Chapter 5 bulb initiation of ‘Barkant’ occurred at 502oCd (±52.0oCd) which 

was consistent with the value of 480oCd (±40.2oCd) obtained for the range of 18 mm of 

hypocotyl thickness in this chapter. Field experiments showed that ‘Green Globe’ bulb 

initiation ranged from 472oCd (±51.5oCd) (without plastic treatment) to 494oCd (under 

plastic treatment) to 544oCd (±52.0oCd) (Chapter 5). These values are also consistent with 

the 532oCd (±48.2oCd) obtained for the range of 18 mm of hypocotyl thickness in this 

chapter. 

Neilsen (2005) found that bulb initiation of ‘Barkant’ turnip occurred at approximately 

500oCd, accumulated over a base temperature of 0oC, based on visual assessments. That 

result is also consistent with the 18 mm of hypocotyl thickness phase. Neilsen (2005) also 

tested three environments and showed that bulb initiation occurred at 34 days after 

sowing at 20oC, 40 days after sowing at 16oC and 45 days after sowing at 14oC. If we 

consider a base temperature of 3.6oC (proposed in Chapter 3) a rough estimation based 

on the temperature data provided can show that bulb initiation occurred after the 

accumulation of approximately 551oCd at 20oC, 502oCd at 16oC and 482oCd at 14oC. All 

these values are in agreement with the thermal time accumulation obtained for the 

range of 18 mm of hypocotyl thickness presented in this chapter.  

Bulb initiation did not happened at the same number of leaves throughout sowing dates 

and environments tested. The moment when bulb initiation happened for ‘Aparima Gold’ 
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the number of leaves varied between 7.6 and 9.2 in December, from 6.9 to 11.5 in 

January, from 9.1 to 15.3 in February and from 11.2 to 17.0 in March. For ‘Barkant’ the 

variation of number of leaves at bulb initiation was from 7.9 to 9.5 in December, from 6.7 

to 11.2 in January, from 9.3 to 13.1 in February and from 12.5 to 17.9 in March. For 

‘Green Globe’ the number of leaves varied from 8.2 to 9.7 in December, from 7.9 to 13.6 

in January, from 11.2 to 15.7 in February and from 12.3 to 23.3 in March. These 

differences were mainly due to changes in phyllochron that were observed across sowing 

dates and environments. Neilsen (2005) showed that at the moment of bulb initiation 

plants had approximately 8 to 8.5 true leaves (Section 2.5.1). Furthermore, Neilsen (2005) 

only had one sowing date and therefore it is not possible to affirm that this relationship is 

constant across growth seasons. 

Inside the glasshouses all phases of hypocotyl thickness occurred after a higher thermal 

time accumulation than outside (Section 7.3.3). This was the result of the hypocotyl 

etiolation that was observed inside the glasshouses due to differences in the light 

environment among glasshouses and outside conditions (Tables 7.1 and 7.2).   

Finally, consistent relationships were obtained between the rate of hypocotyl thickening 

and mean air temperature in Figures 7.11, 7.13 and 7.15 where the rate of hypocotyl 

thickening decreased with the mean air temperature. These relationships, as well as the 

definition of the timing to bulb initiation obtained in this chapter, provide a strong set of 

information that could be used in the development of crop modelling programs for 

brassicas. 
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7.5 Conclusions 

 Phyllochron responded to changes in temperature where higher temperatures 

resulted in slower phyllochons. The effects of leaf size on the activation of leaf 

primordia should be investigated in further studies. 

 The relationship between phyllochron and mean air temperature allows the 

prediction of phyllochron of bulbing brassicas in response to mean temperature 

over the period of growth of the crop.  

 Phyllochron results were unaffected by different thermal time accumulation 

models. 

 More studies are needed to uncouple the effect of photoperiod and temperature 

in phyllochron of swedes and rape crops. 

 From the two phases tested to observe bulb development the phase of 10 mm of 

hypocotyl thickness was the one that accurately reflected the beginning of bulb 

development from a botanical perspective.  

 Bulb initiation was consistent across sowing dates for all cultivars and for this 

reason the values presented in this chapter can be used to model the response of 

hypocotyl thickening of bulbing brassicas to temperature. 
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8 General discussion 

8.1 Introduction 

In this chapter the phenophases of germination, emergence and vegetative production 

(canopy development, light interception and radiation use efficiency) will be quantified 

based on the results from the previous experimental chapters. Together they will outline 

how a crop model could be parametrized for the vegetative development of bulb 

brassicas and areas for further work. Where appropriate the agronomic considerations 

will be discussed.  

8.2 Brassica physiology 

8.2.1 Germination 

It is important to quantify cardinal temperatures and thermal time requirements to 

accurately predict development stages that are mainly affected by temperature. Forage 

brassica cultivars from the same species or that had the same species in their genetic 

background showed similar responses to temperature. Turnips were the fastest crops to 

reach 75% germination, followed by rape cultivars and swede whereas kale cultivars were 

the slowest. For crop modelling purposes estimations of thermal time requirements to 

75% germination in the range from 14 to 17oCd can be used for turnip, from 24 to 26oCd 

for rape, from 29oCd 34oCd for swede and from 53 to 60oCd for kale cultivars can be used. 

Thus relative to most species, turnips can be considered quick to germinate while kale is 

slow.  

The determination of cardinal temperatures was dependent on the models used and the 

range of temperatures tested (Section 3.3.2.1). Forage brassicas followed the pattern of a 

curvilinear response to temperature as many other crop and insect species (Section 

2.6.2). Therefore curvilinear models were most accurate in describing the response 
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whereas linear models showed some limitations. However this does not mean that these 

models were not adequate for this purpose.  

An adequate model is ideally simple and accurate. The curvilinear models were the most 

accurate but a more refined mathematical experience was needed to calculate the 

cardinal temperatures and to introduce modifications to these models. This lack of 

simplicity makes these models less attractive for general use in crop decision systems.  

