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Abstract 

Foeniculum vulgare Mill., (fennel), is grown commercially in Tasmania as an essential oil 
crop. Although oil is produced throughout the plant, approximately 95% is located in the 
fruits and fruit set directly influences oil yield. In Tasmania commercially grown fennel 
frequently has a percentage fruit set less than 50%. Research was undertaken into 
factors influencing fruit set, with the objective of improving fruit set, oil yield and economic 
returns to growers. 

The project began with an examination of flower morphology and physiology. Particular 
importance was placed on the fact that fennel is protandrous and therefore self
incompatible through the timing of pollen production and stigma receptivity. A field trial 
demonstrated that at high planting densities, fennel produces fewer higher order umbels. 
This reduces the time span of pollen production and reduces the quantity of pollen 
available for pollination of the flowers developing later in the season. The work 
incorporated a study of pollen viability and appeared to show that although pollen viability 
of glasshouse grown plants is often poor, the problem is not carried over into the field. 

A field trial involving the application of exogenous hormone gave rise to the hypothesis 
that competition within the fennel canopy causes poor fruit set. This competition could 
be for a number of growth factors including nutrients or carbon dioxide. The two factors 
studied in more detail were light intensity and water stress. 

Trials suggested fennel to be an obligate heliophyte. It has an open canopy as an 
adaptation to avoid the absorption of light in excess of that which can be utilised in 
photosynthesis. In the Tasmanian environment this feature is beneficial in allowing 
penetration of light through the canopy and prevents shading of the lower umbels. 
However, it makes fennel inefficient with respect to light absorption and thus possibly 
makes light a limiting factor. 

Initial experiments on the effect of water stress in fennel showed the stomata to react 
slowly to decreasing water availability. They remained open despite the plant wilting. 
Further investigation showed fennel to have a root system capable of tapping water at 
depth. Fennel is thought to be a phreatophyte. Fennel plants showed the ability to adjust 
to cycles of decreasing water potential and after a few cycles of water stress, they no 
longer wilted. Attempts were made to test the theory ttiat the plant adapted to water 
stress by increasing its osmotic potential but the methods used were inconclusive. 
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Introduction. 



Fennel is an essential oil crop, used in the flavouring industry. Although it has been 
cultivated for thousands of years, it is a relatively new crop to intensive cultivation, 
especially in Tasmania. 

Commercial crops in Tasmania set less than their total fruit potential, sometimes less than 
50%. Since the fruit is the commercially valuable part of the crop, returns to the grower 
can be improved by increasing the yield of fruit. Commercial yields are usually in the order 
of 70kg/ha while small experimental trials yield in the order of 150kg/ha. 

Initially low fruit set was thought to be due to insufficient pollen vectors. Fennel competes 
for bees with weed species, flowering at the same time as the crops. The theory was 
discounted fol_lowing work by Giudici (1991) who found that if bees were absent from a 
crop, other insects, particularly flies, were present to act as pollinators. 

The aim of the work was to elucidate reasons for the failure of some flowers to develop 
into mature fruits. An holistic approach was used to examine some of the ecological 
factors and physiological events which could be causing reduced fruit set. Trials included 
studies of pollen viability, pollinating agents, pollen germination and tube growth, 
exogenous hormones and the prevention of fruit abscission, plant density, light relations 
and water stress. The final chapter presents the discovery of a possible bacterial disease, 
which is also a contributing factor to low yields. 

Due to the diverse nature of the experiments, the work is not presented with the usual 
format of a literature review, methods, results and discussion. Rather, it is presented as a 
series of chapters each containing a separate literature review and experimental section. 
These are preceded by a general introduction to the plant and followed by a general 
discussion. 
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Chaptei 1 

Foeniculum vu/gare 
- an overview of the plant and its cultural 

requirements. 



Section 1 : Introduction. 

An examination of the taxonomy of a plant provides some background to the plant's 
characteristics. It also provides examples of related species, some of which may have 

been the subject(s) of studies, similar to the one to be undertaken. 

A review of the botany and cultural requirements of a plant assists in producing healthy 
plant material upon which experimental work can be based. 

Section 2: Taxonomy. 

Fennel (Foeniculum vulgare Mill.) is a member of the family Umbelliferae Juss. (Bailey 

and Bailey, 1976; Smith, 1978; Terp6, 1992), also known as family Apiaceae Lindl. or 

commonly as the parsley or carrot family (Bailey and Bailey, 1976). These names are 

synonymous. The family name, Apiaceae, refers to the typical genus of the family, 

Apium, while Umbelliferae is the more descriptive term. Hereafter, the term Umbelliferae 

will be used. 

Plants of the family Umbelliferae are herbaceous, with hermaphrodite (Curtis, 1956), 

radially symmetrical flowers. In general, the flowers have 5 small sepals, 5 petals, 5 

stamens and an inferior ovary of 2 carpels. The flowers are arranged in umbels (Morgan, 

1981 ); an umbel being an inflorescence in which the pedicels arise from a common point. 

The inflorescence is often flat topped (Curtis, 1956). The fruit of the family Umbelliferae 

are dry, with two winged or ribbed carpels which separate at maturity (Bailey and Bailey, 

1976). The pericarp of the carpels contains oil tubes. The family Umbelliferae is rich in 

secondary metabolites, including essential oils (Kubeczka, 1982). Other familiar plants 

in this family include carrot (Daucus carota L.), dill (Anethum graveolens L.), parsley 

(Petrose/inum spp.), coriander ( Coriandrum sativum L.) and celery (Apium graveolens L.) 

Fennel is widely labelled Foeniculum vulgare (Hutchinson, 1959; Curtis, 1963; Bailey and 

Bailey, 1976; Terp6, 1992) and will be referred to here as such. However, Jansen (1981) 

states that in 1753, Linnaeus classified fennel and dill in the same genus. Fennel was 

initially called Anethum toenicu/um. In 1768, Miller created the genus Foenicu/um arid 

removed fennel from the genus Ane'thum, giving it the name Foeniculum vulgare. 
Jansen suggests that the evidence used by Miller to separate these species (i.e. the 

morphology of the fruits) is not sufficient to warrant such action. Environmental factors 

cause almost as much variation within each species as genetic variation does between 
them. Since the plants are easily crossed to produce a hybrid (Smith, 1978; Jansen, 

1981 ), Jansen suggests a return to the original Linnaean classification would be 

appropriate. 
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Evidence was collated by Peterson (1990) on the composition of secondary metabolites, 
in particular the essential oils, of both dill and fennel. This was used to discount the 
suggestion by Jansen (1981) that the two belong to one genus. However, from a 
taxonomic view point, the ability of the two species to interbreed is more important. It is 
not suggested that fennel and dill be classified as one species but rather that they be 
classified as two species within one genus, in agreement with Jansen (1981 ). 

dill Anethum graveolens L. 
fennel Anethum foeniculum L. 

Since this is not the current, widely accepted classification, fennel will continue to be 
referred to here as Foeniculum vulgare. 

The above view is based on the evidence described in the literature and on the end-uses 

of the plants. Heywood and Dakshini (1971) used a scanning electron microscopic 

technique to separate the genera of the tribe Caucalideae sensu Boissier of the family 
Umbelliferae. It confirmed that the macroscopic fruit characteristics which had previously 
been used to separate the genera actually had a genuine basis at the microscopic level. 
It may be possible to use this technique to confirm the classification of Anethum and 
Foeniculum. 

The genus Foeniculum is assumed here to contain only one species, Foeniculum vulgare 

(Curtis, 1963; Mabberley, 1987) but there is little consistency in the literature. The 
species is divided into a varying number of varieties (cultivars) by different authors. The 
common names, which are based upon the ehd-uses, define the groups most clearly and 
will be used here to help distinguish the taxa referred to by different authors. 

Bitter fennel is grown for its essential oil which is bitter in flavour while sweet fennel is 
grown as a condiment and also for its oil which is sweet in flavour. Florence fennel or 
finocchio produces an edible bulb, similar to that of celery, and is used as a vegetable. 

The following is a list of some of the taxa described within the genus Foeniculum. It is not 
exhaustive but gives a summary of some of the names for varieties and subspecies used 
by other authors. Literature on any of these taxa was assumed to be directly applicable 
to this study. 

Sanecki, (1974): 
Foeniculum officinale - fennel grown as a condiment 
Foeniculum vulgare dulce - Florence fennel 
Foeniculum officinale nigra - black (or bronze) fennel, grown as an ornamental. 

Smith, (1978): 
Foeniculum vulgare - a perennial and has the common name fennel 
Foeniculum dulce - annual and a vegetable with the common names sweet fennel, 
Florence fennel and finocchio. 
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A variety piperitum is also referred to. This is apparently grown in Southern Italy, where it 
is cultivated for its tender stems which are eaten raw. 

Mabberley, (1987): 

Foeniculum vulgare var dulce Battand. & Trabut. - bitter and sweet fennel having larger 
fruits, cultivated for its essential oil 
Foenicu/um vulgare var azoricum (Miller) Thell. - Florence fennel or finocchio. 

Pillai and Nambiar, (1982) · several varieties under the sub-species Capillaceum. 
Foeniculum vulgare var dulce (Mill) - sweet, Roman or Florence fennel. 
Foeniculum vulgare var vulgare (Mill) - bitter fennel. 

