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Sowing an appropriate cultivar of subterranean (sub) clover is important for successful
dryland farming systems. To be economically feasible, sub clover cultivars must be
competitive and accumulate biomass in the initial vegetative phases for animal production.
As an annual legume, the sub clover cultivars also need to produce a sufficient number of
inflorescences and viable seeds for regeneration in the following season and following years.
Quantification of the life cycle of sub clover is essential for its successful use in New Zealand
pastoral systems. This thesis quantifies the effects of environment (e. g. temperature and
photoperiod) on sub clover vegetative and reproductive development, including time of
flowering, seed set and hardseededness.
A reanalysis of published literature for sub clover cultivars grown in different latitudes across
Oceania showed that flowering ocurred after 44 to 271 days, or 628 to 2600 oCd (Tb=0). The
mean thermal time requirement to flowering (TT50F) for New Zealand was 1551oCd and for
the Australian datasets it was 1259oCd. Sub clover cultivars showed an extensive range of
flowering time, up to 78 days (or ~1800oCd) in Australia with the strong seasonality due to
the photoperiod changes. The Australian dataset allowed estimation of the rate to TT 50F
under a decreasing photoperiod. It was 831oCd/hour and 977oCd/hour for “early” and “late”
cultivar groups, respectively. There was a limited dataset to compare cultivars under several
sowing dates in New Zealand conditions.

In a laboratory experiment, cardinal temperatures and thermal time requirements for
germination of four new introduced cultivars were quantified. For all four the base
temperature (Tb) was equal to zero. The optimum temperature (Topt) was 16oC for ‘Monti’
and ‘Narrikup’ but 22oC for ‘Antas’ and ‘Denmark’. The maximum temperature (Tmax) was
i

36oC for ‘Antas’ and Denmark and 39oC for Monti and Narrikup. The thermal time
requirement for 50% germination was ~36oCd.
The phenological development of sub clover cultivars was quantified under both controlled
environment and field conditions. The sowing dates provided a contrasting environment (E)
which enabled to quantify unifying relationships for both phenological and hardseededness
responses. For the phenological stages, E explained 75 to 90% of total variability. The
duration of vegetative development phases, from emergence (V1) to runner initiation (VR),
was more influenced by environment (sowing dates) than by genotypes (cultivars). A
common thermal time requirement for emergence of ~102oCd was found for all cultivars.
This was followed by ~269oCd for first trifoliate-leaf appearance (V3) with a constant
phyllochron ~52oCd/leaf from July to February. During autumn (March and May sowing
dates) the phyllochron increased by ~30% in all cultivars. At approximately 400oCd (5 to 6
trifoliate leaves) the rate of leaf appearance changed from linear to exponential due to the
appearance of the first runner and secondary leaf production.
The minimum thermal time requirement (and number of days) for all cultivars to complete
their life cycle (V0-R11) was 1434±125.0 oCd (123±6.0 days) for ‘Antas’; 1379±72.0oCd
(134±4.6 days) for ‘Denmark’; 1407 ± 129.0oCd for ‘Leura’; 1269±37. oCd for ‘Monti’;
1353±44.0oCd for ‘Narrikup’ and 1320±82.8oCd for ‘Woogenellup’.
The differences in duration of the life cycle were explained by changes in individual
phenophases in response to genotype and sowing dates. The runner extension to floral bud
phase (VR-R1) was the longest within the sub clover life cycle. This represents the window
appropriate for animals to graze the plants without compromising flowering and seed set.
The photoperiod tested ranged from 10.0 to 16.5 hours. For increasing photoperiods,
thermal time to flowering was constant at an average of 1033± 62oCd. In contrast, for
decreasing photoperiods there was an increase in the time to flowering from 1041±190 oCd
at 13 hours to 2409±88 oCd at 16.5 hours photoperiod. The differences between cultivar
groups were evident when sowing occurred in decreasing photoperiod sowing dates.The
estimated rate to TT50F under the decreasing photoperiod was 458oCd/hour and
545oCd/hour for “early” and “late” cultivar groups, respectively. The base photoperiod to
TT50F determined for the “early” cultivars was 11.5 hours and 12.2 hours for the “late”
cultivars.
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Seed yield was mainly affected by sowing date. For the ungrazed monoculture subterranean
clover plots, the total mean seed yield ranged from 180 kg/ha from a March sowing
(‘Woogenellup’) to 2500 kg/ha for a September sowing (‘Narrikup’), when the greatest yields
were observed across all cultivars.
For hardseededness related variables (HSmax and HSbreak) the effect of genotype (G) was
greater than for crop development and ranged from 38% to 41%. The G effect on
hardseededness was characterised by the presence of soft and hard cultivars. HS max
observed in ‘Antas’ was an average of 55% from September to April sowing dates. This
contrasted with the high values measured in ‘Monti’ (86%) and ‘Denmark’ (80%) which
showed less difference among sowing dates. E represented 79% of the variability explaining
the percentage normal seedlings, which decreased as the sowing date advanced from 87% in
June (S1) to 60% in February (S6).
The biochemical components of seed coat that explained the G effect were cellulose, cutin,
suberin and esters. The Fourier transform infrared microspectroscopy (FTIR) and Attenuated
Total Reflectance (ATR) analysis of the seed coat for these substances might assist
phenotyping for hardseededness in future selection and breeding programs for sub clover
and other legume pastures species. At an agronomic level, the insights from this research
can improve management and usage of sub clover in New Zealand’s agricultural systems. At
the research level, such understanding shows physiological and biochemical mechanisms to
inform breeding and improve predictive models of pasture production.

Keywords: Trifolium subterraneum, yanninicum, brachycalycinum, phenology, thermal time,
vegetative, reproductive, phyllochron, hardseededness, seed yield, seed coat, germination,
cuticle, biochemical compounds.
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maximum standard error of the mean. Solid black line represents the maximum emergence
rate (slope = 0.013days/oC). The dashed line represents the reported emergence rate (slope=
0.009 days/oC) based on published values for ‘Mount Barker’ (Moot et al. 2000, Lonati et al.
2009).
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represents only one replicate which reached R3),’Denmark’ (△), ‘Leura’ (□), ,’Woogenellup’ (
). Bars represent the maximum standard error of the mean for the sowing dates.
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Regression coefficients are presented in the text (Equations 10-13).
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Chapter 1 General Introduction
Optimizing the balance between pasture quality and quantity is a major goal of forage
management programmes to achieve desired levels of animal weight gain or milk production
in pastoral systems. Subterranean clover (sub clover, Trifolium subterraneum L.) is of
particular value in New Zealand pastures where the performance of perennial legumes is
limited by summer dry conditions (Dodd et al. 1995). Traditional New Zealand pastures
based on perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.) are
productive and persistent in areas of high rainfall (>1200 mm) and fertile soils (Brock and
Hay 2001) but unreliable in low rainfall dryland pastoral systems where sub clover can thrive
(Moot 2012).

Significant gains in pasture yield and quality have been reported when sub clover is well
managed (Mills et al. 2008) and in summer dry conditions where other legumes do not
succeed or persist (Mills et al. 2015a). For example, dryland sub clover yields from MarchSeptember ranged up to 7 t DM/ha in Canterbury (Mills et al. 2015a). In the same location,
annual forage yields were 40% higher for sub clover when it was used as a comparison species
than white clover (Lucas et al. 2015; Mills et al. 2015a). As a result, spring animal live weight
gains from sub clover/grass mixed pastures can be equal to or greater than those from lucerne
monocultures (Mills et al. 2015b). Similarly in Australia, sub clover pastures produced 6-7 t
DM/ha by early October with mean crude protein concentrations of 19% in spring (Ru and
Fortune 1999; Norman et al. 2005). Sub clover can improve forage productivity, regenerate
the soil through nitrogen fixation (Gillingham et al. 2003) and increase farm profitability,
particularly from early season growth (Grigg et al. 2008). This is especially important on the
dry hill and unirrigated lowland pastures that have low summer-autumn rainfall and soil
moisture levels are below those required for active pasture growth through summer.
The centre of origin for sub clover is the Mediterranean, the Atlantic coast of Western Europe
and West Asia regions (Ghamkhar et al. 2014). To date there are no commercial cultivars bred
in New Zealand, so sub clover seeds available are bred and imported from Australia (Lucas et
al. 2015; Teixeira, Lucas, et al. 2017). Therefore, improved understanding of the interactions
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between the temperate New Zealand environment and imported sub clover genotypes is
crucial to support dryland farmers’ adoption and management of sub clover based pastures.
1.1

Rationale

To provide management advice to farmers to enhance economic and environmental
sustainability of sub clover use in New Zealand, it is necessary to understand how
environmental factors affect mechanisms that control the life cycle (phenology), seed yield
and regeneration of sub clover pastures. As a winter active legume, sub clover has greater
potential to fix atmospheric nitrogen and provide high quality feed earlier in spring, than
other forage legumes (Undersander et al. 2014). The sub clover genotypes commercialised in
New Zealand were selected and bred overseas, particularly in continental hot and dry
Australia and Europe. It is unclear how the life cycle and particularly the reproductive
development (i.e. time to flowering and seed formation) and hardseededness (i.e. seed coatimposed dormancy) respond to the cool temperate New Zealand climate. The ability to
estimate the progression to flowering and seed formation, in different sub clover genotypes,
is important to inform optimal management regimes to maximise vegetative growth without
compromising seed set. Seed set is the key aspect to continued regeneration of sub clover
annually. Similarly, an understanding of the processes controlling hardseededness would
enable the management of regeneration rates in sub clover swards, which ultimately
influence the stand longevity, continuity and profitability of sub clover based pastures.
Therefore, the overall aim of this thesis is to develop sub clover management guidelines for
New Zealand dryland farmers based on improved understanding of the plant’s life cycle. This
includes the ability to match cultivars to regions based on their time to flower and seed set.

1.2

Research objectives

This research investigated some of the limitations of the existing knowledge about sub
clover, particularly, vegetative development, flowering time, seed set and hardseededness in
New Zealand. This was done through reanalysis of published data and a series of field and
controlled environment experiments undertaken between 2015 and 2018 with the following
five objectives:
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1. To quantify the time (days, thermal and photothermal time, oCd) to flowering for sub
clover cultivars classified as being of different maturities grown in different locations.
Based on that, to estimate the thermal time requirements to flowering of sub clover
cultivars of these different maturity groups (Chapter 3).
2. To create a numerical development scale to record sub clover phenological phases to
assist the quantification of the thermal time requirements for vegetative
phenophases, from germination to runner appearance, including the phyllochron
(Chapter 4).
3. To quantify the thermal time requirements during the reproductive phenophases;
specifically, the time to first floral bud appearance, duration of the blooming period
and the time from open flower to physiological maturity (Chapter 4).
4. To quantify seed yield, seed germinability, hardseededness and the hardseed
breakdown for different cultivars of sub clover (Chapters 4 and 5).
5. To explore potential mechanisms involved in hardseededness with a particular focus
on plant polymer deposition on the sub clover seed coat (Chapter 6).

To meet the research aim and objectives an initial literature review was undertaken (Chapter
2). This is followed by a reanalysis of the current knowledge on sub clover in Oceania to
meet Objective 1. This systematic approach involved quantifying a comprehensive database
of flowering time observations documented in Australia and New Zealand over a period of
50 years.
To meet Objectives 2 and 3, a field and a controlled environment experiment were
implemented over two seasons, 2015-2016 and 2016-2017. These assessed the phenological
stages of sub clover with a focus on determining the life cycle response of commercial
cultivars to a range of abiotic conditions. To create the range in abiotic conditions, cultivars
were grown across a sequence of sowing dates that exposed them to increasing and
decreasing photoperiods and different temperature regimes. A controlled environment
experiment was also required to isolate the confounded temperature and photoperiod
effects and therefor validate field results and quantify the time from flowering to
physiological maturity at an individual inflorescence (Objective 3).
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The field experiment also examined how environment (sowing date) affected cultivar seed
yields and the development of hardseededness (Objective 4). In addition, a series of
laboratory experiments were conducted in 2015-2016, 2016-2017 and 2017-2018 to assess
the percentage of hard seeds, seedling status (Objective 4) and biochemical imaging of the
seed coat (Objective 5) of the different cultivars used from the field experiment.
Figure 1.1 represents the thesis structure. Each chapter contains an introduction, materials
and methods, results, discussion and a summary with main conclusions. Chapter 2 reviews
the literature with emphasis on the environmental factors which determine flowering time,
hardseededness and the physiological basis for genotype differences caused by temperature
and photoperiod. Chapter 3 describes the reanalysis of flowering times in Oceania. Chapter 4
explains the influence of environment on vegetative and reproductive development and
seed yield in a field experiment and Chapter 5 the laboratory experiments which followed.
Chapter 6 contains the subsequent biochemical tests which elucidate the mechanisms of
hardseededness. In Chapter 7 the findings of all the experiments are discussed, the practical
applications from the study are suggested and recommended future research is outlined
with main conclusions presented.
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Figure 1.1.Graphic representation of the thesis structure.
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Chapter 2 Literature Review
2.1 Subterranean clover: origin and distribution
Subterranean clover (sub clover) is a winter annual pasture legume suitable for dryland
areas and can be used in combination with grasses and pasture mixtures (Smetham 2003a;
Ates et al. 2006; Oregon State 2015). It originated in the Mediterranean region and parts of
western Europe and Asia, but is now a widespread pasture legume in Chile, Uruguay, South
Africa, Australia (introduced in 1860), New Zealand (introduced at the end of the 19th
century) and the USA (introduced in the 1930s) (Smetham 2003b, Nichols et al. 2013).
Native clover species are found in three main geo climatic regions: (a) the Mediterranean
basin, (b) western North America, and (c) the highlands of eastern Africa. The Trifolium
genus occurs in an extensive range of habitats, including meadows and prairies, open
woodlands, semi-deserts, mountains, and alpine peaks. A common feature of these diverse
habitats is high solar radiation (Ellison et al. 2006). Within the Trifolium genus the
Trichocephalum clade includes the annual clover species T. subterraneum (Ellison et al.
2006). The main characteristic of this species is the positive geotropism which enables the
plant to bury its burrs into the ground (geocarpic fruit) (Ilnick and Elnache 1992). This is an
adaptative strategy to promote seed germination in dry conditions (Smetham 2011). The
word subterranean comes from the Latin: sub (below) terra (earth).

2.2 Genetic variability and subspecies
The conventional classification of sub clover divides the T. subterraneum species into three
main subspecies which are morphologically different. Characteristics such as leaf and stem
pubescence, geotropism and burr burial, inflorescence and seed (shape and colour) are
traditionally the main attributes to differentiate the plants at the subspecies level (Nichols et
al. 2013). The subspecies are also adapted to different soil conditions (Section 2.3, Table
2.1).
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Table 2.1.Summary of sub clover subspecies and recommended soil characteristics.
(Adapted from: (Brennan & Bolland 1998, Taylor 2005, Ellison et al. 2006, Nichols et al.
2013).
Subspecies

Soil acidity

Drainage

subterraneum (S)

moderately acidic soils of well-drained sandy-loam to loamy clay

(e.g. ‘Mt. Barker’)

pH (H2O) 5.0–8.0

yanninicum (Y)

moderately acidic soils of Poorly

(e.g. ‘Monti’)

pH (H2O) 5.0–8.0

Brachycalycinum

neutral–alkaline soils of pH well-drained stony soils

(B)

(H2O) 7.5–9.5

soils

drained,

high

water-holding

capacity soils; sandy loam to clay soils.

(e.g. ‘Antas’)

Globallly, there are eight yanninicum commercial cultivars available: ‘Monti’, Yarloop’,
‘Trikkala’, ‘Riverina’,’ Gosse’, ‘Larisa’, ‘Napier’ and ‘Meteora’. There are five commercial
brachycalycinum cultivars (‘Rosedale’, ‘Mintaro’ ‘Clare’, ‘Antas’, ‘Nuba’). The subterraneum
subspecies is the most common and with 32 released cultivars. Subterraneums have a wide
distribution on moderately acidic well drained soils (Nichols et al. 2013).

2.3 Climate and soil
The geo climate area where sub clover originated is classified as Csa by the Köppen-Geiger
system. In this system the letter “C” stands for temperate or mesothermal climates; “s”
indicates that the precipitation in the driest summer is less than 40 mm. The letter “a”
indicates hot summers with mean monthly temperatures ≤ 22 °C (Peel et al. 2006).

Sub clovers are found in a range of climatic and soil conditions partly because over many
generations the T. subterraneum species has branched into three subspecies (Ellison et al.
2006). The subspecies yanninicum is adapted to water logged soils while the subspecies
brachycalycinum has evolved to tolerate more alkaline and dry soils (Piano et al. 1996,
Pecetti & Piano 2002). The subterraneum subspecies is the most versatile subspecies found
in areas ranging from 3.7 to 27.3 °C (mean annual temperature), in elevations from sea level
7

to 2940 m above sea level (a.s.l.), in acidic to slightly alkaline soils (Table 2.1) and in average
annual precipitation ranging from <100 to 1540 mm (Ghamkhar et al. 2014). In Western
Australia, this knowledge was synthetized in cultivar recommendations based on the rainfall
and soil characteristics. The agricultural area has been divided into seven zones where
rainfall ranges from 250 to 750 mm (Collins et al. 1984). Today it is summarised in
commercial websites as general guidelines for farmers to choose the most appropriate
cultivar for their conditions (Lincoln Dryland Pasture Team 2016). The area of annual
legumes, mainly sub clover, in Australia is estimated to be 22 million ha (Wolfe 2009).
Statistics on the area of sub clover in New Zealand are unavailable, and the adaptation range
of cultivars to New Zealand conditions is not unknown.

2.4 Annual clovers in New Zealand
In New Zealand, dry hill and unirrigated lowland pastures that have low summer-autumn
rainfall and soil moisture levels below those required for active pasture growth result in low
(2-5%) legume content (Gillingham et al. 2003). However, previous work (Power et al. 2006,
Norbury 2011) reported that annual clovers dominate sunny sites, which demonstrates
adaptation to dry environments. Sub clover can represent 50% of pasture cover in summer,
as found in December in southern areas of New Zealand that experience a late spring season
(Power et al. 2006). Annual clovers are most competitive in New Zealand’s semi-arid
environments, which are in the rain shadow of the alpine ranges, inland, above 350 m a.s.l.,
and have warm summers and cold winters. Annual clovers are also found in dry
environments on the northern faces of hill country (Norbury 2011; Moot 2012) in both
islands and on eastern lowland shallow, stony soils from Hawke’s Bay to North Otago
(Boswell et al. 2003).
For sub clovers the key adaptive feature is flowering and seed burial before the onset of
drought (Francis and Gladstones 1974; Macfarlane and Sheath 1984). The earlier flowering
cultivars are suited to areas with low rainfall (< 500 mm) while the later flowering cultivars
(i.e. ‘Denmark’) are adapted to higher rainfall (> 700 mm) (Nichols et al. 2013). This is
because the early flowering cultivars set seeds before soil moisture reduces drastically in
early summer; for example, in November and December on shallow soils or low rainfall areas
in the South Island of New Zealand (Widdup and Pennell 2000). Where rainfall is variable
(from late October to December) it is a useful strategy to sow an early and a late flowering
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cultivar to find which is adapted to the driest parts of lower north faces (Power et al. 2006).
Combinations of different annual clovers or mixtures of cultivars with different flowering
times can be used to cope with micro climate variability, soil (Collins et al. 1984) and
topographic variations (Power et al. 2006, Lucas et al. 2015).

Despite its adaptability, sub clover growth is commonly limited at high altitudes (>900 m)
due to insufficient thermal time for seed set and production, and it is frost susceptible
(Power et al. 2006). Therefore, it is important to consider on farm situations (altitude,
topography, soil status and moisture) for the successful establishment and growth of sub
clover pastures. The main abiotic factors (temperature, rainfall, soil moisture capacity,
sunshine and topography) define possible general zones and potential seasonally dry areas
that may be suitable for sub clover in New Zealand. The general classification presented here
is based on previous reports and pastoral experience combined with climate zone
information (Smetham 2011; Manaaki Whenua 2016; NIWA 2018).

Dry areas (4-5 months of summer dry): areas in which soil water holding capacity, rainfall
distribution and evapotranspiration limit white clover growth (traditional legume) and where
lucerne and sub clovers grow (Smetham 2003b).
Moderately dry (2-3 months summer dry): areas in which white clover grows well in some
years but fails when precipitation decreases and therefore is less productive. In these
situations sub clover has potential (Mills et al. 2008).

Sunny, steep hills (East Coast of both islands): traditionally white clover prevails in these
areas. Rain runs off steep hills and water loss can be approximately 30%. There is the
potential for lucerne and sub clover to contribute to soil regeneration and pasture
productivity in this situation (Brown et al. 2006)

Non-drought/summer irrigated areas: white clover is dominant and droughts are rare (i.e.
West Coast South Island, Taranaki) (Chapman et al. 1986).

Knowledge of the sub clover life cycle, based on the environmental factors, is needed to
identify which sub clover fits each of the New Zealand climate zones.
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2.5 Cultivars
Most of the cultivars sown in New Zealand have been imported from Australia. Cultivars
released since the late 1990s have been selected in Australia for low oestrogen content,
persistence and productivity. They are differentiated based on flowering time and seed
maturity, hardseededness and pest and disease resistance (Department of Primary Industry
NSW 2004; Nichols et al. 2014). A large genetic resource, either collected from the
Mediterranean or naturalised in Australia, following European settlement, has made major
contributions to breeding and selection programs (Nichols et al. 2013). ‘Antas’ and
‘Campeda’, for example, were originally bred in Italy and are now commercialised in
Australia and New Zealand (Nichols et al. 2013; Lucas et al. 2015). The agronomic attributes
of these sub clover cultivars were summarised by Nichols et al. (2013).
According to the chronological time of flowering, cultivars are organized as early (<105
days), mid-season (106-130 days) or late (>131 days) flowering groups in Australia (Table
2.2).

Table 2.2. Flowering time (based on observation in Perth, Western Australia) and sub
clover cultivars (Nichols et al. 2013).
Flower time (days)

Cultivars

Early

‘Nungarin’ ‘Izmir’ ‘Northa’ ‘Dwalganup’

(<105)

‘Geraldton’ ‘Dalkeith’ ‘Daliak’ ‘Losa’ ‘Howard’ ‘Urana’ ‘Uniwager’

Mid

‘Bindoon’ ‘Monti’ ‘SeatonPark’ ‘Yarloop’ ‘York’ ‘Trikkala’

(106-130)

‘Dinninup’ ‘Rosedale’ ‘Mintaro’ ‘Enfield’ ‘Riverina’ ‘Esperance’
‘Campeda’ ‘Gosse’ ‘Junee’ ‘Narrikup’ ‘GreenRange’ ‘Clare’
‘Woogenellup’

Late

‘Bacchus’ ‘Coolamon’ ‘Mt. Barker’ ‘Antas’ ‘Karridale’ ‘Larisa’

(>131)

‘Napier’ ‘Goulburn’ ‘Denmark’ ‘Rosabrook’ ‘Nangeela’ ‘Nuba’
‘Leura’ ‘Meteora’ ‘Tallarook’

This categorization in days remains to be confirmed and quantified in New Zealand. It is
unlikely that the same chronological (days) classification will hold in New Zealand due to the
temperature differences between the two countries. Therefore Objectives 1 ,2 and 3 in this
research are to quantify flowering time using temperature (thermal time, oCd) and
photoperiod to verify if unifying relationships are possible which could then be used to
predict the time to flowering of different cultivars in different locations.
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2.6 Cultivar adaptation in New Zealand
During the 1980s New Zealand pastures had naturalised populations of sub clover that were
reported to be more than 50 years old. A number of these were typed and collections of
ecotypes made (Sheath & Richardson 1983, Suckling et al. 1983, MacFarlane et al. 1990,
Dodd et al. 1995).

In 1990 a sequence of papers was published that evaluated a number of attributes of sub
clover in a range of dry environments and pastures throughout New Zealand (Williams et al.
1990). A summarised description and findings follow.

2.6.1 Sub clover predominance in North Island
In the North Island Suckling et al. (1983) noticed variances between the plants grown in New
Zealand and their original Australian line. A collection from 51 old pastures in nine regions of
New Zealand revealed that ‘Mt Barker’ types were present in every New Zealand population
sampled and constituted 74% of the total collection. Cultivars ‘Tallarook’ and ‘Woogenellup’
were 21% and 2% of the collection, respectively. The predominant forms of ‘Mt Barker’,
‘Tallarook’ and ‘Woogenellup’ collected in New Zealand differed little from the
corresponding Australian commercial lines, although New Zealand ‘Tallarook’ and
‘Woogenellup’ were less productive, probably because of reduced seed size (with no
suggestion if the smaller seed size resulted from growing and grazing conditions or
genotype). ’Mt Barker’ showed significant variation in maturity time and morphological traits
among populations, which may reflect local adaptation. ‘Tallarook’ tended to dominate ‘Mt
Barker’ after mixed sowings in a few southern North Island pastures, but there was no
scientific evidence to suggest that natural selection had favoured one of the cultivars
(Suckling et al. 1983). Genetic shift in flowering time of some ‘Tallarook’ plants suggested
that crossing with ‘Mt Barker’ occurred after many years, where ‘Tallarook’ formed a small
proportion of the population (Suckling et al. 1983). As a self-pollinated plant the degree of
cross pollination is low (< 1%) but can be possible, and over many years the recombinants
may have new traits (Chahal and Gosal 2002).
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As a follow up of sub clover research in the North Island, Chapman et al. (1986) suggested
that sub clovers with low oestrogen, late flowering and with prostrate habit should be
developed for New Zealand hill country conditions. Chapman and Macfarlane (1985) added
that there was a need to develop improved cultivars to better suit New Zealand edaphoclimate conditions. To date there is no evidence that this has actually happened.
Investigations of Australian-bred cultivars in New Zealand summer-dry environments
demonstrated most to be inappropriate for New Zealand climatic conditions and pasture
environments. Regarding morphology, it is important to highlight that sub clover has a
prostrate to semi-erect growth habit, as the primary shoot elongation above soil surface is
limited (Figure 2.1). This contrasts with other legumes such as lucerne, which has a
characteristic erect growth habit: the primary shoot ascends vertically well above the soil
surface (Thomas 2003). For instance, ‘Clare’ and ‘Woogenellup’, of semi-erect habit, had
poor persistence in grazed hill pastures because of grazing damage from set stocking during
the reproductive phase. Later-flowering genotypes of prostrate habit (e.g. ‘Mt Barker’,’
Tallarook’) showed much greater reseeding and superior regeneration (Chapman et al. 1986,
MacFarlane et al. 1990, Sheath & MacFarlane 1990). ‘
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Figure 2.1. Key features of sub clover morphology. A. Diagram of the development of sub
clover with the non-elongated primary and branches (Adapted from Thomas 2003). B. Photo
of ‘Mount Barker‘sub clover branch (runner) with key morphological components:
inflorescences, trifoliate leaves and petiole. Photo by: C. Teixeira.

Tallarook’ is an old late maturing cultivar with high oestrogen level present in areas with long
seasons which ought to be replaced by cultivars with low formononetin levels to avoid
fertility problems in breeding livestock (Widdup and Pennel, 2000). Widdup & Pennell (2000)
indicated that the late flowering ‘Denmark’ and ‘Leura’ were best adapted to moderate to
hard grazing because of their small leaves and dense crowns. The authors noted that pasture
management is essential to exploit the potential of newly released cultivars. Pasture
management strategies depend on deep understanding of physiological and phenological
aspects of sub clover, which will be assessed in this research (Objectives 2 and 3).
There is now limited seed availability for ‘Mt Barker’ which is regarded as being surpassed in
Australia. Its replacement ‘Karridale’ is now being substituted by ‘Denmark’(released in
1992) (Nichols et al. 2013). ‘Denmark’ was developed and selected for superior autumn and
winter growth rates along with improved disease resistance and adaptation to regions with a
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7-8 month growing period (Dodd et al. 1995; Department of Primary Industry NSW 2004;
Nichols et al. 2013). This seems a sensible recommendation for many regions of New
Zealand, until more specific local information is available. The important sub clover features
which the previous research highlighted as advantageous were late maturity, strong autumn
regeneration, long growing season, prostrate habit and high buried seed set (Dear et al.
1993, Dodd et al. 1995).

2.6.2 Sub clover genotypes in New Zealand
An initial identification of New Zealand local sub clover started in the North Island with some
lineages outstanding against the Australian genotypes in terms of persistence and herbage
yield (Dodd et al. 1995). These lineages would need to be produced on a large scale and their
use in New Zealand would require the seed industry to develop production capacity with
appropriate equipment and technology (Widdup & Pennell 2000). Practical seed production
aspects involve harvest limitations and price competitiveness with Australia (Rolston 2003).
The lack of New Zealand bred cultivars is the main reason that the focus of this research is to
quantify the life cycle of Australian bred cultivars as the basis for developing best
management guidelines for farmers. The previous evaluations of sub clover lines and
cultivars throughout New Zealand are summarised in Table 2.3 for evaluations from the
North Island, and Table 2.4 and Table 2.5 for South Island experiments.
These previous findings indicate that ‘Woogenellup’ was a cultivar which had outperformed
other cultivars (i.e. herbage and seed production), which explains why this cultivar is a
resident sub clover in many swards across New Zealand (Lucas et al. 2015). Therefore,
‘Woogenellup’ will be used as a reference cultivar in this research. ‘Denmark’ also deserves
attention as it is considered a replacement for the traditional ‘Mount Barker’ and has been
shown to be well adapted to cool temperate environments (Widdup & Pennell 2000). There
are currently no detailed evaluations in New Zealand for recently introduced cultivars such
as ‘Antas’, ‘Monti’ and ‘Narrikup’ as they were commercially released in 1999, 2009 and
2013, respectively.
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Table 2.3. Summary of previous evaluations of sub clover (‘Seaton Park’; ‘Trikkala’; ‘Howard’; ‘Woogenellup’, ‘Clare’;’Larisa’,’ Nangeela’; ‘Mt
Barker’,’Tallarook') in different regions and soils of the North Island New Zealand.
Source

Location

Soil

Williams et al.
1990

Kaikohe; Whatawhata, Wharekohe (Northern podzol);
Rawhiti
Waingaro (Yellow brown steepland);
Kourarau/Wairnarama(Central
yellow grey earth)

Main findings
Late flowering and compact growth plants suited best.

MacFarlane et al. Wairakei
1990
(Whatawhata - dry hill
country)

Oruanui hill soil

Tallarook’ produced highest biomass (mean 700 kg DM/ha per
year) with the largest soil seed bank (1500 kg seed/ha).

Sheath et al.
1990

Porangahau

Soil central yellow grey/ yellow
brown intergrade

No obvious advantage to 'Trikkala' or 'Larisa' (yanninicum
subspecies) to wet soils. ‘Woogenellup’ and ‘Clare’ were the
most productive in a lax cutting regime.

Chapman and
Williams 1990

Ballantrae

Central yellow brown earth
(Makotuku hill soil)

Late or mid late flowering, dense and small-leaved sub clovers
were suited to the Ballantrae region (i.e.’Tallarook’, ‘Larisa’
and ‘Mt Barker’).
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Table 2.4. Summary of previous evaluations of sub clover in the South Island -New Zealand from 1968 to 1990.
Source
Location
Cultivars
Soil
Main findings
Smetham,
1968

Cromwell,
Tarras,
Wanaka

‘Woogenellup’, ‘Eden Hope’, ‘Nangeela’, ‘Mt Barker’,
‘Bacchus Marsh’, ‘Wenigup’, ‘Portugal 294’, ‘Bena’,
‘Tallarook’, ‘Derrinal’, ‘Dwalganup’, ‘Geraldton’,
‘Yarloop’, ‘Barrel Medic’, ‘Clare’, ‘Kilmore’,
‘Rutherglen’,’Tallarook’ x’Wenigu’, ‘Burnerang’

Molyneux B.G.E.
Criffel Y.B.E.
Waenga B.G.E.

The most productive strains at all sites
were
those in the early-mid, mid season
flowering
groups.

Scott 1969

Waikari

‘Geraldton’, ‘Yarloop’, ‘Woogenellup’, ‘Clare’, ‘Mt
Barker’ and ‘Tallarook’

Tipapa Hill Soil

‘Woogenellup’ and ‘Clare’ were best
adapted to Waikari environment

Williams et
al. 1990

Carvossa,
Hokonui

‘Seaton Park’; ‘Trikkala’; ‘Howard’; ‘Woogenellup’;
‘Clare’;’Larisa’,’ Nangeela’; ‘Mt Barker’,’Tallarook'

Tipapa (Yellow
grey earth);
Kaihiku hill series
(Yellow-grey
earth)

Avoid frequent grazing at the peak of
flowering. Large leaved relatively open
cultivars were favoured by a lax grazing
regime.

Hoglund
1990

Carvossa

’Tallarook', ‘Seaton Park’; ‘Trikkala’; ‘Howard’;
‘Woogenellup’; ‘Clare’; ’Larisa’,’ Nangeela’; ‘Mt
Barker’

Tipapa Hill

‘Woogenellup' had the best combination
of reasonable degree of hardseededness
degree and large seed size. 'Nangeela'
had very low levels of hard seed. White
clover did not survive the summer.
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Table 2.5. Summary of previous evaluations of sub clover in the South Island -New Zealand from 1991 to 2000.
Source
Location
Cultivars
Soil
Main findings
Smetham
and Ying,
1991

Carvossa

Widdup and Templeton,
Pennell,
(Canterbury)
2000

‘Mt Barker’‘, ‘Trikkala’; ‘Howard’;
‘Woogenellup’,’Tallarook'

Tipapa
(Yellow
grey
earth)

Low re generation and lack of seed soften
due to insufficient amplitude of daily
temperature
variation in summer and autumn.

‘Dalkeith’; ‘Seaton Park’; ‘Trikkala’; ‘Gosse’; ‘Junee’;
‘Woogenellup’; ‘Clare’; ‘Mt Barker’; ‘Goulburn’;
‘Karridale’; ‘Nangeela’; ‘Denmark’; ‘Larisa’; ‘Leura’;
‘Tallarook’ and other 100 mid late Australian lines and 5
New Zealand lines

Light
Eyre soil

Sardinian material appears to be adapted
to the cool, dry Canterbury; the new
Australian cultivars surpassed ‘Mt.Barker’
and ‘‘Woogenellup’’ in terms of herbage
and seed production.
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2.6.3 Description of the six sub clover cultivars
In this research six cultivars are studied in detail. They were selected because they have
been introduced into the New Zealand seed market and represent a range of flowering
groups (early, medium, late), growth habit (prostrate and semi-erect) and a range of
hardseededness based on Australian information (Nichols et al. 2013). The exception was
‘Woogenellup’ which is considered a resident clover. A brief origin and morphological
description of each cultivar follows.

2.6.4 Sardinian (Italy) cultivars
‘Antas’ (Trifolium subterraneum brachycalycinum)
This genotype was selected in the Gonnosfanadiga area, in the province of Medio
Campidano (latitude: 39.49426 N, longitude: 8.662 E) Sardinia, Italy. It is a brachycalycinum
with a growing season length of 228 days and 138 days to first flower, based on the Western
Australia data. ‘Antas’ was commercialised in 1999 (Nichols et al. 2013). The plants have a
semi-erect growth habit with long stems and long petioles (Lincoln Dryland Pasture Team
2016). Because of its morphology ‘Antas’ has a large potential for herbage production but no
previous evaluations have focussed on this cultivar and there is limited information available
of brachycalycinum sub clovers life cycle or performance in New Zealand.

‘Denmark’ (Trifolium subterraneum subterraneum)
This line is originally from the Fluminimaggiore region, in Sardinia, Italy (latitude: 39.4379 N,
longitude: 8.4969 E) and it was introduced to Australia during the 1990s and commercially
released in 1992 (Nichols et al. 2013). It is considered a late flowering cultivar with an
average growing season of more than 230 days and 142 days to the start of flowering
(Nichols et al. 2013). The plants have a very compact and prostrate growth habit (Lincoln
Dryland Pasture Team 2016) which contrasts with the morphological features of ‘Antas’.

‘Leura’ (Trifolium subterraneum subterraneum)
‘Leura’ is another Sardinian ecotype from Luras (40.9399 N, 9.1718 E) introduced to Australia
and also released in 1992. This type of plant forms dense and compact swards. It has a
growing season of more than 245 days and 147 days to flower (Nichols et al. 2013). ‘Leura’
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was selected because it is one of the Sardinian lines adapted to cool climate (Widdup &
Pennell 2000) and it is considered even late to flower than ‘Denmark’.

2.6.5 Australian cultivars
‘Monti’ (Trifolium subterraneum yanninicum)
‘Monti’ is the result of the crossbreeding of genotypes: Trikkala, Meteora, Neuchatel and CPI
39314YB. It was released in 2013 and considered an early cultivar with a growing length of
167 days and beginning of flowering after 110 days (Nichols et al. 2013). ‘Monti’ has the
characteristic ovoid, cream-orange seeds of the yanninicums. Stem and runners are hairless
and it has strong positive geotropism (Lincoln Dryland Pasture Team 2016). Tables 2.3, 2.4
and Table 2.5 show few yanninicums have been evaluated in New Zealand and ‘Monti’ has
not previously been studied. Therefore, this cultivar was included in this research.