Despite describing a curvilinear response through linear regressions, the bilinear model 

was efficient at providing cardinal temperatures and daily thermal time models. Its 

limitations (Section 2.6.2.3) need to be accounted but these do not impair the 

estimations, as shown in Chapter 7. This is due to the simplicity of the model which 

allows linear modifications, as a change in the rate of temperature accumulation to the 

response (Section 3.3.2.4). Another advantage of these models is their simple calculation 

of cardinal temperatures. Therefore the bilinear daily thermal time model presented in 

Chapter 3 can be adopted for thermal time accumulation of brassica crops, with only a 

small loss in accuracy. 

Base temperatures of 3.6oC for B. rapa, 3.3oC for B. napus spp biennis and 0oC for 

‘Aparima Gold’ swede and B. oleracea were obtained with the bilinear model. The base 

temperature of 3.6oC obtained for turnips contrasts with the 0oC that has been used in 

the literature (Section 2.6.3). The adoption of a lower base temperature decreases the 

precision of estimates and predictions for crop development, which depends on 

temperature. Furthermore, if these crops are grown throughout the autumn and winter 

periods, predictions will be even less precise because thermal time accumulation will be 

overestimated, because temperatures are frequently at or near the base temperature. 

For example, a typical winter day in June has an average maximum temperature of 11.3oC 

and a minimum temperature of 1.3oC. The thermal time accumulated with a base 

temperature of 0oC in June would be ~ 70oCd whereas with a base temperature of 3.6oC it 
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would be ~ 46oCd. The difference in thermal time accumulation over 0oC and 3.6oC 

between a cold month (24.1oCd in June) and warm month (35.7oCd in January) is similar. 

However, because the average daily temperature is less, crops will take a longer time to 

accumulate the same amount in a colder month than in a warmer month. This results in 

delays in the prediction of development stages. Therefore when temperatures are higher 

than the base temperature, close to optimum temperatures, their impact is minimal on 

development predictions.  

The bilinear model provided optimum temperatures of 30.5oC for B. rapa, 32.8oC for B. 

napus spp. biennis, 26.8oC for B. oleracea and 33.3oC for ‘Aparima Gold’. These 

temperatures are also important for forage brassicas because during summer months, 

like December and January, hourly air temperatures can reach up to 34oC and soil 

temperatures can reach up to 38oC. Therefore it is important to account for the 

decelaration of the development rate that occurs above Topt to avoid inaccurate 

predictions of development. Maximum temperatures were also obtained with the 

bilinear model and these can be considered less important than Tb and Topt due to the 

range of temperatures that brassicas experience throughout their growth cycle in New 

Zealand.  

8.2.2 Emergence 

The emergence of turnips was faster than swede crops which is consistent with the 

thermal time requirements for germination. Values of 55oCd (Tb = 3.6oC) for turnips and 

83oCd for swedes (Tb = 0oC) are recommended to predict emergence of bulb forage crops. 

Ranges of temperature such as below and above optimum temperature that delayed and 

also decreased the germination percentage in Chapter 3 are most likely to delay 

emergence due to decreases in the rate of development. Furthermore, these 

temperatures may also influence the flushes of emergence that are observed with 

brassicas. Tokumasu (1977) showed that temperature was the most important 
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environmental factors affecting the seasonal periodicity of germination on B. japonica 

and B. cernua.  

8.2.3 Vegetative production  

8.2.3.1 Canopy development 

Canopy development can be quantified by the phyllochron and individual leaf expansion 

or the canopy overall integrated through the leaf area index and grown as a leaf area 

expansion rate. The main result confirmed in this thesis was that phyllochron was not 

constant across sowing dates, as has been presented in the literature. B. rapa cultivars 

showed strong relationships between phyllochron and mean temperature (Figure 8.1). 

This suggests that previous experiments reported in literature (Collie and McKenzie, 

1998; Adams et al., 2005) across sowing dates, had an insufficient range of mean 

temperature to identify differences in phyllochron. For crop modelling purposes a range 

of phyllochrons from 34 to 60oCd/leaf that decreased at an average of 3.6oCd/leaf/oC, 

between 7 and 21oC, was obtained for turnip cultivars. These values would provide a 

starting point for the prediction of leaf area. 
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Figure 8.1 Phyllochron (oCd/leaf) of a) ‘Barkant’ and b) ‘Green Globe’ turnips against mean 

temperature (oC) used in the experiments presented in Chapter 5 (●), Chapter 6 (■) and Chapter 7 

(○) measured in experiments at Lincoln University, New Zealand from 2008 to 2012. 

Note: equations for regression lines are a) y = 2.63(±0.79)x + 8.8(±12.3) (R
2
 of 0.48) and b) y = 2.15(±0.77)x 

+ 14.1(±12.5) (R
2
 of 0.36). 

The swede cultivar ‘Aparima Gold’ and ‘Goliath’ rape also showed variable phyllochron. 

However, for B. napus cultivars further studies are recommended to uncouple the effects 

of temperature and photoperiod in phyllochron variation. The range of phyllochron 

obtained for swedes was from 65 to 103oCd/leaf and for forage rape from 34 to 

61oCd/leaf. Increases in phyllochron were obtained with mean temperature and 

photoperiod. A rate of 2.0oCd/leaf/oC was obtained for swedes and 2.8oCd/leaf/oC for 

forage rape. However the relationship with mean temperature was not as strong (R2 of 

0.2 to 0.3) as it was with photoperiod (R2 of 0.7 to 0.9). In relation to photoperiod swedes 

decreased their phyllochron at 12.7oCd/leaf/h and forage rape at 13.5oCd/leaf/h. Despite 

stronger relationships with photoperiod, a wider range of temperatures and 

photoperiods need to be tested to determine which is more accurate for prediction 

purposes, and physiologically what mechanism is responsible for the change. 

The experiment presented in Chapter 7 showed that leaves of plants grown inside the 

glasshouses were bigger than leaves grown outside, especially in the last sowing date of 

March when plants experienced lower temperatures. This may have caused changes in 
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the phyllochron, where smaller leaves appeared at faster rates than bigger leaves. 

However, for a more detailed approach of how leaf size influences phyllochron further 

studies should investigate the influence of individual leaf sizes on the rate of leaf 

appearance of bulb brassicas. Such studies have already been presented for sugar beet 

crops by Milford et al. (1985b) where it was shown that leaf expansion and leaf size were 

responsible for the total number of leaves. 