Foeniculum vulgare var panmorium (Mill) - the variety grown in India. 

Desmarest, (1978): two sub-species, one of which contains two varieties. 

Foeniculum vulgare sub-species capillaceum var dulce (Mill) being sweet fennel 

Foeniculum vulgare sub-species capillaceum var azoricum (Mill) being bulbous or 

Florence fennel. 
Foeniculum vu/gare sub-species piperitum var vulgare (Mill) being bitter fennel 

F6ldes1 and Hornak, (1992): two sub-species within the species Foeniculum vulgare 

piperitum - Piper fennel 

capillaceum var vulgare - Bitter or Wild fennel 

capillaceum var dulce - Sweet or Roman fennel 

capillaceum var panmorium - Indian fennel 

capillaceum var azoricum - Florence fennel or finocchio 

Burgess et al., (1968): one species Foeniculum vulgare with two subspecies. 

piperitum - bitter fennel 

vulgare - sweet fennel 

vulgare var azoricum - Florence fennel of finocchio (vegetable) 

Polunin, (1969): one species Foeniculum vulgare, with no subspecies mentioned 

Foeniculum vulgare var azoricum - Florence fennel or finocchio (vegetable). 

From an agricultural point of view the best classification is to divide the species F. vulgare 

into two sub-species separating the fennel used as a herb/seeds from the plant used as a 

vegetable. The first sub-species, containing the herb/seed producing plants, can then be 

divided by oil composition into two varieties separating bitter and sweet fennel. 

The lack of a universally accepted classification of this species points to the ,need for a 
taxonomic study to remove the confusion in identifying specimens for future research. 
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Section 3: Origins. 

Fennel is an aromatic plant which has been cultivated and used by man since the 
Mycenacean times (13th century B.C.) (Mabberley, 1987). It is a native of Southern 
Europe and Asia, in particular the Mediterranean region (Pillai and Nambiar, 1982). Most 
sources place the origin of fennel as the Mediterranean Basin but a long history of 
cultivation has obscured its exact origin. It is found growing wild in most temperate 
climatic regions. It is a weed of wasteland, roadsides and railways in warmer climates 
(Bodkin, 1986; F61desi and Hornak, 1992). 

Section 4: Economic Importance. 

Fennel has been of great importance to man since early civilisation. In ancient Greece 
fennel was a status symbol indicating success (Boxer and Back, 1980). Its reputed 
medicinal qualities have seen it used in ancient medicine and folk lore to treat everything 
from stomach cramp to snake bite. Fennel leaves were scattered on the floor during 
festivals. As the leaves were crushed underfoot they both released a pleasant aniseed 
odour and repelled insects, particularly fleas (Smith, 1978; Bodkin, 1986) 

The medicinal uses of fennel oil include its use as a disinfectant, laxative, appetite 
suppressant and insect repellent (Stary' and Jirasek, 1975; Boxer and Back, 1980). It is 
said to stimulate lactation, strengthen the eye-sight and to have an anti-spasmodic effect 
on smooth muscle. It has been used in the treatment of cramps and as an anti
inflammatory drug for the respiratory and digestive organs (Stary· and Jirasek, 1975; 
Boxer and Back, 1980). 

In modern times fennel is cultivated throughout the temperate and sub-tropical regions 
(Pillai and Namb1ar, 1982). Although it is now mainly used as a culinary herb and for its 
essential ml (Pillai and Nambiar, 1982), fennel remains part of naturopathic medicine. 
Fennel oil is a constituent of "gripe water", used for treating flatulence in babies. (Bodkin, 
1986). It is known for relieving hunger pangs (Bodkin, 1986; Sanecki, 1974) and can be 
found in dietary supplements for aiding weight loss. As with all herbal remedies "natural" 
does not necessarily mean non-toxic. Fennel oil in small quantities e.g. 1 to 5ml has 
been reported to cause respiratory problems, pulmonary oedema and seizures (Duke, 
1985). 

Fennel seeds and leaves are used as condiments, particularly for flavouring fish (Stary· 
and Jirasek, 1975; Boxer and Back, 1980; Hunault et al., 1989). Many modern recipes, 
particularly those of European origin, incorporate either fennel leaves or seeds. 

Bitter fennel is grown commercially for its essential oil which is approximately 60 - 70% 
anethole by weight. The oil is obtained by steam distillation of the ground fruits which 
contain 9 - 13% fixed oil and 0. 7 - 6% essential oil (Sundararaj et al., 1963; Pillai and 
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Nambiar, 1982 ). Foldesi and Hornak (1992) give the percentage of oil in ripe seed as 2 -
6%. A good quality oil contains 50 - 60% anethole (Pillai and Nambiar, 1982). Anethole 
is used in the flavouring industry (refer to table 1 ). 

Table 1 Some Uses for Anethole Flavouring. 
Reproduced from Jam, (1982) 

USE AMOUNT ANETHOLE 
non-alcoholic beverages 

alcoholic beverages 

ice-cream 

candy 

baked goods 

gelatins and puddings 

condiments 

meats 

3.9 ppm 

10 - 20 ppm 

0.38 ppm 

22ppm 

19 ppm 

0.10 - 10.0 ppm 

2.0ppm 

40 - 100 ppm 

As alternatives to fennel, anethole (see figure 1) can be isolated from the oils of anise and 

Figure 1. 
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I 
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Section 5: Botany. 

star anise, amongst others. It has a very low 

melting point (21°C) and isolation is achieved by 
separation on cooling after enrichment using 
fractional distillation (Zutshi, 1982). It can be 

prepared synthetically from estragole, anisole or 
anisaldehyde (Zutshi, 1982) but in modern times, 
with the trend towards "natural" products, isolation 
from plant material is considered preferential. 

Fennel is a short-lived perennial herb with a somewhat woody flowering stem (Curtis, 
1963). Although its life expectancy is four to five years, significant amounts of seed are 

produced only in the first two and occasionally three years. It is generally only cultivated 
for two years (Fdldesi and Hornak, 1992) and consequently can also be regarded as an 

annual or biennial (Joshi, 1961; Sundararaj et al., 1963; Pillai and Nambiar, 1982 ). 

The vegetative plant is a radical rosette (Curtis, 1963) the stem of which elongates with 
the onset of generative growth (Peterson, 1990). The height of the generative plant is 
quite variable, reaching two metres in some situations. Joshi (1961) gives the average 
height in India as 3 - 4ft (90 - 120cm) while Sundararaj et al. (1963) gives it as 0,.6 - 1.Sm. 
The horizontal spread is often up to one metre (Bodkin, 1986). The stem is glabrous, 
ribbed, has a soft pith and can become hollow as the plant matures (Curtis, 1963; 
Sundararaj et al., 1963). The leaves are highly divided, filiform and arranged alternately 
(Curtis, 1963). It has an extensive root system (Foldesi and Hornak, 1992) with a long, 
forked tap root. 
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The inflorescences are terminal and arranged in compound umbels (Curtis, 1963). The 
term compound umbel refers to an umbel composed of several umbellules (Debenham, 
1971) or umbellets (Morgan, 1981). In a compound umbel the peduncle gives rise to 
primary pedicels which in turn give rise to secondary pedicels upon which individual 
flowers are situated. A more detailed description of flowering in fennel will be given in 
chapter 3. 

Section 6: Native Environment. 

In order to understand the behaviour of a plant it is useful to look at the selective 
pressures under which it has evolved both naturally and in cultivation. Fennel evolved in 
the Mediterranean and a review of aspects of this climate provides an insight into the 
characteristics of fennel including its ability to tolerate stress. 

Mediterranean environments are characterised by hot, dry summers and cool, wet winters 
(di Castri, 1981 ). Almost all the rain falls in the winter when the daily temperature varies 
from 4 - 10°C. Frosts are infrequent. The summers are warm to hot with mean daily 
temperatures greater than 21°C and rising above 30°C in northern Africa. Summer days 
are bright and sunny, averaging greater than 1 Ohrs/day sunshine. In general most plant 
growth ceases in the hot, dry period and begins again with the onset of the rain. Some 
species flower in late autumn and some continue active growth throughout the year but 
most Mediterranean perennials flower in early spring with flowering rising to a peak at the 
end of spring when the annuals also flower. By mid-summer most plants are shedding 
their seeds (Polunin and Huxley, 1965). 

Soils in the Mediterranean region are a mosaic of old and young soils. No single soil type 
is dominant but terra rossa. (an alkaline, reddish soil derived from the underlying 
limestone) is probably the most common (di Castri, 1981 ). The plant species which 
inhabit the steppes are generally annuals and herbaceous perennials with deep roots or 
with swollen storage systems below the ground. In the hot, dry summers the aerial 
portions of the plants die and the underground portions of the plants remain dormant until 
the return of the rains. The flowering season is very short. These plants include 
members of the carrot family e.g. Ferula communis (Polunin and Huxley, 1965). 

In the wild, fennel grows along sea coasts and river estuaries (Smith, 1978). In Turkey it 
is found wild on dry slopes, in Pinus forest, on riverbanks and near cultivation (Hedge 
and Lamond, 1974). Both Burgess etal. (1968) and Polunin (1969) state that it is usually 
found in maritime environments. The variety pipertum (bitter fennel) is found in dry, rocky 
places in the Mediterranean region (Burgess et al., 1968). 
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Section 7: Cultural Details. 