‘Narrikup’ (Trifolium subterraneum subterraneum)
‘Narrikup’ is from cross between Denmark and accession S3609E developed in Australia
(Nichols et al. 2013). Possibly accession S3609E originated from the Narrikup area in
Western Australia (34 46' 30" S, 117 42' 13" E) 370 km south of the Mount Barker town. It
was released in 2009 (Nichols et al. 2013). According to Western Australia data, ‘Narrikup’
has a growing season of 198 days, starting flowering around 126 days. Strong geotropism
and active burr burial are also characteristics of ‘Narrikup’ (Lincoln Dryland Pasture Team
2016). This cultivar was included to represent an early-medium flowering cultivar, in contrast
to ‘Denmark’ and ‘Leura’. No previous cultivar evaluations in New Zealand have included
‘Narrikup’.
‘Woogenellup’ (Trifolium subterraneum subterraneum)
‘Woogenellup’ is a naturalized strain originally from Elgin (33°S, 115°E) with a growing
season of 210 days and flowering 130 days after sowing. This cultivar was commercialised in
1959 (Nichols et al. 2013). Because it was widely sown in the past, today ‘Woogenellup’ is a
‘resident sub clover’ in many New Zealand areas. Seeds are still available on the market
(Lincoln Dryland Pasture Team 2016).
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2.6.6 Recent cultivar findings
At present, there is increasing interest in promoting new improved sub clover cultivars in
New Zealand pastoral systems. However, in Table 2.3 , Table 2.4 and Table 2.5 there are no
reports on the performance of ‘Antas’, ‘Narrikup’ and ‘Monti’ in New Zealand, particularly on
their phenological development and hardseedness. As this research programme
commenced, two field experiments at Lincoln University and Ashley Dene research farm
focussed on the dry matter production and seedling re-establishment of 10 sub clover
cultivars (‘Campeda’, ‘Denmark’, ‘Leura’, ‘Mount Barker’, ‘Narrikup’, ‘Rosabrook’,
‘Woogenellup’, ‘Antas’, ‘Monti’ and ‘Napier’) mixed with cocksfoot. Those results suggested
superior seedling regeneration of ‘Narrikup’ and high herbage yield of ‘Antas’ (Lucas et al.
2015). Those findings highlighted the importance of a more detailed investigation of
reproductive phenology, seed yield and hardseededness. Therefore, quantifying the life
cycle of cultivars up to and post flowering was the emphasis of the research presented in
this thesis (Objectives 2 and 3, Figure 1.1).

2.7 Phenology
Phenology consists of irreversible plant changes (development) which is characterized by
two distinct growth phases: vegetative and reproductive (Porter & Hay 2006, Rowntree et al.
2014). The vegetative stage consists of the development from emergence through flowering.
The second is the reproductive stage from flowering through seed filling and maturation
(Goldberg et al. 1994). The switch between the two phases is important because it defines
when partitioning priorities change from vegetative to reproductive organs (Munger et al.
1997).
Quantification of these phenological phases is important for forages because it indicates the
best time for grazing, when to avoid grazing (Collins and Aitken 1970; Smetham and Jack
1993; Ates 2009) and /or the optimum seed harvest time. It can also be useful for
recommendations for fertilizer and herbicide application (Porter and Hay 2006; Lewis 2017;
Lewis et al. 2017).
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2.7.1 Phenological scale
Phenological phases of plants are identified with scales. The BBCH-scale uses a decimal code
system, which is divided into main and secondary growth stages, and is based on the cereal
code Zadoks scale (Zadoks et al. 1974). For legumes, basic phenological phases have been
proposed (Fehr et al. 1971; Thomas 2003; Nori et al. 2012, 2015) but no specific scale has
been designed for sub clovers. A detailed phenological scale is particularly important for sub
clover because the phenological changes occur very close to the soil or below ground and
are not perceptible as easily as for more upright or top flower legumes. Therefore, in this
study a phenological scale for sub clover will be developed as part of Objectives 2 and 3.

Important legumes such as soybean and lucerne have well documented and quantified
development stages (Freer and Jones 1984; Teixeira et al. 2011; Rowntree et al. 2014). The
vegetative stages (germination, emergence, leaf appearance and runner appearance) have
been quantified for a few sub clover cultivars (Moot et al. 2003). However, for the
reproductive phases, flower appearance was the most commonly reported phenological
event, and definition of that has also varied. A few studies have investigated superficially the
phases between flower to seed maturation of sub clover. No studies address the substantial
changes which occur from flower to seed head (burr), physiological maturity and finally seed
maturation and senescence. For seed production or grazing management recommendations,
this information is essential, especially for the newly released cultivars. The quantification of
development stages of sub clover is part of Objectives 2 and 3.

2.8 Phenology drivers
Phenological development is driven by temperature and modified by photoperiod. From a
management perspective phenological development can be modified according to cultivar
and sowing date (temperature and photoperiod manipulation) (Hay and Porter 2006; Porter
and Hay 2006; Nori et al. 2014; Porter and Gawith 2014). Soil temperature plays an
important role during the vegetative phase, in particular for young seedlings of sub clover
which have their meristems in or very near the soil surface. Air temperature may become
more relevant once their meristem is elevated above the soil surface (Moot et al. 2000).
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2.8.1

Temperature and thermal time

Temperature fluctuates seasonally, thus plants do not have a constant chronological time to
reach a specific development stage. Phenological development can be more accurately
quantified by using thermal time or growing degree days (oCd) (Bonhomme 2000; Porter and
Hay 2006). Thermal time is determined by the use of cardinal temperatures (Angus et al.
1981) and daily diurnal temperature (Jones and Kiniry 1986).

Cardinal temperatures include the minimum (or base temperature, Tb) and maximum (Tmax)
temperatures which define the limits of growth and development. They are the threshold
temperatures beyond which the rate of development is zero. The third cardinal point is the
optimum temperature (Topt) at which development rate is maximised (McMaster and
Wilhelm 1997; Moot et al. 2000). Germination experiments in a controlled environment are
commonly used to quantify the cardinal temperatures in many species (Bonhomme 2000;
Andreucci et al. 2012), including sub clover. Cardinal temperatures have been quantified for
germination of some sub clover cultivars of the subterraneum subspecies (‘Dalkeith’, ‘Leura’,
‘Mt. Barker’, ‘Woogenellup’, ‘Tallarook’) (Moot et al. 2000; Lonati et al. 2009). Most of the
previous work has shown an agreement in the use of 0oC as Tb for sub clovers (Table 2.6).
Therefore, in this research a Tb = 0oC will be used to quantify phenological development.

Table 2.6. Mean base (Tb), optimum (Topt) and maximum (Tmax) temperatures (oC) estimated
for germination for sub clover cultivars in New Zealand.
Cultivar
Tb
Topt
Tmax
Reference
oC
‘Mount Barker'
0
Moot et al. (2000)
‘Tallarook'
0
‘Woogenellup'
0
‘Mount Barker’
20
Silsbury et al. (1984)
‘Mount Barker’
0.1
13
27
Lonati et al. (2009)
‘Dalkeith’

0.7

19

31.9

Monks et al. (2009)

‘Leura’
‘Woogenellup’
‘Mount Barker’
‘Napier’

0.1
1.3
0.4
-

20
26
20
30

31
35
41.6
-

Sharifiamina et al. (2017)

Mean (± SE)

0.5 ± 0.22

21 ± 2.6

33 ± 2.7
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This was indicated by the use of a 95% confidence interval (95% Ci = 0.95-0.99) and the
reasonable acceptance that below zero degrees enzymatic reactions do not occur and water
freezes at this temperature (Nori, Moot, and Black 2014).The optimum germination
temperature (Topt) however, differed among cultivars and ranged from 13oC (‘Mt Barker’) to
26oC (‘Woogenellup’). There are no previous reports which quantified the cardinal
temperatures for sub clovers of the subspecies yanninicum and brachycalycinum. Therefore,
cardinal temperatures for ‘Antas’, ‘Denmark’ ‘Monti’ and ‘Narrikup’ will be determined for
germination as part of Objective 2.
The model developed by Jones and Kiniry (1986) assumes a smooth sinusoidal pattern across
the day. For each day, average temperature is estimated for eight periods throughout the
day (i.e. each 3 hours) based on a third-order polynomial function (Equation 1) to represent
the diurnal ﬂuctuation of temperature. Thermal time (degree-days, °Cd) is then calculated
for each of the eight periods and averaged for each day.

Equation 1
𝑇𝑛𝑑𝑖𝑢𝑟𝑛𝑎𝑙 = [0.931 + 0114𝑛 − 0.073𝑛2 + 0.0053𝑛3 ) ∗ (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)] + 𝑇𝑚𝑖𝑛]
Where,
“n” is the 3-hour period of a day (1–8), Tndiurnal is the mean temperature for the period n of
the day;
Tmax is the daily maximum
Tmin is the minimum temperature

Thermal time for each of the 8 periods is then calculated from T ndiurnal based on a brokenstick relationship with cardinal temperatures (Lonati et al. 2009; Andreucci et al. 2012; Ates
et al. 2013; Nori, Moot, and Black 2014; Parmoon et al. 2015) representing base (Tb),
optimum (Topt) maximum (Tmax) thresholds, as schematically represented in Figure 2.2. This
process estimates thermal time (Tt oCd) accumulated at three hourly intervals which are
combined over one day, to extract a daily mean value. This method will be used in the
current research.
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Figure 2.2. Example of the broken-stick threshold model for thermal time (TT) accumulation
integrating cardinal temperatures to be used in the present research. Development rate refers
to the rate of germination (1/time in days to 50% germination, T50).

2.8.2

Photoperiod and photothermal time

Photoperiod refers to daylength and it is estimated by the day of the year (DOY) and site
coordinates (Keisling 1982). Photoperiod calculations include civil twilight because changes
in transient light quality such as the ratio of red/far red. Civil twilight is the period after
sunset or before sunrise, ending or beginning, when the sun is about 6 degrees below the
horizon (Casal et al. 1990). The photoperiodic response of plants evolved because it includes
daylength is a reliable indicator of the time of year, enabling developmental events to be
scheduled to coincide with particular environmental conditions (Song et al. 2016). Light is
sensed by the phytochrome which regulates several plant development responses (Andrés
and Coupland 2012).

Clover plants are affected by the changes in the duration (Aitken 1954; Evans et al. 1992;
Iannucci et al. 2007) and direction (Monks et al. 2010; Nori et al. 2016) of photoperiod. Sub
clover plants originated in the Mediterranean region and are classified as long day plants
(Evans et al. 1992; Smetham et al. 1994; Ghamkhar et al. 2012). This means that naturally
plants which emerge in autumn and flower when the photoperiod increases in spring. Evans
et al. (1992) demonstrated a facultative response to photoperiod in some sub clover
cultivars where flowering happened faster for all cultivars as sowing was delayed from late
autumn to late spring. The authors developed linear models to predict the flowering time
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based on temperature and mean duration of photoperiod during the crop cycle. They
identified however, that their models were not totally effective. New approaches to
estimate the flowering time of other legume species include the use of photothermal time
(PT, oCd) (Iannucci et al. 2007) and accounting for the direction (decrease / increase) which
plants perceived at early development stages (Nori et al. 2014). For example, for balansa
clover (Trifolium michelianum Savi.) ‘Frontier’ a single linear equation determined that an
additional photoperiod hour at emergence increased the thermal time requirement to
flowering by 57oCd (Monks et al. 2010). For ‘Bolta’ balansa clover the thermal time
requirement increased by 93oCd/ hour when plants perceived an increase photoperiod at
the first trifoliate stage. It is expected but unknown if sub clovers would respond to the
photoperiod direction changes during the vegetative phase, as demonstrated for other
annual clovers (Nori et al. 2016). The use of thermal time and the distinction in directional
photoperiod response could also improve models previously proposed to estimate the
flowering time of sub clover. Photothermal time to flowering can be calculated using the
equation published by Weir (1984) (Equation 2 and Equation 3).

Equation 2

𝑃𝑇 = [(𝑃𝑝 − 𝑃𝑝𝑏)/(𝑃𝑝𝑜 − 𝑃𝑝𝑏)] ∗ 𝑇𝑇 ]

Equation 3
〖PT〗 =[(Pp-Ppb)/(Ppo-Ppb)]*〖TT〗]
Where Pp is the photoperiod in hours at particular phenological stage (i.e emergence,
(Monks et al. 2010) Ppb is the base photoperiod and Ppo is the optimum photoperiod. When
Ppb and Ppo data are not available, Ppb and Ppo can correspond to the minimum and
maximum Pp in the year for a particular location. For example, for Katanning
in Australia (33.83°S,117.16° E) minimum Ppb and Ppo are 10.8 and 15.3 hours, respectively.
For Cromwell in New Zealand (45° 3' S,169° 11' E) Ppb can be set as 9.9 hours and Ppo
considered 16.9 hours (Keisling 1982; Monks et al. 2010).

25

2.9 Phyllochron
The phyllochron is defined as the chronological (days) or more accurately thermal time sum
(oCd/leaf) between the appearance of each successive main stem leaf (Black et al. 2002).
The phyllochron is driven by temperature (Lonati et al. 2009; Porter and Gawith 2014) but
can be modulated by the photoperiod in some legume species (Brown et al. 2005; Nori et al.
2016). For example, the phyllochron of lucerne decreased from 60 to 37oCd as the
photoperiod decreased from 15.7 to 11.4 hours.The phyllochron of five sub clover cultivars
has been estimated accounting for the appearance of successive main stem leaves from the
first trifoliate leaf (after emergence of the spade leaf) to the fifth trifoliate leaf (Moot et al.
2003). The authors reported phyllochron values which ranged from 63oCd/leaf for
‘Woogenellup’ to 73oCd/leaf for ‘Campeda’. In this work all cultivars belonged to the
subterraneum subspecies and were autumn sown. The influence of photoperiod duration
and directional shift on the phyllochron of sub clover plants has not been studied and it is
quantified in this research as part of Objective 2.

2.10 Flowering time
Flowering time is important information for cultivar choice (fit for the environment) and in
terms of management (grazing strategies and re seeding). The main commercial sub clover
cultivars are currently organized according to days to flower (from the sowing date) based
on Australian observations (Nichols et al. 2007, 2013). For a cultivar, the number of days to
flower at a given location is relatively constant between years, when sown on a similar date,
provided plants are not under extreme stress conditions (Evans et al. 1992). However,
significant genotype x site, genotype x latitude, and genotype x sowing date interactions
occur (Aitken 1955, Evans et al. 1992). At warmer and lower latitudes, early-flowering
genotypes tend to flower earlier, while later flowering genotypes flower later (Nichols et al.
2013) as observed in many previous studies in Australia and New Zealand.
The environmental cues of daylength, light intensity, and ambient temperature can change
the plant hormone gibberellic acid, which significantly influences the transition from juvenile
vegetative (a phase in which the plant is not able to flower) to adult vegetative development
(Bäurle and Dean 2006). For sub clover plants, there is no clear definition when a juvenile
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phase finishes and a vegetative adult commences. Quantification of these phases are part of
Objectives 2 and 3.

2.10.1 Environmental factors
The environmental factors, which regulate the floral transition, overlap considerably with
those that control the juvenile-to-adult vegetative transition. Physiological experiments have
provided the concept of multiple pathways that promote or repress flowering, all of which
quantitatively contribute to an activity that switches the shoot apical meristem from
producing leaves to forming flowers after reaching a threshold level. The control of flowering
in plants is not yet fully understood but for Arabidopsis there is evidence that flowering is
controlled by gene integrators and activators (Bäurle and Dean 2006). Most sub clover
cultivars are long day plants with time to flowering controlled mainly by temperature and
modulated by photoperiod (Aitken 1955; Evans et al. 1992; Hay and Porter 2006). The
combination of high temperatures and short photoperiod can retard and even prevent floral
initiation in sub clover (Aitken 1955). In glasshouse experiments, Aitken (1955) established
that the late flowering ‘Tallarook’ had a vernalisation requirement, and this requirement
reduced with an increase in photoperiod duration. In contrast, it was concluded that the
early cultivars (i.e. ‘Dwalganup’) have a low vernalisation requirement.
Sheath and Richardson (1983) evaluated the floral morphology and flowering patterns of 14
sub clover cultivars in the North Island (Whatawhata region) and observed that the early
flowering cultivars peaked in mid-September and produced relatively few flowers from midOctober onwards. Earlier mid-season cultivars peaked in late September-early October.
Whereas the remaining mid-season cultivars (‘Clare’, ‘Mt Barker’, ‘Howard’, and ‘Larisa’) had
maximum flowering in mid-late October. For ‘Tallarook’ peak flowering did not occur until
the end of November. These qualitative observations need more quantitative parameters
(temperature and photoperiod) to be predictive under different weather conditions and
between years and locations.

2.10.2 Prediction of flowering
Prediction of flowering time is an important consideration to guide the time of grazing of sub
clover plants prior to them shifting to their reproductive phase. The relationship between
flowering time and photoperiod was studied by Evans et al. (1992). The models developed
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by these authors, however, could not effectively predict the flowering time in all situations
(i.e. early flowering genotypes sown in spring) and reasons for inconsistencies between the
models and observed data were not identified. Later work with other annual clover species
suggested that flowering time was also dependent on direction of photoperiod and
phenological phase when plants experience the photoperiod (Nori et al. 2014).Therefore,
one intention of this study is to incorporate the photoperiodism direction and phenology
into the models developed by Evans et al. (1992) to improve predictability of flowering time
of sub clover.

2.10.3 Flower morphology
Sub clover flowers have a corolla, calix, tube and teeth (Healey 1982). They are self-fertile
and fertilisation occurs before florets (3-4 florets per peduncle, Figure 2.3) open (Smetham
2011). Genetically distinct geographic variety, population or races develop because of
environmental impacts or a low degree of cross pollination (Chahal and Gosal 2002). High
definition images of flowers, fruits and seed morphology in different development stages
will be generated in this research to accompany the numeric scale of sub clover
development as a part of Objectives 2 and 3.
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Figure 2.3. Key features of sub clover flower morphology (Adapted from Healey 1982 and
Lincoln Dryland Pasture Team 2016).

2.11 Post flowering
After pollination seed development follows with gradual changes of different organs or
within a single-seed organ and is reﬂected by heterogeneous populations of cells of different
physiological age which accumulate several substances (e.g. proteins and starch) (Weber et
al. 2005). The endosperm and the embryo remain steady after formation while layers of
substances form the fruit to protect the embryo (Goldberg et al. 1994; Loubéry et al. 2018).
For sub clover each floret results in a fruitlet which are fused in a structure known as a burr
(Francis and Gladstones 1974; Smetham 2003b).
Development proceeds successively starting with the maternal organs (a maternal seed coat)
and the filial endosperm and embryo: tissues that are genetically and physiologically
different (Weber et al. 2005; Le et al. 2007). The endosperm expands rapidly to occupy most
of the post-fertilization embryo sac and nourishes the embryo in the early phase of
development (Gehring et al. 2004).

The seed is developed from the ovary while the ovule integuments generate the seed coat.
During development, the seed coat plays a crucial role in embryo protection as well as
nutrient transport from the maternal plant to the newly formed embryo (Borisjuk et al.
2004). Seed development of legumes can be divided into three major phases: cell division,
seed filling and maturation or physiological maturity, followed by dehydration to harvest
maturity.

Cell division
After fertilisation in the embryo sac, early morphogenesis occurs. Over a series of cell
divisions, the embryo acquires the basic architecture of the plant. This is the phase when
synthesis of soluble carbohydrates and starch occur. The duration of this phase is essential
because it is when the potential for reserve accumulation in the seed is defined (Dam et al.
2009) (Dam et al. 2009)through the number and maximum size of cotyledonary cells (Ochatt
2011).
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Seed filling and maturation
In the second phase of development, the embryo cells expand and differentiate
simultaneously with accumulation of storage products in the embryo. This is the maturation
phase which includes both the synthesis of proteins and carbon storage compounds (lipids)
(Wang et al. 2016)(Wang et al. 2016). The dry weight of seed increases quickly and linearly
while there is a decline in the relative seed water content (Weber et al. 2005; Angeles-Núñez
and Tiessen 2010).

The duration of this period has been studied for many important legumes. For Lotus spp.
seeds this phase occurs 16-19 days after fertilization with maximum dry weight of 1 mg/seed
(Dam et al. 2009). In soybean seeds, the end of the filling phase occurs approximately 63
chronological days after flowering (or phenological stage R7) which coincides with the
abscission of seeds from the mother plant and loss of chlorophyll. At this point the seed has
achieved physiological maturity. Chronological days are not an accurate reference to
determine these phenological events. Therefore, the thermal time for seed filling and
maturation will be determined in this research (Objective 3). Seed quality,
germination/vigour are at maximum and desiccation tolerance is achieved in this period
(Pereira Lima et al. 2017). In field peas (‘Twillight’, ‘Pearl’ and ‘Kaspa’) Ribalta et al. (2017)
stated that the time to reach the embryo physiological maturity can vary with the
environment. They report physiological maturity 18 days after pollination when plants
where grown under 20-24oC and at long photoperiod (20 hours). For small-seeded annual
clovers the time to reach seed physiological maturity depended on the environment and
species/cultivar (Nori et al. 2014). The authors reported seed physiological maturity
occurring over a range of 18-50 days. In terms of thermal time accumulation, this translates
to a range from 157oCd (for ‘Bolta’ balansa clover sown in spring) to 689oCd (for ‘Cefalu’
arrowleaf, sown in autumn). The variability in the duration of seed filling in annual clover
‘Cefalu’ with sowing dates was attributed to its indeterminate growth habit (Nori et al.
2014). In this case, the inflorescence continued to produce new florets during the seed filling
period while conditions are favourable. Such detailed information for different subspecies
and cultivars of sub clovers was not found in the literature. Therefore, this will be
investigated in a controlled environment as part of Objective 3.
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In most eudicotyledonous legume species, by maturation the endosperm is re absorbed by
the embryo during development (Goldberg et al. 1994) and is present in only a thin layer in
the mature seed (Dam et al. 2009). During the late maturation, the embryo becomes
metabolically quiescent and tolerant to desiccation (Baud et al. 2002).

Dehydration
The third and last phase of seed development is the end of maturation and dehydration,
during which the seed loses moisture and dry weight remains constant (Goldberg et al. 1994,
Dam et al. 2009). Some protective proteins can also be accumulated in this phase (Ozga et
al. 2017). Hormonal balance keeps the embryo dormant and therefore avoids premature
germination (Goldberg et al. 1994; Taylor 2005).

2.11.1 Temperature and seed development
Temperature is an important factor in reproductive development (Section 2.8) and affects all
the seed development phases described. Plant hormonal synthesis and balance are
temperature dependent (Pereira Lima et al. 2017) and play critical roles in adaptation to
different environmental inputs (e.g. increase in temperature) and modify the developmental
processes to optimize reproductive development (Wolkovich et al. 2012; Ozga et al. 2017).
This research investigates the relationship between temperature and the development of
flowers and seeds of sub clover. Hampton et al.(2013) showed that seed quality and yields
are likely to be negatively affected by an increase (3oC) in temperature. The authors suggest
that manipulation of genotypes and sowing dates (e.g. to avoid stress during seed filling) are
effective strategies to minimise quality and yield losses. These strategies and knowledge will
become even more crucial to maintain a sustainable forage seed industry in New Zealand
(Hampton et al. 2012). Objective 4 will investigate the effects of sowing dates and cultivars
on seed yield and germinability.

2.12 Seed set and yield
Sub clover is a winter annual and its ability to set seeds and form a seed bank is required for
successful regeneration in Australia (Nichols et al. 2009) and New Zealand (Sheath and
MacFarlane 1990). Cultivars show large differences in seed-setting ability, more particularly
under moisture stress conditions (Smetham 1968). Higher rainfall than normal (in the spring
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and summer of 2006 (>335 mm) enabled subterranean clover plants to produce a greater
number of seeds even at high stocking rates (Ates et al. 2013). A previous study in Perth,
Western Australia, indicated mean seed yields of 491 to 1341 kg/ha (Francis and Gladstones
1974). The seed yield components for sub clover consider the mean seed weight, seed
numbers per burr, the number of burrs per plant and the number of plants per unit area.

In Australia while seed yields can be as high as 2000 kg/ha, but 500-1000 kg/ha is more
typical (McGuire 1985). For pure swards of sub clover a mean of 260 kg of seeds/ha has been
suggested as the minimum initial seed yield required to ensure an effective (1000 plants/m 2)
re-establishment (Smetham 2003b). For an inland New South Wales Australian climate, Dear
et al. (1993) proposed 700 kg/ha seed set was required to guarantee a legume dominant
pasture. This is because autumn establishment is prone to “false break” whereby seedlings
that emerge from early rainfall events fail to establish due to subsequent dry spells (Dodd et
al. 1995).
In large commercial seed producing areas (like Australia and USA) the harvest requires a
specialized vacuum harvester (Nichols et al. 2007; Oregon State 2015). For experimental
purposes, hand harvest can be used to remove burrs and seeds on the soil surface and those
buried (approximately 2 cm below the soil surface). There were few comparable studies of
seed set and yields in New Zealand and particularly, of the cultivars released in the last 10
years (Widdup and Pennell 2000).

2.13 Sub clover seed dormancy
Seed dormancy is, by definition, the inability of a viable seed to germinate in a determined
period of time under any combination of normal physical environmental factors which are
ideal for its germination (Baskin and Baskin 2004; ISTA 2017). There are five main classes of
seed dormancy: physiological (PD), morphological (MD), morphophysiological (MPD),
physical (PY) and a combination of physical and physiological (PY + PD) dormancies (FinchSavage and Leubner-Metzger 2006). For sub clover the most relevant type is the physical
seed dormancy or hardseededness, due to an impermeable seed coat (Quinlivan and
Millington 1961; Quinlivan 1965; Taylor and Palmer 1979; Fairbrother and Pederson 1993;
Taylor 2005). Sub clover seed may also have an embryo or physiological dormancy when a
naked embryo does not germinate under favourable conditions (Taylor 2005).
32

2.13.1 Seed germination
Seed germination is the process in which seeds develop into new plants. Standard tests for
seed germination for sub clover are performed in the laboratory using the between paper or
top of paper method at 15 or 20oC for 14 days (ISTA 2017). Seeds and seedlings are then
classified according to visual categories (Table 2.7).
Table 2.7.Classification of seeds and seedlings for standard germination tests (ISTA 2017).
Class
Characteristics
Normal seedling
Intact seedlings, secondary infection, slightly defects
Abnormal seedling
Damaged, deformed, decayed, diseased
Fresh ungerminated
Imbibed seeds where germination was prevented by dormancy
Dead
Soft, discoloured, infected show no sign of seedling
development
Hard ungerminated
Seeds do not imbibe, remain dry and hard
This classification will be used to assess seed germinability as part of Objective 4.

2.14 Hardseededness
Hardseededness is an innate mechanism of seed dormancy that controls germination within
and between years (Baskin and Baskin 2004). The hardseeds have a seed coat which is
impermeable and prevents germination even when moisture and temperature conditions
are ideal for germination (Norman et al. 2006). Ecologically it enables the persistence of
legumes under a broad range of management and environmental conditions, supplying
seeds for germination at the right time of the year and through the development of soil seed
banks (Taylor 2005). The level of seed coat imposed dormancy (hardseededness) differs
among sub clover cultivars (genetic makeup) (Zeng et al. 2005) and between plants of the
same cultivar (determined by environment) (Argel and Humphreys 1983; Taylor 2005). To
date ‘Urana’ and ‘Izmir’ are potentially the “most” hardseeded (Score 10) whereas
‘Woogenellup’ for example is ranked as “less” hardseeded (Score 1) (Nichols et al. 2013).
This rank is based on Western Australia studies, which considers relative hardseededness (1
least hard and 10 most hard) based on laboratory screening (Quinlivan 1961; Quinlivan and
Millington 1961). The laboratory screening consists of incubating seeds in a 60/15 oC
temperature regime for 16 weeks (Quinlivan 1961).
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2.14.1 Environmental factors and hardseeds
Environmental factors such as temperature and humidity during seed set may affect the
level of hardseededness. For example, seeds produced under higher field temperatures (>27
°C) developed more impermeability (>90% hardseededness) than those produced under
lower temperatures (<21 °C; ~60% hardseededness ) (Argel and Humphreys 1983). However,
it was observed that when seed moisture content was below 7% all seeds had a high
percentage of hardseededness (Argel and Paton 1999). Moisture during seed maturation
also affects hardseededness, which is accentuated with earlier flowering lines because they
mature seed under increasingly dry conditions and hence a seed possesses greater
hardseededness (Smetham and Dear 2003). Smith (1988) observed that hard seed levels
averaged 80, 70 and 47% in years in which rainfall during seed maturation was 109, 174,
327 mm (the drier the condition, the higher was the proportion of hardseed). In contrast,
previous researchers proposed that the longer plants of sub clover were kept growing by
watering, the higher the proportion of hard seeds (Quinlivan and Millington 1961). The more
favourable the environment (in terms of moisture availability) and the longer the maturation
period, the thicker would be the suberin layer of the seed and consequently the higher the
initial hard seed content (Quinlivan 1965). However, none of these reports quantified or
established equations relating hardseededness to environmental variables. Therefore, as
part of Objective 4 the effects of environment on hardseededness will be quantified.

2.14.2 False break
Hardseededness is required by a population of sub clover initially and after seed maturation.
This is because premature germination in summer rains followed by dry conditions can cause
seedling losses. This phenomenon is known as “false break” (Taylor 2005; Norman et al.
2006) or ‘false strike” (MacFarlane et al. 1990; Dodd et al. 1995; Taylor 2005).
According to Taylor (2005), during this process seed moisture content decreases to 5-7%
when an irreversible or full impermeability is achieved.
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2.14.3 Hardseededness breakdown
The hardseededness breakdown is defined as the rate of hardseededness decline over time.
Hardseededness declines with time depending on genotype and the diurnal amplitude of
temperature fluctuation experienced by burrs and seeds (Smetham and Ying 1991). For
instance, in Australia it was observed that 98% of ‘Woogenellup’ seeds were hard at seed
maturity. After four months in the field (subjected to fluctuations of high day temperatures
of 40–50 °C and a diurnal variation of >15 °C) the proportion of hardseeds declined to 34%.
However, for ‘Mt Barker’ initially 59% were hard and hardseededness declined to 11% after
4 months (Quinlivan & Millington 1961).
The natural decrease in hardseededness “seed softening” (Taylor et al. 1984; Taylor and
Ewing 1992) was demonstrated by Smetham and Ying (1991) who harvested seed in a hill
site near Waikairi, North Canterbury. They tested germination and seed softening in
controlled environment conditions (15oC alternating with 35oC every 12 hours) and observed
that after 40 days 80% of ‘Woogenellup’ seeds had softened whereas only 60% of ‘Howard’
seeds had softened.
In the field, seeds will experience variable daily temperatures and the number of
chronological days may not be sufficiently reliable to estimate the proportion of seeds which
will emerge in a short or long term period. A thermal time approach was proposed by GamaArachchige et al. (2013) to study the physical dormancy break of Geranium (Geranium
carolinianum) seeds but it has not been used for sub clover. Thus, similar methods will be
applied to study hardseed breakdown as part of Objective 4.

In grazing systems, seed softening in early autumn is desirable for the regenerating pasture.
In the event of an early break of season, substantial pasture production can be achieved
with adequate seedling population. Early establishment means plants can develop canopy
and accumulate dry matter prior winter cold and short days. For instance, sub clovers that
emerged in March produced more cumulative herbage yield (7000 kg DM/ha) than that
which emerged in early May (1800 kg DM/ha) by mid-September (Moot et al. 2003). The
seedlings that are produced from seeds which soften later (in late autumn) are placed at a
competitive disadvantage (Taylor 2005).
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2.14.4 Hardseededness decline in temperate climates
In New Zealand, for a particular sub clover cultivar, hardseededness tends to decline more
gradually when compared with a warm Australian climate because of the lower maximum
temperatures and a lower diurnal variation. Smetham and Ying (1991) observed that in
autumn approximately 76% of ‘Woogenellup’ seeds remained hard after four months field
exposure and consequently that germination was low (approximately 23%). Essentially high
temperatures cause chemical alterations (i.e. in seed coat lipids) and physical changes
(expansion and contraction of the seed) which permit germination (Smith 1988; Taylor 2005;
Zeng et al. 2005). For temperate areas (such as Tasmania and New Zealand) cultivars with
the ability to soften a higher proportion of seeds by the following autumn would be ideal
(Smetham and Ying, 1991; Smetham, 2003). In contrast, for warm Mediterranean areas a
cultivar with very high seed hardness and with very high productivity would ensure adequate
seed emergence in the coming autumn and maintenance of a seed bank for the subsequent
years (Smetham 2003).
Hardseededness breakdown of newly introduced sub clover cultivars such as ‘Antas’, ‘Monti’
and ‘Narrikup’ grown in the temperate New Zealand climate has not been investigated.
Thus, this research will assess the seed softening patterns of seeds of selected cultivars
produced under different environments (sowing dates) in Canterbury (Objective 4).

2.14.5 Phases of seed softening
In natural conditions seed softening (or the breaking down of hardseededness) happens in
two phases. The first phase requires minimum thermal input. The second requires
temperature fluctuations (Taylor 2005). Different requirements for the first and second
stage of seed softening determine when seeds soften within a year and what proportion of
hard seeds remain hard in a seedbank (Norman et al. 2002; Taylor 2005).
Taylor (2005) outlined the stages of permeability during seed softening:
•

Impermeable preconditioning (when seed is still impermeable)

•

Slowly permeable at some point on the testa (that might be other than the lens, such
as the micropyle or hilum).

•

Finally, rapidly permeable at the lens.
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Understanding hardseededness is crucial for the persistence of legume based pastures
(Nichols et al. 2013; Castello et al. 2016). Clarification is needed to understand how
environmental factors will affect the hardseededness trait (Objective 4) and how stable
Australian results are for New Zealand conditions.

2.14.6 Hardseed evaluation
Technically the hard seed content of any sample is considered to be the proportion of seeds
remaining impermeable to water after 14 days in a moist substrate at the optimum
temperature of 15 °C (paper or blotter). The standard testing technique is prescribed by the
International Seed Testing Association for germination tests on seeds of sub clover
(Quinlivan 1965; ISTA 2017). To assess the initial hardseededness, seeds need to be removed
from the inflorescences (burrs). In small scale research tests this can be done by rubbing the
burrs gently between corrugated rubber mats (Norman et al. 2002). In large scale
commercial seed producing areas in Australia, seeds are cleaned and threshed with
machinery and this process scarifies the seed removing the physical dormancy (Nichols et al.
2007). Thus, the experiments will use commercial scarified seeds for sowing, but
hardseededness will be assessed from the seed set (i.e. seeds harvested manually) from field
experiments (Chapter 4 and 5).

2.14.7 Seed softening evaluation
Seed softening can be assessed in a controlled environment or in natural field conditions. A
standard procedure to compare seed softening of seed lots consists of placing seed or burr
samples in an oven tray a with daily temperature fluctuation that simulates dry summer field
conditions (Taylor 2005). The rate of sub clover seed softening under a temperature regime
of 15/60 °C represents the observed seed softening in Australian (Perth) fields (Quinlivan
1961, Quinlivan & Millington 1961, Norman et al. 2006). Variations of this method (i.e. 15/35
°C) have been used to simulate seed softening in cooler temperate regions (Smetham and
Ying 1991; Fairbrother and Pederson 1993).

Controlled environment studies allow a detailed quantification and development of a
thermal time model to predict the seed dormancy breaking processes (Gama-Arachchige et
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al. 2013).The seed softening or hardseed breakdown encompass the process of degradation
of seed coat lipids (Zeng et al. 2005) and physical effects through the expansion and
contraction of the seed coat (Taylor et al. 1984; Taylor 2005). This makes it permeable and
allows germination to occur in response to environmental conditions (Smith 1988; Norman
et al. 2006). This process of degradation of seed coat bio compounds will be investigated as
part of Objective 5.

2.15 Seed coat
The seed coat is a protective tissue enveloping the developing embryo (Borisjuk et al .2004).
It is the first defence layer against adverse external factors and also acts as a channel for
transmitting environmental cues to the interior of the seed (Radchuk and Borisjuk 2014).
In legume seeds, the outermost layer of the seed coat is called the palisade layer and
consists of malpighian cells covered by the cuticle (Smykal et al. 2014). The cuticle covers the
whole seed, except for the hilum, and is the critical barrier to imbibition (Shao et al. 2007).
There is some evidence that the degree of seed coat impermeability increases with the
thickness of the seed coat and its cutin and suberin content (Argel and Paton 1999).

2.15.1 Seed coat colour
Seed coat colour has been suggested as an indicator of hardseed levels in Carthamus
sp.(Karami et al. 2017), beans (Abdullah et al. 1991) and cowpea (Morrison et al. 1995)
seeds. These studies suggested that light or white seeds loose hardness faster than dark
coloured seed due to a faster water uptake by non-pigmented seed coats (Smykal et al.
2014). Based on this fact, it would be expected that light coloured seeds from the
yanninicum sub clovers would have a faster rate of hardseed breakdown than dark seeds
from the subterraneum and brachycalycinum sub clovers. The data presented in Nichols et
al. (2013) also indicates this trend. The yanninicum cultivars have an average hardseed rank
score of 3.5 while the subterraneum cultivars have a hard seed rank average of 5.0.
Quantification of hardseededness and the hardseed breakdown of different sub clover
subspecies is assessed as part of Objective 4 (Section 1.2).
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2.15.2 Seed coat composition
Suberin has been proposed to be the main biochemical component of hardseedness in sub
clover seeds (Quinlivan 1965). Suberin is an extracellular tissue sealing polymer that is
deposited together with suberin-associated waxes at distinct locations during plant growth
that is species-specific (Kolattukudy 1981; Nawrath 2002; Vishwanath et al. 2013). The water
barrier properties of suberin are attributed to the hydrophobic nature of the lipids deposited
in the cell wall (Franke et al. 2012). The synthesis of suberin increases when plants undergo a
stress condition, for example to create a barrier against water and solute loss and to protect
against opportunistic pathogen invasion (Bayliss et al. 2002, Nawrath 2002, Franke et al.
2012).

Suberin is chemically described as a biopolyester mainly comprised of ω-hydroxy acids
(around 11-43%) and α,ω-dicarboxylic acids (which range from 24 to 45%) and lower
amounts of fatty acids (1-10%) and alcohols. Glycerol and minor amounts of aromatic phenyl
propanoids are also part of the suberin polyester (Graça and Pereira 2000; Graça 2015)
within a range of 14-26% and 0-10%, respectively (Franke et al. 2012).