To estimate leaf area index until LAIc is achieved a rate of 0.015 m2/m2/oCd was found for 

‘Green Globe’ turnips. This rate allows the estimation of when canopy closure occurs. In 

the case presented in Chapter 6 this rate results in canopy closure at ~ 513oCd, after 

sowing. Fletcher et al. (2012) showed that canopy closure of turnips occurred at 

approximately 300oCd (Tb = 4oC) after emergence. If the thermal time accumulated until 

emergence of 55oCd (resulting in a Tt requirement to canopy closure of ~ 458oCd) and the 

difference between Tb used by Fletcher et al. (2012) (4oC) and in Chapter 6 (3.6oC) are 

considered, the Tt requirements to reach canopy closure are comparable between the 

two sets of data.  

Figure 6.3 shows that there was a window of approximately 390 to 490oCd, where LAIc 

was exceeded and LAI could reach up to 8±2. After this period, senescence was apparent 

and the LAI decreased. Neilsen (Neilsen, 2005) also showed that fully irrigated turnips 

maintained an LAI of 6 to 8 from 60 to 90 days after sowing. In Figure 6.3 from 513oCd 

until 950±50oCd the LAI was maintained and senescence started at ~ 1000oCd, when total 

crop dry matter decreased and bulb production plateaued (Figures 5.2, 5.3 and 6.1). For 

swedes the total dry matter production peaked at ~ 1500oCd and decreased after ~ 

1800oCd (Figure 5.1). This is the point (~ 1000oCd for turnips and ~ 1800oCd for swedes) 

when grazing should be recommended. If leaves are not grazed at this point, it is likely 

that remobilization of bulb reserves may occur, for maintanence and respiration, and 

some bulb production could be lost.   
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8.2.3.2 Light interception and radiation use efficiency 

Light interception and its efficient use were the main factors that affected dry matter 

production of three forage brassicas across sowing dates. A lower thermal time 

accumulation combined with less LAI and a shorter period at LAIc (Figure 6.3) resulted in 

less radiation interception of crops in later sowing dates. Adding to differences in total 

amount of radiation intercepted was the variation in RUE, with 0.64 to 2.12 g DM/MJ 

total. A strong relationship between RUE and mean soil temperature was obtained to 

understand the variation of RUE, which was calculated from emergence until the 

maximum total DM production point and increased at 0.07 g DM/MJ total/oC, from 11 to 

18oC. This shows that November and December sowing dates provide a larger grazing 

window because more LAI is obtained, more thermal time is accumulated and more light 

is intercepted and used more efficiently.  

A suggestion for further studies is to evaluate the performance of increased plant 

populations, through increased sowing rates and therefore decreased sowing spacing, at 

later sowing dates. This could possibly compensate for dry matter yield losses through 

increases in LAI, because the number of leaves per plant will be higher but they will be 

smaller due to the lower temperature limitation on leaf expansion. This may maximize 

the radiation intercepted during the shorter period of time that these crops have 

available to grow, and compensate for some of the loss of radiation interception.  

8.2.3.3 Bulb initiation and leaf:bulb ratio 

The indirect method used for identification of bulb initiation for swedes and turnips in 

Chapters 5 and 6 was based on when bulb dry matter production became participative in 

the total bulb dry matter produced in the season. The method did not involve any direct 

assessment of bulb (Section 4.6) and therefore is considered an indirect definition of bulb 

initiation. It was observed in Chapter 6 that variations in dry matter production affected 

the estimations of thermal time requirement for this phase with this method. Therefore 
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thermal time requirements obtained in Chapter 7 were more precise to describe the time 

of bulb initiation.  

Bulb initiation was defined botanically as a 10 mm of hypocotyl thickness. This early 

identification provided by a direct measurement in the glasshouses (Chapter 7) is difficult 

to be observed in the field. However, a thermal time requirement of 764oCd for ‘Aparima 

Gold’ swede, 360oCd for ‘Barkant’ and 416oCd for ‘Green Globe’ turnips can be used to 

predict when it occurs. These requirements were lower than when the relationship 

between leaf:bulb ratio and thermal time accumulated started to decline (average of 

448oCd for turnips and 719oCd for swedes). This is probably because the bulb initiation 

identification of Chapter 7 is earlier than when bulbs are big enough to start the changes 

in the ratio leaf:bulb. 

The phase of 18 mm of hypocotyl thickness showed that the field observable definition of 

bulb initiation occurs at 1002oCd for swedes (~ 240oCd after the botanical definition) and 

at 506oCd for turnips (90 to 146oCd after the botanical definition). This estimation for 

turnips is consistent to the thermal time requirement of bulb initiation presented by the 

indirect method proposed by Koesmarno and Sedcole (1994) (average of 510oCd) and 

Neilsen (2005). This shows that although initiation occurs early, the growth of the bulb 

can start later. The same was observed by Hole et al. (1984b) who presented that the 

inititiation of the storage root of sugar beet and carrots occurred early in the season but 

its growth was delayed until a later stage. However, for swedes the bulb initiation 

measured at 10 mm of hypocotyl thickness was similar to the 752oCd estimated by the 

method proposed by Koesmarno and Sedcole (1994). 

After bulb initiation a rapid growth phase is observed (Figures 5.1, 5.2, 5.3 and 6.1). At 

this phase Neilsen (2005) observed optimum water use efficiency. The author 

recommended that adequate moisture should be available at this period to maximize 

potential yields of turnips because a rapid plant development was observed at this stage. 
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Thus, the bulb initiation phase is also probably the recommended time for nitrogen 

application. 

The recommended timing of nitrogen application is at sowing, 4-6 weeks and 8-12 weeks 

after emergence (de Ruiter et al., 2009) and does not account for crop development. If a 

December sowing date of a crop with 3.5% of nitrogen concentration is considered, at 4 

weeks a swede crop will have a demand of ~ 14 kg N/ha and a turnip crop of ~ 24 kg 

N/ha. However, at bulb initiation for swedes and, at 18 mm of hypocotyl thickness for 

turnips the demand will be 60 kg N/ha, showing that this would be a more appropriate 

time for the first application of nitrogen than at 4 weeks after emergence of the crop. 

Later applications can be based on the development information provided in this study to 

maximize crop production until the grazing period of forage brassicas.   