The literature on the cultivation of fennel reflects the high level of adaptation by this plant 
to the Mediterranean environment described above. Being a summer flowering plant it 
has adapted to tolerate rather than avoid the drought conditions of summer. 

Fennel is generally propagated by seed (Bodkin, 1986) since propagation by traditional 
vegetative methods is difficult (Sehgal, 1964; Hunault et al., 1989). Clonal material can 
be produced by splits of the under-ground portions of the plant (Jansen, 1981 ). In vitro 
propagation methods exist (Sehgal, 1964; Du Manoir et al., 1985; Hunault et al., 1989) 
and are particularly useful in plant breeding and in the creation of parent stock for the 
production of seedlines but are considered too costly for use as a commercial 
propagation methods. 

In Tasmania, sowing takes place from late August to early October (Peterson, 1990) i.e. 
during spring and after the risk of frost, because the young seedlings are susc.eptible to 
frost damage (Menary, pers. comm.) In northern India, sowing takes place from October 
to November (Joshi, 1961; Pillai and Nambiar, 1982) while in the hills fennel is planted 
from March to April (Pillai and Nambiar, 1982) 

In Tasmania sowing rates are typically 2 - 2.5kg seed/ha being adjusted to give a final 

plant density of 1 O - 12 plants/m2 (Hart, 1987; Peterson, 1990). Densities of 6 - 24 

plants/m2 (first year plants) were shown by Desmarest (1978) to give no significant 

differences in yield of anethole per hectare. A density of 120 plants/m2 exhibited a 

significant decrease in yield. Foldesi and Hornak (1992) suggest a sowing rate of 8 - 1 O 
kg seed/ha with a row space of 0.36 - 0.48cm to give a final plant establishment of 60 - 80 
plants per metre of row. In India, fennel is planted by either direct sowing or by 
transplanting seedlings (Joshi, 1961; Pillai and Nambiar, 1982). Direct sowing at a rate of 
9kg seed/ha is by broadcast or into rows 30 - 40cm apart (Pillai and Nambiar, 1982). 
Joshi (1961) gives 1.5-2ft (45-90cm) as the inter-row distance. Transplanted seedlings 
are taken from nursery beds to the field at 5 - 6 weeks and are planted 90cm apart in 
small beds (Pillai and Nambiar, 1982) or in rows one foot (30cm) apart (Joshi, 1961 ). 

Seed maintains its viability for 2 - 3 years and in good conditions germinates 14 - 20 days 
after sowing (Foldesi and Hornak, 1992). Germination can be improved by presoaking 
the seed 5 - 6 days before sowing (Pillai and Nambiar, 1982). Germination commences 
at a temperature of 6 - 8°C but 15 - 16°C is required for maximum sprouting (Foldesi and 
Hornak, 1992). 

In Tasmania sowing is to a depth of 20 - 30mm (Hart, 1987) since seed germination is 
inhibited by light (Menary, 1987; Thomas, 1994). This is also the depth recommended by 
Foldesi and Hornak (1992). 
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Fennel is adapted to most well drained soils (Bodkin, 1986) in an open, sunny position 
(Jansen, 1981; Foldesi and Hornak, 1992). In India, a well drained loam or black sandy 
soil is preferred (Joshi, 1961; Pillai and Nambiar, 1982). In France, fennel was shown to 
grow best in the rich, deep argillaceous-chalky or alluvium soils, and not in the sandy or 
highly calcareous soils (Desmarest, 1978). Agricultural notes distributed by the 
Department of Primary Industry, Tasmania, recommend well structured and drained soils 
for fennel, as it will not tolerate waterlogging. In summary, the overall preference is for a 
deep, fertile soil, suggesting that it is best adapted to the alluvial soils of river banks. It 
will also grow in rocky soil types characteristic of the Mediterranean steppes, since these 
do not become water logged 

Fennel produces a very large biomass (40 - 60t:Ala) and therefore uses extensive 
quantities of nutrients (Foldesi and Hornak, 1992). In India a basal dressing of 20 - 30tA1a 
of farmyard manure is used along with 45 kg/ha of nitrogen applied as oil cakes and 
ammonium sulphate. It is applied in two split doses, the first in September and the 
second in October (Pillai and Nambiar, 1982). However, too much organic fertiliser 
causes the roots to rot (Foldesi and Hornak, 1992) In nitrogen deficient soils Foldesi and 
Hornak (1992) recommend the addition of 40 - 50kg/ha of nitrogen in the spring prior to 
sowing. However, too much nitrogen causes excessive vegetative growth and decreases 
the frost resistance (Foldesi and Hornak, 1992). Since phosphorus needs are also high, 
80 - 1 OOkg/ha of P20 5 is recommended, along with 40 - 60kg/ha K20 active substances, 

usually applied during the autumn soil preparation (Foldesi and Hornak, 1992). If 
sprouting 1s slow in year two, top dressing with 20 - 40kg/ha nitrogen is recommended 
(Foldesi and Hornak, 1992). 

Khan et al., (1992) conducted trials on fennel to determine the effect of basal and foliar 
applications of nitrogen and phosphorus on yield. The results showed that, on deficient 
soils, improving nitrogen and phosphorus nutrition improves all yield parameters 
associated with the fruit, except for 011 quality. Better nutrition increased the fenchone (an 
undesirable component) content of the oil and decreased the yield of anethole. 

In Tasmanian research trials, Peterson (1990) used a basal rate of 350 to 400kg/ha of 
N:P:K (3:6:8) fertiliser followed by two side dressings of 50 - 75kg/ha of ammonium 

nitrate 

Fennel is both drought and frost resistant (Bodkin, 1986) and in accordance with its 
Mediterranean origin, requires moderate to high temperatures for optimum growth 
Foldesi and Hornak (1992) give its optimum as 20 - 22°C, while Jansen (1981) suggests 
the optimum average monthly temperature is 15 - 18°C, with a minimum of 7°C. Peterson 
(1990) found the optimum temperature for photosynthesis in the leaves to be 20°C, with 
temperatures exceeding 25°C causing a significant decrease in both net and true 
photosynthesis. For umbels, the optimum temperature for photosynthesis was 25°C, with 
no significant decrease observed up to 35°C. This reflects the summer/autumn flowering 
habit of fennel. Vegetative growth takes place in the spring and early summer and 
ceases with the onset of the hot period when generative growth predominates. 
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Weed control is of relatively minor importance in established fennel crops because fennel 
forms a dense canopy which tends to smother the weeds. In Tasmania a pre-emergent 
herbicide is recommended (Peterson, pers. comm.). 

Fennel is very susceptible to Aphis which can be controlled with metasystox or Rogor® 
(Pillai and Nambiar, 1982). For insect control during flowering a "bee safe" chemical e.g. 

Ekatin® must be used (Peterson, pers. comm.). Fennel is also susceptible to powdery 

mildew which can be controlled with sulphur dust at a rate of 1 Skg/ha at the start of 
flowering and again 15 days later (Pillai and Namb1ar, 1982). Hunault et al. (1989) give 
two fungal diseases which are of importance in commercially grown fennel. These are 
Phomopsis toeniculi and Cercosporidium punctum. The former is not present in 
Tasmania and the latter is best treated with a mixture of carbendazim and mancozeb 
(Peterson, pers. comm.). 

Fennel seeds mature at an uneven rate (Jansen, 1981; Foldesi and Hornak, 1992). The 
best yields are obtained if two harvests are performed; one at maturation of the primary 
umbels and the second at maturation of the remaining umbels (Pillai and Nambiar, 1982). 
This is not possible with mechanical harvesting. In Tasmania, harvest is timed to coincide 
with secondary umbel maturation since these produce the bulk of the oil (Peterson, 
1990). Some seed from the primaries will have been lost since mature seeds drop easily 
(Foldesi and Hornak, 1992), however the economic yield should be at a maximum. 

When grown commercially for its essential oil, fennel may be harvested in one of two 
ways. The seeds may be removed from the crop by a header or the entire above ground 
portions of the plant may be harvested with a forage harvester (Desmarest, 1978). The 
resulting oil yield is higher when the whole plant is harvested as all plant parts contain oil 
(Desmarest, 1978; Foldesi and Hornak, 1992). Economics determines which is the better 
system If the crop is to be processed near the site of harvest, then transport costs are 
low and it may be advantageous to harvest the whole crop. If, as in Tasmania, the crop 
must be transported long distances to the site of distillation, the former method proves to 
be more economical. Sixty percent of the oil is situated in the fruits, 15% in the rays and 
25% in the green parts of the plant (Desmarest, 1978; Peterson, 1990) and since most of 
the weight of the plant is in the green parts it is more efficient to harvest only the flower 
canopy and leave behind most of the stem material. 

The quality of the oil also varies depending upon the proportion of the total formed by 
each plant part distilled. The secretary canals are discontinuous between the various 
plant organs (Paupardin et al., 1990c) and the type of secretary canal in each organ 
influences the oil composition produced by that organ (Paupardin et al., 1990b). Hunault 
et al. (1989) state that 90% of the anethole present in a mature fennel plant is present in 
the fruits. Although these contain only 60% of the oil from the whole plant, the oil from the 
fruits of both bitter and sweet fennel has a much higher anethole content than that of 
other plant organs (Paupardin et al., 1990a). 
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Chapter 2 

General Materials and Methods. 