To date there are limited data that correlate suberin content and legumes hardseededness
or seed softening, particularly for sub clover seeds. Possibly the reasons are the complexity
of suberin chemical constitution, restricted knowledge and methodological limits
(Kolattukudy 1981, Nawrath 2002) and the relatively low importance of sub clover compared
with other legumes such as soybean or peas. Slattery et al. (1982) found no correlation
between permeability and phenol content of sub clover ‘Bacchus Marsh’ seeds (phenols are
only one of the many components of suberin). In contrast, Zeng et al. (2005) demonstrated a
positive relationship with seed coat lipid content and sub clover hardseededness of
‘Dalkeith’. A proposed chemical structure of suberin composed of fatty acids-alcohols,
glycerol and phenolics has been published by Graça (2015). Beside suberin, other
compounds like lignin and tannin were found in the seed coat of cow peas (Morrison et al.
1995) and these compounds are also hydrophobic (Grasel et al. 2016; Prats Mateu et al.
2016) and may contribute to hardseededness. Thus, this study investigates the main
biochemical compounds present in the seed coat of different sub clover cultivars and their
relationship with hardseededness as part of Objective 5.
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2.15.3 Seed coat cuticle and temperature
The increased temperature affected the properties of plant cuticle of seed coat because it
modifies thermodynamic parameter of polymers like cutin and suberin. This parameter is
called glass temperature (Tg) defined as the temperature where a reversible transition
between a rigid state and a rubber-like state occurs (Domínguez et al. 2015).

When ambient temperature exceeds Tg polymer chains increase their molecular mobility,
the viscosity, stiffness, and heat capacity of the entire macromolecule. In the case of plant
cuticles, the Tg is ~23 oC for cutin (Heredia-Guerrero et al. 2018). The Tg of suberin is 39 oC
and degradation temperatures above 41.5 oC (Sousa et al. 2011). For tannin, a glass
temperature of 117 oC and a degradation temperature of 258 oC are reported (Lispergueri et
al. 2016). Cellulose is chemically stable at 180 oC and degradation starts when temperatures
exceed 200 oC (Oh et al. 2005; Szcześniak et al. 2008).

2.16 Chemical imaging
The classic and earlier procedures for the isolation of cutin and suberin are based on
digestion of the tissues with cellulases and pectinases (Nawrath 2002). These polyesters are
extracted using solvents (Vishwanath et al. 2013) and GC-EIMS (Gas Chromatography with
Electron Impact Mass Spectrometry) procedures (Graça and Pereira 2000). Alternative
methods of chemical imaging allow determination of many constituents in a sample, since
organic molecules have specific absorption patterns in the near infrared region that can be
used to characterize the chemical composition of the material being examined (Dogan et al.
2007, Rodríguez-Pulido et al. 2013).

There are two main advantages of the near infrared techniques over traditional chemical
analysis. The images provide non-destructive, rapid and in situ information about the
molecular structure at different cell wall locations combined with the spectroscopic data
(the chemical composition) in undisturbed plant sections (Schwanninger et al. 2004, Busch et
al. 2010, Ji et al. 2013). Second, the operational simplicity makes chemical detection two to
threefold quicker and more cost effective than other traditional laboratory testing protocols
(Plans et al. 2012).
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Chemical imaging and spectroscopy have been used to differentiate cultivars and the
important compounds in the grape seed coat: monomers of flavan-3-ols and tannins
(Rodríguez-Pulido et al. 2013) and to predict maize kernel hardness (Williams et al. 2009).
Chemical imaging has been used to study suberin in trees (Cordeiro et al. 1998; Lopes et al.
2000; Lopez et al. 2012) and potato (Solanum tuberosum) in intact and processed tissues
(Kotilainen et al. 2000). These techniques have been applied to assess the seed coat
properties of beans (Phaseolus vulgaris) (Plans et al. 2012), cotton (Gossypium hirsutum)
(Himmelsbach et al. 2003, Allen et al. 2007) and hazelnut (Corylus avellana) (Dogan et al.
2007). Up to now only destructive methods were used to determine fatty acids for sub
clover ‘Dalkeith’ and ‘Bacchus Marsh’ seeds (Zeng et al. 2005). Part of Objective 5 is to verify
the applicability of chemical imaging on seed coat of sub clover seeds. This non-destructive
technique can be used for in situ studies of the sub clover seed coat to follow reactions upon
changed environmental conditions. Potentially these methodological foundations could then
be broadly applied for other important dormant legumes.

2.16.1 Infrared
Infrared hyperspectral imaging is a spectroscopic technique which captures images at many
wavelengths in the IR region. Specifically, Fourier transform infrared (FTIR) spectroscopy is a
valuable alternative because it provides information at the molecular level and is a fast
procedure not depending on intensive sample preparation as per other analytical techniques
which require the extraction, fractioning and isolation of the diﬀerent compounds
(González-Cabrera et al. 2018). The technique has gained particular relevance due to
advances in instrumentation and the coupling with microscopy because of the possibility of
retrieving chemical and structural information at the tissue level (Gierlinger 2017). This
technique has been applied to evaluate kernel (Williams et al. 2009) and grain (Plans et al.
2012) hardness and widely used to evaluate fruit and wood properties (Schwanninger et al.
2004, Hobro et al. 2010).

2.16.2 The FTIR spectral interpretation
The standard procedure to interpret an IR spectrum is to examine the peaks present in the
spectrum in selected regions. The 4000-1500 cm-1 is the region of specific types of bonds,
and therefore used to identify whether a specific functional group is present. The fingerprint
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region (peaks in the 1500-400 cm-1 region) arises from complex deformations of the
molecules (Baker et al. 2015). They may be characteristic of molecular symmetry, or
combination bands arising from multiple bonds deforming simultaneously (Mason et al.
2017) .Finally, a comparison of the measured spectrum with a reference material is useful.
This can be done consulting previous published data and spectral library (Alonso-Simón et al.
2011). This method will be used as there are no reports in the literature describing the FTIR
spectra of sub clover seeds.

2.16.3 Chemical image of seed coat
The chemical imaging approach has not been used to characterize the seed coat properties
of sub clovers. As described earlier the evaluation of sub clover seed hardness is relatively
simple, but it takes at least two weeks to be quantified. In addition, a more detailed
assessment of the rate of hardseededness breakdown, as per Australian methods require 16
weeks of testing (Quinlivan & Millington 1961). Part of Objective 5 is to explore spectroscopy
as an alternative tool for a practical and reliable discrimination of cultivars (Wang et al. 2012,
Abidi et al. 2014) based on hardseededness of selected sub clover cultivars. To elucidate the
biochemical structure of the sub clover seed coat this research included chemical image
studies is described in Chapter 6.
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2.17 Summary

This literature review identified key themes that require further research to optimise the use
of sub clover in pastoral systems. The following research framework is proposed to
address the objectives of the thesis.
•

An evaluation of the current knowledge of the influence of environment on flowering
time of sub clover in Oceania and quantification of the thermal and photothermal time
to flowering. This will be presented in Chapter 3.

•

Quantification of vegetative development in response to temperature and
photoperiod of a range of cultivars. This includes i) the estimation of cardinal
temperatures for germination and thermal time requirements for key vegetative
phenophases : emergence, leaf and runner appearance (Chapter 4) ii) quantification of
phyllochron in response to photoperiod.

Quantification of the reproductive development including time to flowering influenced
by photoperiod, duration from flower appearance to physiological maturity (Chapter
4).
•

Quantification of seed yield, hardseededness and germination in response to
environment and cultivar (Chapter 5).

•

Determination of the main biochemical compounds conferring hardseededness will be
evaluated in Chapter 6.
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Chapter 3 Sub clover flowering time in New Zealand and Australia
3.1 Introduction
This chapter reviews and reanalyses Australasian published datasets on flowering time of sub
clover genotypes. The time to flower is one of the most relevant genotype characteristics that
can influence management decisions for sub clover to ensure plant persistence in pastures,
and for seed production systems. For example, defoliations are often timed before the
flowering of a given genotype occurs to maximise the number of inflorescences and seed set
(Nichols et al. 2013). In addition, it is crucial to match the flowering period with suitable
environmental conditions for optimal seed development. For sub clover, several studies
suggest strong interactions between genotype and environment with regard to flowering time
(Chapman et al. 1986; Evans et al. 1992; Dear et al. 1993; Piano et al. 1996; Widdup and
Pennell 2000). To date, the observed variability of flowering time of sub clover genotypes has
not been systematically analysed across contrasting environments.
This chapter relates to Objective 1 presented in Chapter 1. It describes the interactions
between genotype and environments, created through different sowing dates and
experimental sites. Sub clover experimental datasets were reviewed through a reanalysis of
published literature from New Zealand and Australia. The first task was to summarise the
reported number of days from sowing to flowering for sub clover cultivars grown at different
latitudes. The weather data were then assembled to convert chronological time (days) to
accumulated thermal time (oCd) to flowering, which is a more physiologically meaningful
metric to assess plant development rates across environments (Section 2.8.1). Finally, the
influence of photoperiod on the thermal time requirement was empirically assessed given the
long-day plant response of sub clover (Aitken 1955; Francis and Gladstones 1974; Smetham et
al. 1994; Pecetti and Piano 2002). The null hypothesis is that the time to flower (days, thermal
time and photothermal time) is constant among genotypes and sowing dates.
The relationship between thermal time requirement and photoperiod for different flowering
groups (“early” and “late”) was determined. This reanalysis of available literature aimed to
provide initial equations to compare with results from field and controlled environment
experiments detailed in Chapter 4.
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3.2 Materials and methods
3.2.1 Data mining and compilation
Fifteen peer-reviewed publications that report time to flower of sub clover in New Zealand
and Australia from 1955 to 2000 were identified. From these, 398 independent data points
of flowering time were extracted, either directly from tables and text or graphically. Graphic
data points were extracted with the software Getdata Digitizer (GetData 2013). These
publications were a subset from a total of 19 Australasian publications compiled in a
literature review using search engines Google Scholar and Web of Science and trough
Lincoln University library services. The key words searched in those platforms were:
subterranean clover, flowering time, Trifolium subterraneum, reproduction, seed set,
reproductive, development, phenology, Australia, New Zealand. The criteria to include the
papers in the re analysis were the accuracy of information provided in each publication to
enable data extraction and the creation of the database. The key variables extracted from
publications were year, location, country, latitude, longitude, cultivar name, sowing date and
flowering date. Publications which did not provide this vital information set were excluded
from the reanalysis.The difference between sowing and flowering dates provided the
calculation of the variable “number of days to flowering”.
The assessment criteria used to define a flowering event differed among experiments. For
example, some studies considered flowering as “flower initiation” while others considered a
percentage of plants that reached flowering. For a consistent comparison, the criteria used in
each individual experiment were recorded and used to normalise all datasets to “50% of plants
at the first flower”. The datasets compiled from Australian and New Zealand experiments are
described in Table 3.1and Table 3.2.
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Table 3.1. List of published literature from Australia that reports sub clover time to flower,
with minimum (min) and maximum (max) days to flower at each location.
Country: Australia
Reference1
N2 Location
Sowing date
Days to flower
(dd/mm/yy)
Min
Max
Cocks and Phillips
18 Adelaide
13/03/1978
87
213
(1979)
(33.83° S,117.16°
E)
Young et al. (1994)
18 Condobolin
25/03/1986
111
154
(33.08°S, 147.15°
16/04/1986
99
140
E)
05 and
106
118
27/05/1986
19/06/1986
84
92
07/07/1986
77
84
Evans et al. (1992)
72 Katanning
03/04/1990
87
174
(33.83°S,117.16°
03/05/1990
100
158
E)
03/06/1990
96
134
03/07/1990
74
115
01/08/1990
68
101
01 and
60
113
15/09/1990
01/10/1990
51
92
Evans et al. (1992)
72 Launceston
03/05/1987
129
164
(41.42°S,147.12°
03/06/1987
107
146
E)
03/07/1987
92
125
01/08/1987
75
107
01 and
61
105
15/09/1990
01/10/1990
54
118
01/11/1990
44
100
3
Aitken (1955)
6 Melbourne
08/04/1952
162
209
3
Collins and Aitken
2 (31.93°S,115.98°
28/07/1969
113
113
E)
(1970)
15/08/19693
100
100
Collins (1978)
2 ShentonPark
16/05/1973
109
115
(37.28°S,142.98°
E)
Dear et al. (1993)
88 WaggaWagga
20/03/19854
131
208
(35.16°S,147.46°
E)
Smetham and Dear
3
20/06/1985
105
165
(2003)
1 Reference = Authors and year of publication.
2N = number of experiment data points (cultivar x sowing date combination).
3 Estimated based on days to flower. 4 Estimated based on date for emergence.
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Table 3.2. List of published literature from New Zealand that reports sub clover time to
flower, with minimum (min) and maximum (max) days to flower at each location.
Country: New Zealand
Sowing
Reference1
N2 Location
Days to flower
date
(dd/mm/yy) Min
Max
Chapman and Williams (1990)
9 Ballantrae
24/04/1982 132
175
40° 18' S,175° 50' E
Hoglund (1990)
9 Carvossa
01/05/1981 130
160
42° 54' S,172° 38' E
Smetham (1968)
17 Cromwell
17/02/1965 225
271
45° 3' S,169° 11' E
Smetham et al. (1994)
19 Christchurch
02/05/1993 129
176
43° 29' S,172° 32' E
Widdup and Pennel (2000)
23 Templeton
03/05/1993 133
176
43° 34' S,172° 43' E
Dodd et al. 1995 (Dodd et al.
18 Whatawhata
03/05/1989 114
214
1995)
37° 48' S,175° 5' E
Sheath and Richardson (1983)
14
05/05/1979 131
207
1 Reference = Authors and year of publication.
2N = number of experiment data points (cultivar x sowing date combination).

3.2.2 Cultivars
The 39 sub clover cultivars considered for reanalysis are described in Appendices A.1. and
A.2.The subspecies subterraneum was the most studied (60%), followed by yanninicum
(15%) and brachycalycinum (2%). The remaining 23% of datapoints referred to “not
reported” cultivars. ‘Mt Barker’ was the most studied cultivar, present in 73% of the
experiments, followed by ‘Tallarook’ and ‘Seaton Park’ in 60% of the studies. Some noncommercial lines were included in evaluations performed by Smetham et al. (1994), such as
the Mediterranean ecotypes, Sardinian ecotypes and selections from the North Island.
Smetham (1968) also included a line called Portugal294.
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3.2.3 Weather data
Daily weather data (maximum and minimum temperatures) for each publication were
obtained from the manuscripts (when available) or extracted from online weather station
databases for the location closest to the geographic coordinates of experiments. Weather
data sources were from New Zealand's National Climate Database (NIWA 2018) and the
Australian Data Archive for Meteorology (BoM 2018). Daily photoperiod (including civil
twilight, section 2.8.2) was calculated for each study based on the day of the year and the
site coordinates (Table 3.1 and 3.2 ). The daily datasets of air temperature and photoperiod
developed for the period of growth of each sub clover cultivar and location are show in
Figure 3.1 and Figure 3.2.
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Figure 3.1. Maximum (Tx; red lines) and minimum (Tm; blue lines) daily temperature (˚C) and
photoperiod (Pp, hours; black lines) for each experiment during sub clover growth seasons
in Australia. Panel labels indicate the location and year of each experiment.
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Figure 3.2. Maximum (Tx; red lines) and minimum (Tm; blue lines) daily temperature (˚C) and
photoperiod (Pp, hours; black lines) for each experiment during sub clover growth seasons
in New Zealand. Panel labels indicate the location and year of each experiment.
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3.2.4 Thermal time calculation
Mean daily thermal time was calculated using the daily maximum and minimum air
temperatures (Figure 3.1) and assumes a smooth sinusoidal pattern across the day (Chapter
2, Section 2.8.1). For each day, mean temperature was estimated for eight periods
throughout the day (i.e. each 3 hours) based on a third-order polynomial function (Equation
4) to represent the diurnal ﬂuctuation of temperature (Jones and Kiniry 1986). Thermal
hours accumulated was estimated for each of the eight periods and averaged for each day
(degree-days, °Cd).

Equation 4
𝑇𝑛𝑑𝑖𝑢𝑟𝑛𝑎𝑙 = [0.931 + 0114𝑛 − 0.073𝑛2 + 0.0053𝑛3 ) ∗ (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)] + 𝑇𝑚𝑖𝑛]
Where “n” is the 3-hour period of a day (1–8), Tndiurnal is the mean temperature for the
period n of the day, and Tmax and Tmin are the daily maximum and minimum temperature.
Thermal hours for each of the 8 periods was calculated from Tn diurnal based on a broken-stick
relationship with cardinal temperatures representing base (Tb=0oC), lower optimum (18oC),
upper optimum (22oC) and maximum (Tmax=36 oC) thresholds (Figure 3.3).

These cardinal temperature parameters were based on previous studies for sub clover
(Silsbury et al. 1984; Moot et al. 2000; Moot et al. 2003; Lonati et al. 2009; Monks et al.
2009) and confirmed in the controlled environment experiment (E1) in Chapter 4 (Table 4.2).
In the absence of specific cardinal temperatures for sub clover flowering the values
estimated through controlled environment germination tests were used in this reanalysis.

3.2.5 Standardisation of flowering time to 50% flowering
The reporting of “flowering time” differed among experiments. Reports ranged from onsetof-first-flower to 100% of observed plants at flowering. The most common criterion was 50%
of plants with the first flower, which was used in nearly half of the studies. Therefore, this
was the criterion considered for standardisation of flowering time across all experiments.
For that, the thermal time accumulation “from sowing to 100% flowering” was assumed to
follow estimated values from the Wagga Wagga experiment (35.16°S,147.46° E) in Australia
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(Dear et al. 1993). This dataset was used to perform the standardisation because it
contained observations from early-flowering (5% flowering), to mid- (50%) and full-flowering
(100%) for contrasting sub clover cultivars across two sowing dates (Appendix A.3 and Figure
3.3). The thermal time sum from 5 to 100% flowering was ~224 ±32.8 oCd (mean±standard
error of the mean, SEM) when pooled across the sowing dates (Table 3.3). Flowering
progressed linearly at similar rates of 0.454 ± 0.082%/oCd and 0.478 ±0.075% /oCd for sowing
dates in March and May, respectively. These rates were used to normalise estimates from all
studies to 50% flowering (DSF50).

(TLopt=18)

(Tb=0)

(TUopt=22)

(Tmx=36)

Figure 3.3. Thermal time (oCd) accumulation against temperature (oC) used to calculate the
phenological development of sub clover (Tb=0oC; TLopt=18, TUopt=-22oC; Tmx=36oC, see Section
2.8.1).

A pooled value of 2.1oCd per percent unit of flowering (i.e. 1/0.45% /oCd) was then assumed
to standardise all experiments to 50% flowering using a linear model (Moreau et al. 2007;
Teixeira et al. 2019). This assumption ignores genotype differences, but the relatively small
amount of thermal time accumulated from 5 to 100% flowering (224 oCd) implies that errors
in the standardisation will be small (5±2.3%) compared with the total thermal time (~ 2300
oCd)

to flowering (Evans et al. 1992; Dear et al. 1993).
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Table 3.3. Mean number of days to flower, estimated accumulated thermal time (TT, oCd)
and percent of flowering (%) per thermal time unit (oCd) from flower initiation (5%) to full
flowering (100%) for 14 cultivars* of sub clover (Dear et al., 1993).
Sowing

Mean days

SEM**

Mean TT

SEM

Mean flowering

SEM

period

to flower

Days

to 100%

TT

progression rate

(%/oCd)

(%/oCd)

flower
(oCd)
March 1985

177

9.40

231

33.19

0.454

0.082

May 1986

145

6.65

218

32.53

0.478

0.075

Mean

161

8.02

224

32.86

0.466

0.0785

*‘Clare’, ‘Daliak’, ‘Dalkeith’, Esperance’,’Einfeld’, ‘Junee’, ‘Karridale’, line ‘GD56’, ‘Mt Barker’,
‘Nungarin’,‘Northam’, ‘Woogenellup’, ‘Seaton Park’, ‘Trikkala’. **SEM= standard error of the
mean.

3.2.6 Photoperiod
Photoperiod was used as an empirical descriptor of seasonal changes in thermal time
requirements to reach 50% flowering. Photoperiod effects were analysed in a sub set of data
for four Australian experiments as these had multiple sowing dates, which gave a contrast of
photoperiods (Condobolin-1986, Katanning-1990, Launceston-1987 and Melbourne-1969,
Table 3.1). The dataset had nine cultivars and 174 observations with TT50F for sub clover
sown under different photoperiods. To facilitate comparisons, these cultivars were grouped
in two categories based on the minimum thermal time to 50% flower (TT 50F, Section 3.3.1).

“Early” flowering cultivars were: ‘Dalkeith’, ‘Nungarin’, ‘SeatonPark’ and ‘Trikkala’ (mean
TT50F of 850 oCd).
“Late” flowering: ‘Karridale’, ‘Larisa’, ‘Meteora’, ‘Mt Barker’, and ‘Woogenellup’ (mean TT50F
of 1000 oCd).
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Changes in duration and direction of photoperiod influence the time to flower initiation of
clovers (Nori et al. 2014).Therefore, photoperiod direction (Evans 1958; Evans et al. 1992)
was considered as either “descending” (autumn to winter when the photoperiod declined
from ~12.5 to 10 hours or “ascending” (winter to mid-spring when photoperiod increased
from ~10 to 15 hours) for the observations in the datasets.
Photothermal time to flowering (PT50F) was calculated using the equation published by Weir
et al. (1984) as described in Section 2.8.2 (Equation 3).
For the Australian data subset the base photoperiod (Ppb) was considered 10.0 hours and
the optimum photoperiod (Ppo) was set for 16.0 hours to correspond to the minimum and
maximum photoperiods in the year for the selected locations.

3.2.7 Data analysis
Analysis of the datasets was performed with the statistical language R version 3.6.0 (R Core
team 2018). Box plots for the chronological time (days, DSF50) and thermal time (TT50F, oCd)
to flowering show medians (lines in box middle) and interquartile ranges (25 and 75% as box
edges). Linear regression coefficients for the number of days (DSF50), thermal time to 50%
flowering (TT50F, oCd) and photothermal time (PT50F , oCd) were generated with package
“broom” and function “glance.lm” (R Core team 2018). The coefficients standard errors, P
values and the regression (R2, coefficient of determination) are presented.

3.3 Results
3.3.1 Time to flowering across climates, genotypes and sowing dates
The time to flowering ranged from 44 to 271 days across all reanalysed experiments. This
depended on annual weather conditions, sowing date and genotype (Figure 3.4). The average
time to 50% flowering (DSF50) was 56 days shorter for the Australian (116 days, ranging from
44 to 213 days) than for New the Zealand datasets (172 days, ranging from 114 to 271 days).
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Figure 3.4. Number of days (DSF50) and thermal time accumulation (TT50F, oCd) from sowing to 50% flowering for reanalysed studies in Australia (AU)
and New Zealand (NZ). The boxes represent the interquartile ranges (25, 50 and 75%) for each experimental location.
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When calculated on a thermal time basis (TT50F) the period from sowing to 50% flowering
ranged from 628 to 2600oCd (Figure 3.4). The TT50F values also differed across countries, being
higher in New Zealand (1551oCd) than Australian datasets (1259oCd). The variability within
locations in response to sowing dates and genotypes is explored in the following sections.

3.3.1 Genotypic differences in flowering time
The time to flowering was not constant and differed among genotypes. When sowing occurred
in March (autumn) in Australia, the earliest flowers were produced in June, by ‘Nungarin’ and
‘Northam’. In contrast, ‘Woogenellup’ and ‘Tallarook’ only flowered by October (Figure 3.5).

Figure 3.5. Date of sowing plotted against date of flowering for reanalysed studies in Australia
(AU, ○ circles) and New Zealand (NZ, △triangles).
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The Australian dataset shows no flowering from mid-February to May. The difference among
genotypes was quantified by comparing cultivars under similar environmental conditions
(location/sowing-date combination) and reporting differences in flowering time among
cultivars ( Figure 3.6 and Figure 3.7). The maximum difference among cultivars was 126 days
or 1332oCd, with values differing among sowing dates and environments. For example, for
early March sowing at Adelaide (Australia), where differences were greatest, the minimum
DSF50 was 87 days (1077oCd) for ‘Nungarin’ and 213 days (2408oC) for ‘Tallarook’ (Figure 3.6).
For New Zealand, the greatest cultivar differences ocurred at Whatawhata when sowing
happened in early May (Figure 3.7). ‘Tallarook’ had the maximum difference of 76 days, which
corresponded to ~ 1000 oCd. The minimum DSF50 was 131 days (1353oCd) for ‘Dwalganup’,
‘Geraldton’, ‘Nungarin’ and Uniwager and 207 days (2313oC) for ‘Tallarook’. The complete list
of cultivars and lines tested in New Zealand (total of 58 datapoints) is presented in Appendix
A.4.
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Figure 3.6. The difference in the number of days (DSF50) and thermal time from sowing to
50% flowering (TT50F, oCd) for sub clover grown in Australia at given location/sowing-date
combination experiments.
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(Number of days)
(Thermal timeSoCd)

Difference in time to flower among cultivars

Figure 3.7. The difference in the number of days (DSF50) and thermal time from sowing to
50% flowering (TT50F, oCd) for sub clover grown in New Zealand at given location/sowingdate combination experiments.
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3.3.1 Seasonality of flowering time
A systematic assessment of seasonality of flowering time was performed based on an
Australian dataset in which similar cultivars were subjected to different sowing dates (Table
3.1). The time to flower (DSF50 and TT50F) was not constant. DSF50 increased from 80 to 250

days as sowing dates advanced from mid-spring (November) to late-summer (February)
(Figure 3.8).

All cultivars showed a common DSF50 decline until November, but the magnitude and seasonal
pattern differed with the cultivar maturity group. For example, early flowering cultivars
showed low and stable DSF50 values in late-summer/autumn while late-cultivars showed a
pattern of increase in DSF50 in autumn. The early-flowering cultivars (‘Nungarin’, ‘Trikkala’ and
‘Dalkeith’) had a maximum thermal time to flowering of ~1400 oCd, when sown in April. Early
flowering cultivars showed a continuous decline in DSF50 from early-autumn (April) to earlyspring (October) sowing. For late-flowering cultivars (‘Karridale’, ‘Larisa’, ‘Meteora’,
‘MtBarker’, ’SeatonPark’ and ‘Woogenellup’), with a maximum TT50F of ~2000oCd when sown
in April, the early-autumn (April) decline in TT50F reached a minimum in winter (July) when
TT50F stabilised.

60

(Number of days)

Cultivars

Thermal time (oCd)

(Thermal timeSoCd)

Groups

Dalkeith
Karridale
Larisa
Meteora
MtBarker
Nungarin
SeatonPark
Trikkala
Woogenellup

Figure 3.8. The number of days from sowing to flowering and estimated thermal time to 50% flowering (TT 50F, oCd) reported in three Australian
experimental sites (Condobolin-1986, Katanning-1990 and Launceston-1987) according to the sowing month for nine sub clover cultivars. Maturity
groups were : Early (red lines) =‘Dalkeith’, ‘Nungarin’, ‘SeatonPark’ and ‘Trikkala’; Late (blue lines) = ‘Karridale’, ‘Larisa’, ‘Meteora’, ‘MtBarker’, and
‘Woogenellup’. The red and blue bands are the 95% Ci = 0.95-0.99. Arrows indicate the shortest day in winter.
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For an individual cultivar DSF50 and TT50F were not constant, which indicates that the flowering
time was not controlled only by temperature but also responded to photoperiod. However,
there were no New Zealand datasets available to investigate seasonality in DSF50 and TT50F.This
was therefore a key knowledge gap investigated through the field experiments reported in
Chapter 4.

3.3.1 Flowering time in response to photoperiod
The mean photoperiod (Pp, from sowing to flowering) ranged from 11.5 to 15.6 hours. There
was a clear response to photoperiod and a systematic change with a decline in DSF 50 and
TT50F from April to July sowing (Figure 3.8).
DSF50 and TT50F exhibited a hysteresis with changes (h) and directions (increase and decrease)
of photoperiod. For Pp <13 h, crops experienced both increasing and decreasing direction of
photoperiod. There was a strong hysteresis in the relationship between time to flower and
Pp depending on the Pp direction (Figure 3.9). Specifically, in autumn when Pp decreased
the time to flowering (both in DSF50 and TT50F) decreased when Pp shortened (from 140 to
112 days or 1680 to 1110oCd). In contrast, under increasing Pp in spring there was a decline
of time to flower (from 98 to 65 days or 1069oCd to 836oCd). The cultivars classified as early
were faster to reach flowering (983oCd vs. 1249 oCd for late cultivars) under increasing Pp,
but this was not the case under the decreasing Pp. The difference in TT50F from the
descending to the ascending photoperiod was larger (300 oCd) for the early cultivars than for
the late cultivars (165oCd).
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(Number of days)
(Thermal timeSoCd)

Dalkeith
Karridale
Larisa
Meteora
MtBarker
Nungarin
SeatonPark
Trikkala
Woogenellup

Figure 3.9.The number of days from sowing to flowering (DSF50) and estimated thermal
time to 50% flowering (TT50F, oCd) reported for four Australian experimental sites
(Condobolin1986, Katanning1990, Launceston1987 and Melbourne1969 in response to the
descending (April-July, DecreasingPp, solid line) and ascending (July- November,
IncreasingPp, dashed line) mean photoperiod for nine sub clover cultivars Groups were:
Early (red symbols) =‘Dalkeith’,‘Nungarin’,‘SeatonPark’ and ‘Trikkala’; Late (blue symbols) =
‘Karridale’, ‘Larisa’, ‘Meteora’, ‘MtBarker’, and ‘Woogenellup’. The red and blue bands are
the 95% Ci = 0.95-0.99. Regression coefficients are presented in Table 3.4.
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Table 3.4. Linear regressions coefficients for number of days (DSF50) and thermal time to 50%
flowering (TT50F, oCd) against mean photoperiod in response to the decreasing (April-July,) and
increasing (July - November) photoperiod direction for nine sub clover cultivars assembled as
“early” and “late” maturity groups.
DSF50 (number of days)
Maturity
Group *

Photoperiod
direction
Coefficient Estimate
Decreasing Intercept
-762
Slope
74
Early
Increasing Intercept
206
Slope
-10
Decreasing Intercept
-763
Slope
73
Late
Increasing
Intercept
212
Slope
-8
Decreasing Intercept
-728
Late subset**
Slope
70
Increasing
Intercept
220
Slope
-9
o
TT50F ( Cd)
Decreasing Intercept
-8783
Slope
834
Early
Increasing Intercept
1275
Slope
-41
Decreasing Intercept
-10721
Slope
977
Late
Increasing
Intercept
722
Slope
27
Decreasing
Intercept
-10067
Late subset**
Slope
924
Increasing
Intercept
854
Slope
15

SE
56.7
4.7
13.9
1.0
63.8
5.1
14.7
1.0
73
6
13
1

P value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

R2
0.83

818.7
68.7
115.5
8.7
1133.4
90.9
166.9
12.1
1289.8
104
120.1
9

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.030
<0.001
<0.001
0.002
0.090

0.75

0.66
0.84
0.44
0.81
0.66

0.31
0.75
0.06
0.73
0.04

For the “early” cultivars under a decreasing photoperiod TT50F was lowest when photoperiod
was 11.5 hours. In contrast, for the “late” cultivars the minimum photoperiod was 12.0 hours.
This half an hour difference represented 310oCd, which meant that the late cultivars required
more time to flower and had a critical daylength of 12 hours to begin flowering.
The relationships between DSF50 and TT50F in response to duration and direction of
photoperiod are shown in Table 3.4. For both maturity groups, the linear regressions
explained (P<0.001) the variation in DSF50 (R2 > 0.80) and TT50F (R2 > 0.70) due to photoperiod
changes. The exclusion of the datapoints from ‘Mt Barker’, which did not fit the regression for
increasing photoperiods (Figure 3.9) is indicated as a Late subset** group in Table 3.4. For this
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dataset the relationship between DSF50 and TT50F in response to photoperiod had a R2 of ~0.7
for the decreasing photoperiod direction (Table 3.4).
The estimated rate to TT50F under the decreasing photoperiod (range 10.4-13.0 hours range)
was 831oCd/hour and 977oCd/hour for the “early” and “late” cultivar groups, respectively. The
equations for the decreasing Pp scenario allowed the estimation of the base photoperiod of
10.3 hours for the “early” cultivars and 10.9 hours for the late cultivars (Table 3.4). Under
increasing photoperiod there were minimal changes in TT50F for both, “early” and “late”,
groups. This is evident by the low slope coefficients (-41 and 27oCd/h).

Photothermal time
To combine the flowering time from a given sowing date, TT50F was adjusted by the mean
photoperiod (Weir et al. 1984). For all cultivars, this modification reduced the accumulated
thermal time to flowering (Figure 3.10). The maximum PT50F (Section 2.8.2, Equation 3). for
the “early” cultivars was 600oCd and for the “late” cultivars ~ 1100oCd when sown in October
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Photothermal time to flowering (oCd)

Groups

Cultivars

Figure 3.10. Total accumulated photothermal time to 50% flowering (PT50F, oCd estimated from four Australian experimental sites (Condobolin-1986,
Katanning-1990 and Launceston-1987) against sowing month for nine sub clover cultivars Groups were : “Early” (red lines)
=‘Dalkeith’,‘Nungarin’,‘Seaton Park’ and ‘Trikkala’; “Late” (blue lines) = ‘Karridale’, ‘Larisa’, ‘Meteora’, ‘MtBarker’, and ‘Woogenellup’. The red and
blue bands are the 95% Ci = 0.95-0.99. Arrows indicate the shortest day in winter.
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The photothermal time was not constant and showed strong pattern of increase after the
shortest day. PT50F decreased with a decreasing photoperiod (from April to July sowing) and
augmented with increasing photoperiod (spring-summer, Figure 3.10). The photothermal
approach failed to reasonably account for the differences in flowering time when plants were
sown immediately before and after the shortest day. The late maturity plants which had
experienced similar mean absolute photoperiod but were sown into different photoperiod
directions (April and July) had a 250oCd difference in the photothermal time to flowering
Figure 3.11. This difference was 60oCd for the “early” flowering cultivars, which indicates an
obligate photoperiod response.
The flowering response based only on the duration of photoperiod could not be incorporated
into a single relationship. Thus, relationships between photothermal time ( oCd) to flowering
were developed taking into account the photoperiod direction (decreasing /increasing) as
shown in Table 3.5.
For the “early” cultivars the estimated rate to PT50F under the decreasing photoperiod was
451oCd/hour. For the late cultivars (including ‘Mr Barker’) it was 620oCd/hour. When cultivars
grew in an increasing photoperiod the rate to PT50F was lower, 154oCd/hour and 273oCd/hour,
for “early” and “late” cultivars, respectively.
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Figure 3.11. Estimated photothermal time to 50% flowering (PTT50F, oCd) reported in four
Australian experimental sites (Condobolin1986, Katanning1990, Launceston1987 and
Melbourne1969 in response to the descending (April-July, DecreasingPp, solid line) and
ascending (July- November, IncreasingPp, dashed line) mean photoperiod for nine sub
clover cultivars Groups were : “Early” cultivars (red symbols) = ‘Dalkeith’, ‘Nungarin’,
‘SeatonPark’, and ‘Trikkala’; “Late” (blue symbols ) = ‘Karridale’, ‘Larisa’, ‘Meteora’,
‘MtBarker’, and ‘Woogenellup’. The red and blue bands are 95% Ci = 0.95-0.99. Regression
coefficients are presented in Table 3.5.
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Table 3.5. Linear regressions coefficients for photothermal time (PT50F) to 50% flowering in
response to the decreasing (April-July,) and increasing (July - November) photoperiod
direction for nine sub clover cultivars assembled as “early” and “late” maturity groups.
PT50F (oCd)
Maturity
Group *

Photoperiod
direction
Coefficient Estimate SE P value R2
Decreasing Intercept
-5196
108 <0.001 0.96
<0.001
Slope
451
9
Early
Increasing Intercept
-1706
40 <0.001 0.96
<0.001
Slope
154
3
Decreasing Intercept
-7312
252 <0.001 0.92
Slope
620
20 <0.001
Late
Increasing Intercept
-3114
78 <0.001 0.94
<0.001
Slope
273
6
Decreasing Intercept
-5195
252 <0.001 0.92
Late subset**
Slope
451
20 <0.001
Increasing
Intercept
-3113
77 <0.001 0.94
<0.001
Slope
273
6
*Maturity groups: “Early” =‘Dalkeith’,‘Nungarin’,‘SeatonPark’ and ‘Trikkala’; “Late”=
‘Karridale’, ‘Larisa’, ‘Meteora’, ‘MtBarker’, and ‘Woogenellup’.**Late Subset: exclusion of ‘Mt
Barker’. SE= standard error.

3.4 Discussion
This reanalysis study compiled 369 data-points (260 in Australia and 109 in New Zealand) on
previously published dates of sowing and flowering for sub clover. The dataset was used to
estimate thermal time requirements to 50% flowering for contrasting genotypes and relate
these estimates to average photoperiod from sowing to flowering.