The ratio between leaf and bulb production provided the characterization of dry matter 

partitioning between the two parts as an exponential decline that occurs with a slope of 

0.995, independently of sowing date. The thermal time accumulated at the starting point 

of the relationship was consistent with the early estimation of bulb initiation. Therefore, 

this is when partitioning should start to be divided to predict the production of leaf and 

bulb separately. Relationships of LAI and rate of leaf dry matter production with 

temperature need to be used to predict the initial ratio value at the start of the 

partitioning. This is because this initial value was variable across sowing date, as observed 

by Jung and Shaffer (1995) for ‘Green Globe’ and ‘Purple Top’ turnips. LAI increased at a 

rate of 0.4 m2/m2/oC and leaf dry matter production increased at 0.3 kg DM/ha/oCd/oC 

until the start of the partitioning. These relationships help the improvement of existing 

prediction models that do not account for the partitioning between shoot and bulb of 

brassicas and are based only on the total dry matter production curves, as presented by 

Chakwizira et al. (2012a) who used the PARJIB model (Reid, 2002). 

 



 

201 

 

8.3 Conclusion 

The aim of this thesis was to understand how environment affects bulb initiation and 

production of brassica crops. Throughout the thesis the necessity of understanding how 

temperature and shoot development affected the dry matter partitioning between shoot 

and root led to several relationships that clarified how crop development occurs. Results 

showed that temperature is a strong driver of the development of turnips and needs to 

be addressed in crop modelling programs that aim to predict the development of these 

crops (Figure 8.2). A thermal time requirement for the bulb initiation was provided. This 

allows the improvement of crop prediction models that until today do not account for the 

partitioning between leaf and root production of bulb brassicas.  
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Figure 8.2 Diagram of bulb brassicas production accounting for phenopases and canopy 

development in relation to temperature. Phases of germination and emergence require the use 

of soil temperatures; relationships that occur beyond this point can use either air or soil 

temperatures, as long as air temperatures are measured at canopy height.  

Figure 8.2 shows where the relationships obtained throughout the chapters presented in 

this thesis add information about the development of bulb brassicas. Thermal time 

requirements for germination and emergence were presented and cardinal temperatures 

for the germination of bulb brassicas resulted in the development of daily thermal time 

models for temperature accumulation. Soil temperatures are the most appropriate to 

predict these two phases. Total dry matter production of bulb brassicas is explained by 

the relationship between radiation interception and RUE and dry matter is partitioned 
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into leaf and bulb production. Radiation interception is affected by canopy development, 

which is affected by leaf production. Relationships were obtained to characterize leaf 

production until bulb initiation (LDM/oCd/oC and LAI/oC). Furthermore, the increase of 

phyllochron with mean temperature and the relationship between LAI and accumulated 

thermal time until LAIc add information on the canopy development of these forage 

brassicas. Thermal time requirements for bulb initiation were also obtained and from this 

point the decline of the leaf:bulb ratio shows how the partitioning of dry matter occurs.  

However, the findings presented led to new observations and questions about bulb 

brassicas development that need to be addressed in further studies. The main 

suggestions for future studies are:  

 Evaluation of photoperiod effects on phyllochron of B. napus cultivars 

 Influence of individual leaf sizes on phyllohcron of bulb brassicas 

 Effects of sowing rates and plant populations on LAI and intercepted radiation of 

bulb brassicas sown later than mid-January or early February as a strategy to 

maximize shoot production until the accumulation of 900-1000oCd, to improve 

bulb dry matter accumulation 

 Resistance of cultivars to aphid attack, especially at later sowing dates 
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10 Appendix 

Appendix 10.1 Example of the estimation of the base and maximum temperatures (Tb and Tm) by 

the bilinear model. 

Genstat produces estimates of parameters such as: 

parameter estimate se

breakpoint X 33.262 0.243

breakpoint Y 1.0042 0.0243

slope 1 0.0297 0.00145

slope 2 -0.212 0.0147  

Base and maximum temperatures are given by the X value at intersection of lines from: 

Breakpoint Y = a1+slope1*breakpoint X, 

So a1 = breakpoint Y – slope1*breakpoint X, 

So 0 = a1+slope1*breakpoint X 

Solving for breakpoint X: 

Breakpoint X = -a1/slope1 = -(breakpoint Y-slope1*breakpoint X)/slope1 = -(breakpoint Y/slope1-
breakpoint X) 

Similarly for breakpoint X2 = -(breakpoint Y/slope2-breakpointX2) 

Appendix 10.2 Estimation of cardinal temperatures by the line plus exponential model using 

Genstat. 

 For base and maximum temperatures (Tb and Tm) we have the expression A+B*RTb or 

m*lnR+C2, where the command ‘initial’ on Genstat allows to give a starting value for T. In 

other words, for Tb a value of 1 was used while for Tm a value of 30 was used for the 

command ‘initial’. 



 

217 

 

 For optimal temperature (Topt) we have the expression B*RTopt*lnR+C2 = 0. This comes 

from the fact that the slope is indicated when dy/dx = 0. 

Appendix 10.3 Estimation of cardinal temperatures by the Lactin model using Genstat. 

 For Tb and Tm we have (exp(A*Tb or m)-exp(A*B-(B-Tb or m)/C)-D)2, where the ‘initial’ 

command was used to give a starting value for T. Again, for Tb lower values like 1 were 

used while for Tm higher values like 40 were used. 

 For Topt we have (exp(A*Topt)-exp(A*B-(B-Topt)/C)/C)2 = 0. This is due to the fact that the 

slope is indicated when dy/dx = 0. 

Appendix 10.4 Parameters of the linear model presented in Table 3.3. 

Cultivar a se a b se b

 'Barkant' -0.17 0.03 0.055 0.002

 'Gree Globe' -0.22 0.05 0.058 0.003

 'Pasja' -0.51 0.09 0.086 0.005

'Aparima Gold' -0.04 0.02 0.034 0.001

 'Goliath' -0.14 0.05 0.046 0.003

 'Titan' -0.17 0.03 0.036 0.002

 'Gruner' 0.03 0.02 0.015 0.001

 'Regal' -0.02 0.03 0.018 0.002

Raphanobrassica -0.06 0.02 0.022 0.001  
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Appendix 10.5 Parameters of the Lactin model presented in Table 3.4. 