Section 1 : Introduction. 

This chapter contains a summary of the general methods used in producing and 
maintaining the experimental material. It also contains an outline of the techniques used 
in each experiment. Details of experimental design and specific methods are provided 
separately in the following chapters, along with the discussion of each experiment and its 
results. 

Section 2: Potting Media. 

a) Mix A - peat/sand. 

The following components were combined using a cement mixer and pasteurised at 65°C 
for 30 minutes. 

20L peat moss 
20L washed river sand 

30g Limil® 

190g dolomite 

200g 8-9 month 18:2.6:1 O Osmocote® 

4g Ca(NOs)2 

Following pasteurisation, the pH was tested to ensure that it was approximately 7. 

b) Mix B - pine bark/sand. 
35L composted pine bark 
15L washed river sand 

300g 8-9 month 18:2.6:10 Osmocote® plus micronutrients 
300g dolomite 
1 Sg Micromax® 

25g Fes(S04)2 

This mix was not pasteurised. The pH was in the range 6 to 7. 

Section 3: Glasshouse Conditions. 

Glasshouse trial plant material was grown in an air conditioned glasshouse at the 
Horticultural Research Centre, University of Tasmania, Hobart. Air temperature was 

maintained between i 5 anti 25::c using evaporative cooiers. These aiso served to 
im;1ea~e iiie reiaiive humiuiiy of ihe air. 

Irrigation for young seediings was provided by uve1iieau ~pri1ikiers. 1myauun fur mature 
plants was provided by a combination of drippers and hand watering. The plants were 
fertilised weekly with a double strength Hoagland's solution. 

Plants were grown under natural daylight. When longer daylengths were required, light 
was provided by the use of mercury vapour lamps or a combination of fluorescence and 
incandescent lamps. 
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Benlate® (Benomyl) was used as a soil drench to control damping-off fungi in young 
seedlings. Disyston® (Disulfaton) granules were applied to the surface of the potting mix, 
as a preventative measure, to control aphids. Metasystox® (Demetom-5-methyl) and 
Malathion® (Maldison) were also used to control aphid outbreaks. Cineraria leaf miners 
were controlled using Rogor® (Dimethoate). Two-spotted and red spider mites were 
controlled with either Omite® (Propargite) or biologically, by the use of predatory mites. 

Section 4: Field Trials. 

a) Trials in Commercial Crops. 
Trials, conducted on plots within commercial fennel crops, received the same cultural 
treatment as the rest of the crop. This included fertiliser, pesticides and irrigation. 
Harvest of the research material was timed to take place just prior to commercial harvest. 
Treatments and any other specific details are supplied in the Materials and Methods 
section given with the description of each trial. 

b) Purpose sown research trials. 
Cultural details applicable to each purpose sown trial are given in the Materials and 
Methods section for each tnal. 

Section 5: Plant Material. 

Ideally clonal material would have been used. Attempts were made to produce clonal 
material from stem cuttings but this was not successful. Some success was achieved 
using splits produced from the underground crown but these were limited in number and 
reproduction was too slow to provide the required quantity of plant material. Seedling 
material was used instead; hence the high level of variability within trials. 

The seedlines used were a commercial mix of the seedlines C26/C27 (in the ratio 1 :2) 
from the recurrent selection programme of Pernod Ricard Pty. Ltd., France. 

Section 6: Fluorescence Microscopy. 

The method was adapted from Hough et al. (1985). 

a) Preparation 
Flowers were collected into 1 :1 :8 formalin:acetic acid:ethanol and fixed overnight. 
Specimens were washed three times with 70% ethanol and stored indefinitely in 70% 
ethanol as required. 

PAGE12 



Prior to mounting, the specimens were transferred to 1 M NaOH and autoclaved to soften 
the tissue. The autoclave was brought to a temperature of 105°C over an approximately 
7 minute period and cooled as quickly as possible to prevent excess softening. The 
NaOH was removed and the specimens were placed in vials of aniline blue stain (details 
below) ready for mounting. 

b) Stain details 
Stain was prepared by dissolving 1.1515g K3P04 and 0.0250g aniline blue ws in 50ml 

distilled water to give 50mls 0.05% aniline blue in 0.1 M KsP04. 

Specimens were squash mounted directly into the stain and the coverslips sealed onto 

the slide using clear nail lacquer. Slides were stored over damp filter paper in a sealed 

container at 4°C prior to viewing. 

c) Microscope details 

The slides were examined using a Zeiss® Axiovert 35 (Carl Zeiss Inc.; West Germany) 

inverted microscope equipped with incident light fluorescence and fitted with a 12v 

mercury vapour 10000 lamp. Blue excitation was used with Zeiss filter set 09. 

exciter filter BP450 - 490 
chromatic beam splitter FT510 
barrier filter LP520 

Photographs were taken using Kodak Ektachrome (400ASA). 

Section 7: Pollen Viability Stains. 

a) Protoplasm Stain as described by Alexander (1980). 
The following compounds are added, in order: 

20ml 95% ethanol 

20mg 

SO ml 

40ml 
100mg 

5g 
2ml 

malachite green 

distilled water 

glycerol 
acid fuchsin 

phenol 

lactic acid 

Pollen was mounted in the stain and left for 2 minutes. Slides were examined using a 
light microscope. They were scanned using a magnification of 200x and the number of 
viable and non-viable grains counted at a magnification of 400x. Pollen protoplasm stains 
red and the pollen grain exine stains green, therefore fully developed pollen which has 
protoplasm appeared red while pollen with no protoplasm appeared green. 
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b) Nitro-tetrazolium Blue stain. 

The following components were mixed immediately prior to use and the pollen mounted in 
the stain by the hanging drop technique, described below in Section 8. Pollen was 
incubated at 30°C for 4 hours. The coverslip and the droplet were then removed to a 
fresh slide and examined under a light microscope A magnification of 200x was used to 
scan the slide and a magnification of 400x was used to score the pollen grains as viable 
or not. Viable grains stain dark blue while non-viable grains remain unstained. 

Sorrenson's buffer: 0.213g Na2HP04 in 25ml distilled water to give 0.06M 

0.180g NaH2P04 in 25ml distilled water to give 0.06M 

1.3508g sodium succinate in 25ml distilled water to give 0.2M 
0.025g nitro-tetrazolium blue in 25ml distilled water to give 1 mg/ml 
12.65mg sodium amytal (C 11 H11N2Na03) 

Section 8: Hanging Drop Technique. 

Pollen was placed onto the surface of a droplet of the required medium on a coverslip. 
The cover~lip was then inverted over a perspex ring as in figure 2 A thin film of 
Vaseline® sealed the perspex ring onto both the slide and the coverslip. 

Figure 2. Diagram of equipment used in hanging drop technique. 

covershp -----.·----....-r---ri....- perspex rrng . ~ 
slide _.. 0 "i<O 

\ droplet 

Section 9: Pollen Collection Technique. 

Ideally, pollen is collected dry from freshly dehisced anthers, but the copious secretion of 
nectar prevented this. It was impossible to keep the forceps free of nectar, and there was 
also a tendency for the anthers to become coated in nectar. Some success was achieved 
by first collecting the nectar using microcapilliary tubes but this often resulted in accidental 
brushing of the anthers which dislodged the pollen. It also greatly increased the time 
required to collect the pollen. 

The most efficient technique for pollen collection was a modified version of that used and 
tested by Griffin et al. (1982) for Eucalyptus pollen. Pollen was collected from newly 
dehisced anthers into approximately 200ml of tap water in a Milipore filter system fitted 

with an HA 0.45µm milipore filter paper. Pollen was removed from the anthers by 

touching the umbel onto the water surface, causing the pollen to spread across the 
surface of the water. Pollen was collected from several umbels over a two minute period. 
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After pollen collection, the water was rapidly removed, by suction, using a vacuum pump. 
The filter paper was labelled and transferred immediately to a desiccator containing silica 
gel. The desiccator was placed in a refrigerator, at 4°C, over night. Unless the pollen 
was required immediately, the dry filter papers were transferred to a sealed container of 
silica gel and stored at -12°C. 

Pollen samples, tested with the nitro-tetrazolium blue stain, showed equivalent levels of 
viability whether they were collected by the aqueous or dry collection method. 

Section 10: Measurement of the Surface Area of Leaves and Umbellules. 

It is difficult to obtain a direct measure of the surface area of either fennel leaves or 
umbellules since they are not flat. A method was designed and tested, whereby the 
surface area of fennel leaves and umbellules could be estimated. The leaf or umbellule 
sample was dipped in a solution of 0.05% rhodomine in 0.1 % stearox. Upon removal, it 
was spun between the thumb and middle finger, to obtain an even film of dye over the 
sample. This dye was washed into a volumetric flask and made up to 50ml using distilled 
water. The concentration of the dye was measured spectrophotometrically at a 

wavelength of 540µm. The absorbance was compared to a standard curve (see figure 3) 

to determine the volume of dye retained on the sample. This was converted to a surface 
area by comparison with a second standard curve (figure 4) showing the volume of dye 
retained per unit surface area. 