Seasonality and thermal time to flowering
Sub clover cultivars consistently showed a long-day plant behaviour. The thermal time
requirement to ﬂowering increased at shorter Pp in autumn. Plants with a response flower
faster under a particular photoperiod but will eventually flower under all photoperiods. This
strong seasonality was evident in the estimated time to flowering (Figure 3.8) and agrees with
previous reports for other legume species under Mediterranean environments (Evans et al.
1992; Iannucci et al. 2007). The complete dataset with time to ﬂowering of sub clover showed
a range in DSF50 between 50 to 300 days which is larger than previously reported (Evans et al.
1992). Iannucci et al. (2007) showed that ﬂowering rates occur faster when day length exceeds
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a critical value of 13.5 hours for Persian clover (Trifolium resupinatum) and 14.5 hours for
Berseem clover (Trifolium alexandrinium). For “early” and “late” sub clover cultivars assessed
in this study the threshold day length values were lower, 11.5 and 12 hours respectively. It is
difficult to isolate the drivers that influence TT50F based on field observations under
contrasting environmental and management conditions due to the inherent relationship
between temperature and Pp. For example, among the late maturity groups, the ‘Mt Barker’
datapoints displayed in Figure 3.9 had systematically a higher thermal time requirement than
the other cultivars. ‘Mt Barker’ had erratic flowering time under phototoperiods > 14 hours
which might reflect experimental or methodological variances (i.e. glasshouse pot trials in
different experimental sites). Or, could be related to an increase of the critical temperature
for the cold requirement with higher photoperiod (Andrés and Coupland 2012; RomeraBranchat et al. 2014). The analysis of the data subset which excluded ‘Mt Barker’ data points
improved the relationship between time to flowering and the photoperiod by 10% for the late
maturity group. This fact highlights that individual cultivar values for thermal time
requirements should be determined, particularly for the medium and late maturity cultivars.
Sub clovers evolved in the Mediterranean climate and the response to an increased
photoperiod overlaps with increase in temperature and decrease in soil moisture. This is a
survival strategy of sub clover plants to ensure seeds are produced before the onset of
summer drought (Aitken 1954; Smetham 2003a). Ecological studies also showed that
subterraneum populations are earlier ﬂowering than the brachycalycinum populations from
the same sites of origin. This may be due to different mechanisms of burr burial between the
subspecies. For the subterraneum spp. early maturity means that burr burial is favoured
because the soil retains enough moisture (Nichols et al. 2013).
The results also confirmed that the photoperiod effects differed among cultivars (Cober et
al. 2014). Aitken (1955) and Smetham (2003b) also reported that early genotypes (e.g.
‘Dwalganup’) had a lower Pp threshold than late maturity cultivars. The quantification of
11.5 hours as the critical photoperiod for the early cultivars indicates a lower Pp threshold
and a lower thermal time requirement to flower than the late cultivars. The late cultivars,
after minimum thermal time accumulation (~>1000 oCd), only initiated flowers when the
daylength is greater than 12 hours.
The range in thermal time to 50% flowering was 628 to 2600 oCd (Figure 3.4), being lower for
early- (700oCd) than late-cultivars (900oCd). By assuming an average 160oCd from sowing to
70

emergence of sub clovers (Moot et al. 2000) the thermal time requirements from emergence
to flowering can be estimated in the 540-740oCd range. Further, by assuming a phyllocron of
68oCd/ leaf (Moot et al. 2003) this thermal time range implies the appearance of 8 to 11 leaves
when sub clover reaches 50% flowering (Chapman 1992). These are important parameters for
the inclusion in biophysical models that can be used to estimate yield and quality aspects of
sub clover. Among the papers reviewed, only one Aitken (1955) had addressed phyllochron
and flowering time plasticity for a few cultivars. Therefore, this will be measured in field
experiments (Chapter 4).
Evans et al. (1992) developed a linear photothermal time model to predict the time of
flowering in sub clover. However, the authors had not resolved imprecision issues. For
example, when late varieties were sown in April or when early flowering genotypes were sown
in spring their equations failed to quantify the time to flower. The authors pointed out several
reasons for the uncertainties and discrepancies between predicted and observed data.
However, they had not explored the potential response to photoperiod direction. In this
reanalysis the inclusion of the direction of photoperiod has improved the accuracy of the
linear equations for both maturity groups (Table 3.5) and revealed sub clover photoperiodic
and photo-directional responses.

Limitations of the current reanalysis
There are, however, limitations to the approach developed in this chapter. To enable a
consistent comparison across all cultivars it was necessary to consider a common set of
cardinal temperatures (base, optimum and maximum) for the calculation of thermal time. It
is unclear if cultivars have similar sensitivity to temperature, although there is some evidence
of consistency within species (Parent et al. 2010; Andreucci et al. 2012; Nori et al. 2014).
Cardinal temperatures for sub clover will be then estimated in controlled environment
conditions (Chapter 4) to confirm (or not) variability among cultivars or subspecies.
Some degree of bias in this re analysis could also been introduced by assessing climate data
from near weather stations when site data were not provided. Finally, local pedo-climatic and
management conditions might influence crop performance. In all studies, it was assumed that
plants grew under optimal growth conditions (no abiotic or biotic stresses). Nevertheless, in
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contrast to growth processes, development processes are less sensitive to stress (Porter and
Gawith 2014) which gives some additional confidence in the current results.
Most of the cultivars which were sown in autumn (low decreasing Pp) consistently had
flowering delayed until mid-spring. Strategically this avoids cold temperatures at flowering
(Figure 3.5). However, when the early cultivars such as ‘Geraldton’and ‘Nungarin’ were sown
in March -April they flowered by July in Australia (Figure 3.4). In this scenario the time to graze
the plants before on set of flowering would be short (< 90 days).
The clear contrast between early- and late-cultivars highlights the flexibility farmers have to
select genotypes according to local environments. For example, in a New Zealand dryland
scenario, it would be unreasonable to sow late-cultivars in late spring (lateOctober/November) as the plants would have insufficient time to reproduce before the
summer drought. These would only provide vegetative growth. Typically, in New Zealand sub
clover is sown and establishes each autumn. These data suggest it will remain vegetative
throughout the period of decreasing photoperiod, until at least a 12 hour day occur. Thus,
animals should be able to graze the available herbage during this time without affecting
flowering time and seed set.

Flowering time projections
Importantly, based on the quantitative parameters developed in this chapter it is now possible
to project the flowering time of groups of cultivars. For example, by estimating thermal time
requirements in relation to the duration and direction of Pp our results provide a more
dynamic means to estimate flowering time compatible with the location-specific tables
reported by Nichols et al. (2013) for Perth (Australia). For instance, the reported flowering
time for cultivar ‘Karridale’ in Perth was 139 days for a May sowing (decreasing photoperiod).
The same cultivar/sowing-date combination would take ~ 180 days to flower in Lincoln (New
Zealand) assuming a 1510oCd, requirement estimated from Figure 3.4 for Katanning location.
An early May sowing at Lincoln supposes average historical temperatures of 8.5 oC (NIWA
2018) and a mean (decreasing) photoperiod of 11.5 hours. ‘Karridale’ and ‘Antas’ have, in
theory, similar flowering time (Table 2.2) and thus ‘Antas’ presumably would flower after 180
days at Lincoln. The equations in Table 3.4 and Table 3.5 allow the estimation of flowering for
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‘Woogenellup’ sown on the 1st of April (decreasing Pp) at Lincoln would occur on
approximately 20th October, after a PT50F of 983oCd. Delayed sowing or regeneration until 1st
of May, delays flowering for almost 20 days (12 November, or after 757 oCd). If sown on 1st of
September in a spring-increasing Pp direction ‘Woogenellup’ plants would start flowering
around 10 December, or ~ PT50F 700oCd. These projections will be tested with field
experiments in Chapter 4. The quantitative knowledge developed in this chapter provide
parameters to test with measured field data in the following chapters.

3.5 Conclusions
As expected, the chronological time to flowering of sub clover was not constant and
ranged from 44 to 271 days. Flowering occurred 56 days earlier in Australia than in New
Zealand. The estimated thermal time requirements to flowering from sowing were not
constant and ranged from 628 to 2600oCd. The determined mean thermal time
requirements for flowering in New Zealand were 1551 oCd and for the Australian datasets
1259oCd. This indicates that the information provided from Australian studies can be
used as a reference but some degree of inaccuracy might be expected because cultivars
will respond differently for example in different regions or sowing dates. Flowering
showed strong seasonality, being longer for sowing in autumn than spring. The
relationship with Pp differed with photoperiod direction and with cultivar type (early and
late-cycle). The estimated rate to PT50F under the decreasing photoperiod was 451
oCd/hour

for the early cultivars (Regression PT50Early = -5196+ 451Ppmean, R2 = 0.96). For

the late cultivars it was 620oCd/hour (PT50Late = -7312 + 620Pp , R2 = 0.92). When cultivars
grew in an increasing photoperiod the rate to PT50F was lower for early (154oCd/h) than
late (273oCd/h) cultivars.Genotypic variability in flowering time of sub clover was high.
Sub clover cultivars showed a wide range of flowering time when subjected to similar
environmental conditions (up to 78 days or ~1800oCd in Australia). There were no data
comparing cultivars under several sowing dates in New Zealand conditions. But
estimates could be made from the equations generated and these will be tested in
Chapter 4 (Objective 3).
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Chapter 4 Sub clover phenology
4.1 Introduction
In Chapter 3, the reanalysis of published literature enabled the quantification to time 50% of
plants in flower for “early” and “late” cultivars. This required quantification of the linear
decline in thermal time targets (TT50F, oCd) as the photoperiod (Pp) decreased in autumn. In
spring, the “early” cultivars required about of 800oCd after 11.5 h photoperiod (Pp), with an
indication of a facultative response, shown by the decline in that target as daylength increased
in spring. For the late cultivars, the TT50F requirement was 1000oCd after 12.5 hours Pp, with
a more constant or obligate response in increasing photoperiods. The consistency of these
results suggests that the “early” and “late” maturity groupings were appropriate for the
cultivars tested.
In this chapter, controlled environment and field experiments were used to determine if the
classification system held for modern commercial cultivars, for which limited published
information is available. These experiments relate to Objectives 2 and 3 (Figure 1.1, Chapter
1) to quantify the phenological development phases of different sub clover cultivars. In
Experiment 1 (E1), cardinal temperatures and thermal time requirements for the germination
(T50) of sub clover cultivars are quantified in a controlled environment. In Experiment 2 (E2),
the phases of phenological development (crop emergence to reproductive) for six cultivars
over eight sowing dates are quantified in a field experiment at Lincoln, New Zealand. In
addition, seed yield was assessed for six selected sowing dates and cultivar combinations as
part of Objective 4 (Figure 1.1, Chapter 1). Finally, in Experiment 3 (E3) the thermal time
requirements quantified in E2 are validated under controlled conditions for three of the six
cultivars from contrasting maturity groups.

4.2 Experiment 1 (E1) In vitro seed germination tests
4.2.1 Introduction
The objective in E1 was to quantify cardinal temperatures and thermal time requirements
for germination (T50) of four sub clover cultivars that have been recently included in New
Zealand pastoral systems but for which little research information is available. These
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cultivars include a yanninicum subspecies (‘Monti’), a brachycalycinum subspecies (‘Antas’)
and two subterraneum subspecies (‘Denmark’ and ‘Narrikup’).

4.2.2 Materials and methods
Seeds of the four cultivars were germinated at 11 constant temperatures (2.5, 5.0, 7.5, 10.0,
12.5, 15, 17.5, 20.0, 25.0, 30.0 and 35.0oC) in unlit incubators (Sanyo MIR 152, Sanyo Electric
Co. Japan) at the Field Research Centre, Lincoln University. The cultivars, subspecies, actual
and reported seed weight and year of commercialisation (Nichols et al. 2013) are presented
in Table 4.5 and Table 4.6 (Section 4.3.2).
Fifty scarified bare seeds were placed on filter paper, soaked with distilled water, in each of
four Petri dishes per cultivar for incubation at each temperature. The replicates were placed
within each incubator, and are therefore not independent, which is the common situation
for this type of experiment (Andreucci et al. 2012; Davies and Gray 2015). This is accounted
for by the combined regression across temperatures that allows the thermal requirements
to be estimated from estimated coefficients (Angus et al. 1981).Temperatures were
monitored using a HOBO data logger (Onset Computer Corporation, Bourne, Massachusetts,
USA) every 30 minutes. The mean temperature reached in each incubator at the 2.5-10oC
range was 1.3oC lower than the set temperatures. Therefore, actual recorded temperatures
were used for all calculations (Table 4.1, Appendix A.5).
Table 4.1 Mean recorded temperatures (oC) and set temperatures within incubators
during the germination tests.
Temperature recorded (oC)

Temperature set (oC)

1.9

2.5

4.8

5.0

6.9

7.5

9.2

10.0

12.5

12.5

14.6

15.0

17.2

17.5

19.6

20.0

24.6

25.0

29.6

30.0

35.0

35.0
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The seeds were assessed once or twice (17.5-20oC) daily and germinated seeds removed
from the Petri dishes, which were then re-randomised within the incubator. Distilled water
was added as required to ensure seed imbibition (ISTA 2017). Seeds were considered
germinated when the radicle length exceeded the small diameter of the seed (Monks et al.
2009). The number of germinated seeds was used to estimate (i) the cumulative germination
over time (days), (ii) the percentage maximum germination and (iii) the number of days to
50% of the final germination (T50).

Cumulative germination
The cumulative percentage germination over days was estimated by a linear interpolation
between measurements adjacent to T50 (T50A, Approx) and a logistic curve function (T50G
Gompertz). The first method applied a linear interpolation function (Approx., from R package
version 3.5.1) to obtain the number of days to reach T50 (Singh 2012; R Core team 2018). The
generic function Approx uses the observed values and returns (argument “xout”, Equation 5)
a list with components x and y containing n coordinates which interpolate the given data
points (Soetaert et al. 2012). The rationale was to identify the reliability of using the simpler
linear interpolation (Approx, Equation 5) over the traditional Gompertz curve (Equation 6
and Equation 7) used in previous germination studies of this type (Monks et al. 2009; Nori,
Moot, and Black 2014; Andreucci et al. 2016).The motivation to apply the Approx function
was that R software provides more universal accessibility and speed in data processing
compared with other licensed software.

Equation 5
𝐓𝟓𝟎 =

(𝐆𝐂𝟓𝟎−𝐲𝐚)∗(𝒙𝒃−𝒙𝒂)
+
𝐲𝐛−𝐲𝐚

𝒙𝒂

GC50: the cumulative percentage of seeds germinated equals 50;
ya: the observed cumulative percentage of seeds germinated <50;
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yb: the observed cumulative percentage of seeds germinated >50;
xa: the number of days at ya <50;
xb: the number of days at yb >50;
T50 = number of days to 50% of the final germination.
The second method applied a Gompertz three parameter function (Equation 6 and Equation
7) (Andreucci et al. 2012; Nori, Moot, and Black 2014) using the global curve fitting option in
Sigmaplot 13th (Gama-Arachchige et al. 2013).
Equation 6

𝐂𝐆 = 𝐂 ∗ 𝒆^((〖 − 𝒆〗^((−𝑩 ∗ (𝒕 − 𝑴)) ) ) )
CG: the cumulative percentage of seeds germinated;
t: time (number of days);
C: is the final germination percentage;
M: is a time scale (lag related) constant;
B: is the rate of increase.
T50G was calculated using Equation 7 derived from the Gompertz function where CG = 50:
Equation 7
𝐓𝟓𝟎𝐆 = 𝐌 − 𝐥𝐧 [−𝐥𝐧(𝟓𝟎/𝟏𝟎𝟎)]/𝐁

M: is a time scale (lag related) constant;
B: is the rate of increase.
The equivalent of time to T50 is the germination or development rate (1/day) (Angus et al.
1981; Moot et al. 2000).
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There was a strong (r=0.99) correlation between the estimated values obtained with
Gompertz (T50G) and Approx. (T50A) functions (Figure 4.1).
There was no difference (P=0.40) between the parameter values produced by the two
methods. Therefore, the Approx. function from the R package was selected to calculate the
number of days and the thermal time requirements (oCd) for the sub clover germination. The
germination rate (1/days) and the maximum germination were regressed against the actual
mean temperature (oC).

Figure 4.1. Number of days to T50 for ‘Antas’, ‘Denmark’, ‘Monti’ and ‘Narrikup’ sub clover
seeds estimated by Gompertz (T50G)and Approx (T50A) functions ( r=0.99) for individual
experimental units at 2.5 (□), 5 (○), 7.5(△), 10 (+) 12.5 (X), 17.5 (▽), 20 ( ), 25 ( ), 30 ( )
and 35oC ( ) incubation temperatures. Dashed line represents the 1:1 line; 95% Ci = 0.950.99.

Estimates of cardinal temperatures
The calculations for the cardinal temperatures and thermal time requirements followed the
procedures of previous publications (Angus et al. 1981; Moot et al. 2000; Lonati et al. 2009;
Teixeira et al. 2011; Andreucci et al. 2012). Segmented linear regressions (ascending and
descending) were used to determine the cardinal temperatures (oC): base (Tb), optimum
(Topt) and maximum (Tmax). This bilinear-shaped response model of germination rate to
temperature is considered reliable for determination of the cardinal temperatures when
compared with non-linear functions (Nori, Moot, and Black 2014; Parmoon et al. 2015;
Andreucci et al. 2016).
78

Thermal time for T50
For each cultivar the thermal time requirements for T50 at sub-optimal temperatures (Ttsub)
and supra-optimal temperatures (Ttsup) were calculated using the equations previously
applied for clover and other species (Lonati et al. 2009; Monks et al. 2009; Nori, Moot, and
Black 2014). The estimated cardinal temperatures were used to calculate the daily thermal
time for T50 for each cultivar based on the bilinear functions (Angus et al. 1981; Lonati et al.
2009; Andreucci et al. 2012; Nori, Moot, and Black 2014). Thermal time was also calculated
with Tb = 0°C, by forcing the equation intercepts to zero, to allow comparisons among
cultivars (Moot et al. 2000; Nori, Moot, and Black 2014).
Treatment effects on final germination percentage were analysed using an analysis of
variance (ANOVA) with means separated by least significant difference (α = 0.05) with R
software version 3.6.0. (R Core team 2018). Standard errors of the means (SEM) were
calculated as the sample standard deviation divided by the square root of the sample size
(n), where n is the number of observations.

4.2.3 Results
Interpretation of the analyses is made with consideration to the pseudo-replication effect
involved in the experiment (Davies and Gray 2015).
Cumulative and maximum seed germination
For all cultivars, the maximum final germination percentage was below 50% at 35 oC. ’Monti’
was the only cultivar which had less than 50% germination at both 2.5 oC and 25oC (Figure
4.2). The cumulative germination percentage plotted against the days for each cultivar is
shown in Figure 4.3.
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Figure 4.2. Mean maximum final germination percentage for ‘Antas’ (○), ‘Denmark’ (△),
‘Monti’(□) and ‘Narrikup’ ( ) sub clover seeds incubated at different temperatures. Error
bars are the standard errors. LSD (cultivarxtemperature) = 11.5%, P<0.001.
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Figure 4.3. Mean cumulative germination percentage (%) for subterranean clover cultivars
‘Antas’, ‘Denmark’, ‘Monti’ and ‘Narrikup’ at different incubation temperatures 2.5 (□), 5 (○),
7.5(△), 10 (+) 12.5 (X), 17.5 (▽), 20 ( ), 25 ( ), 30 ( ) and 35oC ( ). Error bars are the
maximum standard error of the mean for ﬁnal germination percentage.
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The mean maximum seed germination percentage was affected (P < 0.02) by the interaction
of cultivar and temperatures. The highest germination percentages were above 88% in the 5
– 25oC range for all cultivars (Figure 4.3). At the lowest temperature tested (set as 2.5 oC) the
maximum germination was only 31% for ‘Monti’, which was lower (P<0.01) than the 64% for
‘Denmark’ and ‘Narrikup’ and 87% for ‘Antas’. At 30oC and 35oC the overall mean maximum
germination decreased to 29%. Specifically, the mean maximum germination was reduced
(P<0.001) to 10% for ‘Narrikup’ while ‘Antas’ had ~57% germination.

Time to T50
The number of days to reach T50 decreased from 12 ± 1.0 to 1.8 ± 0.3 as temperature
increased from 2.5 to 17.5°C for all four cultivars (Figure 4.4). Between 20 and 25oC the
number of days to reach T50 remained constant (overall mean of 2.2 ± 0.4). For all cultivars at
temperatures of 30 and 35oC the number of days to T50 were 6 ± 0.4 and 9 ± 1.0,
respectively.
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Figure 4.4. Mean number of days to T50 for ‘Antas’ (○), ‘Denmark’ (△), ‘Monti’ (□) and
‘Narrikup’( ) sub clover seeds incubated at different temperatures. LSD (cultivar x
temperature) =1.1, P<0.001. Error bars are the standard error of means (SE).

83

Temperature and thermal time
For all cultivars the germination rate increased from the minimum temperature up to the
optimum temperature (Topt). There was then a decline in germination rate, indicated by the
negative linear function, until no germination occurred at an extrapolated maximum
temperature (Tmax) (Figure 4.5).

Figure 4.5. Germination rate (1/days) for ‘Antas’ (○), ‘Denmark’ (△), ‘Monti’ (□) and ‘Narrikup’(
) sub clover seeds incubated at different temperatures. Field Research Centre, Lincoln
University, New Zealand. LSD (cultivar x temperature) =0.10, P<0.001. Error bars are the
maximum standard error of the means (SE).
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The estimated base temperatures (Table 4.2) ranged from -4.5oC (‘Antas) to 1.6oC (‘Denmark’).
Topt was 16.0±0.8oC for ‘Monti’ and ‘Narrikup’ in contrast to 22±0.8oC for ‘Antas’ and
‘Denmark’. Cultivars differed (P<0.001) in the thermal time requirements when they were
estimated using the cultivar specific Tb (Table 4.3 ).
Table 4.2. Mean base (Tb), optimum (Topt) and maximum (Tmax) temperatures (oC) and sub (Ttsub)
and supra (Ttsup) optimal thermal time requirements for 50% of germination estimated for sub
clover seeds of ‘Antas’, ‘Denmark’, ‘Monti’ and ‘Narrikup’. SE = standard error. Ci = confidence
interval. Values with same letter are not significantly different at α=0.05.
Cultivar

Tb

Tb

Topt

Topt

Tmax

Tmax

(oC)

95% Ci

(oC)

95% Ci

(oC)

95% Ci

‘Antas'

-4.5 (±3.1)b

-15 to 5.2

22.0 (±0.8)ab

18.0; 27.0

36.0 (±0.3)a

35.0; 37.0

‘Denmark'

1.6 (±0.4)a

0.4 to 2.9

24.0 (±0.4)a

23.0;26.0

35.0 (±0.3)a

34.3; 36.1

‘Monti'

-0.8 (±0.9)ab

-3.7 to 2.2

19.0 (±1.7)bc

13.4; 24.5

39.0 (±0.6)b

36.9; 41.0

‘Narrikup'

0.7 (±0.5)a

-0.9 to 2.3

16.0 (±0.8)c

13.3; 18.5

39.0 (±0.9)b

36.1;42.1

P

0.05

0.003

0.003

LSD

4.6

3.8

2.0

Mean

-0.8 (±1.9)

20.0 (±2)

37.0 (±1.0)

Table 4.3. Coefficients and their standard errors and coefficient of determination (R2) for
the linear regressions between germination rate and temperatures for sub clover cultivars.
Cultivar

Regression

Temperature (oC) intercept

slope

R2

‘Antas'

ascending

2.5-20

0.08 (±0.04)

0.03 (±0.002)

0.93

1.8 (±0.6)

-0.05 (±0.02)

0.84

-0.07 (±0.04)

0.04 (±0.004)

0.94

descending 25-35

3.0 (±1.4)

-0.09 (±0.05)

0.77

ascending

0.02 (±0.04)

0.03 (±0.002)

0.94

descending 25-35

1.1 (±0.34)

-0.03 (±0.006)

0.84

ascending

0.02 (±0.06)

0.03 (±0.006)

0.85

0.8 (±0.12)

-0.02 (±0.004)

0.91

descending 25-35
‘Denmark' ascending

‘Monti'

‘Narrikup’

2.5-25

2.5-17.5

2.5-17.5

descending 25-35
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‘Monti’ and ‘Narrikup’ had a higher (P=0.001) thermal time requirement in supra optimal
temperatures (Ttsup, 48oCd) than Antas’ and ‘Denmark’ (Ttsup, 35oCd, Table 4.4). The 95%
confidence interval for Tb included 0oC (Table 4.2), thus it is possible to calculate the thermal
time using a Tb of 0oC to allow cultivar comparison (Moot et al. 2000, 2003). When Tb=0 was
set the differences among cultivars were not significant (P=0.06) and the mean thermal time
required for T50 was 36 ± 6.0oCd.

Table 4.4. Mean sub (Ttsub, from Tb to Topt) and supra (Ttsup, Topt to Tmax) optimal thermal
time requirements for T50 estimated for sub clover seeds of ‘Antas’, ‘Denmark’, ‘Monti’
and ‘Narrikup’. Values in brackets (± SE) are the mean standard error. Values with same
letter are not significantly different at α=0.05.
Cultivar
Ttsub
Ttsup
Tt (oCd)
Tt (Tb=0, oCd)
‘Antas'

44.0 (±11)

21.0 (±2.5)b

50.0 (±1.8)a

33.0 (±8.5)

‘Denmark'

25.0 (±2.0)

12.0 (±1.4)b

42.0 (±0.6)b

32.0 (±3.0)

‘Monti'

38.0 (±4.0)

39.0 (±6.0)a

49.0 (±1.9)a

40.0 (±7.0)

‘Narrikup'

31.0 (±1.5)

48.0 (±5.0)a

48.0 (±0.6)a

38.0 (±4.7)

P

0.115

0.001

0.002

0.06

LSD

16.0

15.0

3.8

7.0

Mean

35.0 (±5.0)

30.0 (±3.5)

47.0 (±1.0)

36.0 (±6.0)

4.3 Experiment 2 (E2) - Field experiment at Lincoln, Canterbury
4.3.1 Introduction
The reanalysis in Chapter 3 showed that sub clover reproductive development, represented
by TT50F, differed seasonally and these patterns were quantified in relation to the direction of
photoperiod (Pp) changes (Chapter 3, Figures 3.7 and 3.8). In E2, the influence of temperature
and photoperiod on sub clover development are systematically quantified across both
vegetative and reproductive stages as part of Objectives 2 and 3 (Chapter 1, Figure 1.1).
Specifically, vegetative development was quantified by the phyllochron and the time of runner
initiation. Reproductive development was characterised by the time to flower (i.e. TT 50F)
consistent with methods outlined in Chapter 3. A wide range of sowing dates was used to
expose crops to contrasting environmental conditions for temperature and photoperiod. The
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experimental set up allowed the quantification of phenological development phases for 48
cultivar by environment combinations under field conditions, consisting of 6 cultivars (Section
2.6.3 and Table 4.5) and 8 sowing dates.

4.3.2 Materials and methods
Seed material
Sub clover seeds were obtained either from commercial Australian companies or from
distributors in New Zealand. ‘Antas’, ‘Denmark’ and ‘Monti’ were supplied by Seedmark,
Seed Technology & Marketing Pty Ltd, respectively. ‘Narrikup’ was supplied by Seed Force
Ltd and ‘Woogenellup’ was sourced from the Field Research Centre, Lincoln University seed
collection. The year of commercialisation and main characteristics (e.g. growth season) of
the cultivars are presented in Table 4.5. Prior to sowing, seed germination tests were carried
out using the top of paper method (ISTA 2017). Criteria for selection of these cultivars were
described in Chapter 2 (Section 2.6.3).
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Table 4.5. Summary of sub clover cultivars and subspecies used in the Experiment 2. Values are long-term means of irrigated plants from an early
May sowing in Perth, WA (Nichols et al. 2013). Reproduced with authors’ permission (pers. communication 01/08/2018).
Cultivar

Antas
Denmark
Leura
Monti
Narrikup
Woogenellup

spp.1

B
S
S
Y
S
S

Days to
first flower 2

Hardseed
(1-10)3

138
142
147
110
126
130

3
2
2
2
3
1

Growth
season
(months)2
7.5
7.5
8.0
5.5
6.5
7.0

Burr burial
(1-9)4

Mean seed
weight(mg)

Year

Maturity class
(Chapter 3)

1
5
5
6
7
3

10
7.1
7.4
9.9
5.4
10.7

1999
1992
1992
2013
2009
1959

Late
Late
Late
Early
Early
Late

1

spp: Subspecies are B for brachycalycinum; S for subterraneum and Y for yanninicum.
Growth season (month) is the minimum target environment for reliable seed set.
3 Hardseed: Relative hardseededness: 1: least hard to 10: most hard.
4 Burr burial: 1 (little) to 9 (strong burial).
2

88

Seeds of each of the six sub clover cultivars were placed on wetted blotting paper in sealed
plastic containers and germinated in unlit incubators at a constant near optimum
temperature of 15oC. Germination was assessed after 14 days of incubation by counting the
number of normal seedlings (ISTA 2017). Germination tests were performed in May 2015
(autumn) and repeated in January (summer) 2016 to ensure consistent sowing rates during
the experiment (Table 4.6). Mean seed weight (mg) was calculated by counting and weighing
the same seeds used for the germination tests.
Table 4.6. Germination percentage of seeds used in field Experiment 2 (E2). Tests performed
in autumn 2015 and summer 2016.
Cultivar
Germination (%)
Germination (%)
Seed weight
2015

2016

(mg)

‘Antas’

95

97

9.2

‘Denmark’

94

90

6.4

‘Leura’

96

97

7.6

‘Monti’

78

80

9.8

‘Narrikup’

96

96

8.8

‘Woogenellup’

95

98

9.5

Seed rate
Based on seed germination and seed weight (Table 4.6) the sowing rates needed to achieve
a population of 2200 seedlings per square meter were calculated (Equation 8).
Equation 8
𝒔𝒆𝒆𝒅 𝒘𝒆𝒊𝒈𝒉𝒕 (𝒎𝒈) ∗ 𝟐𝟐𝟎𝟎
𝐒𝐞𝐞𝐝 𝐫𝐚𝐭𝐞 (𝐠/𝐦𝟐 ) = (
) /𝟏𝟎
𝐆𝐞𝐫𝐦𝐢𝐧𝐚𝐭𝐢𝐨𝐧 %

The high seed sowing rate was chosen to ensure successful plant establishment and to
minimise weed competition (Smetham 2003b). The average sowing rates were 20±2.5 g/m2
in 2015 and 20±2.3 g/m2 in 2016.
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Experiment location and climate
Experiment 2 was located at Iversen Field (Iversen block 2, south) at Lincoln University,
Canterbury, New Zealand (43o 38’S, 172o 28’E, 11 m a.s.l.). The New Zealand climate is
classified as Cfb by the Köppen-Geiger system (Peel et al. 2006). In this system the letter “C”
stands for temperate or mesothermal climates; “f” designates precipitation in all seasons
and “b” indicates that the mean temperature of the warmest month is below 22oC, but with
at least four months averaging above 10°C. The historical annual mean temperature is 11.4
oC

,with monthly averages ranging from 6.4oC in June (days of year, DOY, 180-200) to 17.0 oC

in summer ( Figure 4.6). Historically, extreme high temperatures above 32oC are likely to
occur in January or February (1-40 DOY) (NIWA 2017). The annual rainfall is ~640 mm, being
slightly higher in winter and characterizes the cool temperate climate of the Canterbury
plains (Figure 4.7). These characteristics differ from the typical Csa climate where sub clovers
originated (Section 2.2) thus the need to investigate how the introduced cultivars grow in

Mean Daily Temperature (oC)

New Zealand.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Figure 4.6. The long term means of daily maximum (●) and minimum (▲) temperatures
(oC) from 1960 to 2016. Broadfields Meteorological Station (agent number 17603, NIWA,
National Institute of Water and Atmosphere Research), Lincoln, Canterbury, New Zealand
(43°35′53″S 172°28′12″E).
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Figure 4.7. The long-term monthly rainfall (mm) and Penman potential evapotranspiration
(PET) from 1960 to 2016. Broadfields Meteorological Station (agent number 17603,
National Institute of Water and Atmosphere Research), Lincoln, Canterbury, New Zealand
43°35′53″S 172°28′12″E).

Soil
The soil in Iversen 2 is classified as a Wakanui silt loam (Udic Ustochrept, USDA Soil
taxonomy) with 1.8-3.5 m of fine textured material overlying gravels (Cox 1978). Wakanui
soils represent around 12% of New Zealand’s land area and occur in the seasonally dry
eastern parts of the country. They are subjected to water deficits in summer and water
surpluses in winter and spring (Molloy 1988).
These soil types usually occur in flat to moderately undulating lands where the parent
forming materials are silt and sandy alluvium derived from loess or fluvial sediments, from
quartzo-feldspathic rocks like schist or greywacke (Hewitt 2010). They have imperfect
drainage but a high base saturation (>50%) and high levels of nutrients with the exception of
extractable sulphur.
Soil samples from the research area were collected on May 26, 2015 and tested at Hill
Laboratories, Hamilton, New Zealand (Table 4.7).
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Table 4.7. Soil test (0-75 mm) results for the Iversen 2 block at the Field Research Centre,
Lincoln University, Canterbury, New Zealand (June 2015).
Analysis
Unit
Level found
Recommended range2
pH
pH units
5.8
5.5-6.2 1
Phosphorus Olsen
mg/L
12
20-30
Potassium
me/100g
0.34
0.5-0.8
Calcium
me/100g
6.3
6 -12
Magnesium
me/100g
1.13
1-3
Sodium
me/100g
0.14
0.2-0.5
CEC
me/100g
12
12- 25
Total Base Saturation
%
63
50-85
Volume Weight
g/mL
0.98
0.6-1
Sulphate Sulphur
mg/kg
5
7-15
1 Sub clover subspecies subterraneum and yanninicum tolerate moderately acidic soils
whereas brachycalycinum is adapted to neutral - alkaline soils. 2 (Hill Laboratories 2016).

On 14th June 2015, agricultural lime was surface applied at a rate of 2500 kg/ha. Phosphate
and sulphur were added as superphosphate fertilizer (Ravensdown formulation P9, S11,
Ca20) at 500 kg/ha.

Experimental design
Experiment 2 consisted of eight sequential sowing dates ( Table 4.8) organized as a split-plot
with main plots as sowing dates and sub plots being the six cultivars.

Table 4.8. Sowing dates (S) used to quantify phenological development of six sub clover
cultivars sown at Iversen 2 south, Lincoln University, Canterbury, New Zealand.
Sowing date code
Date
S1
24 June 2015
S2
28 July 2015
S3
15 September 2015
S4
05 November 2015
S5
15 December 2015
S6
17 February 2016
S7
15 March 2016
S8
04 May 2016
For each sowing date the six cultivars were replicated three times. There were 144 plots in
total. The number of replicates (n) was estimated based on previous published data (Evans
et al. 1992; Iannucci et al. 2007; Nori et al. 2014) and results from Chapter 3. The relative
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error to the mean (Re) was calculated as the product of an anticipated mean thermal time of
1500 °Cd for legumes from sowing to flower initiation and assumed a sampling precision of
18% (Lockwood and Hayes 2000). The relative error was then used in Equation 9:

Equation 9
𝐬𝟐

𝐧 = 𝐭 𝟐 (𝐑𝐞𝟐 )

n: the number of replicates (estimated as 2.904);
t: 99% confidence level with a value of 2.576;
s: projected standard deviation of 180

Experiment management
The herbicide Roundup 360 (a.i. 360 g/L glyphosate) at 3 L/ha was applied at least four days
prior to each sowing date. Before each subsequent sowing, the unsown plots were rotaryhoed to produce a fine seed bed. Seeds were treated with fungicide (2.6 g a.i. metalaxyl /10
kg seeds) and inoculated with Rhizobium leguminosarum bv. trifolii (commercial product
Nodulaid group C, Basf ®) using a slurry coat method (9 g/kg seeds). Seeds, fungicide and
inoculant were uniformly mixed in double layer medium size (230 mm x 305 mm) mini grip
plastic bags. Horticultural lime (finely ground powder 70 micron, containing 38% magnesium
carbonate, Golden Bay Dolomite) was then added and mixed to coat the seeds (100 g lime/
100 g seeds). After coating, seeds were spread onto a tray on top of clean paper to allow
them to dry for at least eight hours. This technique was adapted from previous work
(Brockwell et al. 1980; Edmisten et al. 1988; Lowther and Kerr 2011) to favour an even seed
dispersion and establishment.
The sub plots were marked and raked prior to hand broadcasting of the seed. The area was
then compacted with a roller to ensure seed-soil contact (Lowther and Kerr 2011), except for
S1 (June) when s saturated soil prevented the use of the compactor. The commercial
product Slug Out (18 g/kg metaldehyde, Nufarm) was applied on the same day of sowing at
recommended rates (6 g commercial product/ 100 m2). Following establishment, weeds
were controlled by hand as necessary. During the first establishment in June (S1) seeds and
seedlings were lost because of bird predation. Bird netting was used in subsequent sowing
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dates until seedlings had produced 1 to 2 trifoliate leaves. Plots remained undefoliated
during the experiment to ensure the phenological responses were not confounded by
defoliation changing the abiotic environment.
Climatic conditions
Rain and irrigation
Rainfall data (mm) were recorded 250 m from the experimental site (Vista Engineering
2015). The plots were irrigated during spring, summer and early autumn with a garden
sprinkler with a minimum of 20 mm of water, as measured by a rain gauge after each sowing
to aid establishment. Due to a dry period between October and early December 2015 (Figure
4.8) an additional 50 mm of water was applied for plants sown in September (S3), November
(S4) and December (S5). Irrigation was then withdrawn when three out of the six cultivars
reached the open flower phase to simulate their annual life cycle and the onset of summer
when evapotranspiration surpasses precipitation (Sim et al. 2017). Relative humidity (RH%)
and Penman potential evapotranspiration (PET, mm) were recorded at Broadfields
meteorological station ( agent number 17603, 2.5 km away from the experimental area)
(NIWA 2018).
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Figure 4.8. Rainfall (mm, grey bars), Irrigation (mm, black bars), Penman evapotranspiration
(PET, mm -●-) and relative humidity (RH, % -●-) from 24 June 2015 to August 2017 at Iversen
2 south block, Field Research Centre, Lincoln University, Canterbury, New Zealand (June
2015-August 2017).
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Temperature
The maximum and minimum air temperatures were recorded hourly by temperature sensors
(Thermistors KTY- 110) using a HOBO USB weather station (HOBO U30-NRC, Onset Computer
Corporation, Bourne, Massachusetts, USA) at 1200 mm height (Figure 4.9). Soil temperature
was monitored at a 10 mm depth (Figure 4.10). Data were readout and relaunched using a
Hobo shuttle. Temperature data were accessed and systematized using HOBOware version
3.7.11 software (Onset Computer Corporation 2016).

S2 S3 S4

S5

S6 S7

S8
Iversen

Air temperature (oC) and photoperiod (h)

S1

Jul
2015

Oct

Jan
2016

Apr

Jul
Month

Oct

Jan

Apr

Jul

2017

Figure 4.9. Mean daily minimum (○), mean (●) and maximum (▲) air temperatures (oC) and
photoperiod (hours, black line) at Iversen 2 block at Field Research Centre, Lincoln
University, Canterbury, New Zealand (24 June 2015- 05 August 2017). Arrows indicate the
sowing dates (S1-S8).
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S2
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S5

S6 S7

S8

Iversen

Soil temperature (oC)

S1

Jul

Oct

2015

Jan
2016

Apr
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Oct

Jan

Apr

Jul

2017

Figure 4.10. Mean daily soil temperature (oC) at Iversen 2 block at Field Research Centre,
Lincoln University, Canterbury, New Zealand (June 2015-August 2017). Arrows indicate the
sowing dates (S1-S8).