Cultivar A se A B se B C se C D se D

 'Barkant' 0.066 0.035 43.3 2.04 10.3 1.14 0.89 0.66

 'Green Globe' 0.056 0.082 43.5 2.47 10.0 8.53 1.00 1.23

 'Pasja' 0.132 0.009 39.5 0.28 7.29 0.41 0.18 0.12

 'Aparima Gold' 0.096 0.007 38.8 0.39 9.73 0.53 0.18 0.89

 'Goliath' 0.119 0.010 38.2 0.30 8.08 0.53 0.10 0.10

 'Titan' 0.028 0.002 41.1 0.44 5.41 0.85 1.12 0.04

 'Gruner' 0.016 0.002 39.9 0.77 5.29 1.06 0.99 0.02

 'Regal' 0.038 0.060 41.9 6.89 13.8 7.34 0.81 1.09

Raphanobrassica 0.021 0.004 40.2 1.04 6.38 1.82 1.04 0.03

B. rapa 0.088 0.010 41.8 0.79 10.4 0.79 0.35 0.12

B. napus 0.103 0.008 38.7 0.34 9.22 0.52 0.19 0.08

B. oleracea 0.050 0.004 38.5 0.23 9.84 0.62 0.92 0.09  

Appendix 10.6 Parameters of the bilinear model presented in Table 3.5. 

Cultivar breakpoint X se breakpoint X breakpoint Y se breakpoint Y b1 se b1 b2 se b2

 'Barkant' 29.1 0.90 1.69 0.06 0.07 0.01 -0.07 0.02

 'Green Globe' 28.3 0.57 1.53 0.04 0.06 0.00 -0.07 0.01

 'Pasja' 34.1 0.36 2.43 0.08 0.09 0.00 -0.39 0.05

 'Aparima Gold' 33.3 0.24 1.00 0.02 0.03 0.00 -0.21 0.01

 'Goliath' 33.0 0.33 1.40 0.04 0.05 0.00 -0.28 0.03

 'Titan' 32.7 0.46 0.92 0.03 0.03 0.00 -0.17 0.02

 'Gruner' 28.3 0.45 0.44 0.02 0.01 0.00 -0.07 0.01

 'Regal' 23.7 0.71 0.41 0.02 0.02 0.00 -0.03 0.00

Raphanobrassica 28.3 0.60 0.49 0.03 0.02 0.00 -0.07 0.01  

Appendix 10.7 Parameters of the line plus exponential model presented in Table 3.5. 

Cultivar R se R B se B C se C A se A

 'Barkant' 1.31 0.02 0.00 0.00 0.04 0.00 -0.05 0.02

 'Green Globe' 1.21 0.08 0.00 0.00 0.07 0.01 -0.35 0.12

 'Pasja' 1.37 0.06 0.00 0.00 0.05 0.00 -0.18 0.06

 'Aparima Gold' 1.16 0.04 -0.01 0.01 0.07 0.01 -0.35 0.08

 'Goliath' 1.24 0.05 0.00 0.00 0.02 0.00 0.00 0.03

 'Titan' 1.64 0.19 0.00 0.00 0.09 0.01 -0.51 0.10

 'Gruner' 1.21 0.05 0.00 0.00 0.02 0.00 -0.06 0.04

 'Regal' 1.11 0.03 -0.02 0.03 0.03 0.01 -0.05 0.02

Raphanobrassica 1.27 0.04 0.00 0.00 0.04 0.00 -0.18 0.05  
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Appendix 10.8 Equations for the logistic functions fitted to the total dry matter production data 

presented in Figure 5.1. 

Sowing date Equation R2

November (SD1) 16+12026/{1+exp[-0.00623*(x-1219.2)]} 0.95

December (SD 2) -160+10534/{1+exp[-0.006657*(x-993.3)]} 0.99

February (SD 4) 150+4584/{1+exp[-0.0049*(x-1064.4)]} 0.97

March (SD 5) 80.2+2323/{1+exp[-0.00765*(x-932.7)]} 0.99  

Appendix 10.9 Equations for the logistic functions fitted to the bulb dry matter production data 

presented in Figure 5.1. 

Sowing date Equation R2

November (SD1) -246+10226/{1+exp[-0.002553*(x-1909.5)]} 0.97

December (SD 2) -309+6920/{1+exp[-0.003385*(x-1397.5)]} 0.97

February (SD 4) 70.6+1991/{1+exp[-0.0079*(x-1296.9)]} 0.97

March (SD 5) 9.4+753.3/{1+exp[-0.006784*(x-1102.2)]} 0.99  

Appendix 10.10 Equations for the logistic functions fitted to the total dry matter production data 

presented in Figure 5.2. 

Sowing date Equation R2

November (SD1) 79+15259/{1+exp[-0.00786*(x-815.5)]} 0.99

December (SD 2) 142+11663/{1+exp[-0.00752*(x-736.1)]} 0.99

Jnauary (SD 3) 0+4640/{1+exp[-0.0168*(x-583.3)]} 0.89

February (SD 4) 31+5365/{1+exp[-0.00646*(x-651.8)]} 0.92

March (SD 5) 52+3311/{1+exp[-0.0153*(x-518.4)]} 0.98  

Appendix 10.11 Equations for the logistic functions fitted to the bulb dry matter data presented in 

Figure 5.2. 

Sowing date Equation R2

November (SD1) 63+5856/{1+exp[-0.0115*(x-856.3)]} 0.99

December (SD 2) 68+4334/{1+exp[-0.01165*(x-813.1)]} 0.95

Jnauary (SD 3) -129+3310/{1+exp[-0.00418*(x-829.8)]} 0.91

February (SD 4) 134.8+1940/{1+exp[-0.0203*(x-769.2)]} 0.95

March (SD 5) 27.01+942.4/{1+exp[-0.024*(x-586.3)]} 0.97  
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Appendix 10.12 Equations for the logistic functions fitted to the total dry matter production data 

presented in Figure 5.3. 