The curve of volume dye to surface area was initially produced by estimating the surface 
area of several samples of stems, leaves and umbellules (figure 5). The leaves were 
considered to be composed of a series of cylinders. The pedicels and ovaries of the 
umbellules are cylinders and the corolla of an unopened bud also approximates a 
cylinder. The approximate length and diameter of all cylinders were measured and an 
estimate of surface area calculated. This estimate was assumed to be most accurate for 
the stems and progressively less accurate for the leaves and then the umbellules. The 
graph in figure 4 contains estimates from stems only, and as these were considered to be 
the most reliable estimates, this curve was used as the standard curve in all further 
calculations. 

The lines do not pass through the origin because the calculated surface area under
estimates the actual surface area. While the method of calculation assumes the surface 
area to be a series of regular cylinders, the stem perimeter is in fact a polygon which 
approximates a circle but actually is composed of many very short sides. The under 
estimation of the surface area is greatest for the umbels since the corolla is not cylindrical. 
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Figure 3. 
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Section 11: Measurement of Anethole Content of Oil by Gas Chromatography. 

Fresh plant material was steam distilled in stainless steel vessels with glass 
condenser/collector units. The oil was dried with sodium sulphate and stored at 2°c prior 

to analysis. A 5µ1 sample of oil was taken, using a micropipette, and placed in 1 ml of 
hexane in an hermetically sealed vial. The sample was analysed using the following 
equipment. 

Hewlett Packard 5890 series II gas chromatograph, fitted with a flame ionisation 
detector. 

Column SGE BP20 50m x 0.25mm id. 
Oven Temperature programme: 50°C (1min), 50-200°C at 9°C/min, 200°C (12.3min). 
Carrier gas: 
Head pressure: 
Detector temperature: 
Injector temperature: 

Injection volume: 

Split ratio: 

Sample solution: 

nitrogen 
25psi 
250°C 
240°C 

1µ1 

50:1 

5µ1/ml n-hexane 

Section 12: Measurement of Leaf or Flower Relative Water Content (RWC). 

This method was adapted from the method described by Turner (1981 ). The usual 
method requires 1 o - 15 leaf discs, 1 cm in diameter. Since the filiform nature of fennel 
leaves precluded the possibility of obtaining leaf discs, several 1 cm segments were cut 
instead. The exact number of segments varied with the experiment, but in general 20 leaf 
segments were used. The method was also employed in deteiminliig the ielative water 
content of the flowers and immature fruits. Generally 1 O individual flowers, each with 
5mm of pedicel, were used. 

The leaf segments or flowers were collected directly into 5ml vials which were 
immediately sealed. The fresh weight of the material was determined, using a precision 

balance, to an accuracy of ±Q.0003g. The segments then floated on a petri dish of 

distilled water, at 5°C, for 4 hours. The empty vials were dried at 75°C during this time to 
remove any condensation. The samples were removed from the petri dishes, dried with 
blotting paper, and quickly returned to their original 5ml vials for reweighing. Following 
the determination of fully hydrated weight, the samples were dried at 75°C overnight and 
their dry weight determined. Tissue relative water content was estimated by the following 
formula. 

RWC = CFW - OW) 
\fW- OW) 

where FW = fresh weight 
OW = dry weight 
TW = fully turgid weight (Turner, 1981) 
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Preliminary trials were used to determine the best conditions for re-hydrating the leaf 
samples. The results of these are shown in figure 6. It appears that at room temperature 
the leaves are fully rehydrated within approximately 1 hour, while at s°C, 4 to 6 hours is 
required. Further tests showed similar behaviour for flowers. Since errors due to 
respiration could be minimised by low temperatures, rehydration for 4 hours at s 0 c was 
the chosen method. To avoid errors due to weight changes from respiration or 
photosynthesis, rehydration is normally carried out under a light intensity equivalent to the 
light compensation point for the leaf material. The samples were incubated in the dark 
which prevents photosynthesis, however some error due to respiration is expected. 

Figure 6 
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Section 13: Production of Soil Moisture Tension Curves. 

a) Determination of Field Capacity 

A sample of the potting medium, packed to the bulk density used in the experiment, was 
placed in a shallow container of water and allowed to reach saturation via capillary action. 
The pot was then covered and allowed to drain over the wet sand for -72 hours, when it 
was assumed to have reached field capacity. The potting medium was then turned out 
onto a flat board and three samples taken. These were quickly weighed and placed in a 
drying oven at 1 OS°C overnight. The samples were cooled in a desiccator, the oven dry 
weight measured and the moisture content at field capacity calculated. 

b) Determination of moisture content of potting medium at various moisture potentials. 

A subsample of the potting medium was used to determine the air dry moisture content. 
Known weights of potting mix were packed into aluminium rings placed on porous ceramic 
plates inside pressure chambers. The potting medium was packed to the same bulk 
density as that in the pots, 1n which the fennel would be grown. Water was added to the 
pressure chambers, to fully saturate the potting medium, from the bottom. The samples 
were left overnight. The chambers were then sealed and pressure applied with 
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compressed nitrogen gas. The chambers were left to equilibrate and overflow water 
collected and weighed daily. The samples were considered to be at equilibrium with the 
applied pressure once water was no longer expressed from the chambers. At this point 
the chambers were opened and the moisture content of the samples determined. Several 
points were determined using the same chamber by first equilibrating the chamber at the 
lowest point, removing the samples for this point and then equilibrating the chambers at 
the next point, until all the points were covered. Dry weights of the samples were 
obtained by drying the samples at 105°C, overnight. 

Section 14: Production of Pressure Volume Curves. 

a) Saline Solution Method. 
The method was adapted from those described by Livingston and de Jong (1988) and 
Livingston and de Jong (1991 ). 

Flower and leaf samples were collected into clean, dry, air tight vials and their fresh 
weights determined. Three replicate samples were taken for each point on the pressure 
volume curves and extra samples taken to determine the moisture content of the samples 
when fully hydrated. 

The samples were placed in a 5°C room and left for 30 minutes to cool to this 
temperature. The extra samples were rehydrated as in the RWC technique and their 
water content at full hydration calculated. These values were used to estimate fully 
hydrated weights for the flower and leaf samples. 

The remaining samples were transferred to the apparatus described in figure 7 and left to 
equilibrate for 18 hours, as determined by calibration to be the required time (refer to 
figure 8). The samples were removed from the apparatus and their RWC determined. 

A typical theoretical pressure volume curve, showing the means by which the osmotic 
pressure at full turgor is estimated, is supplied in figure 9. 

b) Pressure Bomb Method. 
Plants to be sampled were well watered at 6pm and placed in a sealed growth chamber in 
the dark until 9am the following morning. Fully hydrated samples of leaves and 
umbellules were excised into plastic bags containing moist blotting paper. The bags were 
sealed immediately. 

Each sample was weighed and then quickly placed in the pressure bomb chamber and 
the pressure slowly increased until a droplet of sap appeared from the cut xylem. 
Droplets appeared much earlier in the pith of the umbellules but were ignored. The 
pressure at which the droplet appeared was recorded as the water potential of the 
sample. The sample was then left on the bench to lose water while the next samples 
were processed. 
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The first sample was returned to its original plastic bag, reweighed and a further pressure 
point determined. The process was continued until the pressure points exceeded 30MPa, 
which was the upper limit of the equipment. 

The relative water contents of the samples were determined using the initial weight as 
fully hydrated. Paired values of the water saturation deficit (WSD = 1-RWC) and the 
reciprocal of the pressure points were plotted to produce the pressure volume curves. 

Figure 7. Description of the apparatus used to equilibrate tissue samples at varying 

water potentials. 

Salt solutions of varying water potential were prepared using Table 2. 25ml of each salt solution 

was placed in large screw cap vials lined with filter paper. Small, plastic vials with perforated 

walls were placed inside the neck of the larger vials and jammed with filter paper to prevent them 

falling in. The lids of the larger vials were also lined with filter paper. The tissue samples were 

placed into the inner vials and the larger vials capped and sealed with parafilm. They were 

placed in a 5°C water bath accurate to ± 0.01°C. 

5°Csealed 
water bath 

water 

I - - -

salt solution 

inner, perforated 
vial containing 
plant tissue 

Figure 8 Calibration of time required for samples to reach equilibrium. 
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NB The curve for leaves is much less variable than the curve for flowers. 
An equilibration time of 18 hours was chosen for each. 
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Table 2. Table of Water Potentials for NaCl solutions of the following molalities. 
All values are at 5°C. The formula is from Lang (1967). 

m " 11> 11> moles NaCl mass (g) NaCl 
(J/Kg) (MPa) in lOOOg H20 in 200g H20 

0.01000 0.9690 -45 -0.0448 0.0100 0.1169 
0.01500 0.9635 -6 7 -0.0668 0.0150 0.1753 
0.04500 0.9460 -197 -0.1968 0.0450 0.5260 
0.04575 0.9457 -200 -0.2000 0.0458 0.5348 
0.11637 0.9295 -500 -0.5000 0.1164 1.3602 
0.23534 0.9192 -1 OOO -1.0000 0.2353 2.7508 
0.33065 0.9159 -1400 -1.4000 0.3307 3.8648 
0.35445 0.9154 -1500 -1.5000 0.3545 4.1430 
0.42575 0.9146 -1800 -1.8000 0.4257 4.9764 
0.47315 0.9144 -2000 -2.0000 0.4731 5.5305 
0.56757 0.9147 -2400 -2.4000 0.5676 6.6341 
0.59108 0.9149 -2500 -2.5000 0.5911 6.9089 
0.61457 0.9152 -2600 -2.6000 0.6146 7.1835 
0.66142 0.9158 -2800 -2.8000 0.6614 7.7311 
0.70810 0.9165 -3000 -3.0000 0.7081 8.2767 
0.75463 0.9173 -3200 -3.2000 0.7546 8.8206 
0.82409 0.9188 -3500 -3.5000 0.8241 9.6325 
0.84715 0.9193 -3600 -3.6000 0.8471 9.9020 
0.89312 0.9204 -3800 -3.8000 0.8931 10.4393 
0.93892 0.9216 -4000 -4.0000 0.9389 10.9747 
0.98453 0.9228 -4200 -4.2000 0.9845 11.5078 
1.05259 0.9248 -4500 -4.5000 1.0526 12.3033 
1.50000 0.9411 -6526 -6.5258 1.5000 17.5329 
2.00000 0.9644 -8916 -8.9162 2.0000 23.3772 