Field measurements
Emergence and plant population
Three quadrats measuring 100 x 100 mm each were fixed randomly while avoiding the edges
of each subplot. The number of emerged seedlings was counted every alternate day until
seedlings numbers remained constant for two consecutive measurements. Emergence
(Table 4.9) was counted when both cotyledons were visible (Plate 4.1, V1).
Leaf emergence
The number of emerged trifoliate leaves on the main stem was counted at 4-7 day intervals
on 10 marked plants per subplot until they had produced approximately 10 leaves. Leaves
were counted as emerged when the petiole was visible (Moot et al. 2003). The interval of
each successive leaf on the main stem (phyllochron (oCd/leaf) was calculated from the
regression of number of leaves against thermal time accumulation for each sowing date
(from V3 to V7, Table 4.9).
Runner extension
The extension of the runner was recorded as when the secondary stem (runner) was formed
and had grown more than 20 mm away from the centre of the plant (Moot et al. 2003;
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Thomas 2003). This criterion was used based on the observations from Moot et al. (2003)
who recorded the appearance of the first runner when one leaf had emerged on the axillary
bud under controlled environment conditions but stated that runners remained short. To
facilitate field identification and indicate the transition to the reproductive stage this study
considered VR when runners extended from the base of the plants (Plate 4.1). This
phenological phase (VR) was used to represent the end of the vegetative phase and the first
visible sign of reproduction on sub clover plants.
To date, there is no scale to follow the development of sub clover plants (Chapter 2, Section
2.6). A numeric scale for the vegetative development of sub clover is proposed in Table 4.9
and for reproductive development in Table 4.10. The scale used a basic plant development
(Tucker 2003; Porter and Hay 2006) from previous work with other sub clover cultivars and
annual clover species (Horn and Hill 1982; Ates 2009; Nori et al. 2012), and detailed
observations of sub clover plants grown in trays from 20 February 2015 to 08 December
2016 at Lincoln University nursery facilities.
Table 4.9. Visual scale outlining the vegetative development of subterranean clover plants.

Branching

Canopy expansion

Emergence

Main phase

Code

Description

V0

Sowing/seed buried in the soil.

V1

Two visible unfolded cotyledons.

V2

Spade leaf is visible.

V3

First trifoliate leaf is fully unfolded.

V(n-2)

n= unfolded trifoliate leaves

VR

Runner
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V1

V6

V3

V2

VR

20 mm

Plate 4.1. Images of vegetative development stages (V1, V2, V3, V6 and VR) of sub clover
‘Monti’. Photos by: D. Hollander.

Time to flower
The time to flower was evaluated at 3 to 5 day intervals on the first runner (VR) of five
selected plants per sub plot. The time of floral bud appearance was defined as when the first
bud was visible (R1) in the axil of leaves on 50% of the observed plants (Table 4.10 and Plate
4.2). Flowering was defined when ≥50% of the assessed plants within the sub plot had at
least one fully opened flower (R3). The reproductive development was visually recorded
based on a generated scale from visible bud stage until burr formation and maturity.
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Code

Description

R1

The inflorescence bud is visible in the axil of a leaf of the runner.

R2

The calix and corolla of the florets are visible. The calix of some of
the cultivars has distinct coloured marks.

R3

Pedicel elongates. Corolla (fused petals) become coloured.

R4

Petals partially unfolded and flower head is upright and clearly
visible.

R5

Florets become separated from each other.

R6

The flower head peduncle bends towards the ground and positive
geotropism is initiated.

R7

Corolla becomes brown and is lost. The calix of the florets fuses in
a structure which becomes the fruiting head or early immature
burr.

R8

Immature burr small and white/green anchoring pods in the soil
due to the positive geotropism.

R9

Burr increases in size.

R10

Burr fill (green seed).

R11

Burr change from green to brown colour and starts to dry off. The
peduncle dehydrates and change to brown colour
correspondingly. Seed maturation.

R12

Burr is completely dry.

Bur

Petals fall

Flower

Main phase
Early flower Visible
Bud

Table 4.10. Visual numeric scale outlining the reproductive development of subterranean
clover plants*.

* Phase is defined as when 50% of measured plants reach criteria (Chapter 3).

The following images display: A) the morphology of the inflorescences of each distinct cultivar;
B) an individual floret/seed was detached from the inflorescence to display the seed filling and
maturation progress for ‘Antas’. Photographs were taken between 2015 and 2016. Images for
the other cultivars are presented in Appendices A.6, A.7, A.8, A.9 and A.10.
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Plate 4.2. A. Images of reproductive development stages (R1-R12) of sub clover ‘Antas’. B.
seed development stages. Scales = 5 mm. Photos by: D. Hollander.
Calculations and analyses
Thermal time for specific development stages
Thermal time (TT, °Cd), was calculated from the hourly recorded air and soil temperatures
(Jones and Kiniry 1986) using a broken-stick threshold model (Andreucci et al. 2012;
Parmoon et al. 2015) described in Chapter 3 (Equation 1). The values considered for base
(Tb= 0oC), Toptimum (Toptsup= 18oC; Toptsub= 22oC), and maximum (Tmax= 36oC) temperatures
were assumed based on previous studies for sub clover ‘Leura’ and ‘Woogenellup’ (Moot et
al. 2000, Monks et al. 2009) and findings from Experiment 1 (Section 4.2.3).
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Photoperiod
Daily photoperiod (including civil twilight) was calculated based on the day of the year and
the site coordinates (Keisling 1982) and data are shown in Figure 4.9.
The relationship between the time to flowering and photoperiod considered two main
approaches. First, the relationship between time to flower and average photoperiod
between sowing and flowering was investigated. Evans et al. (1992) suggested that the mean
photoperiod from sowing to flowering was a reliable predictor for flowering time of sub
clover across a range of locations and sowing dates.
The second analytical approach explored the plants photoperiodic response accounting for
the direction of the photoperiod (i.e. decreasing photoperiod from the longest day towards
winter and increasing from winter towards summer). This approach was used based on
previous findings of photoperiodic responses in the time to flower of other annual clovers
(Section 2.8.2).

Calculation attainment of 50% of specific development stages
For phenological observations (i.e. V1, , V3, VR, R1, R3,R6, R11, Tables 4.10 and 4.11) the
percentage of plants at 50% of a particular stage was determined using the linear function
(Approx) from R package (Singh 2012; R Core team 2018) as described in Section 4.2.2.
Seedling emergence rate (1/days to 50% emergence) was plotted against soil temperature
(10 mm) to determine the relationship between these two variables. The slope of the
maximum emergence rate was compared with values reported in the literature for ‘Mount
Barker’ (Moot et al. 2000; Lonati et al. 2009).
The thermal time (oCd) from sowing to emergence estimated the thermal time requirements
to reach 50% emergence (V1). Due to establishment issues in sowing date S1 the thermal
time requirements for subsequent specific phenological stages were calculated starting from
V3 (first trifoliate leaf) to determine the key vegetative and reproductive phenophases in the
sub clover life cycle. The thermal time to R1 and R3 were quantified, but the photoperiod
response was explored only for R3. This was because it is the most commonly reported
phenophase. This allows results from the field to be compared with the reanalysis in Chapter
3. R3 is also much easier to detect in the field than R1 and therefore more appropriate from
a farm management perspective.
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Phyllochron
The interval of each successive leaf emergence on the main stem (Chapter 2, Section 2.8.3,
phyllochron (oCd/leaf) was calculated based on thermal time accumulation for each cultivar
by sowing date combination during the vegetative phenophase V3 to V7 (first trifoliate leaf
and 5 trifoliate leaves, Error! Reference source not found.).

Duration from bud (R1) to pollinated flower (R6)
The duration in thermal time from when 50% of the plants had the first visible bud (R1) to
50% of the plants with a pollinated flower (R6) and from pollinated flower to seed maturity
(R 11) were determined using the recorded dates and calendar days. The period between R1
and R6 used air temperature. The thermal time from R6 to R11 used soil temperature
because the inflorescence has a positive geotropism and burrs are buried below ground
(Table 4.10, Plate 4.2).

Estimation of physiological maturity
Physiological maturity was considered when inflorescences (burrs with seeds) were at R11
and had attained their maximum size and weight (Ellis et al. 1987; Nori et al. 2015). To
validate the visual scale through seed filling the actual inflorescence weight after pollination
(R6 onwards) was measured. To do this, 60 inflorescences per plot at R7 (immature bur)
were tagged with tape fixed around the peduncle. The stage of immature burr was selected
as the inflorescences had commenced the seed filling process (R7 onwards, Table 4.10).
Inflorescences were observed every three to four days and 12 burrs were harvested once
they had reached each of the reproductive phases R8, R9, R10, R11 and R12. The
inflorescences were dried in a force-draught oven at 100±2 oC for 24 hours and weighed
(Appendix A.11). The increase in the inflorescence (burr) weight was assumed to be
proportional to seed filling and any decrease in dry weight during desiccation marked the
time of seed maturity (Davies and Williams 1986).

Seed yield
Because plants were not defoliated burrs were harvested once plants had fully senesced and
dried off (Collins et al. 1984) with >50% of flowers at R12 (Table 4.10, Figure 4.11). Dates of
harvest are shown in Table 4.11. An area of 0.2 m2 (2 quadrats of 0.1 m2) was randomly
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selected to collect burrs from the soil surface by scraping the area with a garden rake and a
small shovel. Buried burrs were retrieved by digging out soil to a depth of 25 mm. Excess soil
was removed by passing samples through an 80 mm sieve.
Samples were then threshed and cleaned by hand. Seeds were extracted by carefully
rubbing burrs between corrugated rub pads. This prevented mechanical damage of the
seeds. Seeds were counted and weighed to estimate seed yield (kg/ha).

Table 4.11. Dates of seed harvest and the relative Australian hardseed rank (Nichols et al.
2013)* for sub clover cultivars ‘Antas’, ‘Denmark’, ‘Leura’, ‘Monti’, ‘Narrikup’ and
‘Woogenellup’, sown in six sowing dates during 2015 and 2016. Experimental site: Iversen
Field (Iversen block 2, south), Lincoln University, Canterbury, New Zealand.
June
S1

July
S2

Cultivar
Antas
Denmark
Leura
Monti
Narrikup
Woogenellup

September November February March
S3
S4
S6
S7
Harvest Date
2016

15Jan 9Feb
25Jan 18Feb
26Jan 18Feb
5Jan 5Feb
12Jan 5Feb
17Jan 11Feb

15Feb
21Feb
23Feb
29Feb
29Feb
10Feb

2017
9May
9May
9May
3May
3May
9May

17Jan
16Jan
19Jan
15Jan
15Jan
17Jan

24Jan
24Jan
24Jan
22Jan
22Jan
22Jan

Hardseed
rank*
3
2
2
2
3
1
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Reproductive

Vegetative

V0

V1

V2

V3 … Vn……

VR

R1

R3
R6
Blooming duration

R7 …..

R11

R12

Re-establishment

Figure 4.11. Diagram representing the life cycle of sub clover plants and its key phenological phases. Details about each specific phenological phase
and codes are presented in Tables 4.10 and 4.11.
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Statistical analysis
Data were inspected for normality using functions qqnorm and qqplot in R (R Core team
2018) to generate residual plots and data distribution (Wood and Saville 2013). For all data
sets a multiple hypothesis statistical test was applied (Shaffer 1995). A two-way ANOVA in
split- plot design considered the effects of sowing date, cultivar and interactions (Kowalski
and Patcner 2003). The most relevant effects were determined based on the magnitude of
the F value in the ANOVA output to highlight variables of biological significance, which
explained the greatest proportion of the sum of squares (Snedecor and Cochran 1977;
Sawyer 2009). Thus, interactions were ignored if the F value was an order of magnitude
lower than the two-way and/or one way interactions and main effects. The seed yield
dataset was analysed as a three- way ANOVA in a split-split plot design which considered
cultivar, sowing date, seed position (above or below ground) and their interactions. In this
case, the magnitude of the F value was also used to highlight the main effects. When
significant (α = 0.05) means were compared with Fisher’s unprotected least significance
difference (LSD) (Saville 2015). Means, standard errors of means and maximum standard
error of means are reported.

Linear relationships were determined between phyllochron (oCd/leaf), thermal time to 50%
flowering (TT50F, oCd) and photothermal time (PT50F , oCd) and the duration and direction of
photoperiod at V1 (emergence) V3 (first trifoliate leaf stage) (Nori et al. 2016) and mean
photoperiod (Evans et al. 1992). Equations were generated with package “broom” and
function “glance.lm” (R Core team 2018). Regression coefficients, coefficient of
determination (R2) and P values are presented.
The datasets which contained the time to R1 (floral bud appearance, thermal time, TTB50)
and R3 (50% flowering) were analysed by two way ANOVA with an unbalanced design due to
the failure of some plots to produce any flowers from the December sowing date (S5). Seed
yield (kg/ha) data were related to plant population and two weather parameters (soil
temperature and rainfall) by regression analyses (Kravchenko and Bullock 2000; Hauke and
Kossowski 2011). Pearsons correlation coefficients (r) and P values are presented from
statistical analyses conducted in software R version 3.6.0 (R Core team 2018).
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4.3.3 Results

The life-cycle of subclover
The field trial data in E2 enabled the quantification of development stages across the annual
life cycle of sub clover. These stages are illustrated in Error! Reference source not found.
and quantified and are shown in Figure 4.15 and Figure 4.17.
Vegetative phenophases
Emergence (V1)
The cumulative emergence for each of the six cultivars is presented in Figure 4.11. Final
population of S1 (June) was reduced (257 plants/m2) due to intense bird damage. For all
other sowing dates, the mean final plant population differed with sowing date (P<0.01)
ranging from 1,510 plants/m2 in February (S6) to 2,100 plants/m2 in September (S3).
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Figure 4.11. Mean cumulative plant population (emerged seedlings/m2) and days after
sowing for sub clover cultivars ‘Antas ‘ (□), Denmark’ ( ○), ‘Leura’ (△), ‘Monti’ (+), ‘Narrikup’
(X),’Woogenellup’ (◇) from eight sowing dates in June (S1), July (S2), September (S3),
November(S4), February (S6), March (S7) and May (S8) in 2015-2016, Experiment E2,
Iversen 2, Field Research Centre, Lincoln University, New Zealand. Bars represent the
maximum standard error for the final number of emerged seedlings.
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The number of days to 50% of the final emergence declined from 23±4.0 days to 4±0.3 as
soil temperature increased from 6oC (June and July) to 14.6oC (November and December).
Rate of emergence was only driven by environment (P<0.001). There were no
(P=0.32cultivar effects) (Figure 4.12). A single parameter of thermal time to V1 (emergence)
was calculated can be used for all cultivars. The thermal time from V0-V1 was 100±8.8oCd
(Figure 4.17).

Figure 4.12. Mean emergence rate and mean soil temperature (10mm depth) for sub clover
cultivars ‘Antas’ ,’Denmark’, ‘Leura’ , ‘Monti’, ‘Narrikup’,’Woogenellup’ from six sowing
dates in 2015-2016. Experiment E2, Iversen 2, Field Research Centre, Lincoln University, New
Zealand. S1=June (□), S2= July (○ ), S3=September (△), S3=September, S4 = November (┼),
S5=December (X) S6=February (◇), S7=March (▽), S8=May ( ). Bar represents the
maximum standard error of the mean. Solid black line represents the maximum emergence
rate (slope = 0.013days/oC). The dashed line represents the reported emergence rate (slope=
0.009 days/oC) based on published values for ‘Mount Barker’ (Moot et al. 2000, Lonati et al.
2009).

Leaf appearance
The mean number of leaves from V3 (first trifoliate leaf, ~188±16.2 oCd) to approximately
V11 (nine trifoliate leaves, ~560±16.0 oCd) against accumulated thermal time is shown in
Figure 4.13. At approximately 400oCd (5 to 6 trifoliate leaves) the rate of leaf appearance
changed from linear to exponential due to the appearance of the first runner. Therefore, the
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phyllochron (oCd/leaf), the inverse of the linear slope of the regressions, was estimated from
the initial linear phase of primary leaf appearance before 400oCd (Table 4.15).

Figure 4.13. The number of trifoliate leaves of six sub clover cultivars against accumulated
thermal time (oCd) from V1. Data shown for eight sowing months in 2015-2106 at Iversen 2,
Field Research Centre, Lincoln University, Canterbury, New Zealand. Error bars represent the
maximum standard error for the final total trifoliate number. The solid lines indicate linear
regressions (Table 4.12) used to estimate the phyllochron before the phase of exponential
leaf appearance at ~400oCd (vertical dashed lines).
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The phyllochron
The estimated phyllochron for primary leaf appearance (oCd) ranged from a minimum of
40±4.9oCd/leaf (June) to 73±12.0 oCd/leaf (March) (Figure 4.14, Table 4.12). For most sowing
dates (July to February) the phyllochron had a constant average of 51.5±5.0oCd/leaf (Table
4.13). In contrast, the phyllochron was 30% higher (P<0.001) when estimated for autumn
(March and May) sowing, a period when variability among cultivars also higher.

Figure 4.14. The phyllochron (oCd/leaf) of six sub clovers cultivars across eight sowing
months in 2015-2106 at Iversen 2, Field Research Centre, Lincoln, University, Canterbury,
New Zealand. Error bars represent the maximum standard error for each sowing date. Solid
black line represents the average phyllochron (51±5.0 oCd/leaf) between July (S2) and
February (S6). The grey dashed lines represent ± LSDSowing date =7.65.
Symbols represent the cultivars: ‘Antas’ (□),’Denmark’ (○), ‘Leura’ (△), ‘Monti’ (x), ‘Narrikup’
( ),’Woogenellup’ ( ).
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Table 4.12. The phyllochron (oCd/leaf) and its inverse, the slope (leaves/ oCd) of regressions
of trifoliate leaf number and thermal time (Figure 4.12) of six sub clover cultivars sown
across eight sowing months in 2015-2106 at Iversen 2, Field Research Centre, Lincoln,
University, Canterbury, New Zealand.
Sowing Date
Phyllochron(oCd) ± SE
Slope ± SE
R2
Pslope
d
June
S1 41±4.9
0.026±0.0019
0.99
0.015
b
July
S2 56±6.0
0.019±0.0020
0.98
0.041
September
S3 52±5.0bc
0.020±0.0038
0.92
0.033
b
November
S4 54±7.3
0.019±0.0017
0.98
0.018
cd
December
S5 46±2.2
0.022±0.0010
0.99
0.024
February
S6 50±4.8bc
0.021±0.0021
0.97
0.013
a
March
S7 73±12.0
0.015±0.0017
0.98
0.066
a
May
S8 67±10.6
0.016±0.0031
0.89
0.033
PsowingDate
<0.001
LSDsowingDate
7.7
Values with same letter are not significantly different at α=0.05. For actual sowing dates see
Table 4.8. Datapoints used to generate the regressions in Figure 4.14.

After leaf expansion, crops entered the reproductive stages of their life cycle. Figure 4.15
and Figure 4.16 show a quantitative representation of all phenological development phases
(days and thermal time units) for the 48 possible cultivar by sowing date combinations. The
complete crop cycle of sub clover from sowing to maturity ranged from 123 ± 6.3 days
(1269±31.1 oCd) for ‘Antas’ sown in July (S2) to a maximum of 300±3.9 days (2799±47 oCd)
for ‘Woogenellup’ and ‘Monti’ plants sown in February (S6). Not all genotype by sowing
dates completed their cycle. For example, ‘Leura’ and ‘Denmark’ never reached the R1 phase
when sown in December (Figure 4.17).
The differences in total life cycle of treatment related to changes in each individual
phenological phase in response to genotype and sowing dates (Figure 4.17). For instance,
the runner extension to floral bud phase (VR-R1) was the longest within the sub clover life
cycle. There was a strong seasonality depending on sowing dates from a minimum of
451±159.0 oCd (July, September and November sowing dates) to a maximum of 1428±163
oCd

(February, S6, sowing date). During stages V3-VR there were cultivar differences when

sowing happened in February and March. In both cases, ‘Antas’ reached VR faster than
‘Leura’ and ‘Denmark’ (Figure 4.18).
The minimum amount of accumulated thermal time and number of days for all cultivars to
complete their life cycle (V0-R11) was determined: This was for ‘Antas’ was 1433.6±125.0
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oCd

(123.3±6.0 days); for ‘Denmark’ it was 1379±72.0 oCd (134±4.6 days); for ‘Leura’

1407±129.0 oCd (127±4.9 days); for ‘Monti’ 1269±37.1 oCd (125± 5.5 days); for ‘Narrikup’ it
was 1353± 44.0 oCd (129±8.7 days) and for ‘Woogenellup’ it was 1320± 83.0 oCd (128± 6.0
days).
For the sowing dates which occurred in an increasing photoperiod (from June to November)
the life cycle of all cultivars was 59% shorter (average of 1460±29.0 oCd) than when sowing
occurred in a decreasing photoperiod (from February to May, 2444± 45.0 oCd).
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Figure 4.15. Days (DFS) and thermal time (TTFS) from sowing to specific phenological stages
for sub clover cultivars from four dates (June, July, September and November) in Experiment
E2, Iversen 2, Field Research Centre, Lincoln University, New Zealand. Phenological phases
are emergence (V0-V1), first trifoliate (V1-V3), runner (V3-VR), from runner to floral bud (VRR1), from floral bud to open flower (R1-R3), from open flower to pollinated flower (R3-R6)
and seed maturity (R6-R11).
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Figure 4.16. Days (DFS) and thermal time (TTFS) from sowing to specific phenological stages
for sub clover cultivars from four sowing dates (December, February, March, May) in
Experiment E2, Iversen 2, Field Research Centre, Lincoln University, New Zealand.
Phenological phases are emergence (V0-V1), first trifoliate (V1-V3), runner (V3-VR), from
runner to floral bud (VR-R1), from floral bud to open flower (R1-R3), from open flower to
pollinated flower (R3-R6) and seed maturity (R6-R11).
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Figure 4.17. Thermal time for the duration of specific phenological stages in six sub clover
cultivars sown on eight dates in Experiment E2, Iversen 2, Field Research Centre, Lincoln
University, New Zealand. Phenological phases are emergence (V0-V1), cotyledon to first
trifoliate (V1-V3), first trifoliate to runner (V3-VR), runner to floral bud (VR-R1), bud to open
flower (R1-R3), open flower to pollinated flower (R3-R6) and pollinated flower to seed
maturity (R6-R11). Symbols represent the cultivars: ‘Antas’ (●),’Denmark’ (▲), ‘Leura’ (■),
‘Monti’ (+), ‘Narrikup’ ( ),’Woogenellup’ ( ).
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Time to 50% flowering
The accumulated number of days (DF50) and thermal time (TTF50) from sowing to 50%
flowering (i.e. V1-R3) ranged from 67 to 261 days or 771 to 2330oCd across sowing dates and
cultivars (Figure 4.18). Cultivars only differed (P<0.01) in summer to mid-autumn sowing
dates (November-March). “Early” cultivars (‘Narrikup’ and ‘Monti) flowered 25±5.4 days
(239±69.1oCd) before the “late” cultivars.

Figure 4.18. Days and thermal time from emergence (V1) to 50% flowering (R3) for sub
clover cultivars from eight sowing dates in Experiment E2, Iversen 2, Field Research Centre,
Lincoln University, New Zealand. Red symbols and lines are the “early” cultivars: ‘Monti’ (X),
‘Narrikup’ ( ); Blue symbols and lines are the “late” cultivars: ‘Antas’ (○) datapoint
represents only one replicate which reached R3),’Denmark’ (△), ‘Leura’ (□), ,’Woogenellup’ (
). Bars represent the maximum standard error of the mean for the sowing dates.

The seasonality of time to flowering was related to photoperiod and its direction (Figure
4.19). For increasing photoperiods, thermal time to flowering was constant at an average of
1033±62oCd. In contrast, for decreasing photoperiods there was an increase in the time to
flowering from 1041±190 oCd at 13 h to 2409±88oCd at 16.5 h photoperiod. The differences
between cultivar groups were evident in decreasing photoperiod sowing dates when “early”
cultivars required < 1750oCd.
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Figure 4.19. Days and thermal time from emergence (V1) to 50% flowering (R3) in response
to photoperiod duration and direction for sub clover cultivars from eight sowing dates in
Experiment E2, Iversen 2, Field Research Centre, Lincoln University, New Zealand.
DecreasingPp, solid line) and ascending (July- November, IncreasingPp, dashed line) mean
photoperiod for nine sub clover cultivars Groups were: “Early” (red symbols)
=‘Monti’,‘Narrikup’; “Late” (blue symbols) = ‘Antas’, ‘Denmark’, ‘Leura’, ‘Woogenellup’.
Regression coefficients are presented in the text (Equations 10-13).

For all cultivars, flowering occurred when the absolute photoperiod was between 12.8-16.5
h for ‘Antas’, 13.3 and 16.6 h for ‘Denmark’, 14.3-16.6 h for ‘Leura’, 13.4-16.5 h for ‘Monti’,
12.5-16.6 for ‘Narrikup’ and 12.9-16.3 for ‘Woogenellup’.
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Seed yield
Sowing date had the most effect on seed yield (PSowingDate< 0.001, F=100). The highest total
seed yield was 2500±707 kg/ha from September sowing date (Figure 4.21 and Figure 4.20)
while the lowest seed yield was 180±95 kg/ha from June sowing date (S1). The share of
above and below ground seed yield was cultivar x sowing date treatment dependent
PSowingDatexCultivarxDepth<0.001, F=4.0). For example, in the July sowing date ‘Antas’ had 78% of
the total seed yield (1428 ± 318 kg per ha) produced above the ground whereas
‘Woogenellup’ yielded 77% of the total seed yield below ground.
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Figure 4.20. Seed yield (kg/ha) above (0 mm depth, light grey bars ) and below ground (25
mm depth, dark grey bars) for six sub clover cultivars subjected to sowing dates. Iversen 2,
Field Research Centre, Lincoln University, Canterbury, New Zealand. Bars represent the
standard error of the mean.
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Seed Yield (kg/ha)

Figure 4.21. Flowering date (month) and total seed yield (kg/ha) across six sowing months
for six sub clover cultivars subjected to sowing dates. Iversen 2, Field Research Centre,
Lincoln University, Canterbury, New Zealand. Blank area between dashed lines indicate the
non-flowering period.

4.1 Experiment 3 (E3) - Controlled environment experiment
4.1.1 Introduction
Three sub clover cultivars with contrasting life cycles (early, median and late flowering,
Figure 4.18) were selected for detailed monitoring of phenological development under
controlled conditions (E3). Cultivars ‘Narrikup’ (early), ‘Antas’ (median) and ‘Denmark’ (late)
were grown under environmental conditions similar to the ones experienced by the
December sowing date (S5) crops in the field for E2 (mean air temperature >14oC and a
decreasing photoperiod from 16 to 10 hours).

4.1.2 Materials and methods
The experiment was a completely randomised block design with four replicates and three
cultivars as treatments. It started on 16th June 2016 and finished on 13th November 2016.
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Plastic 2 L containers were filled with a potting mix formulated as 80% composted bark, 20%
Pumice grade 1-7 mm, Osmocote 16-3.5-10 (3g per L), Horticulutral lime (1 g /L) and
Hydraflo (1 g/ L). Seeds were inoculated with Nodulaid C as per the field trials, but without
fungicide as diseases were unlikely to occur in the potting mix. In each pot, five seeds of
each cultivar were sown at 10 mm depth. Pots were watered every two days with
approximately 150 mL of water per pot until the plants reached the 8-10 leaf stage, and with
about 300 mL until the first flower had reached the burr stage (~stages R7-R8, Table 4.10).
All pots were placed in a plant growth room (Conviron BWD 40) at the programmed
temperatures and photoperiod to simulate conditions experienced in summer 2015-2016
(Figure 4.9). During the experiment, the mean temperature ranged from 12.8 to 18.2 oC and
the total accumulated thermal time was 2500oCd. Photoperiod decreased from 16 to 10
hours. Pots were re-randomised every two weeks and were thinned (between 11 and 15 July
2016) to maintain two plants per pot to record vegetative (leaf number, runner appearance)
and reproductive measurements (flower appearance and progression in monitored runners).

Environmental conditions
The growth room was lit in the morning in three stages: in a first stage the light intensity was
300 ± 5 µ moles/m2/s, then 600 and finally 1000 to mimic sunrise. At night, the light dimmed
from 1000 to 500 and finally to dark. Full sunlight (PAR) is about 2200 µ moles/m2/s in midsummer (Hay and Walker 1989) and in this experiment maximum light was 1100 µ
moles/m2/s. Relative humidity was programmed to be 82% and it fluctuated from 60 to
98%. Temperatures were logged every 18 seconds to determine hourly mean temperatures.
Because of the variations between programmed settings and the actual records, the latter
were used for all analyses. Technical disruptions with the cabinet (e.g. fan and blocked
humidity nozzle) and routine maintenance service checks occurred on two occasions (23
June and 10 October). In addition, on 28 October there was a power cut which temporarily
interrupted the loggers.
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Plate 4.3. Photographs of runner of ‘Narrikup’ with flowers at different phenological phases
R2-R10. Arrows indicate main morphological reproductive features (1) Young open flower
and growing point (2) Peduncle of a fertilized flower; (3) burr and seed development stages
(4) Petiole (5) trifoliate leaf (Thomas 2003; Lincoln Dryland Pasture Team 2016). Photo: D.
Hollander, 2016.

4.1.2..1

Measurements

The phenological stages of the plants were recorded as described in Experiment 2 (E2,
Section 4.2.2). Plants were monitored every 2-3 days for runner production (VR), appearance
of first floral bud in the runner (R1). From R1 onwards the phenological development was
recorded based on the same first flower which was marked with a tape. The following
measured phenophases (Table 4.10 and Figure 1.1) were R3 (open flower) (R6) pollinated
flower and R11 (maximum inflorescence weight).
4.1.2..2

Calculations and analysis

Thermal time (oCd) calculations considered recorded air temperature as previously described
in Chapter 3-Equation 1 (Jones and Kiniry 1986). Data analyses were performed as for
Experiment 2 (E2, section 4.2.2).
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4.1.3 Results
The mean thermal time for V1 was 60±7.0oCd for all three cultivars (PCultivar= 0.65). The
accumulated thermal time from emergence to specific phenological stages (V1, V3, VR, R1,
R3 and R11) are presented in Figure 4.22. For example, the mean thermal time required to
reach the runner stage (VR) was 487±30.0oCd oCd and was not different (PCultivar =0.13) across
the three cultivars. In contrast, flowering differed (P=0.006) among cultivars at 85 days
(1227±54.5oCd) for ‘Narrikup’ (early), 92 days (1336±43.4oCd) for ‘Antas’ and 102 days
(1485±49.4oCd) for ‘Denmark’ (late).

Figure 4.22. Days (DFS) and thermal time (TTFS) from sowing to specific phenological stages
for sub clover cultivars from eight sowing dates in Experiment E2, Iversen 2, Field Research
Centre, Lincoln University, New Zealand. Phenological phases are emergence (V0-V1), first
trifoliate (V1-V3), runner (V3-VR), from runner to floral bud (VR-R1), from floral bud to open
flower (R1-R3), from open flower to pollinated flower (R3-R6) and maturity (R6-R11). From
R1 onwards phenological progression was measured in an individual flower.

The mean thermal time accumulated between phenophases R1-R11 was 479±96.1oCd for
‘Narrikup’, 483±92.5oCd for ‘Antas’ and 814±90.0oCd for ‘Denmark’. The values observed in
E3 agreed with the results from E2 (field measurements, S5). For instance, in E2 the cultivars
reached VR 25 oCd earlier than in E3, which represented only a 5% difference in thermal time
requirement. The cultivar sequence in flowering for E3 followed the pattern of E2 with
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‘Narrikup’ before ‘Antas’ and ‘Denmark’ being the latest to flower. However, in E3 it was
possible to quantify the thermal time requirements for the reproductive phenophases of
‘Antas’ and ‘Denmark’. In E2 ‘Antas’ had an erratic flowering (Figure 4.17) while ‘Denmark’
did not reach R1 (Figure 4.16).

Using the data generated in E2 and confirmed in E3 it was possible to create a general
outline of the life cycle of sub clover in two contrasting sowing scenarios (spring and
autumn) based on findings of E2 and E3 is presented in Figure 4.23.
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Figure 4.23. Schematic representation of sub clover phenological phases for crops sown in autumn and spring in the cool temperate climate of New
Zealand.
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4.1 Discussion
In Chapter 4, the phenological development of sub clover cultivars is quantified under both
controlled and field conditions. First, cardinal temperatures for thermal time calculation
were identified in a controlled environment germination trial (E1). The cardinal
temperatures were used to estimate thermal time duration for seven phenological stages
(emergence to maturity) for six cultivars sown on eight dates in the field (E2). Finally, three
contrasting cultivars (early, medium and late flowering), identified in E2, were grown under
controlled environmental conditions (E3) similar to a December (S5) sowing date, when
flowering was not achieved by all genotypes in the field.
Cardinal temperatures and adaptability
The values estimated for base, optimum and maximum temperatures (0.8±1.9oC; 20±2.0oC
and 37±1.0oC) in the germination experiment (E1) were consistent with those previously
published for other sub clover genotypes (Chapter 2 Table 2.5). These cardinal temperatures
were used to parameterise a bilinear thermal time model. This was used across this study,
including for the reanalysis in Chapter 3. The estimated value for base temperature was not
different from zero, or among cultivars. This is important, particularly given the contrasting
subspecies considered (brachycalycinum, subterraneum, yanninicum) and their different
geographic origins (Section 2.6.3). A Tb close to zero was previously found for different sub
clover cultivars (Table 2.5) across a range of experimental conditions experiments (Lonati et
al. 2009; Moot et al. 2000). These results provide confidence in use of a species-specific Tb
of 0oC for thermal time models and illustrate the adaptation of this species to cold seasons
and climates.
In contrast, there were cultivar differences for Topt and Tmax, suggesting different adaptation
strategies of cultivars to cope with warm summer temperatures. For example, ‘Narrikup’ had
a Topt of 16oC which suggests it is adapted to colder temperatures. Its optimum was 6 to 12oC
lower than for ‘Antas’, ‘Denmark’ and ‘Woogenellup’ that continued to show high
germination rates at 22 to 26oC (Table 2.6and Table 4.2). The narrow Topt for ‘Narrikup’ was
also found for ‘Mount Barker’ (Lonati et al. 2009). This suggests that there is a reasonable
genotypic pool from which to select appropriate cultivars. The same is true for adaptation to
low temperatures. ‘Antas’ had a broader temperature adaptation, as illustrated by the
maintenance of close to optimum germination rates (>80%) across a wide range (2.5 to
25oC) of temperatures (Figure 4.5). This brachychalycinum line originated from Sardinia
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where temperatures can fluctuate from 9 to 26oC (Nichols et al. 2013; SardegnaARPA 2018).
For New Zealand conditions, such a genotype would be more adapted to cool environments
and south facing slopes. A large world sub clover germplasm resource has been assembled
from over 10,000 individual genotypes. These are organized in a ‘core’ collection of 97
distinct lines to represent around 80% of the genetic diversity within the species. The
collection has been the basis of plant breeding and essential to identify desirable traits
related to adaptation and agronomic performance (Abdi et al. 2020). The understanding of
sub clover phenological development and thermal time requirements can assist in the
selection of cultivar and species adapted to specific environments, including compatibility
within multi-species pasture mixes (Boswell et al. 2003; Lonati et al. 2009).

Vegetative development
The duration of vegetative development phases, from emergence (V1) to runner initiation
(VR), was more influenced by environment (sowing dates) than by genotypes (cultivars). The
common thermal time requirement for emergence of 108oCd is close to the published values
for ‘Mount Barker’ (Moot et al. 2000, Lonati et al. 2009) and other annual clover species
(Nori et al. 2012). This suggests that a single thermal time estimate is a robust predictor of
emergence across sub clover genotypes. Similarly, there were no cultivar differences in
thermal time duration for the subsequent vegetative phase, from emergence (V1) to first
trifoliate leaf (V3), which suggests this is species dependent. These values were within 150 to
300oCd range reported for other winter annual clover species (Lonati et al. 2009; Moot et al.
2003). V3 was followed a period for primary trifoliate-leaf appearance. This phase had a
constant phyllochron ~52oCd/leaf from late-winter to late-autumn. This was lower than the
estimates from 63 to 73oCd/leaf found by Moot et al. (2003) under controlled conditions
also using a Tb of 0oC, which are close to the autumn values. The constancy in phyllochron
from winter to late summer (Table 4.12) indicates that temperature was the main
environmental driver of leaf appearance. Nevertheless, during autumn (March and May
sowing dates) the phyllochron increased in all cultivars, which is consistent with previous
findings for other legume species such as lucerne (Teixeira et al. 2007).
These results highlight the rapid leaf production of sub clover compared other species such
as white (94oCd) and Caucasian (Trifolium ambiguum) ( 109oCd) clovers (Moot et al. 2003;
Black et al. 2006). A fast rate of leaf appearance confers the adaptability for sub clover to
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rapidly reach canopy closure after establishment and defoliation. This enables incident light
captured to be converted into biomass (Teixeira, Lucas, et al. 2017). In addition to leaf
appearance, leaf size may also influence the speed of canopy closure as the brachycalycinum
cultivars have larger leaves than the subterraneum cultivars (Pecetti and Piano 1988). This is
particularly important for rapid establishment in the cooler autumn and early spring periods
when other forage species, with higher Tb and slower rates of leaf appearance in New
Zealand, such as lucerne ( Brown, Moot and Teixeira, 2005) and white clover (Black et al.
2006; Undersander et al. 2014) are less active. The main canopy development period (V3VR), which ends at the onset of runner initiation (VR), differed across sowing dates. There
was a pattern of a short duration for V3-VR for spring-summer sown crops which contrasted
with the autumn/winter sown crops (Figure 4.17). This implies that autumn/winter sown
crops had a longer vegetative period (~ 60% longer than spring sown crops) for livestock to
graze without damaging reproductive growing points as suggested by Aitken (1955) and
Collins and Aitken (1970).