Sowing date Equation R2

November (SD1) -266+11978/{1+exp[-0.00608*(x-760.2)]} 0.98

December (SD 2) 12.8+9973/{1+exp[-0.00892*(x-689.1)]} 0.99

Jnauary (SD 3) 513+5330/{1+exp[-0.00561*(x-425)]} 0.88

February (SD 4) 223+5542/{1+exp[-0.00807*(x-676.1)]} 0.94

March (SD 5) 104+3529/{1+exp[-0.01705*(x-541.8)]} 0.98  

Appendix 10.13 Equations for the logistic functions fitted to the bulb dry matter production data 

presented in Figure 5.3. 

Sowing date Equation R2

November (SD1) 126+5330/{1+exp[-0.01254*(x-935.6)]} 0.96

December (SD 2) 62+4574/{1+exp[-0.01243*(x-846.16)]} 0.99

Jnauary (SD 3) -5+3047/{1+exp[-0.00726*(x-914.9)]} 0.94

February (SD 4) 160+1985/{1+exp[-0.02395*(x-784.1)]} 0.94

March (SD 5) 23.6+1382.5/{1+exp[-0.01968*(x-622.17)]} 0.99  

Appendix 10.14 Equations of the regressions presented in Figure 5.4. 

Sowing date equation R2

November (SD 1) y = 0.015 (±0.002) x - 2.88 (±1.01) 0.93

December (SD 2) y = 0.021 (±0.002) x - 3.78 (±1.17) 0.91

February (SD 4) y = 0.010 (±0.001)x - 0.35 (±0.71) 0.95  

Appendix 10.15 Equations of the regressions presented in Figure 5.5. 

Sowing date equation R2

November (SD 1) y = 0.022 (±0.001) x-0.82 (±0.73) 0.95

December (SD 2) y = 0.025 (±0.002) x - 0.82 (±0.56) 0.96

February (SD 4) y = 0.015 (±0.001)x + 1.53 (±0.81) 0.93  
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Appendix 10.16 Equations of the regressions presented in Figure 5.6. 

Sowing date equation R2

November (SD 1) y = 0.018 (±0.001)x + 0.81 (±0.54) 0.98

December (SD 2) y = 0.025 (±0.002)x + 1.26 (±0.55) 0.95

February (SD 4) y = 0.018 (±0.002)x + 0.47 (±0.99) 0.93  

Appendix 10.17 Equations of the exponential functions in Figure 5.9. 

Sowing date R B A

November (SD1) 0.998 (±0.00014) 45.3 (±5.37) -0.12 (±0.22)

December (SD 2) 0.997 (±0.00008) 123 (±8.03) 0.35 (±0.05)

February (SD 4) 0.999 (±0.00033) 16.3 (±2.36) -0.17 (±0.93)

March (SD 5) 0.998 (±0.00007) 24.0 (±11.0) 1.71 (±0.64)  

Appendix 10.18 Equations of the exponential functions in Figure 5.10. 

Sowing date R B A

November (SD1) 0.997 (±0.00041) 45.7 (±10.8) 0.18 (±0.14)

December (SD 2) 0.997 (±0.00013) 45.8 (±1.94) 0.01 (±0.10)

Jnauary (SD 3) 0.993 (±0.00087) 607 (±16.0) 0.66 (±0.09)

February (SD 4) 0.996 (±0.00084) 35.9 (±19.9) 0.88 (±0.35)

March (SD 5) 0.994 (±0.00283) 75.6 (±45.2) 1.40 (±1.06)  

Appendix 10.19 Equations for the logistic curves fitted to ‘Green Globe’ total dry matter 

production in Figure 6.1 for four sowing dates and two treatments, with plastic cover (p) and no 

plastic cover (np). 

Sowing date Cover Equation

December (SD 1) np 46+10628/{1+exp[-0.02442*(x-534.5)]}

p -87+15803/{1+exp[-0.011114*(x-737.22)]}

January (SD 2) np -60+7907/{1+exp[-0.01499*(x-491.8)]}

p -227+10197/{1+exp[-0.00868*(x-645.8)]}

February (SD 3) np -29+3450/{1+exp[-0.01491*(x-451.1)]}

p -45+4227/{1+exp[-0.00261*(x-11.1)]}

March (SD 4) np -50+1499/{1+exp[-0.00795*(x-472.7)]}

p 23+3007/{1+exp[-0.01607*(x-399.6)]}  
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Appendix 10.20 Equations for the logistic curves fitted to ‘Green Globe’ bulb dry matter 

production in Figure 6.1 for four sowing dates and two treatments, with plastic cover (p) and no 

plastic cover (np).  

Sowing date Cover Equation

December (SD 1) np -140+5282/{1+exp[-0.0065*(x-806.2)]}

p -318+6952/{1+exp[-0.005785*(x-979.7)]}

January (SD 2) np 18.8+3074.9/{1+exp[-0.01143*(x-743.31)]}

p 56.6+3576.9/{1+exp[-0.012901*(x-832.54)]}

February (SD 3) np -22+2165/{1+exp[-0.00954*(x-692.2)]}

p 38+2064/{1+exp[-0.01194*(x-708.3)]}

March (SD 4) np 30.2+553.2/{1+exp[-0.0303*(x-655.5)]}

p -73+2214/{1+exp[-0.00735*(x-673.4)]}  

 

Appendix 10.21 Hypocotyl thickness of ‘Goliath’ over thermal time (oCd) accumulated from 

sowing (Tb=3.9oC) in four sowing dates and three environments at Lincoln University, New 

Zealand in 2011/2012: Fletcher glasshouse (●), outside (○) and Aluminex glasshouse (▲); a) 

December (SD 1), b) January (SD 2), c) February (SD 3) and d) March (SD 4)  
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Appendix 10.22 Leaf and bulb dry matter (DM) yields of ‘Aparima Gold’ swede sown in four dates 

and grown in three environments at Lincoln University, New Zealand in 2011/2012. 

Fletcher Aluminex Outside Fletcher Aluminex Outside

December (SD 1) 4.33 * 1.66 2.54 * 2.33

January (SD 2) 7.95 4.34 2.49 4.13 4.50 3.89

February (SD 3) 17.6 11.7 12.8 5.45 4.17 4.45

March (SD 4) 31.8 39.0 4.97 14.7 19.9 1.21

Leaf (DM) Bulb (DM)
Sowing date

 

Appendix 10.23 Leaf and bulb dry matter (DM) yields of ‘Barkant’ turnip sown in four dates and 

grown in three environments at Lincoln University, New Zealand in 2011/2012. 