Key: ip=-2RTm 0 

0=1 - Sf-J"d0 ~+A-J"m )-21n(1 +A-J"m )- 1 ]+Bm +Cm 2 + Dm 3 

A3m L (1 +A-J"m_J 

where 1jJ = water potential (J kg-1) R = gas constant (8.3143 degk-1 mole-1) 
T = 
lj> = 
A = 
103C = 

Figure 9. 

temperature (0 K) m = molality of salt solution 
osmotic coefficient Sfv'do = 1.1336 (at 5°C) 

1.3621 (at 5°C} 1028 = 1.115 (at5°C) 

11.25 (at 5°C) 1030 = -0.61 (at 5°C) 

Theoretical typical pressure volume curve for plant 
tissue redrawn from Turner (1981 ). 

where 'ljJ = water potential 
RWC = relative water content 
n = osmotic potential at full turgor 

1-RWC 
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Section 15: Method for Controlling Plant Water Stress. 

Applying water stress to plants in a controlled manner is difficult. Two general ways in 
which this can be done are either to withhold the water or to increase the soil water 
potential by using a high molecular weight osmotic medium e.g. polyethylene glycol. This 
second method is often used but has two significant drawbacks. The first being that 
some lower molecular weight compounds may be absorbed by the plant. These materials 
are toxic and the water stress effects can be confounded by the toxicity. The second 
drawback also relates to the toxicity. Water stress cannot be applied quickly to a plant 
but must be increased slowly in order that the plant is not damaged by osmotic shock due 
to the treatments rather than the water stress. 

The best, most natural, method for applying water stress to plants is to withhold water for 
a certain period of time or until the plant receives a certain degree of stress. Since 
environmental conditions are variable and they effect the degree of water use by a plant, 
withdrawing water for a fixed period causes varying degrees of stress. A better method is 
to withhold water until a fixed level of stress is reached. This stress may be measured 
through objective means such as leaf water potential, relative water content or soil 
moisture content. 

For this experiment it was decided that water be withheld until the soil water potential had 
reached a certain level and then to rewater the plants to field capacity. Measurement of 
soil moisture could have been made with a tensiometer but this would only measure a 
specific region in the pot and also offered only a limited range of water potentials. 

The method used percentage soil moisture by weight to define the water stress 
treatments to be received by each plant. This method was designed and trialled 
specifically for these experiments and, because it had not been used elsewhere, had to 
be assessed as a method as well as providing data for the effects of water stress on 
fennel. Despite some problems which are discussed during the description of the 
technique; the method was successful. It would be ideally suited to longer term use in 
slow growing plants but was satisfactory for short term use with flowering fennel. 

a) General Description. 
Soil moisture tension curves were produced for the potting medium. Seeds were sown 
into a known weight of potting medium and the plants grown under ideal conditions until 
immediately prior to flowering, at which point the experiment was commenced. 

The total weight of the plant, pot and potting medium was determined by the following 
method. The plants were watered thoroughly and held in the dark to drain for 18 hours, 
before weighing. This procedure was repeated twice over the following two days. The 
average of these values was taken to be the total weight at field capacity of the potting 
medium. The variation in these points was usually within 50g (1 %) given that the total 
weight of the pots was approximately 12kg. 
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The water content of the potting medium at field capacity was calculated from the known 
weight of potting medium and the previously determined soil moisture tension curve. The 
moisture content of the potting medium, equivalent to a particular treatment soil moisture 
tension, was calculated from the soil moisture tension curve. The total weight of the pot 
at this moisture content was also calculated. The difference between these two values is 
the weight of water which must be transpired for the moisture content of the potting 
medium to reach the treatment value. Balances, as described below, were used to 
continually weigh the plants and determine when the pots had lost this weight of water 
and therefore required irrigation. When the balances triggered, the plants were watered 
back to field capacity. 

Preliminary work was undertaken to assess the increase in fresh weight of the plants and 
1t was determined that during the active flowering stage they increased in weight by about 
1 % over a week. This error was considered acceptable. However, during the elongation 
phase the plants increased in weight by up to 10% meaning the method would not be 
suitable during this growth phase. 

b) Balances. 
The balances were set up as in Figure 10. Each balance had an arm to which the pot 
could be attached. This arm was balanced on a fulcrum. Attached to each balance was 
an indicator switch which triggered a beeper to indicated that a balance had tipped and 

that a plant required watering. The balances were accurate to ±20g. Since the required 

weight loss was in the order of 500g for the lowest stress treatments and 1 .5kg for the 
highest levels of stress, this error was considered acceptable. 

c) Problems with this Method. 
The major problem with this method is the determination of the total weight of the plants 
at field capacity. Although there is little variation 1n the weights determined over three 
measurements this may or may not give an accurate point. The variation is not significant 
for points on the soil moisture tension curves which are close to field capacity of the 
potting medium. However, due to the nature of the curves for these media, a small error 
in the weight at field capacity can translate into large errors in the drier part of the curves 
since in this region a very small change in soil moisture content is associated with large 
changes in soil moisture tension. 

A minor problem is that the plant fresh weight continually changes as the plant grows. If 
the method is used over a long period, it will be necessary to periodically recalibrate the 
balances in order to compensate for the increase in plant fresh weight. This error causes 
the balances to trigger at slowly but constantly lessening potting medium water contents. 
The plants in this experiment accumulated approximately 10-20g (i. e. 1 %) of fresh weight 
per week. The method would not be suitable for fennel during the growth phase of rapid 
stem elongation because the increase in plant weight (i.e. approximately 10% per week) 
would be too high. 
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Figure 10. Diagram showing the construction of the balances used to 
control water stress in potted plants. 
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A further factor not accounted for in these experiments is the loss of weight by the plants 
due to water loss from the plant tissue itself. For example, if a fully hydrated plant, 
weighing 1.2kg has a moisture content of 70%, it contains 840g of water. If the plant 
loses water to a RWC of 70% it now contains 588g of water. This is a loss of 252g of 
water which may cause a significant error. 

Section 16: Statistical Analyses. 

Data analysis was carried out using the statistical package SAS (Statistical Analysis 
System, SAS Institute, Raleigh, North Carolina). Analyses of Variance were performed 
using the GLM procedure (type 3 sums of squares). Regression analysis was performed 
using either the REG or NUN procedure. 

PAGE 25 



Chapter 3 

Flowering in Fennel. 



Literature Review. 

Section 1: Introduction. 

A general hypothesis was posed that poor fruit set was related to competition from 
weeds, causing a shortage of pollinators in commercial crops. Study commenced with a 
review of flowering in fennel, beginning with flower initiation but concentrating on flower 
morphology. A key factor in the co-evolution between a flower and its pollen vectors is 
the morphology of the flower. 

The study was expanded to include an examination of male sterility, pollen viability, self
incompatibility and the possibility tor parthenocarpic trwt set. 

Section 2: Flower Initiation. 

Generative growth commences with flower evocation and proceeds into flower bud 
initiation, differentiation and finally flower development. Flower initiation is the transition 
of the vegetative apex to the floral apex. Vegetative growth is indeterminate but flowering 
is determinate and the apical meristem ceases to be active after it has produced all the 
floral parts (Esau, 1960). 

Many plants undergo a juvenile phase during which flower evocation cannot commence, 
even though the plant is exposed to inductive conditions. During this phase the plant is 
unable to produce the required balance of plant growth regulators to evoke flowering, the 
shoot apical meristem is incompetent to respond to flowering hormones and/or there are 
high levels of endogenous hormones which inhibit flowering (Podolnyi et al., 1989). 

The end of the juvenile phase is associated with plant size and this critical size must be 
reached, regardless of the time taken to do so (Roberts and Hooley, 1988) 1.e. the 
juvenile phase is dependent on physiological, not chronological, age. For two carrot 
varieties the chronological time to the end of the juvenile phase was six or eight weeks 
after sowing, depending on the variety At these times the physiological age for both 
varieties was the 7 .5 leaf stage. The faster growing variety reached this critical point 
more quickly and therefore was ripe-to-flower earlier (Hiller and Kelly, 1985). 

Flower initiation in fennel was measured by Peterson (1990), using scanning electron 
microscopy to observe qualitative changes in the apical menstem, i.e. the appearance of 
floral primordia. The juvenile phase was found to end when the plant has produced 8 or 9 
fully expanded leaves and has 15 or 16 nodes below the meristem (Peterson, 1990; 
Peterson et al. 1993). 