The short vegetative period during spring and summer sowing dates coincide with the
increase in temperature and photoperiod. Particularly from V3 to V6 as quantified by the
slope of the regressions generated in Figure 4.13 and Table 4.12, and agrees with reports for
other annual clovers (Nori et al. 2014) and other legumes such as peas (Siddique et al. 2002)
and soybeans (Zhang et al. 2010).Thus, the duration of the vegetative period through a delay
in VR appears to be one mechanism by which sub clover adjusts its development rate to the
abiotic stimuli. This could explain the noticeable cultivar differences in thermal time from V3
to VR in sowing months February and March ( Figure 4.17).

Reproductive development
The following phase from runner extension (VR) to the onset of floral buds (R1), when
reproductive development was visible, was the longest and most variable phase in the sub
clover life cycle (Figure 4.17). Crops sown in February had the longest duration of VR-R1
(Figure 4.18) due to a delay in bud initiation and consequently flowering time. This
characterised the differences in flowering time between cultivar groups. Particularly, the
segregation between early-flowering (‘Narrikup’ and ‘Monti’) and late-flowering cultivars
(‘Antas’, ‘Denmark’, ‘Leura’,‘Woogenellup’, Figure 4.16 and Figure 4.18) and occurred when
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crops experienced longer photoperiods for sowing dates in summer/autumn (December to
March). This was represented by the relationship between mean photoperiod and thermal
time to flowering (Figure 4.19), which is consistent with the analysis in Chapter 3 (Figure
3.9). Specifically, ‘Monti’ sown in December required the shortest time to flowering which
contrasted with ‘Denmark’ and ‘Leura’ which did not reach R1 in the field from this sowing
date (Figure 4.16). The most probable reason was the increase in soil temperature
associated with an increase in evapotranspiration during the end of the vegetative phase
(Figure 4.8 and Figure 4.10). In the controlled environment (E3) ‘Antas’ and ‘Denmark’ did
complete their life cycle (Figure 4.22). This indicates that ‘late’ cultivars are not appropriate
for spring sowing if seed set is required. They have less phenotypic plasticity to cope with
environments that are out of their natural autumn spring growth range (Nicotra et al. 2010).
This indicates their physiology is truly of long day plants while other cultivars might adjust
their physiology and phenology easily. The results demonstrated that the new cultivars such
as ‘Monti’ might provide an adaptative option for areas that have limited thermal time for
seed set and production (i.e. high altitude)(Power et al. 2006).

Seed production
Average seed yields were similar to values reported for sub clover monocultures without
grazing by livestock (Collins 1978). Interestingly, winter/spring sowing dates (July to
November) showed the highest yields up to 3000 kg/ha (Figure 4.21 and Figure 4.22). This is
higher than the previously reported ceiling values of 2000 kg/ha in Australia (McGuire,
1985). Such high yields occurred because September sowing dates enabled the crop to have
a short life cycle. It seems full canopy occurred quickly and coincided with high radiation
incidence and warm temperature (Collins et al. 1983; Lane et al. 1990; Trethewey 2012; Kato
et al. 2018). The amount of intercepted radiation has a major impact on herbage growth of
sub clover with plants responding positively to moderate defoliation (Evers and Newman
2008). The spring conditions appeared to favour both light interception and light conversion
into biomass and particularly the amount allocated to seeds which are formed and create a
strong sink during this period. For the low yield sowing dates, this synchrony of canopy
development, environmental conditions and sink formation appeared less than optimal with
only 500 kg/ha compared with the 3000 kg/ha potential illustrated by ‘Narrikup’ sown in
September.
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4.1 Conclusions
The results from the laboratory experiment (E1) demonstrated that for all four sub clover
cultivars a similar base temperature of 0oC can be used. There were genotypical differences
for Topt and Tmax among cultivars which divided cultivars in terms of adaptation to colder
(‘Narrikup’, ‘Monti’) or warmer (‘Antas’ and ‘Denmark’) conditions. A common thermal time
requirement for germination (36oCd, Tb=0oC) was found for all cultivars.
In non-limiting field conditions (E2) and (E3) cultivars had a similar thermal time to reach
emergence. The rate of leaf appearance was ~52oCd/leaf was similar for cultivars sown
between July -February. For March and May sowing dates values were 30% higher but
consistent with previously reported values.
The vegetative development stages were predominantly quantified by temperature with
minimum difference among genotypes, particularly February and March sowing scenarios
(Figure 4.17). This implies that cultivar choice will have a less management impact during
this phase and strategies for husbandry or defoliation can be suitable for a wide range of
cultivars based on physiology during phases V1- VR. In contrast, the reproductive stages (VRR12) differed among genotype. Temperature was the main driver of development but a
strong seasonality was found with photoperiod direction. The estimated rates to TT 50F under
the decreasing and increasing photoperiod was 537oCd/hour and 48oCd/hour respectively.
After seed set, highest seed yields (>2000 kg/ha) were observed from a September sowing
date. A September sowing allow a “de novo” establishment of sub clover by the next
autumn. November seems to be the latest sowing time in which cultivars can complete their
life cycle (V0-R12).
The quantification of phenological phases in both field (E2) and controlled environment (E3)
confirm the accuracy of the thermal time estimations for specific phenophases. The results
suggest that ‘late’ cultivars may not be suitable for spring sowing if seed set is required.
However early cultivars (such as ‘Monti’ and ‘Narrikup’) might provide an adaptative option
for areas that have limited thermal time for seed set and production (i.e. high altitude) or
cold regions,

130

Chapter 5 Hardseededness in vitro experiment
5.1 Introduction
Previous published results (Chapter 2) strongly suggested that the maximum proportion of
hardseeds (HSmax) and the breakdown of hardness (HSbreak) differs among genotypes and
environments (Section 2.14). However, these results were compiled from contrasting
experimental set ups and locations. In this chapter the hardness and germination of seeds
collected from the field experiment (Chapter 4) were quantified for the different cultivars
and sowing date treatments. The analysis offers a systematic investigation to isolate
genotypic (6 cultivars) and environmental (6 sowing dates) effects on hardseededness of sub
clover grown under temperate field experimental conditions (Chapter 4). This also enables
verification of whether cultivar rankings for hardseededness (Nichols et al. 2013) determined
under warmer environments (Western Australia) are valid for the cool temperate climate in
Lincoln, New Zealand.
Chapter 2 showed that previous studies have focussed on the proportion of sub clover
hardseededness but have not considered the subsequent germinability of the hard and soft
seeds. The viability of sub clover seeds depends on the hard seed coat which provides
protection for the embryo and cotyledonary tissues against fungal attack, weathering and
mechanical stresses (Hartwig and Potts 1987; Qutob et al. 2008). The ongoing annual reestablishment of sub clover plants after initial sowing depends on the degree of
hardseededness, its breakdown and the germinability of the seeds over time. Seed
germinability, which is the ability of seeds to germinate, depends on the environmental
conditions experienced by the mother plant during flowering and seed filling. In Chapter 4,
the phenological quantification of germination and flowering time defined the thermalenvironment to which different cultivars were subjected in the field during different phases
of their development. Thus, the seeds produced from the field experiment (E2, Chapter 4)
under contrasting environments are the focus of this chapter which relates to Objective 4
(Chapter 1). The null hypotheses were that hardseededness (HSmax) and hardseed
breakdown (HSbreak) are equal in all cultivars and that environment (sowing dates) does not
affect the level of HSmax, HSbreak nor germination percentage in a population over time.
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5.2 Materials and methods
5.2.1 Harvested seeds
Seeds were produced and harvested from the field experiment (E2) during the 2015-2016
and 2016-2017 seasons as described in Chapter 4 (Section 4.2.2). To rationalise intensive
sampling and sample processing, six out of the eight sowing dates were selected to
represent a range of different seasonal growing conditions during seed formation (S1- S2,
winter; S3-S4, spring; S6, late summer and S7, autumn).
The sub clover plants were not defoliated during the entire experiment from sowing to seed
set. Burrs were collected once plants had dried off (Collins et al. 1983) and >50% of flowers
had reached R12 (Table 4.11). An area of 0.2 m2 (2 quadrats of 0.1 m2) was randomly
selected to collect burrs from the soil surface by gently scraping the area with a garden rake
and a small shovel. Buried burrs from the same area were retrieved by sampling soil to a
depth of 25 mm. Excess soil was removed by passing samples through an 80 mm sieve. The
dates of seed harvest are presented in Table 4.12 (Chapter 4).
The collected seed samples were then thrashed and cleaned by hand. Seeds were extracted
from a subsample per each plot of a maximum of 50 burrs from above and 50 burrs from
below the soil by carefully rubbing burrs between corrugated rub pads to prevent any
mechanical damage to the seeds (Appendix A.12). Seeds were removed from burrs manually
and randomly selected for testing.

5.2.2 Maximum hardseededness
Maximum hardseededness (HSmax) is defined as the initial percentage of hardseeds (Norman
et al. 2002). It was quantified as soon as seeds were harvested and processed, which
occurred between 7- 10 days after harvest. Hardseededness was assessed using the “top of
paper” germination test method (ISTA 2017). To do this, 50 intact seeds were placed on
moistened germination substrate (blotter paper) for 14 days at 15°C (incubator Sanyo MIR
152,) to determine the initial quantities of soft and hard seeds for each plot selected from
E2. The method to assess hardseededness is schematically depicted in Figure 5.1. Seeds that
had not germinated or imbibed (no-swollen seeds) after 14 days were counted and
considered hard seeds. At the end of the determination of hardseeds over time (Section
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5.2.3), the total number of dead seeds was quantified, and the percentage of initial live hard
seeds was calculated.

Soft seeds/seedlings

Soft seeds/seedlings

Abnormal

Abnormal
Dead

Fresh-unger.

Fresh-unger.

Dormant

Dormant
Thermal

Harvested
Seeds

Normal

Normal

Maximum
hardseededness
15oC
14 days

Dead

Thermal

Live seed
assessment

Hardseed
Breakdown

4 times
Imbibing

Scarify Thermal
Hardseeds

Dead

Hardseeds
40oC
14 days
+
35/15oC
7 days

24 h
15oC

Live
15oC
14 days

Figure 5.1. Experimental chart flow of the tests to assess the percentage of hardseededness
and germination of sub clover seeds of six different cultivars. ◆ Fresh unger. = fresh but
ungerminated seeds.

5.2.3 Hardseededness breakdown
After the first maximum hardseededness assessment (Section 5.2.2, Figure 5.1), the
remaining hard seeds were ambient air dried, placed in Petri dishes and randomly
distributed within an incubator set at 40oC. At 14 d intervals, seeds were then placed in the
15/35 °C fluctuating temperature incubator (incubator Sanyo MIR 152) for 7 days based on
previous hardseededness work (Taylor and Palmer 1979; Smetham and Ying 1991;
Fairbrother and Pederson 1993; Norman et al. 2002). Subsequently, the number of hard
seeds was then determined by soaking the seeds for 24 hours at 15 oC, counting, and
removing imbibed seeds. The remaining hard seeds were dried by draining the water and
placing seeds in absorbent filter paper (room temperature ~ 20±2 oC) before replacement in
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small plastic containers which returned to the thermal treatment (40oC and subsequent 15oC
/35oC).
The sequence of repeated measurements was performed four times (at 35, 56, 77 and 98
days after incubation). After the last seed count (98 days after incubation) the remaining
seeds were mechanically scarified by rubbing seeds between sheets of 100 grit sandpaper to
remove the seed coat imposed dormancy to quantify the total number of live and dead
seeds (Patanè and Gresta 2006). The number of dead seeds were excluded from
hardseededness calculations (i.e. the percentage of hard seeds over the number of live
seeds was considered).

5.2.4 Seed and seedling status
At each germination cycle, imbibed seeds were then kept moist and in a 20 oC incubator for
14 days. Afterwards, they were classified as normal and abnormal seedlings, dead or fresh
ungerminated (ISTA 2017) as shown in Figure 5.1. Seedlings which were fractured,
deformed, decayed, with defective root and/or shoot system were considered abnormal.
Any remaining seeds were classified as dead or fresh ungerminated seeds (ISTA 2017). The
number of seedlings and seeds in each category (normal, abnormal, dead, fresh and hard
ungerminated) was converted to percentages.

5.2.5 Temperature
Temperatures for the incubators set at 20oC and fluctuating 15/35oC were monitored using a
HOBO data logger (Onset Computer Corporation, Bourne, Massachusetts, USA) every 30
minutes. For the incubators set at 40 and 50oC the temperature was monitored using a USB
temperature data logger (Lascar Electronics). The differences in target and mean recorded
incubator temperatures are shown in Appendix A.13. A pilot study was performed before
the main experiment started to select the target incubation temperatures to induce the
hardseed breakdown (Appendix A.14).

5.2.6 Calculations
Hardseededness breakdown (HSbreak)
As described in Section 2.14.3, the hardseededness breakdown (HSbreak) is the rate of
hardseededness decline over time (days or thermal time). A mechanistic relationship was
determined between thermal time and the hardseed breakdown. To enable the comparison
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among cultivars which had a different initial percentage of hardseeds, the relative decline in
hardseededness was calculated by subtracting the value of the percentage of hardseeds at
the final assessment from the maximum percentage of hardseeds (Equation 10).
Equation 10
𝑯𝑺𝐛𝐫𝐞𝐚𝐤 =

(𝐇𝐒𝐦𝐚𝐱−𝐇𝐒𝟗𝟖)
𝐀𝐓𝐭

HSbreak: the differential on the percentage of hardseededness breakdown;
HSmax: the maximum percentage of hardseeds assessed initially;
HS98: the final percentage of hardseeds assessed 98 days after incubation.
ATt: is the calculated thermal time sum (Equation 11).

Accumulated Thermal time (ATT) was calculated as:
Equation 11
ATT (oCday) = Tmean – Tb * incubation (days)

The Tb, minimum temperature for hardseed breakdown for sub clover cultivars was assumed
to be 15oC because physical dormancy breakdown is unlikely to occur below this
temperature (Quinlivan 1961; Collins et al. 1984; Gama-Arachchige et al. 2013; HerediaGuerrero et al. 2018). During the experiment the total accumulated thermal time during the
98 days of incubation was 1680oCd (Tb=15oC).

5.2.7 Environmental variables
Soil temperature (SoilTemp, oC), applied irrigation and rain (mm) were recorded on site (E2,
Chapter 4). Relative humidity (RH%) and Penman potential evapotranspiration (PET,mm)
were from Broadfields weather station 2.5 km away from the experimental area (NIWA
2017). For each plot three calculations were made using the data from:

135

i) whole growth period (V1 to R12, Chapter 4);
ii) the seed filling period (R7-R11);
iii) 10 days prior to seed sampling.
The range (minimum and maximum) of variable values for each period is shown in Table 5.1.
The period of 10 days pre-harvest was selected to assess if the conditions during final stages
of seed maturation could influence the hardseededness levels (Section 2.14).
Table 5.1. Minimum and maximum values for environmental variables values (soil
temperature (SoilTemp, oC), rain (mm) relative humidity (RH%) and Penman potential
evapotranspiration (PET, mm) during V1 to R12, R7-R11 and > R12 10 days prior to seed
sampling of six sowing dates during 2015 and 2016. Experimental site: Iversen Field, Lincoln
University, Canterbury, New Zealand.
V1-R12
Variable

R7-R11

R12_10 days prior to sampling

min

max

min

max

min

max

Rain (mm)*

270.0

850.0

20.0

130.0

0.0

36.0

RH (%)

77.0

80.5

73.5

80.0

67.0

83.0

PET (mm)

342.0

618.0

156.0

277.0

44.0

227.0

SoilTemp (oC)

11.5

17.0

14.0

19.0

15.0

23.0

*Rain data for V1-R12 included irrigation (see Chapter 4, Figure 4.8 for details).

5.2.8 Data analysis
Analyses of variance were performed similarly to procedures described in Chapter 4. The
maximum percentage of hard seeds (HSmax, %), the hardseed breakdown rate (HSbreak,% units
/oCd ) and seed-seedling status were inspected for data normality using functions qqnorm
and qqplot in R to generate residual plots and data distribution (Wood and Saville 2013). The
criterium was to use the variance stabilizing transformations on the skewed variables to
decrease heteroscedasticity (Yang and Mathew 2018).
The maximum percentage of hardseeds (HSmax) data were angular transformed
[asin(sqrt(HSmax)] to satisfy the assumptions of the ANOVA and regression fitting (Warton
and Hui 2011).The HSbreak, percentage of abnormal seedlings and the percentage of
ungerminated fresh seeds data were square root transformed for analysis. Back transformed
mean and LSD values are presented in the figures.
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A three-way ANOVA in split-split plot design considered the effects of cultivar, sowing date
and seed position and their interactions. As described in Chapter 4 (Section 4.3.2) the most
important effects were selected based on the magnitude of the F value in the ANOVA output
to highlight variables of biological significance which explained the greatest proportion of
the sum of squares. When significant (α = 0.05) means were compared with Fisher’s
unprotected least significance difference (LSD) (Saville 2015). The package “agricolae” was
used to perform the statistical analysis and outputs (R Core team 2018).

Environmental effects on HSmax, HSBreak and germination percentage
Multi-panel scatterplots were used to explore variables and covariates relationships (Zuur et
al. 2010) in order to identify which environmental variables had the greatest influence on
HSmax and HSbreak values. Regressions were fitted using scatterplot matrices from the Lattice
package R version 3.5.1 (R Core team 2018) to determine the relative influence of the
environment variables : RH%, rain (mm), total potential evapotranspiration (PET, mm), soil
temperature (SoilTemp,oC) during the growth period (V1-R12), seed filling (R7-R11) and 10
days pre-harvest on HSmax and HSbreak (i.e. HSmax = a + b[RH] + c[Rain] + d[PET] + e[Soil
temp.]).
A stepwise variable selection procedure was run to select significant variables (probability
level α 0.05) by the highest P values of individual coefficients (Shaffer 1995) using package
“broom” and function “glance.lm” (R Core team 2018). A decision tree analysis (Chen et al.
2017) was applied to categorise hardseededness level and germination by most relevant
weather variables during seed filling (R7-R11) and 10 days pre-harvest. This was performed
using package “tree” , R version 3.6.0 (R Core team 2018). Decision tree is a supervised
learning algorithm (with pre-defined target variable) commonly used in classifications. Using
this technique, the data or sample is divided into two or more homogeneous sets (or subsets) based on most significant splitter or differentiator in input variables (Chen et al. 2017).
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5.3 Results
5.3.1 Maximum percentage of hardseededness (HSmax)
The maximum percentage of hardseeds (HSmax) was affected by cultivar (P<0.001,) and
sowing date (P<0.001) which showed nearly the same sums of squares in the ANOVA (Figure
5.2).

Figure 5.2. Mean maximum percentage of hardseededness (HSmax) for sub clover cultivars
‘Antas’ ,’Denmark’, ‘Leura’ , ‘Monti’, ‘Narrikup’,’Woogenellup’ harvested from six different
sowing dates (June (S1), July (S2), September (S3), November(S4), February(S6) and March
(S7). Seeds retrieved on (0 mm, ) or below (25 mm, ) the soil surface from Experiment
E2, Iversen 2, Field Research Centre, Lincoln University, New Zealand.Bars represent
standard error of the mean; LSDSowing date x Cultivar=16.7.
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Seasonal effects were only evident in three cultivars (‘Antas’, ‘Narrikup’, Woogenellup’) with
a decrease in HSmax for warmer sowing periods. Genotype effects were illustrated by the
lowest (P<0.001) HSmax observed in ‘Antas’ with an average of 55% from September to April
sowing dates. This contrasted with the high values measured in ‘Monti’ (86%) and ‘Denmark’
(80%) which showed less difference among sowing dates.
The warmer conditions imposed by thermal treatments caused the percentage of hardseeds
to decline, with an interaction (P<0.001) between cultivar and sowing date. The lowest
percentage of hardseeds (24%) remaining after the full thermal treatment (~1700 oCd) was
recorded for ‘Antas’ sown in March (i.e. softer seeds). In contrast, the highest (82%) was for
‘Leura’ sown in September (
Figure 5.3).
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Figure 5.3. The decline in percentage of hardseededness for sub clover cultivars ‘Antas’ (●
) ,’Denmark’ (▲), ‘Leura’ (■), ‘Monti’ (┼) , ‘Narrikup’ ( ),’Woogenellup’ ( ) over time
(oCd) harvested in 2016 and 2017 from six different sowing dates: June (S1), July (S2),
September (S3), November (S4), February (S6) and March (S7).Experiment E2, Iversen 2,
Field Research Centre, Lincoln University, New Zealand. Bars represent the maximum
standard error of the mean.
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5.3.2 Rate of hardseededness breakdown (HSbreak)
The rate of decline in the percentage of hardseeds (HSbreak, % per oCd; Tb = 15oC) was
affected by the interaction (P=0.015) between sowing date and cultivar (Figure 5.4). The
HSbreak was faster (P<0.01) when crops were sown in February/March for most cultivars.

Figure 5.4. Average hardseededness breakdown rate (% units per oCd) for sub clover
cultivars ‘Antas’ ,’Denmark’, ‘Leura’, ‘Monti’, ‘Narrikup’,’Woogenellup’ harvested from six
different sowing dates in June (S1), July (S2), September (S3), November(S4), February(S6)
and March (S7). Seeds retrieved on (0 mm, ) or below (25 mm, ) the soil surface from
Experiment E2, Iversen 2, Field Research Centre, Lincoln University, New Zealand. Bars
represent standard error of the mean. LSDSowing date x Cultivar=0.0009.
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The impact of environment was illustrated by the nearly doubling of HSbreak from 0.011%/
oCd

for the June sowing date to ~0.02%/oCd for February sowing dates for ‘Denmark’,

‘Leura’, ‘Monti’ and ‘Narrikup’. The interaction with cultivar is illustrated by the lower
sensitivity of ‘Antas’ and ‘Wogenellup’ to seasonal signals. The lowest HSbreak values were
recorded for July sowing dates at a mean of 0.006%/oCd. There was no effect (P=0.59) of
seed position (below or above ground) on HSbreak.

5.3.3 Seed germinability
Normal seedlings
Sowing date had a larger effect (PSowingDate<0.001, 82% of sums of squares) on the percentage
of normal seedlings than cultivar. Ranges were 45±9.0% for ‘Leura’ sown in February and
93±1.2% for ‘Denmark’ sown in July. The percentage normal seedlings decreased (P<0.01) as
the sowing date advanced from 87% in June (S1) to 60% in February (S6), with a concomitant
increase in abnormal seedlings and dead seeds (Figure 5.5). These patterns were similar
(P=0.22) between seed depths (above and below).
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Figure 5.5. Mean percentage of normal seedlings ( ), abnormal seedlings ( ), fresh ungerminated seeds ( ), dead seeds ( ) and hard
ungerminated seeds ( ) for sub clover cultivars ‘Antas’ (A), ‘Denmark’ (D), ‘Leura’ (L), ‘Monti’ (M), ‘Narrikup’ (N) and ‘Woogenellup’ (W) harvested
in 2016 and 2017 from six different sowing dates : June (S1), July (S2), September (S3), November (S4), February (S6) and March (S7). Experiment E2,
Iversen 2, Field Research Centre, Lincoln University, New Zealand. Seeds retrieved on (0 mm) or below (25 mm) the soil surface.
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There was an increase in abnormal seedlings as the sowing dates progressed from
winter/early-spring to late summer/autumn. There were 10 times more abnormal seedlings
produced in February (12±0.6%) than in September sown crops (1.2±0.1%). The mean
percentage of dead seeds ranged from 4.0 to 27.0% (Figure 5.5) and differed among the
cultivars, sowing dates and depth (PSowing datexCultivarxdepth<0.001). But the main effect (highest
sums of squares) was due to sowing date with highest percentages (mean of 16± 1.6%) in
the late summer/early autumn sowing dates (November, February and March).

Finally, the mean percentage of fresh ungerminated seeds ranged from 0 to 21% (Figure
5.5). There was with an interaction (PSowing datexcutlivarxdepth<0.001) between cultivar, sowing
date and seed position but again, sowing date had the largest effect. The highest values
were observed in autumn (March) sowing date. Cultivar effects can be illustrated by ‘Leura’
in March having 10 times (21.3%) more ungerminated seeds than ‘Woogenellup’ (2.4%).

At the end of the experiment, a maximum of only 0.39% of the seeds remained hard after
the scarification (Figure 5.5) regardless of sowing date (PSowing date =0.08), cultivar (PCutlivar
=0.25) or seed position (PDepth =0.53).

5.3.4 Impact of weather variables on hardseededness
From the four weather variables tested, relative humidity (RH) averaged for the entire
growth period (V1 to R12) showed the largest impact (coefficient value = -0.23, P=0.010,
Table 5.2) to reduce (P<0.01) HSmax. The effects of environmental variables for other phases
tested (seed filling and 10 days prior to sowing periods) were not significant (P>0.05). In
contrast, for HSbreak, there was a significant effect of weather variables aggregated within all
three periods tested (Table 5.3).
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Table 5.2. Summary of coefficients ( P values R2) from the regressions HSmax with
environmental variables rain (mm), RH% (mm), soil temperature (oC) total potential
evapotranspiration (PET, mm), during the entire growth period (V1-R12).
HSmax%*
Entire growth period (V1-R12)
Term
Estimate
sd
t-value
P value
Intercept
21.0
7.20
2.9
0.007
Rain**
0.00
0.00
1.9
0.070
RH
-0.23
0.08
-2.7
0.010
PET
0.00
0.00
-1.7
0.110
Soil temperature
-0.07
0.04
-1.7
0.090
2
R
0.24
Adj.R2
0.14
F-statistic
2.44
*HSmax%: angular transformed values [asin(sqrt(HSmax)]. **Rain data for V1-R12 included
irrigation (see Chapter 4, Figure 4.9 for details). HSmax (%) = 245 – 2.15 (RH%), R2 = 0.27,
P=0.04.
Table 5.3. Summary of coefficients from the regressions sqrt HSbreak with environmental
variables rain (mm), RH% (mm), soil temperature (SoilTempoC), total potential
evapotranspiration (PET, mm), during the entire growth period, seed filling and pre-harvest.
HSbreak (%/oCd)*
Entire growth period (V1-R12)
Term
Estimate
sd
t-value
P value
Intercept
1.4000
0.9100
1.5530
0.1300
Rain
0.0004
0.0001
4.3120
0.0002
RH
-0.0150
0.0108
-1.4000
0.1700
PET
-0.0007
0.0002
-3.3900
0.0020
SoilTemp
0.0020
0.0054
0.3200
0.7600
R2
0.50
Seed filling (R7-R11)
Intercept
0.474
0.162
2.93
0.0060
Rain
0.000
0.000
0.46
0.6510
RH
-0.001
0.002
-0.46
0.6510
PET
0.000
0.000
-3.00
0.0050
SoilTemp
-0.011
0.004
-2.89
0.0070
2
R
0.39
R12-10 days prior sampling
Intercept
0.378
0.065
5.786
<0.001
Rain
-0.001
0.000
-1.635
0.112
RH
-0.002
0.001
-2.273
0.030
PET
0.000
0.000
-3.092
0.004
SoilTemp
-0.006
0.002
-3.474
0.002
0.50
R2
*HSbreak (%/oCd) : transformed values [(sqrt(HSbreak)]. Rain data for V1-R12 included irrigation
(see Chapter 4, Figure 4.9 for details).
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None of the weather variables explained more than 60% of total variability in HS break (Table
5.3).For instance, during V1-R12, HSbreak was positively affected by Rain (P=0.002) and
negatively associated with PET (P=0.002, R2= 0.50). HSbreak during the seed filling period (R7R11) was weakly and negatively affected by soil temperature and PET. An increase in soil
temperature from 14oC to 19oC reduced HSbreak by ~50%. The combination of weather
variables explained greater shares of variability in hardseededness. For example, the
interplay between soil temperature and potential evapo-transpiration (PET) explained 38%
of the variability in HSbreak.
Equation 12
HSbreak (%/oCd) = [0.4-1.1x10-3(SoilTemp)-4.4 x10-4 (PET)]2
R2 = 0.38, P<0.001
The resultant decision tree (Figure 5.6) based on the predictor algorithms illustrates that at
soil temperatures <16.5oC, the mean HSbreak was the highest (~0.017 %/oCd). At
temperatures >16.5oC HSbreak decreased, particularly at high PET (>257 mm) when HSbreak was
lowest at 0.006%/oCd. At high temperature but low PET, HSbreak showed an intermediary
value of 0.012%/oCd.
For weather variables aggregated 10 days prior to harvest (RH, PET, SoilTemp) there was no
relationship with HSbreak (R2≤0.5, Table 5.3).
In contrast, the percentage seed germination was more strongly correlated (0.5< R2 <.0.8)
with the weather variables (Table 5.4). Stronger relationships were found when aggregating
weather at R7-R12. Among all weather variables, soil temperature had the largest impact on
seed germination percentage (Table 5.4 and Figure 5.7).
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Table 5.4. Summary of coefficients (P values, R2 , Adj.R2, F-statistic) from the regressions of
percentage of germination with environmental variables rain (mm), RH% (mm), soil
temperature (oC) total potential evapotranspiration (PET, mm), during the entire growth
period, seed filling and pre-harvest.
Germination %
Entire growth period (V1_R12)
Term
Estimate
sd
t-value
Intercept
569.0
291.0
1.96
Rain
-0.13
0.03
-4.85
RH
-5.58
3.43
-1.63
PET
0.19
0.06
3.14
SoilTemp
-6.28
1.72
-3.66
2
R
0.75
Seed filling (R7_R11)
Intercept
-224
55.0
-4.11
Rain
0.04
0.06
0.63
RH
2.57
0.79
3.25
PET
0.16
0.05
3.32
SoilTemp
3.71
1.32
2.83
2
R
0.66
R12_10 days prior sampling
Intercept
-73.44
26.54
-2.77
Rain
0.45
0.13
3.40
RH
1.27
0.31
4.13
PET
0.03
0.03
0.99
SoilTemp
2.30
0.70
3.29
2
R
0.60
Rain data for V1-R12 included irrigation (see Chapter 4, Figure 4.9 for details).

P value
0.059
P<0.001
0.114
0.004
0.001

P<0.001
0.534
0.003
0.002
0.008

0.009
P<0.001
P<0.001
0.327
P<0.001
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SoilTemp. (o C )
< 16.5

> 16.5
n= 108

0.017%/ oCd
n= 36

PET (mm)
< 257

>257

n= 72
0.012%/ oCd

0.006%/ oCd

Figure 5.6. Estimation of HSbreak (%/oCd) based on soil temperature (SoilTemp, oC) and
evapotranspiration (PET) between R7-R11 phenological phases (seed filling). Mean HSbreak
values were back transformed. Refer to Equation 12.

The combination of soil temperature, PET and rainfall aggregated for the seed filling period
(R7-R12) explained 70% of variation in germination percentage (Equation 13).
Equation 13
Germination (%) = 237+4.1 [SoilTemp.] + 2.7 [RH] +0.16[PET]
R2 = 0.70, P<0.001
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RH (% )
< 75.5

> 75.5
n= 108

62%
n= 48

SoiTemp. (o C )
< 17.5

> 17.5

n= 60

81%

88%

Figure 5.7. Estimation of seed germination percentage (%) based on soil temperature (oC)
and relative humidity (RH%) between R7-R12 phenophases. Refer to Equation 13 and Table
5.4.

5.4 Discussion
5.4.1 Hardseededness parameters
In this chapter, hardseededness was conceptually characterised by two components: the
maximum value of fresh seeds at R12 (HSmax) and the rate of breakdown (HSbreak) with a
specific thermal treatment protocol (Figure 5.1). The combination of these two parameters
(HSmax and HSbreak ) gives the “overall” hardseededness classification of any genotype by
environment combination. This can be quantitatively visualised in the four quadrants of
Figure 5.8. For example, for any individual sowing date, cultivars can be classified as “hard”
when located at the top-left of the group (high HSmax and low HSbreak). This is the case for
‘Leura’ and ‘Monti’ in most sowing dates. In contrast, cultivars that remain at the low-right
position of the group are “soft” genotypes such ‘Antas’. Interactions between genotype and
environment can be illustrated by the fact that, during some sowing dates (e.g. June)
cultivars are close together while in other sowing dates (e.g. November) they are far apart
spread across quadrants.
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Figure 5.8. Combined HSmax and HSbreak parameters to classify the sub clover cultivars ‘Antas,
(A) ,’Denmark’ (D), ‘Leura’ (L) , ‘Monti’ (M), ‘Narrikup’(N), ’Woogenellup’ (W) harvested from
different sowing dates (2015: S1=June, S2= July, S3=September, S4 = November and 2016
S6=February and S7=March).

Nevertheless, the measured range of HSmax (40% to 90%) is much narrower than reported in
previous studies. For example, hardseededness in ‘Woogenellup’ ranged from 18% (Widdup
and Pennell 2000) to 98% (Quinlivan and Millington 1961) while ‘Leura’ and ‘Denmark’
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showed values between 6 and 27% (Widdup and Pennell 2000). This difference might be due
to lack of standardisation on the timing (e.g. R12 for HSmax) and environmental history (e.g.
thermal treatment) of different studies. This highlights the need for setting well defined
protocols to investigate hardseededness otherwise values are not comparable across
reports. For instance, the standard method for sub clover cultivar classification developed in
Western Australia applies a temperature fluctuation regime of 60/15oC (Quinlivan 1961).
This procedure mimics soil temperatures in a typical summer for Mediterranean climates
(Brink and Fairbrother 1991; Norman et al. 2006). This study used thermal treatments with a
maximum of 40oC instead to reproduce temperatures experienced in New Zealand (Section
5.2.1, Appendix A.14). The difference in methodologies implied in approximately half of the
thermal time (~340oCd) accumulation obtained in Australian studies. The lower maximum
might explain the 35% lower average HSbreak than found in Australia (0.75% units per day) for
cultivars ‘Esperance’ and ‘Northam’ (Quinlivan 1965). The method used should match the
field conditions in which it is expected to encounter in the location of interest (Smetham and
Ying 1991). Careful consideration of growth conditions when evaluating hardseededness
across environments is therefore required (Taylor 2005; Teixeira et al. 2018).

5.4.2 Environmental effects
In addition to temperature, precipitation and air humidity are also often reported as key
environmental variables influencing hardseededness (Hudson et al. 2015). For example,
Smith (1988) associated low hardseededness with wet conditions during seed maturation.
In this study, the lack of relationship between rainfall and HSmax (Table 5.2) might be due to
low rainfall amounts experienced by sub clover during the maturation period, which was
always <150 mm (Figure 4.10). Similarly, the weak correlation between HSmax and any single
variable such as air temperature may be due to a narrow range experienced by sub clover
crops in Lincoln during R7-R11 (14 to 20oC, Table 5.2). Hardseedeness has been shown only
to increase when seeds are produced under temperatures >27oC (Argel and Paton 1999;
Bellaloui et al. 2017). Overall, there was no effect of sampling depth (above or below
ground) on HSmax indicating that the differences in environment stimuli that control this
parameters might occur mainly during seed formation and were not pronounced enough to
create contrasting levels of hardseededness in seeds below or above ground.
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In contrast, soil temperature was the main environmental variable affecting HS break. For
crops sown in winter/late-spring (July, September and November), the R7-R11 (seed filling
period) coincided with soil temperatures ≥16.5oC, which were conducive to lower HSbreak
values (Table 5.3 and Figure 5.6). On the other hand, crops sown in late-summer/autumn
(February and March) experienced average soil temperature <16.5 oC and showed high
values of HSbreak. This suggests that the temperature during periods of seed development
influenced the seed coat features which ultimately will influence seed germination
(Gutterman 2000; Smykal et al. 2014) as demonstrated in Figure 5.7. During R7-R11 there is
expansion and differentiation of embryo cells accompanied by accumulation of carbon and
synthesis of protein and lipids compounds in the seed (Wang et al. 2016). In soybeans for
example, seed coat fatty acids depended mostly on the temperature during seed
development (corresponds to R5-R7 in the soybean phenological scale). Seeds formed under
warm temperatures (>24.5oC) had an increased amount of palmitic and oleic fatty acids
compared with seeds developed under low temperatures (<17 oC) (Tsukamoto et al. 1995).
Increase in oleic acids due to high temperatures was also found by Chen et al. (2016). These
fatty acids are the building blocks for hydrophobic seed coat components such as suberin
and waxes which confer seed impermeability (Vishwanath et al. 2013).
The genotypic differences in of HSmax and HSbreak were best illustrated by the contrast
between ‘Antas’ (brachycalicynum) and ‘Monti’ (yanninicum) in this study (Figure 5.4). This is
in contrast with observations in Western Australia where these two cultivars were closely
ranked as classes 2 and 3 for hardness (Nichols et al. 2013). Similarly, based on this system,
the expected differences between ‘Woogenellup’ (ranked as 1) and ‘Narrikup’ (ranked as 3)
were not observed under New Zealand conditions (Figure 5.4). This lack of alignment might
be because the Australian system is based on HSbreak only, without consideration of HSmax
(Figure 5.8). Precise values for hardseededness should ideally be done in loco or consider
local environmental parameters.
The decision trees based on a combination of environmental variables, instead of single
ones, gave higher prediction power of hardseededness although still at limited values
(0.38<R2<0.70). When seeds developed under warm (>16.5 oC) and high evapotranspiration
conditions the rate of hardseed breakdown is slow (represented as the low values of HSbreak).
This pattern aligns with adaptative strategies of Mediterranean legumes as described by
Berger et al. (2017) to optimise seedling emergence. For instance, high temperatures and
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low (and variable) rainfall are conducive to hardseededness as an evolutionary means to
prevent mistimed germination to avoid false break (or false strike, Chapter 2). Seed
germination and emergence is synchronised with periods of more reliable and abundant
rainfall.