Fletcher Aluminex Outside Fletcher Aluminex Outside

December (SD 1) 4.85 * 2.53 3.73 * 3.36

January (SD 2) 5.98 3.57 3.95 3.09 3.80 6.72

February (SD 3) 11.8 7.3 8.0 10.27 6.66 4.26

March (SD 4) 35.1 35.4 13.31556 9.0 11.2 7.51

Sowing date
Leaf (DM) Bulb (DM)

 

Appendix 10.24 Leaf and bulb dry matter (DM) yields of ‘Green Globe’ turnip sown in four dates 

and grown in three environments at Lincoln University, New Zealand in 2011/2012. 

Fletcher Aluminex Outside Fletcher Aluminex Outside

December (SD 1) 3.61 * 2.42 7.51 * 3.36

January (SD 2) 7.93 2.40 4.84 1.82 4.23 2.50

February (SD 3) 16.0 6.9 26.1 1.97 1.76 5.67

March (SD 4) 25.2 27.7 7.932 3.2 2.2 8.68

Sowing date
Leaf (DM) Bulb (DM)

 

Appendix 10.25 Leaf and root dry matter (DM) yields of ‘Goliath’ rape sown in four dates and 

grown in three environments at Lincoln University, New Zealand in 2011/2012. 

Fletcher Aluminex Outside Fletcher Aluminex Outside

December (SD 1) 9.08 * 3.06 2.86 * 2.59

January (SD 2) 7.73 6.37 4.38 2.19 2.52 2.47

February (SD 3) 27.6 20.3 476.3 2.36 2.51 3.84

March (SD 4) 62.1 46.1 5.3925 24.7 16.1 0.80

Sowing date
Leaf (DM) Root (DM)
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Appendix 10.26 Equations of the linear regressions presented in Figure 7.2. 

Sowing date Regression R2

December (SD 1) solid line 0.99

December (SD 1) dotted line 0.98

January (SD 2) solid line 0.98

January (SD 2) dotted line 0.99

February (SD 3)   solid line 0.94

February (SD 3)   dashed line 0.99

March (SD 4) solid line 0.99

y = 0.017 (±0.0003) -3.32 (±0.25)

y = 0.015 (±0.0003) -3.81 (±0.26)

Equation

y = 0.012 (± 0.0003) -0.91 (±0.10)

y = 0.011 (±0.0004) -0.47 (±0.23)

y = 0.010 (±0.0004) -0.55 (±0.30)

y = 0.009 (±0.0004) +0.28 (±0.27)

y = 0.011 (±0.0005) -1.68 (±0.53)

 

Appendix 10.27 Phyllochron based on thermal time accumulated by the Lactin daily thermal time 

model for B. napus sown in three environments and four dates at Lincoln University, New Zealand 

in 2011/2012. 

Sowing date Fletcher Aluminex Outside

December (SD 1) 114.9 * 109.8

January (SD 2) 122.6 131.0 130.1

February (SD 3) 101.0 126.0 73.0

March (SD 4) 75.6 79.5 82.1

lsd1 13.48

lsd2 13.89  

Note: lsd
1
 refers to the interaction in the comparison among all sowing dates; lsd

2
 refers to the interaction 

in the comparison among all environments. 

Appendix 10.28 Equations of the linear regressions presented in Figure 7.4. 

Sowing date Regression R2

December (SD 1) solid line 0.97

December (SD 1) dotted line 0.96

January (SD 2) solid line 0.95

January (SD 2) dotted line 0.99

February (SD 3)   solid line 0.99

February (SD 3)   dashed line 0.98

March (SD 4) solid line 0.98

March (SD 4) dashed line 0.97

y = 0.020 (±0.0005) -0.20 (±0.30)

y = 0.017 (±0.0005) -0.90 (±0.37)

y = 0.029 (±0.0005) -2.57 (±0.22)

y = 0.022 (±0.0008) -3.17 (±0.61)

y = 0.051 (±0.0035) -7.04 (±0.99)

Equation

y = 0.019 (±0.0015) -0.25 (±0.51)

y = 0.018 (±0.0012) +0.85 (±0.51)

y = 0.015 (±0.0010) +0.66 (±0.53)
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Appendix 10.29 Phyllochron based on thermal time accumulated by the Lactin and ‘triangle’ daily 

thermal time models for ‘Barkant’ sown in three environments and four dates at Lincoln 

University, New Zealand in 2011/2012. 

Fletcher Aluminex Outside Fletcher Aluminex Outside

December (SD1) 60.7 * 54.5 59.6 * 54.4

January (SD 2) 77.5 69.7 57.2 73.9 68.2 59.1

February (SD 3) 59.5 71.2 41.7 55.9 68.2 44.2

March (SD 4) 50.7 45.5 22.0 50.1 46.1 24.8

lsd1 8.13 8.55

lsd2 8.01 8.07

Lactin Triangle
Sowing date

 

Note: lsd
1
 refers to the interaction in the comparison among all sowing dates; lsd

2
 refers to the interaction 

in the comparison among all environments. 

Appendix 10.30 Equations of the linear regressions presented in Figure 7.6. 

Sowing date Regression R2

December (SD 1) solid line 0.98

December (SD 1) dotted line 0.98

January (SD 2) solid line 0.98

January (SD 2) dotted line 0.98

February (SD 3)   solid line 0.98

February (SD 3)   dashed line 0.99

March (SD 4) solid line 0.98

March (SD 4) dashed line 0.95

y= 0.042 (±0.0007) -5.57 (±0.34)

y = 0.025 (±0.0008) -5.26 (±0.63)

y = 0.043 (±0.0034) -6.75 (±1.00)

Equation

y = 0.015 (±0.0007) -0.11 (±0.23)

y = 0.019 (±0.0009) +0.14 (±0.30)

y = 0.015 (±0.0006) -0.56 (±0.32)

y = 0.019 (±0.0014) -0.52 (±0.50)

y = 0.020 (±0.0007) -2.59 (±0.36)
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Appendix 10.31 Phyllochron based on thermal time accumulated by the Lactin and ‘triangle’ daily 

thermal time models for ‘Green Globe’ sown in three environments and four dates at Lincoln 

University, New Zealand in 2011/2012. 