It is possible that the juvenile phase in fennel is actually shorter than that given above. If 
the plants were growing more quickly and producing nodes more rapidly than the number 
of inductive cycles required to initiate flowers, a lag phase would occur between flower 
evocation and the appearance of the floral primordia (flower initiation) (Peterson, 1990). 
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This could be tested by placing the young plants under conditions which are inductive but 
sub-optimal for growth (e.g. low temperature). This would increase the chronological age 
at which the critical physiological age is reached and allow for a more accurate 
determination of the end point of the juvenile phase. 

At the completion of the juvenile phase, plants usually require certain environmental 
stimuli in order to initiate flowering. Fennel is a long day plant and requires a night length 
of shorter than 11 hours for flower initiation (Peterson, 1990; Peterson et al., 1993). 

Peterson (1990) showed that fennel receiving a night length of 11 hours did not flower but 
that fennel receiving a night length of 8 hours did. The flowering response was to the 
qualitative photoperiod and not the quantitative amount of light since a night break was 
enough to cause the plants to flower. It is likely, therefore, that the flowering response is 
a phytochrome mediated response (Peterson, 1990; Peterson et al., 1993). 

No experimental work has been reported in the literature on the response of fennel to 
vernalisation. It is quite possible that fennel would show some response since it is native 
to the Mediterranean region, where the clear skies allow for cold night temperatures. It 
may show a quantitative flowering response to vernalisation as opposed to a qualitative 
one, i. e. flowering may be enhanced by vernalisation rather than be triggered by it. 

Despite utilising differing environmental stimuli for flower evocation, plants in the 
Umbelliferae behave similarly (Hanisova and Krekule, 1975; Hiller et al., 1979; Pressman 
and Negbi, 1980; Hiller and Kelly, 1985; Palevitch, 1985; Peterson, 1990; Hofman et al., 

1992). Once the environmental requirement for flower evocation has been fulfilled, flower 
initiation and seed stalk elongation take place simultaneously but independently. 

The following hypotheses, drawn from the above authors, describe the control of flower 
evocation, flower initiation and stem elongation in the Umbelliferae. 

1. The correct environmental conditions induce flower evocation by altering the balance 
between GA and auxin. Other hormones may or may not be involved. 

2. Flower evocation primes the cells below the apical bud ready to commence stem 
elongation. This can be detected histolog1cally even though no stem elongation is 
obvious externally. 

3. Flower evocation leads to flower initiation which is the conversion of the apical 
meristem from the vegetative to the floral apex. 

4. Flower initiation stimulates the floral apex to produce GA which causes the stem to 
commence elongation. 

5. As the floral apex differentiates it continues to produce GA which maintains stem 
elongation. 

6. As the floral bud matures GA production decreases and stem elongation ceases. 
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Section 3: Fennel Flower Morphology. 

Fennel flowers are arranged in compound umbels which are terminal and leaf opposed 
(Curtis, 1963). The peduncle is terminated by nodes separated by internodes so short 
that there appears to be no axis within the inflorescence (Benson, 1957) and the umbel is 
a flat topped cluster of flowers in which the pedicels arise from a common point (Morgan, 
1981) A compound umbel (as defined in chapter 1, section 5) is an umbel In which the 
primary pedicel gives rise to umbellules of secondary pedicels upon which individual 
flowers are situated. 

In their first season of growth, fennel plants produce only one central stem. In following 
seasons they produce increasing numbers of stems. Each stem produces one terminal 
umbel at its apex. This umbel is known as the primary umbel. The main stem also 
produces further leaf opposed shoots, known as secondary shoots, which terminate in 
secondary umbels. These shoots may then produce further tertiary shoots which 
terminate in tertiary umbels. This is illustrated in Figure 11 which is adapted from the 
diagram of flowering in carrots (Daucus carota ) given by Hiller and Kelly (1985). In a 
study of one hundred different types of fennel Sundararaj et al. (1963) found that the 
average number of umbels per plant was 10-35 and the average number of rays per 
umbel was 15-25. 

Figure 11 Diagram illustrating the form of the fennel flowering canopy. 
(Redrawn from Hiller and Kelly, 1985) 
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A complete flower is one which is composed of the four complete whorls, i.e. sepals, 
petals, stamens and pistils (Benson, 1957). Fennel has incomplete flowers, having the 
sepals reduced to a narrow rim at the top of the ovary (Curtis, 1963). Sometimes vestigial 
sepals originate as small emergences exterior to and alternating with the petals. In a few 
flowers, these are provided with a vascular trace (Gupta, 1964). 1n fennel the usual 
function of the sepals, i.e. protection of the flower parts in the bud stage (Keeton, 1980) 

is undertaken by the petals. 
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Many authors, e.g. Morgan (1981) and Sundararaj et al. (1963), state that flowers of the 
Umbelliferae are radially symmetrical. However, as pointed out by Benson (1957), while 
the perianth is radially symmetrical, the total flower is not. Fennel has two carpels and is, 
therefore, bilaterally symmetrical. 

The fennel ovary is inferior and bilocular, with one pendulous ovule in each locule. The 
ovary has two separate styles (Curtis, 1963). Occasionally malformed fruit occur, having 
two ovules in a loculus (Gupta, 1964). 

The petals are yellow and strongly in-rolled (Curtis, 1963). Fennel flowers are perfect or 
bisexual (hermaphrodite in older terminology) (Benson, 1957) but protandrous 
(Sundararaj et al. 1963). Sundararaj et al., (1963) reports all one hundred varieties 
examined were bisexual, no male or sterile flowers were found. However, male sterile 
individuals do occasionally occur. Peterson (1990) reports that the number of r:nale sterile 
plants have become more frequent in the commercial varieties grown in Tasmania. This 
is believed to have been brought about as an indirect consequence of the selection 
criteria of the recurrent selection programme of Pernod Ricard Pty. Ltd. Varieties were 
selected on the basis of oil yield per weight of seed. Since the oil is produced in the ovary 
wall selection has been for fruit with a low ratio of endosperm to ovary wall. Such a ratio 
can occur when only one carpel sets seed, possibly as a result of poor pollination This, 
in turn, can result from poor pollen production. Thus, indirectly, the programme may have 
been selecting for poor pollen production and therefore for male sterility. 

Gupta (1964) found not only male sterile but also some female sterile flowers. These 
were generally associated with umbels flowering late in the season, when other 
malformed flowers can also be found. Such individuals show differing degrees of 
adnat1on of their pedicels and ovaries and are generally abortive (Gupta, 1964) 

Fennel has five stamens, alternating with the petals (Curtis, 1963; Sundararaj et al., 
1963). Both whorls are set below the margin of the two lobed nectar secreting disc or 
stylopodium (Bell, 1971) which covers the top of the ovary (Curtis, 1963). The anthers 
are introrse i.e. they open inwards (Bell, 1991 ). 

Fennel fruits are often mistakenly referred to as seeds but are actually fruits, since the 
fruit is the matured ovary wall (Benson, 1957). Each fruit (sch1zocarp) is dry and has two 
indehiscent, one-seeded parts (mericarps) (Curtis, 1963; Jansen, 1981; Bell, 1991 ). At 
first these mericarps cohere by their flattened, inner surfaces but, when ripe, they 
separate (Curtis, 1963). The juncture is called the commissure. Each mericarp has five 
longitudinal ribs or costae containing vascular bundles. The five costae are distinguished 
as one dorsal, two intermediate and two marginal or commissural (Curtis, 1963). Each 
mericarp contains six secretary ducts which are elliptical in cross section and run the 
length of the fruit. They are situated in the intercostal regions (Fernandes Costa et al., 

1959). 
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Section 4: General Flower Morphology in Relation to Pollination Vectors. 

Flowers may be highly specialised and only pollinated by one vector or be promiscuous 
and pollinated by many (Verne Grant cited by Bell (1971 )). It will be shown that although 
fennel has essentially unspecialised flowers it is highly adapted to a promiscuous lifestyle 
and has adaptations which make it not reliant upon any one vector but attractive to many. 

Self-pollination, since it leads to homozygosity, is an ecological adaptation to a stable 
environment (Meeuse, 1984). Cross-pollination affords an ecological advantage to plants 
in a changing environment where amongst the genetically varied off-spring there is a 
chance that there will be some individuals which are better adapted to the new 
environment than their parents (Meeuse, 1984). However, self pollination often occurs 
side by side with cross-pollination (Meeuse, 1984), and may be a backup mechanism to 

ensure that pollination occurs if cross-pollination fails (Bell, 1991 ). Plants of the 
Umbelliferae are generally self-fertile with only rare exceptions being self-incompatible 
(Bell, 1971). 

Even self-compatible flowers can benefit from insect pollination. For example daily hand

selfing of self-compatible almonds (Amygdalus communis L. = Prunus dulcis Mill.) gave 
significantly higher yields than natural selfing (Godini et al., 1992). 

Both carrots (Oaucus carota) and parsnips (Pastinaca sativa) require insect pollination 

due to their protandrous nature (Free, 1970). In parsnips the stigma of an individual 
flower does not become receptive until five days after dehiscence of the anthers, however 
pollination generally takes place within the umbel. Pollen is transferred from flowers of 
the inner whorls to the outer whorls. Very often the inner flowers are not pollinated and 
do not set seed (Free, 1970). 