5.4.3 Estimating genotype-specific seedling emergence time
The parameters developed for the different cultivars in this study enable estimating
emergence based on environmental and genotypic information. For example, by using
values of HSmax and HSbreak (data from March sowing date which is a typical sowing time), it is
possible to infer that 120 days after R12 (or an input of 2400 oCd) only 13% of ‘Monti’ would
remain hard while this value is 58% for ‘Antas’. When these values are superimposed with
seed productions of 9000 and 6200 seeds/m2 (Teixeira et al. 2017) a final population of
around 3700 and 5400 seeds/m2 is achieved respectively. ‘Monti’ has therefore a
competitive advantage of early establishment, even though it produced fewer seeds.
However, fewer seeds in the seed bank from ‘Monti’ also suggests lower resilience against
false break than ‘Antas’, which is critical if weather conditions are less than ideal. This
interplay of genotype by environment strategies was previously highlighted by Smetham and
Ying (1991).
Cultivar choice is therefore a key adaptive strategy to manage degree of hardseededness
accordingly to the environment and production system in question. For instance, in
Mediterranean environments, with high summer temperature, high hardseededness
through a low HSbreak is desirable trait to spread germination across many seasons (Nichols et
al. 2013) which also minimises false break risks (Olykan et al. 2018). In contrast, for
subtropical or temperate climates, the opposite trait is required to ensure a large portion of
the seeds germinate in autumn (Hudson et al. 2015).

5.4.4 Limitations of the current analysis
This study included a narrow range of cultivars in terms of hardseededness ranks (1 to 3).
The relationships found in this study cannot be generalised beyond this range of
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hardseededness. Future work might consider wider range of hardseededness and more
contrasting weather conditions to generate robust predictive models of germination.
Evaluations considered artificially extracted seeds from the burrs. Under natural conditions
in the field these seeds remain within the burrs for longer periods. This creates a more
protected microenvironment which delays germination. Also, in the field seeds may be
exposed to soil water for longer periods allowing them to soften faster due to a
hydrothermal interaction effect. Taylor and Ewing (1992) suggested that laboratory
estimates can both under- or over-estimate HSbreak depending on cultivar which limits
accuracy of parameters when applied in the field.

5.5 Conclusions
This chapter demonstrated that hardseededness can be more comprehensively
characterised by two parameters HSmax and HSbreak. The estimation of HSmax and HSbreak
requires a common protocol to enable comparison among cultivars and environments. For
instance, the Australian hardseed ranking system showed a limited correlation with cultivar
hardseededness under New Zealand conditions.
There were clear cultivar differences in HSmax. For example, ‘Antas’ had consistently a lower
HSmax (53%) than ‘Monti’ (86%). The environment largely impacted both HSmax and HSbreak.
No single environmental factor gave a strong prediction of these parameters. Better, but still
low, predictive power was found when combining multiple parameters in decision trees. For
example, soil temperature and PET (R7-R12) explained 35% of the variance in both HSmax and
HSbreak. Nevertheless, general seasonal patterns were observed such as the decrease in the
percentage normal seedlings (increase in the percentage of abnormal seedlings and dead
seeds) as the sowing date advanced from winter to late-summer. Future work might
consider a wider range of cultivars with hardseededness ranks and more contrasting
weather conditions to generate robust predictive models of germination and compare
results with local experiments which have evaluated seedling emergence.
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Biochemically, the effect of environment (i.e. sowing dates in this study) on hardness can be
explained by changes to seed coat composition such as lipid concentration and type (Smith
1988; Taylor 2005). For instance, the biosynthesis of suberin is optimised at 26oC (Dean
1989) which may explain low HSbreak and limited germination at high soil temperatures
(Figure 5.7). Other effects such as from contrasting pigmentation (Smykal et al. 2014) or
expansion/contraction of seed coat cells (Smith 1988; Taylor 2005) were attribute d to
hardseededness. This could be one of the reasons why seeds of ‘Monti’ (yanninicum, with
light pigmented seeds) were softer than the subterraneum cultivars. These biochemical
aspects will be further explored in Chapter 6.
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Chapter 6 Fourier-Transform Infrared spectroscopy analysis of the
sub clover seed coat
6.1 Introduction
In Chapter 5, hardseededness was found to differ among sub clover cultivars and also to
respond to environmental conditions (Table 5.2). Hardseededness is confered by the
chemical composition of the seed coat that influences permeability to soil moisture (Slattery
et al. 1982; Vishwanath et al. 2013). Objective 5 (Chapter 1, Figure 1.1) explores the
biochemical profile of the sub clover seed coat through Fourier transform infrared
microspectroscopy (FTIR) equipped with an Attenuated Total Reflectance (ATR) objective
lens. This method was used to investigate the presence of different biochemical compounds
in subclover seeds in comparison to previous studies on different biological tissues
(Schwanninger et al. 2004; Busch et al. 2010; Jiang et al. 2013). The approach offers the
possibility of rapid and non-destructive in situ monitoring of compounds such as lignins
(Prats-Mateu and Gierlinger 2017), suberin (Zeier and Schreiber 1999) and cutins (Yan et al.
2009) which are known to influence the degree of permeability of cell walls (Chapter 2).

The outermost cuticle of the seed is the essential structure which prevents water uptake by
hardseeds (Chapter 2, Section 2.15). The FTIR-ATR technique was used to test genotype
effects by scanning the coat cuticle from seeds collected in Experiment 2 (E2; Chapter 4) for
all six cultivars from the June sowing date (S2). This will provide information about the
compounds present in the seed coat which potentially confer maximum hardseededness
(HSmax, Chapter 5). An additional laboratory experiment applied gradient of thermaltreatments under controlled conditions (Experiment 4; E4) to assess environmental effects
on biochemical compounds that are important drivers of hardseededness, particularly
temperature (Shao et al. 2007; Alonso-Simón et al. 2011). The aim of E4 was to detect which
chemical groups were affected during the hardseededness breakdown, and to determine if
they are linked to potential alterations in the seed coat tissue colour and morphology. This
chapter reports on results from these two experiments.
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6.2

Cultivar effects on seed chemical composition (Experiment 2)

6.2.1 Materials and methods
Seeds
Sub clover seeds from six cultivars were harvested from E2 at the Field Research Centre
during 2015 and 2016 (Chapter 4). Burrs and seeds were excavated and then processed
manually. Maximum hardseededness (HSmax) was assessed as described in Chapter 5. The
values of HSmax ranged from 38% for ‘Woogenellup’ to 89% for ‘Monti’ (Chapter 5). For FTIRATR analysis, a subsample of 9 seeds per plot was selected from seeds harvested from the
June sowing date (S2). These seeds were kept at 4oC in sealed plastic bags prior to the tests.
The seeds were fixed onto microscope slides on their longitudinal axis. The FT-IR spectra
were acquired using an ATR-objective at flat and even points on the seed cuticle to minimize
confounding optical or distorting influences during measurements (Appendices A.15 and
A.16). The pressure arm of the instrument was set to level 1 to apply a constant pressure.
Removal of dust and potential contaminants was done by blowing pressurized air for 15
seconds on each sample.
An average of four measurement points (~ 50 µm apart) were selected, which yielded a total
of 300 spectra. Hyperion 2000 microspectrometer (Bruker Optics, Ettlingen, Germany)
recorded spectra in a wavenumber range of 4500–600 cm−1 with a resolution of 4 cm−1 and
32 scans per sample. The background spectrum was taken for each measurement at a
position of the IR-window outside the seed coat tissue. Data acquisition and spectra
determination was performed with an OPUS 7.0 software package (Brucker 2017) .

Suberin rich material (Quercus suber)
Chapter 2 (Section 2.15.2) described how the hydrophobic polymer suberin has been
suggested as the main biochemical component to confer water impermeability in sub clover
seeds (Quinlivan 1965). A reference wood sample of Portuguese oak (Quercus suber) was
used to generate a “reference” spectra to compare with spectra from seeds. The reference
sample had approximately the same dimensions as the seeds and was measured three times
to provide a suberin rich material spectrum.
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Data analysis
The baseline corrections of spectra were made using the concave rubber band method
followed by spectra normalization using the maximum peak (1025 cm-1) method and the
manipulation of the acquired spectra was kept to a minimum (Zeier and Schreiber 1999;
Schwanninger et al. 2004; Baker et al. 2014).
One mean value of spectra per plot, averaged from four readings of nine subsamples, was
used for the ‘t’-test to compare genotypes (Wei et al. 2015). A P value of less than 0.05 was
considered statistically significant (Dogan et al. 2007). A principal component analysis (PCA)
was used to reduce the dimensionality of the original data from thousands of variables to a
few critical ones. The variability in each spectrum relative to the mean was represented as a
reduced set of values (axes), so called principal components (PCs) (Gierlinger 2017). The first
two PCs (1 and 2) were considered the main sources of variability in the dataset and the
scores of PC1 and PC2 were plotted against each other to establish potential relationships
between spectra and cultivars (Abidi et al. 2014). To identify which variables had the largest
influence on each PC the loading plots were inspected. Loadings close to -1 or 1 indicate that
the variable strongly influences the component while loadings near 0 indicate that the
variable has a low influence on the component (González-Cabrera et al. 2018).
To identify cultivar differences hierarchical clustering on principal components was
performed (Travaglia et al. 2011). Spectra data processing and analysis were performed with
the softwares Unscrambler X (CAMO 2018) and R packages “ factoexta” (for PCA) and
“FactoMineR” (for clustering) (R Core team 2018). Based on the PC’s loadings, multi-panel
scatterplots were used to explore which bands had the greatest influence on HSmax and
HSbreak values (Chapter 5). Regressions were fitted using scatterplot matrices from the Lattice
package (R Core team 2018) to determine the relative influence of the chemical compounds
(wavenumbers) on hardseededness. A stepwise band selection procedure was run to select
significant bands (α = 0.1) (Vergara-Barberán et al. 2015) by the highest P values of individual
coefficients (Shaffer 1995).
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6.2.2 FTIR spectra band assignment
The assignment of the main vibrations in the FTIR-ATR spectra from the sub clover seeds
was based on previous research with other biological materials (Dourado et al. 2003;
Himmelsbach et al. 2003; Yan et al. 2009; Rodríguez-Pulido et al. 2013; Abidi et al. 2014;
Ricci et al. 2015; Fasoli et al. 2016; González-Cabrera et al. 2018; Heredia-Guerrero et al.
2018) since there was no FTIR characterization of sub clover seeds found in the literature
(Chapter 2, Section 2.16.2).
6.3

Thermal treatment effects on seed coat (Experiment 4)

6.3.1 Materials and methods
Seeds from three cultivars ‘Antas’ (Trifolium subterraneum spp. brachycalycinum), ‘Monti’
(spp. yanninicum) and ‘Narrikup’ (spp. subterraenum) were harvested from the Field
Research Centre, Lincoln, New Zealand. Seeds were harvested and processed by hand as
described in Section 5.2.1, Chapter 5. Dry seeds were stored at 4oC before measurements
were taken.
Untreated seeds (0 incubation days) and after thermal-treatment (42, 84 and 252 days at
constant 50oC) were compared. As described in Section 6.2.1, seeds were measured on their
longitudinal axis in four measurement points (~150 micrometres apart) and yielded a total
455 spectra. The FTIR-ATR spectra were recorded in controlled environment conditions in
three technical replicates (12 subsamples per replicate) as previously described (Section
6.2.1). The FTIR spectra analysis followed the same procedure above (Section 6.2.2). The
spectra for untreated seeds (control) and thermal-treated samples were calculated from
three repeats and each used a different six seeds (Wei et al. 2015). These replicates were
averaged then used for statistical analysis (Section 6.2.2).
The effect of thermal treatment on the percentage of hardseeds was assessed by
determining the percentage of hardseeds before (untreated seeds) and after 84 days
incubation (equivalent of 2940 oCd, Tb= 15 oC, Section 5.2.6). This was performed based on
results presented in Section 5.3.1 (Chapter 5) where most of the decline in hardseededness
was recorded after 77 days incubation (
Figure 5.3).
Untreated and thermal treated seeds were examined under a stereoscope (8-10x
magnification, Nikon SMZ800N) to detect any potential changes in seed coat features.
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Samples were also examined on the surface and in transversal section for morphological and
anatomical alterations with an APREO-FEI (Thermo Fischer Scientific) scanning electron
microscope (SEM).

6.4 Results
6.4.1

Sub clover seed coat chemical characteristics

Figure 6.1 shows the mean spectra of the seed coat cuticle of the six sub clover cultivars

1150

897

2930
2855

3330

1250

1100

1441-1425
1377-1337

1610

1770-1732

1025

across the various band intensities.

Figure 6.1. Mean ATR-FTIR spectra (baseline corrected normalised) of seed coat cuticle of
sub clover cultivars ‘Antas’ ( ), ‘Denmark’( ), ‘Leura’ ( ) , ‘Monti’ ( ) , ‘Narrikup’ ( ),
and ‘Woogenellup’ ( ) sown in July 2015 (S2) and produced in Field Research Centre,
Lincoln, New Zealand. The IR regions between 2800-1800 and 850-600 cm−1 were omitted
due to absence of bands.

Spectra results showed that the sub clover seed coat is composed of different functional
groups, mainly of aromatics (1500 -1200 cm−1) and polysaccharides at 1025 cm−1 (Table 6.1).
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Table 6.1 IR assignments of the main vibrations (Wave. cm-1) in the FTIR-ATR spectra of sub clover seed coat cuticle.
Wave.cm-1
3330
2930

Assigned functional group
O–H and N–H group stretching
vibration
CH2 asymmetric stretch

Description
polysaccharides, protein

Reference
(Heredia-Guerrero et al.
2014)
mainly lipid (unsaturated) with contribution from proteins, (De Luca et al. 2012; Abidi et
carbohydrates, nucleic acids; wax associated with cutin and cutan
al. 2014)
(Dogan et al. 2007; de la
Mata et al. 2012)
tannin
(Luo et al. 2010)
trigliceride and phospholipid
(Dogan et al. 2007)
suberin
(Lopes et al. 2000)
hydrolysable tannins
(Ricci et al. 2015)
cutin
(Heredia-Guerrero et al.
2014)
Aromatics and tannins
(Ricci et al. 2015)
cellulose
(Abidi et al. 2014)

2855

CH2 symmetric stretch:

1770
1745

C=O stretch
C=O stretch esters

1732

C=O esters and lactones

1610
1441
1425
1377

C=C stretch
C-H in plane deformation with
aromatic skeletal vibrations
O-H bending
CH3 bending vibration

1337
1250

C-H2 rocking vibration
C-0 stretch

cellulose
esters, cutin, suberin

1150

C-O stretch

1100
1025
897

C-O
C-O stretch
C-H ß-linkage of cellulose

Secondary alcohols
(hemi cellulose – cellulose)
cutin
Polysaccharides
cellulose

acid
lipid

(Reza et al. 2014)
(Dogan
et
al.
2007;
González-Cabrera et al.
2018)
(Oh et al. 2005)
(Garcia et al. 2010; Manrich
et al. 2017)
(Fasoli et al. 2016)
(Manrich et al. 2017)
(Yu et al. 2004)
(Abidi et al. 2014)

161

PC’s accounted for 80% of the total cultivar by replicate variability. There was no clear
grouping according to cultivars (Figure 6.2). The most distinct samples were ‘Antas’
(brachycalycinum, Replicates 3 and 1) which was separated from the Clusters 2 and 3,
formed by ‘Monti’ (yanninicum), ‘Denmark’ and ‘Narrikup’). The fourth cluster contained
only one replicate of each of the subterraneums ‘Leura and ‘Woogenellup’ (Figure 6.2).
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PC2 (21%)
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-25

-12.5
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PC1 (59%)
Figure 6.2. Principal component analysis (PCA) of FTIR spectra of the seed coat cuticle of sub
clover cultivars ‘Antas’ (A), ‘Denmark’ (D), ‘Leura’(L), ‘Monti’ (M), ‘Narrikup’ (N) and
‘Woogenellup’ (W) sown in July 2015 (S2) and produced in Field Research Centre, Lincoln,
New Zealand. Numbers following letters represent the replicate. Cluster 1 (blue ○), Cluster 2
(yellow, ▲), Cluster 3 (grey, ■), Cluster 4 (red ╋) represent the hierarchical clusters
performed with the spectral data in the wavenumber range from 3600-2800 cm−1 and 1800–
850 cm−1.

The PC1 explained 59% of the cultivar differences. PC1 loadings display the main
contribution of bands at 1610 cm-1, 1337 cm-1, 1250 cm-1, 1150 cm-1 and 1025 cm-1 (Figure
6.3). The PC2 loadings had strong (>0.1) contributions from 1250 cm-1 and 1025 cm-1. The
other important contributions were from the lipids (2930 cm -1, 2855 cm-1) and tannins, cutin
and suberin located between wavenumbers ~1730-1770 cm -1.
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X- variables PC1 (59%)
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Figure 6.3. Loadings of PC for seed coat of sub clover seed coat cuticle. Region 1 = 3000 2800 cm−1; Region 2 = 1700 - 850 cm−1. PC1 (59%) and PC2 (20%). The loadings of IR regions
between 2800-1700 and 850-600 cm−1 were omitted due to absence of significantly different
bands.

To gain further understanding of differences, a detailed analysis was performed in four
selected frequency spectral ranges that showed differences (P<0.05) and refer to important
functional groups, namely regions 3600–3000 (O-H, N-H bonds), 3000-2800 (C-H), 1800-1500
(double bonds, C=O, C=C,C=N). To facilitate visualisation the fingerprint region was divided in
1500-1200 cm-1 and 1200-800 cm-1 (C-C, C-O, C-N).
IR Region 3600-2800
In this region, the most apparent wavenumber broad peak was 3330 cm-1 with absorbance
ranging from 0.013 for ‘Denmark’ (P<0.001) to 0.021 for ‘Leura’. Between wavenumbers
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3000-2800 cm-1 there were two sharp peaks at 2930 and 2855 cm-1 (Figure 6.1). There were
no significant differences (P=0.23 and P=0.45, respectively) in the absorbance of these two
wavenumbers among cultivars.

6.4.2 Region 1800-1500
In this region a broad shoulder was detected at 1770-1745 cm-1 with the absorbance at 1745
cm-1 higher (P=0.02) in the cuticle of ‘Antas’, ‘Denmark’and ‘Monti’ (0.19) than the
absorbance recorded in ‘Woogenellup’ and ‘Leura’ (~ 0.08) seeds. At 1732 cm -1 the sharp
peak (ascribed as cutin, Table 6.1, Figure 6.1), was not different (P=0.63) among the
cultivars. For all cultivars the mean absorbance of wavenumber 1610 cm-1 was high (0.4),
which indicates a high amount of tannin and aromatic compounds present in the seed coat
cuticle. ‘Antas’ followed by ‘Monti’ have the strongest band. No clear absorbance band was
found at 1515cm-1, from which it was concluded that structural components such as lignin
play a minor role.

6.4.3 Region 1500-1200
The region below 1500 cm-1 (fingerprint region) is characterised mainly by the presence of
carbohydrates and other bio-constituents. This region had five vibrations of interest at 1441,
1425, 1377, 1337 and 1250 cm-1, with absorbance values around 0.20. Differences among
cultivars were found at three wavenumbers. At 1425 cm-1, (Figure 6.1) with higher (P=0.03)
absorbance for ‘Leura’ (0.20) than ‘Denmark’ (0.18) seeds. Similarly, the absorbance of 1337
cm-1 was higher (P=0.04) for ‘Leura’ (0.2) than ‘Denmark’ (0.15). However, at 1250 cm -1 the
absorbance was lower (P=0.01) for ‘Leura’ and ‘Woogenellup’ (0.1) than for ‘Antas’,
‘Denmark’ and ‘Monti’ (0.20).

6.4.4 Region 1200-800
This region had four vibrations of interest (1150, 1100, 1025 and 897 cm-1) assigned to the CO-C stretching of polysaccharides and cutin (Table 6.1).
The absorbance at 1150 cm-1 differed (P=0.04) among cultivars. ‘Antas’ had a higher (P=0.04)
absorbance (0.24) than the other five cultivars. The lowest (P=0.04) absorbance at 1100 cm -1
was recorded for ‘Denmark’. The mean absorbance of 897 cm-1 was higher (P=0.004) for
‘Antas’ (0.10) than for the other five cultivars (mean of ~ 0.08). The highest peak in the

164

entire spectra was measured at 1025 cm-1 and was not different (P=0.15) among the
cultivars.
‘Woogenellup’ and ‘Leura’ had almost no shoulder at 1745 cm-1 and at the same time a low
1250 cm-1 band, from which it can be concluded that these two cultivars have lower
esterification. Based on these two bands ‘Monti’ was classified as having a medium ester
content, while the other three (‘Denmark’, ‘Antas’ and ‘Narrikup’) were high.

6.4.5 Identification of suberin based on reference wood sample
To confirm the suberin band assignment, the seed coat spectra were compared with a
reference sample from cork oak (Figure 6.4). The sharp peaks at 2930 and 2855 cm-1 confirm
the contribution of suberin to these two bands as well as the high peak at 1745 cm -1 (Garcia
et al. 2010). The peak at 1250 cm-1 (assigned to suberin) in the wood sample is threefold
higher than the absorbance in the seed coat samples. The band at 1510 cm -1, assigned to
aromatic stretching of lignin is present in cork oak, but not in the seed coat.

Figure 6.4. Mean spectra from Portuguese oak (Quercus suber) the reference suberin
material (solid line) compared with mean sub clover cuticle spectra (dashed line). The IR
regions between 2800-1800 and 850-600 cm−1 were omitted due to absence of significantly
different bands.
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The peak at 1610 cm-1, however, was 40% higher in the seed coat tissues than in the cork
wood samples. This indicates that the hydrophobic polymers in the cuticle of sub clover
seeds were rich in aromatic components such as tannin but lacked in lignin.

Biochemical compounds and hardseededness
For all cultivars, the maximum percentage of hardseededness (HSmax) was mainly associated
with the absorbance of vibrations at 897 cm-1 ,1337 cm-1 (cellulose) and 1250 cm-1 (esters,
cutin, suberin). The relationship between HSmax and these chemical groups was summarised
as:
Equation 14
HSmax = Arcsin [sqrt(-1.5 + 17.8 (Abs1337) +5.0 (Abs1250) -18 ( Abs897)
R2= 0.86, P=0.20
Where,
HSmax is the maximum percentage of hardseededness
Abs897 is the absorbance at 897 cm-1
Abs1441 is the absorbance at 1337 cm-1
Abs1250 is the absorbance at 1250 cm-1
For ‘Denmark’, ‘Leura’ and ‘Woogenellup’ the rate of hardseedeness decline (HSbreak) was
mainly associated with a reduction in the absorbance at 897 cm-1 (P=0.09) and 2854 cm-1
(P=0.15). There was no relationship determined (P>0.15) for ‘Antas’, ‘Monti’ or ‘Narrikup’.
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6.4.6 The effects of thermal treatment on sub clover seed coat (Experiment 4 )
The percentage of hardseeds differed (P<0.001) among cultivars and incubation time
(P=0.04). The percentage of hardseedness declined from 89% to 67% for ‘Monti’ after the 84
days of thermal treatment (Table 6.2). For the other two cultivars the heat treatment did not
change the percentage of hardseededness.

Table 6.2 Percentage of hardseededness of sub clover ‘Antas’, ‘Monti’ and ‘Narrikup’ before
(0, untreated seeds) and after 84 days incubation at 50o C.
Incubation days
84
46c
67b
43c
52

Cultivar
0
‘Antas’
57bc
‘Monti’
89a
‘Narrikup’
53bc
Mean
67
Max.SE
13
Pcultivar
<0.001
LSDcultivar
12
Values (back transformed) with same letter are not different at α=0.05.

The mean spectra of the seed coat cuticle for the three sub clover cultivars for untreated
and treated seeds are displayed in Figure 6.5, Figure 6.6 and Figure 6.7. After 42 days
incubation there were no evident changes in the spectra of the seeds when compared with
the untreated control.
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Figure 6.5. Mean ATR-FTIR spectra (baseline corrected, maximum normalised) of seed coat
cuticle of sub clover ‘Antas’ produced at the Field Research Centre, Lincoln, New Zealand
and incubated at 50oC for 0 (blue line), 42 (green line), 84 (black line) and 252 (red line) days.
The IR regions between 3600-3000 and 2800-1900 cm-1 were omitted because they did not
contain significant bands.
Changes in IR region 3000-2800
In this region the two main bands 2930 cm-1 and 2855 cm-1 indicate the presence of waxes.
The absorbance at wavenumber 2930 cm-1 was only affected by cultivar (P<0.001), with
‘Monti’ having a 20% higher absorbance than ‘Antas’ and ‘Narrikup’. For the wavenumber
2855 cm-1, which is CH2 symmetric stretching, there was an interaction (P<0.001) of cultivar
by incubation days, and an effect (P=0.003) of cultivar. The untreated seeds of ‘Monti’
showed an absorbance 57% higher than ‘Antas’ seeds incubated for 252 days.
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Figure 6.6. Mean ATR-FTIR spectra (baseline corrected, maximum normalised) of seed coat
cuticle of sub clover ‘Monti’ produced in Field Research Centre, Lincoln, New Zealand and
incubated at 50oC for 0 (blue line), 42 (green line), 84 (black line) and 252 (red line) days. The
IR region between 2800 and 1900 was omitted because it did not contain significant bands.
Changes in IR region 1800-1500
The two main vibrations contributing to these differences are 1730 and 1610 cm -1. Cultivar
had an effect (P<0.001) on the absorbance of the 1730 cm-1 band. There was no effect
(P>0.05) of incubation period or interaction between the two factors. The 1610 cm -1 peak is
assigned to the C=O characteristic of carbonyl groups associated with aromatic compounds
and tannin (Abidi et al. 2014; Heredia-Guerrero et al. 2018). For ‘Antas’ this peak was not as
sharp as for the other two cultivars. The analysis of variance showed an effect of cultivar
(P<0.001) and of incubation time (P=0.04), but no interaction. ‘Monti’ seeds had a higher
absorbance (0.52) at this wavenumber than ‘Narrikup’ (0.44). ‘Antas’ had the lowest
absorbance value of 0.37.
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Figure 6.7. Mean ATR-FTIR spectra (baseline corrected, maximum normalised) of seed coat
cuticle of sub clover cultivars ‘Antas’, ‘Monti’ and ‘Narrikup’ produced in Field Research
Centre, Lincoln, New Zealand and incubated at 50oC for 0 (blue line), 42 ( green line), 84
(black line) and 252 (red line) days . The IR region between 2800 and 1900 was omitted
because it did not contain significant bands.

Changes in IR region 1500-1200
In this region the main bands of influence were 1440 cm-1, 1345 cm-1 and 1325 cm-1. The
band 1440 cm-1 was detected in seeds of ‘Monti’ and ‘Narrikup’ but absent in ‘Antas’ and
was assigned to cellulose (Table 6.1). For ‘Monti’ and ‘Narrikup’ a peak shift from 1440
(mainly untreated seeds) to 1425 cm-1 (mainly for the 252 treated seeds) was observed
during treatment.

Changes in IR region 1200-800
In this region the main peaks of interest were at 1150, 1100, 1050, 1025 and 895 cm-1.
For ‘Antas’ seeds the heat treatment decreased the absorbance of 1150 cm -1 (P=0.008) and
1100 cm-1 (P<0.001). However, there were no substantial changes in the other peaks. Heat
caused no changes in the absorbance in this spectral region for ‘Monti’ seed coats. An
increase in the absorbance of the bands related to hemi cellulose and cellulose 1100 cm-1
(P<0.001) and 897 cm-1 (P<0.001) was observed in ‘Narrikup’ seeds.
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The relationship between the spectra over the cultivars incubated at different time is shown
in Figure 6.8. PC1 and PC2 explained 77% of the cultivar x incubation differences. There was
a clear separation of the 252 days treatment from the untreated seeds and the 42 and 84
days of incubation in ‘Monti’ and ‘Antas’. The 252 days treatment of ‘Narrikup’ was grouped
with the untreated and short time treated ‘Monti’ seed coats.
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Figure 6.8. Principal component analysis (PCA) of FTIR spectra of the seed coat cuticle of sub
clover cultivars ‘Antas’ (A), ‘Monti’ (M) and ‘Narrikup’ (N) produced in Field Research Centre,
Lincoln, New Zealand. Values after Cultivar Initials_ dashed line indicates the incubation
days: 0 (untreated seeds), 42, 84 and 252 days incubation at constant 50 oC. Clusters based
on spectral data in the wavenumber range 3000-2800 cm−1 and 1800–850 cm−1.

The peak at 1610 cm-1 had the largest influence in PC1, followed by the peaks 1440, 1331,
1150 and 1025 cm-1 (Figure 6.9). In PC2, the peak at 1730 cm-1 had the largest impact, which
explained the distinction among untreated and seeds incubated for 42, 84 days from the
seeds incubated for 252 days.
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Figure 6.9. Loadings of PC’s for seed coat of sub clover seed coat cuticle in spectral
range3000 -2800 cm−1 and 1800 - 850 cm−1. PC1 (65%) and PC2 (12%).
For all three cultivars the reduction in hardseededness (%) was related to a decrease in the
absorbance at 2932 cm-1 and 2855 cm-1, as indicated by the PC’s loadings. The relationship
between hardseededness and these two bands was determined as:
Equation 15
HSbreak = 0.003 (± 0.0006) + 0.09 (± 0.02) DAbs2855
R2 = 0.51, P=0.03,
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Equation 16
HSbreak = 0.003 (± 0.0005) + 0.06 (± 0.01) DAbs2932
R2 = 0.54, P=0.02,

Where,
HSbreak is the hardseededness breakdown rate (% units/oCd)
DAbs2855 is the difference between the absorbance of wavenumber 2855 cm-1 from
untreated seeds and thermal treated seeds
DAbs2932 is the difference between the absorbance of wavenumber 2932 cm-1 from
untreated seeds and thermal treated seeds

For ‘Narrikup’ the decline in hardseededness was also accompanied by a decrease in the
absorbance of band 1610 cm-1. The ‘Monti’ decrease in hardseededness involved the decline
of bands 1610 cm-1 and 1732 cm-1. The biochemical compound changes caused by the heat
treatment detected in the spectra were also accompanied by visual changes in the seed coat
colour (Figure 6.10).
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Untreated

Treated

Figure 6.10. Sub clover seed coat colour changes for ‘Antas’, ‘Monti’ and ‘Narrikup’.
Untreated seeds (left side images) and thermal treated seeds for 252 days at 50oC (right side
images).
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Figure 6.11. Scanning electron microscope (SEM) images of sub clover seed coat surface of
‘Antas’, ‘Monti’ and ‘Narrikup’. The left images show the corrugated appearance of
untreated seed coat (0 days of incubation). The images to the right show the seeds after
thermal treatment for 252 days.
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Figure 6.12. Scanning electron microscope (SEM) images of a transverse section of sub clover
seed coat of ‘Antas’, ‘Monti’ and ‘Narrikup’. The left images show the untreated seeds (0
days of incubation). The images to the right show the seeds after thermal treatment for 252
days incubation. The horizontal arrows indicate the cuticle layer. The vertical arrows indicate
the macrosclereids.
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6.5 Discussion
Sub clover seed coat chemical characteristics
The results show that other substances such as cutin, cellulose and tannins in the outer layer
of the sub clover were more important to confer hardseededness as the previously
suggested lignin and suberin in other species (Domínguez et al. 2015; Mazurek et al. 2017).
The application of FTIR-ATR methods enabled the detection of different biochemical
compounds in the cuticle of sub clover seeds. For example, the presence of lipids, indicated
by the bands at 2932, 2855, 1745, 1377, 1150 and 1100 cm-1, are the same found in olive
fruit samples (González-Cabrera et al. 2018). In the region between 3000-2800 cm-1 two
prominent bands mainly represented the C-H bonds from lipids (Guillen and Cabo 1997;
Prats Mateu et al. 2016). The two bands at 2930 and 2855 cm−1 were assigned to CH2
asymmetrical and symmetrical stretching vibration (Abidi et al. 2014), respectively. These
two absorbances include contribution from wax and cutin in plant cell walls (Yan et al. 2009),
but also suberin (Garcia et al. 2010) (Fig. 6.5). The confirmation of suberin and lignin bands
in a reference spectrum from Portuguese oak confirmed band assignment in Table 6.1.

The presence of suberin, a main polymer associated with the seed coat impermeability
(Quinlivan 1965; Franke et al. 2012), was not fully evident and not associated with the
hardseededness. The very strong and sharp peaks of bands at 2930, 2850 and 1738 cm -1
combined with peaks at 1463, 1437 and 1364 cm-1 are typical of suberin (Cordeiro et al.
1998) and these were not as evident on sub clover samples when compared with the
Quercus suber sample. Also, the region between 1800 and 800 cm-1 in the wood sample had
a more complex biochemical profile than the sub clover seed cuticle (Figure 6.1). These sub
clover seeds were harvested from July sowing date plants ( Section 4.2.2) had the
phenophases R7-R11 (seed filling) when soil temperature ranged from 17 to 18 oC (Table
Figure 5.9), which is below the optimum temperature for suberin biosynthesis (Dean 1989).
Therefore, a low suberin content would be expected.

The results showed no contribution of lignin in the seed coat cuticle of these cultivars. The
sharp peak at 1502 cm-1 in the wood sample indicated the lignin content, which was not
detected in the sub clover seeds. The role of lignin in the seed coats is to provide mechanical
strength and impermeability (Smykal et al. 2014). Francis and Humet (1971) had previously
found that lignin content in the seed coat of ‘Geraldton’ sub clover was positively related
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with hardness. In soybean, seed coat lignin was associated with hardseeds and maintenance
of seed coat integrity (Bellaloui et al. 2017). Lignin was also present in hard seeds of white
clover ‘NK Churrinche’ (Galussi and Moya, 2017). In these reports, however, lignin content
was assessed by extraction methods using the entire seed coat and not only the cuticle layer.
Potentially, lignin could be enveloped in the cell wall of macrosclereid cells just below the
cuticle (Figure 6.12).

Tannins were detected in the cuticle of sub clover, as indicated by the 1610 cm -1 and 1770
cm-1 bands (Ricci et al. 2015) in agreement with previous work (Francis and Humet 1971;
Galussi and Moya 2017). In cowpea seed coat, the tannin content was cultivar dependent
(Morrison et al. 1995) but not related to the seed colour. This same result was seen in this
experiment. ‘Monti’ with a cream seed coat cuticle had a similar strong tannin absorbance as
‘Antas’, a dark coloured seed. This fact can also explain why ‘Monti’ did not form a distinct
sub clover group as seen in Figure 6.2. In contrast, for other species like beans, light
coloured, or white seeds have very low tannin content compared with dark seeds (Díaz et al.
2010). High amounts (0.29%) of tannins were found in hardseeds (0.16%) than in permeable
seeds of white clover (Galussi and Moya 2017).

The effects of thermal treatment
The reduction in hardseededness caused by the heat treatment was associated with a
decrease in the absorbance of lipids, esters, cutin, cellulose and tannin. ‘Monti’ had the
largest reduction (~20%) in hardseededness which was associated with a decrease of these
compounds (Figure 6.6) after heat treatment. The genotypic effect was exemplified by
‘Antas’ and ‘Narrikup’ being less sensitive to heat treatment with only a ~10% reduction
hardseedness. This suggests a non-linear (decreasing) rate of degradation of these
compounds in response to temperature. The initial low percentage of hardseeds (~55%) in
Antas’ and ‘Narrikup’ may then explain this limited response to thermal treatments. As the
carboxyl bonds of these compounds (lipids, esters, cutin, cellulose and tannin) oxide with
heat treatment (Zeng et al. 2005), there was an increase in derived compounds explaining
the increase in other compounds (Guillen and Cabo 1997; Muller et al. 2008). The cuticle
colour change (Figure 6.10) was evidence of oxidation of cell wall phenols exposed by deesteriﬁcation of the cuticle monomer components (Shao et al. 2007).
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The decrease in the absorbance of bands 2855 cm-1 and 2932 cm-1 associated with the
breakdown of hardseededness at 50 oC was expected. The increased temperature modified
the properties of the seed coat cuticles (Figure 6.11 and 6.12). The 50oC used was above the
threshold glass temperature of cutin which is ~23°C (Heredia-Guerrero et al. 2018).
The reduction of cutin was detected in the PC2 as the contributions of bands 1730 cm -1,
2855 cm-1 and 2932 cm-1 (Figure 6.9). Changes in suberin (1745 cm-1) were less evident
possibly because of the higher (41.5 oC) temperature degradation required for suberin
(Sousa et al. 2011).

The temperature of 50 oC which seeds normally experience during summer time in
Mediterranean areas are sufficient to change the levels of cutin and suberin, but possibly
insufficient to cause major changes in tannins (Lispergueri et al. 2016) or cellulose (Oh et al.
2005; Szcześniak et al. 2008) in the cuticle. As the cuticle is exposed to the continuous heat,
alterations on its morphology were observed for all three cultivars (Figure 6.11). The
corrugated texture of untreated seed contrasts with the smooth surface of thermal treated
seeds which suggests that fatty acids play an important role in stabilizing the overall cutin
and suberin structure (Shao et al. 2007). Destabilization of the cuticle polymers leads to the
fractures in the seed cuticle which enable imbibition and subsequently germination.
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6.6

Conclusions

The FTIR-ATR technique enabled partial detection of genotype differences based on seed
coat composition information. The key biochemical compounds identified in the seed coat of
sub clovers were lipids, cutin, suberin, tannin and polysaccharides. Sub clover
hardseededness was positively related with the functional groups indicated by the
absorbance at bands 897 cm-1 ,1337 cm-1 (cellulose) and 1250 cm-1 (cutin, suberin, esters).
Thermal treatments, that mimic temperature sensitivity in the field, caused major changes in
the lipid, cutin and suberin content of the sub clover cuticle. These results indicate key
biochemical patterns of response of hardseededness to both genotypic (cultivars) and
environmental (temperature) drivers in sub clover. Hardseedeness of sub clover was not
associated with lignin presence in seed coat cuticle, which contrasted with reported findings
for white clover hardseededness. There is no unique ideal cultivar in terms of
hardseededness. For each environment/management combination, there will be one or
various genotypes that might fulfil requirements of a sustainable production system. For
example, for the temperate climate of New Zealand with mild (15-20oC) soil temperatures, a
low hardseededness cultivar with a seed coat rich in lipids and low in tannin or cellulose
content would be desirable, as it would enable most seeds to germinate in the following
autumn. The biochemical changes assessed in vitro in this chapter, which also take place in
the field, ultimately define seedling recruitment and adaptation to an environment. These
findings point to the latent potential for cultivar selection and improvement from the wide
genetic variability found in sub clover cultivars.
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Chapter 7 General Discussion
7.1 Introduction
This chapter connects insights from previous results to draw broad level conclusions about
phenological- and seed-responses of sub clover to environment (E), genotype (G) and their
interaction (I). At an agronomic level, such insights can improve management and usage of
sub clover in New Zealand’s agricultural systems. At the research level, such understanding
shows physiological and biochemical mechanisms to inform breeding and improve predictive
models. Finally, the knowledge gaps across chapters are identified to suggest possibilities of
future research.