Fletcher Aluminex Outside Fletcher Aluminex Outside

December (SD1) 73.1 * 59.3 69.5 * 58.3

January (SD 2) 71.2 76.6 58.8 70.8 74.6 59.8

February (SD 3) 54.9 61.2 27.2 53.5 60.2 28.8

March (SD 4) 43.1 49.4 30.5 43.2 50.2 33.8

lsd1 7.03 7.00

lsd2 7.23 7.44

Lactin Triangle
Sowing date

 

Note: lsd
1
 refers to the interaction in the comparison among all sowing dates; lsd

2
 refers to the interaction 

among all environments. 

Appendix 10.32 Equations of the linear regressions presented in Figure 7.8. 

Sowing date Regression R2

December (SD 1) solid line 0.99

December (SD 1) dotted line 0.98

January (SD 2) dotted line 0.96

February (SD 3)   solid line 0..96

February (SD 3)   dotted line 0.99

March (SD 4) solid line 0.95

y = 0.011 (±0.0005) -0.10 (±0.33)

y = 0.017 (±0.0009) -3.57 (±0.32)

y = 0.023 (±0.0004) -6.96 (±0.29)

0.016 (±0.0008) -2.64 (±0.51)

Equation

y = 0.013 (±0.0007) -0.46 (±0.35)

y = 0.016 (±0.0008) -0.68 (±0.35)
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Appendix 10.33 Phyllochron based on thermal time accumulated by the Lactin daily thermal time 

model for ‘Goliath’ sown in three environments and four dates at Lincoln University, New Zealand 

in 2011/2012. 

Sowing date Fletcher Aluminex Outside

December (SD 1) 84.6 * 70.1

January (SD 2) 101.0 104.4 100.6

February (SD 3) 70.4 71.1 45.0

March (SD 4) 57.5 54.6 50.5

lsd1 8.03

lsd2 11.36

lsd3 9.41  

Note: lsd
1
 refers to environment and lsd

2
 refers to sowing date in the comparison among all sowing dates; 

lsd
3
 refers to environment and sowing date in the comparison among all environments. 

Appendix 10.34 Parameters for the logistic curves presented in Figure 7.10. 

Sowing date Curve B M C A R2

December (SD 1) solid line 0.003 (±0.0003) 1157 (±60) 28 (±3.22) 0.30 (±0.23) 99.9

December (SD 1) dashed line 0.004 (±0.0004) 922.4 (±61) 33 (±4.22) -0.55 (±0.40) 99.9

January (SD 2) solid line 0.003 (±0.0003) 1537 (±161) 40 (±15.8) 0.34 (±0.33) 94.7

January (SD 2) dashed line 0.003 (±0.0005) 1071 (±109) 50 (±10.2) -2.92 (±1.67) 99.8

February (SD 3) solid line 0.004 (±0.0004) 1530 (±44.6) 26 (±2.35) 1.04 (±0.29) 99.6

February (SD 3) dashed line 0.004 (±0.0007) 975.4 (±60.8) 47 (±7.65) -0.98 (±1.07) 99.6

March (SD 4) solid line 0.001 (±0003) 4191 (±56) 1251 (±31.0) -4.27 (±1.43) 89.5

March (SD 4) dashed line 0.001 (±0.0006) 3882 (±103) 685 (±50.4) -7.662 (±2.17) 93.3  

Appendix 10.35 Parameters for the logistic curves presented in Figure 7.12. 

Sowing date Curve B M C A R2

December (SD 1) solid line 0.006 (±0.0003) 632.7 (±8.31) 27 (±0.79) 0.12 (±0.22) 99.9

December (SD 1) dashed line 0.007 (±0.0007) 376.2 (±11.2) 27 (±1.81) -1.70 (±0.91) 99.7

January (SD 2) solid line 0.007 (±0.0006) 690.7 (±41.4) 25 (±3.77) 0.52 (±0.99) 87.0

January (SD 2) dashed line 0.004 (±0.0015) 411.6 (±47.6) 52 (±15.5) -11.58 (±9.62) 99.5

February (SD 3) solid line 0.007 (±0.0004) 916.5 (±11.6) 40 (±1.68) 0.51 (±0.49) 99.3

February (SD 3) dashed line 0.009 (±0.0011) 539.0 (±21.6) 45 (±5.24) -0.27 (±0.97) 99.7

March (SD 4) solid line 0.003 (±0.0003) 2294 (±40.2) 913 (±13.2) 1.90 (±0.97) 89.1

March (SD 4) dashed line 0.015 (±0.0084) 619.0 (±117.6) 514 (±81.5) 0.55 (±1.53) 97.9  
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Appendix 10.36 Parameters for the logistic curves presented in Figure 7.14. 

Sowing date Curve B M C A R2

December (SD 1) solid line 0.002 (±0.0008) 3079 (±195) 2348 (±96.7) -2.08 (±1.49) 99.7

December (SD 1) dashed line 0.006 (±0.0007) 615.3 (±44.3) 43 (±6.16) -0.75 (±0.68) 99.8

January (SD 2) solid line 0.003 (±0.0006) 965.0 (±40.2) 24 (±1.72) -0.71 (±0.18) 97.5

January (SD 2) dashed line 0.004 (±0.0009) 1000 (±248) 135 (±86.7) -2.19 (±1.85) 99.8

February (SD 3) solid line 0.005 (±0.0004) 974.1 (±32.5) 25 (±2.46) 0.16 (±0.33) 98.5

February (SD 3) dashed line 0.007 (±0.0015) 641.5 (±83.3) 87 (±29.7) -2.54 (±2.13) 99.4

March (SD 4) solid line 0.003 (±0.0005) 2231 (±203) 669 (±142) 1.08 (±0.76) 90.5

March (SD 4) dashed line 0.017 (±0.0033) 683.9 (±24.4) 1169 (±13.4) 0.90 (±0.32) 97.5  
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