7.2

Environmental and genotype effects on subclover

The collective understanding from four results chapters, from re-analysis to field and
laboratory experiments, strongly highlight the interplay between environmental (E) and
genotype (G) effects on a range of relevant variables for sub clover (e.g. flowering,
hardseededness and seed yield). These were compiled in Figure 7.1 to quantify the relative
importance of G, E and I across the variables studied. Overall, E was the most prominent
driver of both phenological and hardseedness responses. For the phenological stages, E
explained 75 to 90% of total variability. For specific phenophases, such as germination rate,
VR, R1 and R3, the effect of G was greater but never more than 20% of total variability. In
Chapter 4, this was associated with the differences between “early”- and “late”-flowering
cultivars with thermal-time requirements associated with photoperiod (E2, Section 4.2.3,
Figure 4.18).The large effect of environment was due to the wide range of sowing dates used
to create differences in the seasonal effects of temperature and photoperiod. To be certain
this would be the case data was re-analysed with a narrow sowing date window. For
example, selecting only spring sowing dates S3 (September ) and S4 (November) for effect of
G on TT50F becomes larger (F=5.4, P<0.002) than E (F=2.8, P>0.05). Similarly, for the late
summer and autumn sowing dates (S6 -February and S7-March) the G impact on TT50F is
larger (F=16.5, P<0.001) than the E (F=10, P=0.004). In both cases, the interactions are
negligible compared with the main effects. This aligns with findings for soybeans, in which
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for genotypes showed stronger effects among similar environments and reflected as low GxE
interaction.
This is the first experiment in New Zealand which explored this wide range of sowing dates
and analysed the interplay between environmental (E) and genotype (G) effects on a range
of relevant variables for sub clover. Therefore, literature to support these findings is limited.
For other legumes, such as cowpea the duration of the periods sowing to flowering and
sowing to maturation were affected by the genotype , environment and their interactions
(Martos-fuentes et al. 2017).In this study, however, the authors considered site location as
environment and not seasonality, so comparison of results can be misleading. For different
maize cultivars, in silico simulations have indicated that environmental conditions affect
systematically the sensitivity of simulation results to G and management (M) (Teixeira, Zhao,
et al. 2017). Another important point to consider is the traits and cultivars evaluated in each
study as it is known that plants have some degree of traits and phenological plasticity
(Nicotra et al. 2010). For example, seed yield of soybean had a much large G x E interaction
than isoflavone content (Carter et al. 2018). Similar to the results of some variables
displayed in Figure 7.1.
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Figure 7.1. Influence of environment (E) by genotype (G) effects on variables (phenological
development, seed yield and hardseededness) evaluated in Chapter 4 (E1, E2) and Chapter
5 (E3). Values were estimated as the share of sum of squares for each factor in relation to
the total sum of squares in ANOVAS for each respective variable (Chapters 4 and 5).

For hardseedness related variables (HSmax and HSbreak) the effect of G was greater than for
crop development and ranged from 38% to 41%. Nevertheless, E was still the most
prominent driver of hardseedness. The G effect on hardseededness is characterised by the
presence of soft (‘Antas’) and hard (‘Denmark’) seeded cultivars in this study. The
biochemical components of seed coat that explained this G effect were cellulose, cutin,
suberin and esters (Section 6.4.6).
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Seed yield and germinability variables were also affected by E but showed a greater
interaction (I, ~20%). This implies that cultivars performed differently when exposed to the
same E. For example, seed yields of ‘Monti’ and ‘Denmark’ when sown in February and
March were different (Figure 4.22). This contrasts with the phenological variables that
showed low I values (4 to 17%) highlighting the strong independence between G and E
effects on crop development. These results explain the stable ranking of cultivars for
flowering time found both in the reanalysis (Chapter 3) and experiments described in
Chapter 4. These important aspects need to be considered in sub clover M (management).

7.3 Agronomic findings and implications
An important agronomic M (management) aspect identified in this study is the high potential
seed yield (>2000 kg/ha at >80% germinability, Chapters 4 and 5). This was ~3 fold higher
than reported averages (McGuire 1985, Teixeira et al. 2018). The favourable growth
conditions for those spring sown irrigated and undefoliated crops provided an unusual
environment for sub clover in New Zealand. This suggests that, if economically viable, spring
sowing sub clover may provide an alternative production system to support local farmers.
Strategically, such configuration would enable growers to harvest sub clover seeds in earlyautumn and overcome the seasonal period of seed shortage and reliance on imported seed.
A strategic restriction of defoliation intensity in spring (Moot et al. 2003; Young et al. 1994,
Collins et al. 1981 ) may further enhance yields. The knowledge of GxE can design a
management system for novel sub clover seed production which yet does not exist in New
Zealand.
The quantification of GxE components of the sub clover life cycle in this study can enhance
sub clover management. Particularly, the detailed quantification of thermal time
requirements for specific development stages during the crop life cycle (Figure 4.17).
Husbandry interventions such as herbicide application, time of grazing and harvesting can be
informed by these parameters (Smetham and Jack 1993; Smetham and Dear 2003; Lewis
2017; Lewis et al. 2017). For example, Table 7.1 summarises how parameters derived could
be applied as best-practices for sub clover production.
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Table 7.1. Key phenological phases and general management interventions recommended
for sub clover first year sown pastures and subsequent re-establishment.
Code
V0-V3

Re establishment
1

Key management intervention
Sowing: inoculation pre-sowing and post emergence
herbicide application; molluscicide application.
Allow plant establishment (no defoliation) before first
defoliation.

V7-VR

Defoliation is recommended; however, it is suggested a lax
grazing in the first year. A hard grazing may be required if sub
clover is mixed with grasses to remove excess material and
favoured light.

VR-R1

Light grazing is recommended to minimise runner and flower
damage.

R3-R6R11

Ideally no grazing during this phase. Allow flowers to selfpollinate (R6), bury (R7) and fill the seeds. Reduce the risk of
inflorescences and immature burrs are removed from the
system. Spell the plots for an average minimum of 30 days.

>R12

In the first year many seeds may remain within the burrs on
the soil surface (e. g. ‘Antas’).

V01

Seeds remained in/on soil are subjected to Burial and
hardseed breakdown can be increased trough light tillage and
animal trampling ensuring successful regeneration in the
subsequent season

V1-V3

Seed germination and emergence of soft seeds followed by
rain or irrigation. Seeds which are hard remain ungerminated
in the soil seed bank.

Seed

Reproductive Runner to
Leaf
Emergence +
flower expansion to Leaf expansion
runner
extension

Main Phase

In the second year seeds are regenerated and not sown.

The optimum grazing time for sub clover can be defined through direct application of
knowledge of the crop’s life cycle gained from this study. For instance, after field emergence
a period of non or light grazing is required to allow the sub clover plants anchor itself in the
ground (Moot et al. 2003, Thomas 2003.). This corresponds to ~380oCd until plants have 4-5
trifoliate leaves (V6-V7, Table 4.9. and Figure 4.14).
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Defoliation events may then be targeted between the fifth trifoliate leaf (V7) and runner
extension (VR) phases prior to plants approaching the reproductive phase (R1). Results show
that this window differs depending on cultivar (Figure 4.15 and Figure 4.16). This difference
in defoliation windows was also found in the re-analysis (Chapter 3) by the short grazing
window (<90 days) for early-cultivars ‘Geraldton’ and ‘Nungarin’ when sown in March/April
in Australia (Figure 3.5). For New Zealand conditions, ‘Denmark’ results (Figure 4.17) suggest
this cultivar can be subjected to up to 30 days longer defoliation periods than the earlyflowering cultivar ‘Monti’. This is a practical application of how the identification of GxE
provide specific G guidelines.
A lenient grazing management is recommended after plant establishment to ensure high
seed production of sub clover plants in the establishment year (Figure 7.2). In a late
summer-autumn sowing scenario (Figure 4.16) animals should be removed or the stock
density reduced ~ 200 oCd after R1. Specifically, the time to remove stock after plants reach
R1 was determined as 219±32.4 oCd for ‘Antas’; 173±23.1 oCd for ‘Denmark’; 227±37.5 oCd
for ‘Leura’; 136±19.3 oCd for ‘Monti’; 174±41.8 oCd for ‘Narrikup’ and 277±15.7 oCd for
‘Woogenellup’. To know when these thresholds have been met requires observation of the
plant life cycle which can be followed visually with the scale proposed in Table 4.10
combined with monitoring, ideally, local weather data. This new knowledge of plant life
cycle associated with morphology can enhance the successful management of the semi erect
phenotypes such as ‘Woogenellup’ and ‘Antas’. For example, ‘Woogenellup’ was reported as
a poor performer cultivar in hill country experiments in the past. However, this was caused
by the overgrazing imposed in the experiments during the 1990’s which favoured the more
prostrate plants (Chapman et al. 1986; Sheath et al. 1990).
To maximise the use of sub clover herbage in spring without compromising flowering and seed
set, it is necessary to allow a minimum development period between R3 and R11 seed set. For
all cultivars sown in a decreasing photoperiod (February to May) this minimum period difered.
This is illustrated in Table 7.2 where the studied cultivars are ordered from shortest (‘Leura’)
to longest (‘Narrikup’) required seed set window.
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Table 7.2. Minimum duration (number of days± SE; thermal time oCd ± SE) of phenophases
R3 and R11 assumed ideal for seed set in sub clover for genotypes sown in latesummer/autumn (February-May). Cultivars ordered by the duration of the required seed set
window.
Cultivar

Days

Thermal time (oCd)

‘Leura’

28 ±3.3

319 ±42.3

‘Antas’

29 ±5.1

329 ±60.1

‘Denmark’

30 ±2.2

336 ±28.7

‘Woogenellup’

42 ±1.9

475±26.7

‘Monti’

65 ±9.5

675 ±115.9

‘Narrikup’

62 ±8.6

661 ±73.1

Finally, the critical period to avoid overgrazing is between R1 and R6 to avoid removing
inflorescences which reduces seed set. Therefore, lenient defoliation periods must be
strategically defined based on cultivar choice. Such considerations are key to ensure high
seed set for subsequent reseeding (Smetham et al. 2003). The minimum resting period
necessary for flowering and seed maturity will depend on cultivar choice, as illustrated in
Table 7.2. Previous work had shown that maintaining a sub clover biomass of ~ 1600 kg
DM/ha (equivalent of a leaf area index- LAI of 1.5) resulted in signiﬁcantly more seed being
produced (Smetham 2003a).
Applying best-practices (Figure 7.2) to maximise seed-set is crucial during the establishment
year to ensure build up a large seed bank. This enhances resilience to cope with more
intensive grazing events to which the crop may be subjected under farm conditions. As a
general reference, seedling populations > 500 plants/m2 may ensure high stocking densities
in spring as runner extension has a compensatory effect (in relation to plant population) that
maintains canopy expansion and yield at optimal levels (Ates et al. 2006). To detect if
seedling populations reached the 500 plants/m2 farmers can make use of paddock
measurements with a quadrat, for example as described in Chapter 4 (Section 4.3.2) or more
easily, estimated by counting the number of seedlings in an adult footprint which has
approximately 0.01m2 (i.e. 5 seedlings in 0.01m2 correspond to 500 plants/m2).
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These considerations highlight the need for flexibility in sub clover management in response
to both cultivar choice and inter-annual weather conditions (Figure 4.15 and Figure 4.16). It
also highlights that management (M) is ultimately dependent on understanding GxE. For
instance, in wet and cold years there will be an abundance of visible flowers. Under such
conditions, more intense/extended grazing is possible in winter to mid-spring.
The indeterminate nature of sub clover allows continued flowering as long as soil moisture is
available, i.e. the “kick on” effect (Smetham et al. 1994) but the duration of this will depend
on cultivar. On the other hand, in a dry years careful management to avoid overgrazing is
needed to ensure enough flowers and seeds for future establishment of stands. This creates
an impasse because it is the drier years that are likely to be when the feed is shortest and
overgrazed.
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Runner
(VR)

6 leaves
(V7)

Flower
(R3)

Maturity
(R12)

First Year
(establishment)

Seed pool

Lenient graze
Monitor paddock for buds and flowers
~ 200 oCd after R1 (20-40 days)
Decrease stock rate or paddock closure

(seedbank + regeneration)

Autumn
sown

Emergence
(V1)

paddock closure (350-660oCd; 30-60 days)

High

Intense graze

Low

Lenient graze

Wet-Cold

Intense/extend grazing

Dry-Warm

lenient/shortened grazing

paddock closure (350-660oCd; 30-60 days)

Seed pool

Second Year
(regeneration)

Monitor for buds and flowers
Monitor weather
(seedbank + regeneration)

Monitor seedling population

Figure 7.2. Diagram illustrating key decision points for optimum sub clover management (first year) for an autumn sown scenario. Target is to
achieve a fast establishment and subsequent reseeding with high plant populations (second year).
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In practice, taking advantage of a “good” year, with extended season rainfall is important to
maximise the seed bank for the dry years when seed set is likely to be low. This means
avoiding defoliation near flowering when there is less risk of reducing individual seed weight
as previously observed in for ‘Seaton Park’ and “Midland B’ in Australia (Collins et al 1983)
and ’Woognellup’ in North Island experiments (Section 2.6.1). Such risks can be reduced by,
for example, giving preference to prostrate/short-leaved subterraneum cultivars. This does
explain the preference for this genetic material in the 1980s and 1990s in New Zealand
(Tables 2.3 and 2.4), particularly in the North Island, to increase resilience to overgrazing. It
is important to note that absence of sufficient defoliation can also have a negative impact
on flowering, seed set and seed yield. This was possibly the case for the February (S6) and
March (S7) sowing dates in E4 (Chapter 4). Seed yields were low (<800 kg/ha) when plants
had the longest vegetative cycle with a luxurious canopy under irrigation (Figure 4.15 and
Figure 4.16). When ungrazed, dense plant populations may create a shaded environment
that supress runner extension. This results in limited branching, buds, flowers and
consequently seeds (Evers and Newman 2008). This can also explain the poor germinability,
high proportions of abnormal seedlings and dead seeds in February (S6) and March (S7)
sowing dates (Figure 5.5). In hindsight, a single grazing in late winter may have enhanced
seed set for these autumn sowing dates. However, this would have compromised
quantification of the phenophases, which was a main objective of the experiments (Figure
1.1).
Based on the phenological results from Chapter 4, a general site by cultivar suitability table
can be outlined (Table 7.3). The six studied cultivars are hypothetically allocated to the
climatic zones defined in Section 2.4.
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Table 7.3. General site-cultivar recommendations in New Zealand based on phenological
results from Chapter 4.
Area

Recommended
cultivars

Remarks

Dry areas (4-5 months

‘Monti’, ‘Narrikup’,

Ideal is a combination of early/medium

of summer dry)

‘Woogenellup’

cycle cultivars. Sowing or regeneration
(V0-V1) with the early autumn rains.

Moderately dry (2-3

‘Denmark’, ‘Leura’,

The late/medium and late cultivars will

months summer dry)

‘Antas’

have time to reach R3.

Non-drought/summer

‘Denmark’, ‘Leura’,

Late cultivars would have an advantage

irrigated areas

‘Antas’

of a longer vegetative growth (V0-R1)
over the early maturity cultivars.

7.4

Physiological findings and implicatons

In addition to their agronomic relevance (Section 7.3), results from Chapters 4 to 6 provide a
more comprehensive understanding of physiological processes controlling phenology and
hardseedness in sub clover.
Particularly, the validity of a common Tb of 0°C across different cultivars (Table 4.2) provides
a robust basis for thermal time estimation in sub clover in agreement with previous reports
(Moot et al. 2000; Lonati et al. 2009; Monks et al. 2009; Nori, Moot, and Black 2014). In
contrast, cultivars differed in their sensitivity to high temperatures as illustrated by the
decline in germination rates above a maximum of 20oC for ‘Monti’ and ‘Narrikup’ and 25oC
for ‘Antas’ and ‘Denmark’. For example for ‘Monti’, there was a >50% decline in germination
under supra optimal temperature which agrees with results for ‘Mount Barker’ (Lonati et al.
2009). This pattern of response is aligned with previous work with other cool season annual
legumes (Butler et al. 2014; Sharifiamina et al. 2017). Such differences in optimum
temperatures found across genotypes (Table 2.5 and Table 4.2 ) reflect the diverse climatic
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and ecogeographic regions of origin sub clover subspecies (Chapman 1992; Nicotra et al.
2010; Ghamkhar et al. 2014; Kigel et al. 2015; Baresel et al. 2018). These genotypic
differences were particularly prominent for flowering time, as initially identified in the reanalysis of published data (Chapter 3). The phenological plasticity in time to flower found
among “early” and “late” cultivars (44 to 271 days or 628 to 2600 oCd) agrees with a strong
seasonal pattern from previous reports (Evans et al. 1992; Widdup and Pennell 2000;
Smetham and Dear 2003). Temperature and photoperiod were the main environmental
drivers associated with these seasonal patterns (Figure 3.7). The results from Chapter 3 and
4 indicate the facultative and obligate photoperiodic response, with most of the cultivars
being obligate with different Pp (e.g. “early” and “late” cultivars), confirming the G
component regulating the time to flower.

The development of quantitative estimates of thermal time to flowering in the field and
controlled experiment (Chapter 4) provides the basis for inclusion of parameters in
phenological models. In particular, the thermal time changes according to photoperiod
length and direction enable a seasonal quantification of flowering time across multiple
sowing dates. The reduction in up to 40% in thermal time requirement for crops sown in
winter/early spring (11 to 15 hours of increasing Pp) compared with late-summer/autumn
exemplifies the magnitude of changes that can now be represented in models. The results
confirmed that the six studied cultivars showed the typical long day plant flowering pattern
(Evans et al. 1992; Andrés and Coupland 2012; Romera-Branchat et al. 2014) which also
simplifies the parameterisation across cultivars in future sub clover models. The seasonality
of time to flowering was related to photoperiod and its direction. For increasing
photoperiods, thermal time to flowering was constant at an average of 1033±62 oCd, which
confirms the obligate photoperiodic response. A simple first application of predictive
aspects of these parameters is the identification of gap periods when crops do not flower as
an adaptive strategy. Such adaptive strategy avoids exposing floral buds to unfavourable
conditions such as cold winters in New Zealand (Figure 4.21, Chapter 4) or dry summer in
Australia (Figure 3.5, Chapter 3) and can be explored for other environments. The estimates
of flowering time from the re-analysis (Table 3.4 and Table 3.5) were well aligned with the
measured data in the E2 field experiment. For example, for ‘Woogenellup’ sown in May (S8),
there was 10 days difference between estimated and observed (Table 7.4).
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Table 7.4. Comparison between predicted and observed flowering dates for ‘Antas’ and
‘Woogenellup’ (E2) for an early May sowing date.
Cultivar
Estimated flowering date*
Observed
Difference (days)
‘Antas’
‘Woogenellup’

29 October

23 November

26

12 November

22 November

10

*Using regression TT50F=-10721+977 Pp, R2=0.75 (Table 3.4).

The accuracy observed for ‘Woogenellup’ was possibly due to the fact that ‘Woogenellup’
was tested in the re-analysis and in the field, while prediction of flowering date for ‘Antas’
was indirect, based on its similarity with ‘Karridale’. This illustrates the importance of
considering cultivars individually in future model development.

Data points from both analyses (Chapters 3 and 4) were brought together to search for
unifying relationships (Figure 7.3) between time to flowering and photoperiod. For
increasing Pp, early and late had constant TT50F and at decreasing Pp, a single slope
(370oCd/h) explained the increase in TT50F with cultivars having a maximum value of
1700oCd at ~13.5 h while late cultivars flowered with nearly 2500oCd.
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Figure 7.3. The estimated thermal time to 50% flowering (TT50F, oCd) from the reanalysis
(Chapter 3) and field experiment (Chapter 4) in response to the mean photoperiod
direction (Pp_direction). Coefficients for groups are a constant of 565 and 770oCd for
“early” and “late”-cultivars at any value of decreasing Pp. At increasing Pp, a unifying linear
increase from 11 h to 16.5 h at a rate of 550oCd/h was found for both “early” (red dotted
line) and “late” cultivars (R2=0.75, green dotted line) with a maximum value of 1200 oCd for
“early” cultivars. The regression (blue solid line) is: TT50F = -3237(±275.8)+369(±22.1)Pp,
R2=0.75, p<0.001. The red, blue and green bands are the 95% Ci = 0.95-0.99.

The equations developed using the re analysis and the E2 datasets enable an estimate of the
flowering date of “early” and “late” cultivars for different locations (Figure 7.4). For
example, for both maturity groups when sown at 1st of February, the estimated period of
flowering would occur between end of July and September in Hawkes Bay (Hastings). The
estimated peak of flowering for the “late cultivars” is mid-August. At Lincoln, flowering was
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estimated to occur between late August and mid-October, with the peak flowering of the
“late” cultivars in early October.

Figure 7.4. The estimated distribution of flowering events in two locations : Lincoln (Tmean
=11oC, Figure 4.6 ) and Hawkes Bay (Tmean=16 oC, NIWA, 2017) sown on 1st February based
on equation from Figure 7.3 and historical climate data. Red colour curves (■) represent the
estimated period of flowering for the “early” flowering cultivars. Blue colour curves (■)
represent the flowering period for the “late” cultivars. Estimates assumed the minimum
TT50F for “early” = 806 oCd and for “late” 1060 oCd; the maximum TT50F for “early” = 1716 oCd
and for “late” 2330 oCd (Figure 7.3).

Similar predictive applications can be developed with other parameters such as the
phyllochron (Chapter 4). The leaf appearance rates (phyllochron 52-75oCd/leaf) measured
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for sub clover were faster than for other legumes such as white (94 oCd) and Caucasian
(109oCd) clover (Black et al. 2002). This implies the ability of sub clover to establish quickly,
which is particularly important for cool season (autumn/early-spring) species. In the future,
this information can be used to assess multi-species stand performance.

In Chapter 5, a more comprehensive characterisation of hardseededness was proposed by
the use of two biologically-meaningful parameters: the maximum hardseededness of fresh
harvested seeds (R12, HSmax) and the rate of hardseededness breakdown at a default
thermal treatment (HSbreak). Genetics (i.e. cultivars) was shown to have a greater impact on
these variables than on phenology (Figure 7.1). Such insights can be used in seed
classification systems for a more informative ranking of cultivars for hardseededness.
Cultivar relevance for hardseededness is further confirmed by the fact that no single
environmental variable accurately explained HSmax and HSbreak. More explanation was found
by using a multi-variable decision tree (Figure 5.6) which combined mostly soil temperature,
humidity and evapotranspiration. This implies that methods to estimate seed germination
need to carefully consider genotype-specific parameters. In Figure 7.5, an illustrative
example is given based on the combination of cultivars parameters and the GxE interaction
found in Chapters 4 and 5.

An assumed 260 kg of seeds/ha, the minimum to ensure an effective stand (1000 plants/m 2)
and re-establishment (Smetham 2003b), was considered in the exercise. By considering
measured HSmax and HSbreak parameters, the proportion of soft, medium and hard seeds at
regeneration period (120 days or 2400oCd from R12) were estimated for each cultivar
sowing date combination. This exercise highlights the wide range in outcomes that will
influence the success of the following reseeding stage. For example, cultivars with more
hard seeds (dormant) minimize risks of “false break” (Dodd et al. 1995; Taylor 2005).
Important to note is that these parameters were estimated in a non grazed experiment and
they could change with a different defoliation regime (Lane et al. 1990; Collins 1978).
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Figure 7.5. Estimated quantity of seeds (kg/ha) soft (green bars), softening in 120 days
period (white bars) and deposited in seed bank (grey bars) for six cultivars sown across six
sowing dates (E2). Estimations considered HSmax and HSbreak presented in Figures 5.2 and 5.4.
Dashed lines indicate the minimum seed yield of 260 kg/ha after Smetham et al. 2003.
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Finally, in Chapter 6 the biochemical compounds controlling hardseededness were explored.
Results unveiled that cutin and cellulose may play an important role in sub clover seed
dormancy (Table 6.1 and Figure 6.9). To date, the most common substance reported to
confer the dormancy in sub clover was suberin (Quinlivan and Millington 1961; Zeng et al.
2005). The importance of cutin/cutan and celulose agrees with previous literature related
to hydrophobic polymers in the cuticle of Arabidopsis and tomato (Domínguez et al. 2015)
and olive fruits (González-Cabrera et al. 2018). The lack of a quick screening technique to
evaluate the hardseededness trait and its genetics has limited breeding efforts (Nichols et
al. , 2013; Ghamkhar et al. 2012). This implies that the analysis of the seed coat for these
substances might assist phenotyping for hardseededness in future selection and breeding
programs for sub clover. This would be important in a management context based on GxE
impact on hardseededness (Chapter 5). Specifically, amplifying the soft cultivar choices for
temperate regions which have a different climate pattern from Western Australia (Olykan et
al. 2018).

7.5

Knowledge gaps and future research

The analysis of results across previous chapters highlighted the following research gaps:
1. The phenological traits that confer different yield potentials for sub clover cultivars
are unclear. For instance, the influence of leaf size, canopy architecture and
phyllochron may play an important role in controlling light interception in sub clover
cultivars. Further research to measure light interception and biomass formation is
required to identify mechanisms that explain contrasting yield potentials of different
cultivars.

2. The thermal time parameters estimated for sub clover can be incorporated into
predictive modelling platforms. This will enable assessment of sub clover cultivar
suitability across different managements and regions (see below).

3. Statistics on the current area under sub clover in New Zealand are not available.
Using predictive sub clover models, mapping of suitable areas across New Zealand
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can be developed. The diversity of phenological and hardseededness characteristics
shown in this study suggests that sub clover usage can be expanded.

4. The relationships between seed yield formation and hardseededness are unclear.
Future studies could deepen the understanding on source-sink relationships among
determining biomass allocation to seeds.

5. In agronomic terms, the economic viability of mechanical harvest sub clover seeds in
New Zealand is unknown. The high seed yields found for spring sown crops (Chapter
4) suggest the potential for a new production system.

6. The importance of cutin, cutan and cellulose as key compounds influencing
hardseedness requires further testing. Further analysis can investigate the presence
of these compounds on alternative seed coat tissue layers (e.g. below the cuticle)
and across a wider range of genotypes.

7.6 Conclusions
The research described in this thesis has highlighted GxE effects in sub clover life cycle. The
study has also provided guidelines on how to manage sub clover cultivars based on the
expanded GxE. This enables optimal forage use without compromising flowering and seed
set. Specific key findings from each Chapter include:
Chapter 3.
•

The Thermal time requirements of sub clover re-analysed from New Zealand and
Australian literature ranged from 628 to 2600oCd.

•

A strong seasonality of time to flowering was found for sub clover, characteristic of longday plants, and empirically related to photoperiod (Pp). For a decreasing photoperiod
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the relationship between thermal time to flowering (TT50F, oCd) and Pp was summarised
as: TT50F (“Early”) = -8783 + 834Pp and, TT50F (“Late”) = -10721 + 1133Pp.
Chapter 4.
•

Temperate climate cultivars (‘Antas’ and ‘Denmark’) showed higher germination than
Mediterranean types (‘Monti’ and ‘Narrikup’) suggesting genotypic differences for this
trait.

•

Transition across vegetative and reproductive phenophases (V1 to VR) were mainly
driven by environment with a minor influence of genotype.

•

All cultivars adjusted the flowering time (i.e. extended vegetative phase) to avoid
flowering occurrence in winter.

•

For a decreasing photoperiod the relationship between thermal time to flowering (TT 50F,
oCd)

and Pp was summarised as: TT50F (“Early”) = -6310 + 586Pp and, TT50F (“Late”) = -

5040 + 487Pp.
•

Irrigated spring-sown crops produced high seed yields highlighting a potential new
system of production. Genotype differences occurred though.

Chapter 5.
•

A more comprencive characterisation of hardseedness was proposed by the use of
HSmax and HSbreak

•

The values of HSmax and HSbreak were not constant across all sowing dates indicating
the influence of environment. It was not possible to isolate a single environmental
driver. Soil temperature, relative humidity explaining only 38% of observed
variability of hardseededness and 70% of the variability of percentage germination.

•

Winter sowing dates caused an increase in the percentage of abnormal seedlings
and dead seeds.
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Chapter 6.
•

The use of FTIR-ATR technique enabled the detection of genotype differences at a in
seed coat composition of cultivars with contrasting hardseedness.

•

The key biochemical compounds identified as to influence hardseededness in sub
clover were lipids, cutan, cutin, cellulose, hemicellulose and polysaccharides.

•

Suberin was not confirmed as a key contributor to hardseedness in the seed coat
cuticle.

•

Thermal treatments used to mimic temperature sensitivity in the field caused major
changes in the lipid and cellulose content on the sub clover cuticle suggesting a
pathway of chemical control of hardseedness.

Many outcomes of this research are directly transferable to the NZ pastoral industry. For
instance, the quantitative understanding of factors that control flowering and
hardseededness in contrasting genotypes enables selecting appropriate cultivars for specific
locations and management conditions (e.g. grazing or seed harvesting time). At the
moment, New Zealand growers still mainly rely on cultivars recommendations developed for
the warmer conditions of Australia. Thus, locally relevant information might confer greater
economic sustainability for sub clover systems across different environmental conditions in
New Zealand.
In addition, improved management strategies at farm scale (e.g. time of crop or seed
harvesting) can now be based on more solid physiological understanding of sub clover
requirements for reproduction (e.g. temperature sums at different day lengths) and
hardseededness. A better understanding of GxE interactions and the results indicate that
there are new opportunities to improve current usage of sub clover in livestock systems.
The wide diversity of phenological requirements and hardseedness characteristics implies
that reliance on sub clover as a leguminous option can be expanded across New Zealand to
new production situations and environment.
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Appendix A
Cultivars and breeding lines used in Australian and New Zealand
published work reporting sub clover days to flower 1 (Alphabetical
order B-G).
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Spp. (Refer to table 2.1)

SmethamandDear2003

S
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B
S
S

x
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Collins1978

DoddEtAl_1995

YoungEtal_1994

SmethamETAl1994

Evansetal1992

ChapmanAndWilliams_1990

Honglund_1990

WiddupAndPennel_2000

CocksAndPhillips1979

SheathAndRichardson_1983

CollinsAndAitken1970

Aitken1955

Cultivar
Bachus M
Bena
Boomerang
Clare
Daliak
Dalkeith
Dalkeith with
Maru
Denmark
Derrinal
Dinninup
Dwalganup
Dwang
Eden Hope
Enfield
Esperance
Geraldton
Gosse
Goulburn
GreenRange

Author _year

Smetham1968

Reference

DearEtal1993
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S
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Cultivars and breeding lines used in Australian and New Zealand
published work reporting sub clover days to flower (Alphabetical order
H-Y).
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SmethamandDear2003

Collins1978

DoddEtAl_1995

YoungEtal_1994

SmethamETAl1994

Evansetal1992

ChapmanAndWilliams_1990

Honglund_1990

WiddupAndPennel_2000

CocksAndPhillips1979

SheathAndRichardson_1983

CollinsAndAitken1970

Aitken1955

Cultivar
Howard
Junee
Karridale
Kilmore
Larisa
Leura
Meteora
MidlandB
MtBarker
Nangeela
Northam
Nungarin
Seaton Park
Tallarook
TallarookvsWenig
Trikkalla
Uniwager
Wenigup
Woogenellup
Yarloop

Author _year

Smetham1968

Reference

DearEtal1993
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S
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A.3

Flowering (%) and accumulated thermal time (TT, oCd) from flower
initiation (5%) to full flowering (100%) for 14 cultivars of sub clover at
Waggawagga experimental site (Dear et al. 1993).
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The difference in the number of days (DSF50) and the thermal time
from sowing to 50% flowering (%) and accumulated thermal time
(TT50F, oCd) for sub clover grown in New Zealand at given
location/sowing date combination experiments.

(Number of days)
(Thermal timeSoCd)

Difference in time to flower among cultivars

A.4
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A.5 Daily temperature fluctuation for incubators set at :(A) 2.5oC (△),

7.5oC, (x) ,12.5oC (□), 17.5oC (○), 25oC (┼) ; (B) 5oC (◆), 10oC (◇),15oC
(▽), 20oC (■) and 30oC (⚫) and 35oC (▲) during E1 (refer to Section
4.2).
A

B
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Photographs of reproductive development stages (R1-R12) of sub
clover ‘Denmark’. Flower and seed development stages. Scale = 5 mm.
D. Hollander.
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A.7

Photographs of reproductive development stages (R1-R12) of sub
clover ‘Leura’. Flower and seed development stages. Scale = 5 mm. D.
Hollander.
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A.8

R1

Photographs of reproductive development stages (R1-R12) of sub
clover ‘Monti’. Flower and seed development stages. Scale = 5 mm. D.
Hollander.

R2

R4

R5
R6

R7

R10

R7

R10

R9

R8

R11

R12

R8

R9

R11

R12

209

A.9

Photographs of reproductive development stages (R1-R12) of sub
clover ‘Narrikup’. Flower and seed development stages. Scale = 5 mm.
D. Hollander.
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A.10 Photographs of reproductive development stages (R1-R12) of sub

clover ‘Woogenellup’. B. seed development stages. Scale = 5 mm. D.
Hollander
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A.11 The maximum inflorescence dry weight of six sub clover cultivars sown

on S6 (February) at Iversen 2, Lincoln University, Canterbury, New
Zealand).
Reproductive stage
8

9

Cultivar

10

11

12

Burr dry weight (g)

Antas

0.03

0.07

0.13

0.16

0.05

Denmark

0.02

0.03

0.05

0.07

0.05

Leura

0.01

0.02

0.04

0.07

0.05

Monti

0.02

0.04

0.07

0.08

0.03

Narrikup

0.02

0.04

0.07

0.08

0.05

p

0.02

0.05

0.07

0.11

0.03

Mean

0.02

0.04

0.07

0.09

0.04

Max SE

0.003

0.009

0.011

0.02

0.02

Woogenellu

A.12 Percentage of hardseeds (%) from “Antas’ and ‘Woogenellup’ extracted

with rubber pads (Rub) and without the use of rubber pads (Unrub).
Seed extraction method Cultivar
Percentage of Hardseeds (%)
Unrubbed (control)
Antas
59
Woogenellup
61
Rubbed
Antas
55
Woogenellup
66
Mean
60.3
Max SE
7
P
0.28
LSD
12.4

212

A.13 Mean recorded temperatures (oC) and set temperatures within

incubators for the hardseededness and germination tests.
Temperature recorded (oC)

Temperature set (oC)

14.6

15.0

19.7

20.0

35.0

35.0

39.6

40.0

49.5

50.0

A.14 Pilot test to assess the percentage of hardseeds (%) over time (days) of

‘Monti’ and ‘Woogenellup’ seeds under two thermal treatments:
constant 50oC (● grey line) and fluctuating 12/12 hours, 15/35oC ( ■
black line ).Bars represent the mean standard deviation.

This test started on the 04 of July 2015 and finished on 27 September 2015. It was set up to
compare the rate of hardseed breakdown in two incubation temperature regimes: constant
50oC and fluctuating 15/35 oC. Two seed lots (‘Monti’ and ‘Woogenellup’) were selected to
test quantify the hardseed breakdown (% decline/week) in the following thermal
treatments: constant 50 oC and fluctuating (15/35 oC) for 21 days. Day “0” was the initial
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hardseededness percentage (prior to thermal treatments). For both cultivars, the 50 oC
treatment reduced the percentage of hardseeds more rapidly (4 % /week) than the 15/35 oC
treatment (overall mean 1.4 % per week). Even with similar initial hardseededness values,
the ‘Monti’ seed lot had a more rapid (4 %/week) rate of seed breakdown than
‘Woogenellup’ (2 %/week).
A pre-conditioning temperature of 40oC was then chosen to be aligned with summer soil
temperatures (Figure 4.1.2) in the mild temperate New Zealand climate (Smetham 2003a)
After the 40oC incubation period a temperature fluctuation regime (15/35 °C) was imposed.
This procedure was chosen based on previous studies ( Smetham and Ying, 1991a;
Fairbrother and Pederson, 1993) to resemble the soil temperature fluctuations which
normally occur in autumn and promote the expansion and contraction of seed coat cells
(Taylor 2005).
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A.15 Sideway and plan view of seed samples of six sub clover cultivars

‘Antas’, ‘Denmark’, ‘Leura’, ‘Monti’, ‘Narrikup’ and ‘Woogenellup’ fixed
in microscope slides prior FTIR – ATR measurements.

Antas

Leura

1mm

Denmark

Monti
1mm

Narrikup

1mm

Woogenellup

1mm

1mm

1mm
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A.16 Example of seed samples of ‘Narrikup’ fixed in microscope slides prior

FTIR – ATR measurements.
Due to asymmetrical shape, each seed was scanned in two different orientations of the seed
hilum region: ventral (hilum up) and lateral (hilum parallel to the slide surface) as
represented below.
A. Preliminary measurements with seeds in ventral position did not produce reliable data
because of the limited surface area and poor contact with the equipment scan with the seed
cuticle.

B. The readings from the lateral side of the seeds were consistent and used to assess the
seed cuticle composition. The image show seeds placed in microscope slides, a sectioned
seed and the magnified (10x) section of the seed coat of ‘Narrikup’.
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