As fennel is protandrous, it too requires pollination. Depending on the strength of the 
protandry, it may or may not require pollination from other umbels Fennel can be 100% 

self pollinated if out-crossing is prevented (Sundararaj et al., 1963), but, in general, it is 

highly cross-pollinated (Pillai and Nambiar, 1982). RamanuJam et al. (1964) in Jansen 
(1981) states that under normal circumstances fennel is 80 - 90% cross-pollinating. 

Protandry, a form of self-incompatibility in time, is the only evidence of self-incompatibility 

in fennel, found in the literature. 

In a comparison of caged and open plots of fennel, Baswana (1984) found that open plots 
yielded more seed both on a per plant and a per plot basis. However the 1 OOO seed 
weight was greater for the caged plots presumably because with lower seed set the 
developing fruits had less competition for limited nutrients. 

If a plant is to be cross pollinated, a vector must be used to transfer pollen from the anther 
of one plant to the stigma of the other Meeuse (1984) lists mammals, birds, insects and 
wind as possible pollen vectors for plants in general. Flowers utilising each of these 
vectors show specific adaptations of flower shape, colour, pollen and nectar production 
and floral activity which suit the vector. 
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While the shape of fennel flowers does not strongly suggest bird or mammal pollinators, 
the strong but flexible stems and dense canopy can form a tangle of entwined flowers. 
This may promote pollination through "accidental", rather than direct pollen transfer, as 
these animals brush through the canopy. 

Generally, fennel plants are thought to be entomophilous and in particular are thought to 
be pollinated by bees (Apis spp) and members of the order Diptera (Narayanan et al., 
1960; Baswana, 1984; Giudici, 1991 ). The following paragraphs will outline features of 
fennel flowers and umbels which suggest that fennel may also be pollinated by other 
insects and by wind. Some entomophilous herbs and shrubs have a phase of insect 
visitation followed by the opportunity for wind pollination. The anthers first shed pollen 
within the corolla but then the filaments extend, scattering the remaining pollen in the 
wind (Gregory, 1973). This pattern is suggested to operate in fennel. 

Wind pollinated flowers lack conspicuous, attractive petals (Gregory, 1973; Keeton, 1980; 

Meeuse, 1984 ) and often have no petals at all. The sexual parts are freely e?<posed to 
the air currents (Keeton, 1980) and the flowers are projected into the air by for example 
hanging from bare branches as in catkins, on erect stalks as in grasses or at the ends of 
branches as in conifers (Gregory, 1973). Fennel anthers are introrse (opening inwards) 
but roll upwards as dehiscence continues, allowing exposure of the pollen to the wind. 
The perianth is shed during anthesis, also increasing exposure to wind. Most 
anemoph1lous types of herbs have their flowers elevated above the general level of the 
foliage so as to expose their pollen to the wind (Gregory, 1973). In fennel the generative 
canopy is raised above the vegetative rosette by elongation of the stem at the 
commencement of generative growth. 

The corolla of insect pollinated flowers often shows adaptations to particular insects. For 
example bee and moth pollinated flowers usually have their petals arranged in a floral 
tube whose length corresponds to the length of tongue of the pollinator species. Fly and 
beetle pollinated flowers often entrap the pollinating insect before releasing it covered in 
pollen (Keeton, 1980). Since bees usually land first before moving to the nectar or pollen 
source (Keeton, 1980) a landing platform is often provided (Meeuse, 1984) which may 
take the form of a protruding lip (Keeton, 1980) Butterfly pollinated flowers have a 
landing platform produced by either individual flowers or a combination of many small 
flowers to give a flat-topped or gently rounded inflorescence. 

Fennel shows no special arrangement of perianth consistent with attracting one particular 
species of insect. However, the umbels are terminal and therefore are obvious to insects 
flying above. They form a flat surface consistent with butterfly and moth pollinated 
flowers. The petals of fennel flowers are both conspicuous and attractive early in 
flowering, indicating insect pollination. The lack of landing platforms on individual flowers 
helps support the hypothesis that fennel is promiscuous and not adapted specifically to 

bees. 
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Bell (1971) gives evidence for specialisation in the apparently unspecialised flowers of the 
Umbelliferae. Reported differences in style length and shape, petal shape and degree of 
protandry may be forms of specialisation. Examination of flowers from 100 types of 
fennel revealed considerable variation in the form of stylopodia and pistils (Sundararaj et 
al. 1963). Three distinct groups are as follows: 

1) Long styles with a short stylopodium at base 
2) Short cushiony styles and no stylopodium 
3) A mixture of both flowers with short cushiony styles and no stylopodium and flowers 

with long styles and stylopodium on the same plant. 

Further investigation may show differences in pollinators and pollinator behaviour 
associated with each type. 

Bee pollinated flowers have variously shaped stigmas but most have multiple ovules per 
style. Wind pollinated flowers tend often to have long stigmas which are divided into 

lobes and to have a low number of ovules per pistil as the chance of more than one 

random hit from airborne pollen grains is very low (Meeuse, 1984). 

Fennel has only one ovule per pistil (Curtis, 1963). The stigma extends above the corolla 
when receptive, at which time the petals have usually fallen, leaving the stigma exposed 
at the top of the canopy. The umbel has many stigmas, spread over a wide flat area 
which increases the chance of random hits by wind borne pollen. These characteristics 

all indicate wind pollination. 

Insect pollinated plants tend to be hermaphrodite with either structural or genetic barriers 
to self-fertilisation (Gregory, 1973). The flowers are often exposed to view but are usually 
protected from the wind, maturing when the plant 1s in full growth and insects are 
abundant (Gregory, 1973). Wind pollinated plants tend to prevent self pollination by being 

a) dioecious, b) monoecious but spatially separated with the female flower above the 

male or c) hermaphrodite and either protandrous or protogynous (Gregory, 1973). Fennel 

is protandrous (Bell, 1971) indicating wind pollination. 

Colour, nectar and fragrance play no role in wind pollinated plants but insect pollinated 
plants are brightly coloured to attract insects from a distance and usually have both scent 
and nectar (Gregory, 1973; Meeuse, 1984). Many insects have colour vision but perceive 

a different part of the spectrum than that seen by the human eye. While insects cannot 
detect the longer wavelengths of the human eye visible spectrum, they can detect those 
in the near end of the ultraviolet band (Keeton, 1980). Bee pollinated flowers are usually 
showy with bright petals of blue or yellow but not red since this colour is invisible to bees 
(Keeton, 1980). Figure 12 shows this diagrammatically. Butterfly pollinated flowers are 
either vividly coloured or white and moth pollinated flowers are light coloured or white 

(Keeton, 1980; Meeuse, 1984 ). 
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Fennel flowers are yellow (Curtis, 1963), the most widely attracting colour and particularly 
favoured by bees. While quite a bold colour, yellow is still a light colour and so is also 
attractive to both butterflies and moths. Since colour is meaningless to flies the yellow of 
fennel flowers would be neither attractive nor repellent to them. 

Figure 12 
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Parry et al (1976) p. 372 
and Keeton (1980) p 142. 

Insect pollinated flowers may have nectar guides, a set of markings which lead the 
pollinating insects to the floral reward i.e. the pollen and nectar. These markings may 
take the form of either flower shapes or colouring. Nectar guides or colour patterns often 
take the form of a bull's eye where the centre of the flower is darker than the outer parts. 
These colours may or may not be visible to the human eye (Keeton, 1980; Meeuse, 
1984). Honey bees are able to detect and learn the patterns of micro-sculpturing on the 
epidermis of flower petals. These sculpturrngs are a form of nectar guide. For example, 
in Compositae the sculpturing always points toward the centre of the pseudoanthium and 
therefore the floral reward (Gottsberger, 1989). 

No literature was found on the presence of nectar guides in fennel, although Bell (1971) 
found no differentiation between the stylopodium and petals of any Umbelliferae species 
tested. In fennel, as in Cicuta and Daucus the stylopodium is brightly coloured and 
may serve to attract insects (Bell, 1971 ). The in-rolled petals of fennel (Curtis, 1963) may 
play a role as nectar guides. 

Fragrances are also used to attract insects. Bee pollinated flowers usually have a sweet 
aromatic or minty fragrance (Keeton, 1980; Meeuse, 1984 ). Most moth pollinated flowers 
produce a strong fragrance (Keeton, 1980; Meeuse, 1984 ). The anethole fragrance is 
sweet and aromatic (Zutshi, 1982) and, in theory, is attractive to many types of insect. It 
is probably most attractive to bees. 

Clements and Long (1923) refer to early work in pollination ecology where a small amount 
of essence of anise was mixed with brown sugar and very dilute alcohol to make a syrup 
called anisette. When this was applied to small inconspicuous flowers of Fumaria 
officinalis and Polygonum convolvulus these flowers immediately attracted insects, 
mainly flies. When anisette was brushed on large and colourful flowers of Lilium 
candidum again insects were rapidly attracted, most of them honey bees. A sugar syrup 
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alone on Lilium candidum attracted a few flies but no bees (Clements and Long, 1923). 

This supports the theory that unless some of the other components of the oil interfere with 
the anethole fragrance, the odour of fennel should be attractive to bees. 

Nectar secretion by the stylopodium in Umbelliferous plants can be copious and in some 
species continues well after the stamens and petals are shed (Bell, 1971 ). This is an 
adaptation to attract unspecialised pollinators back to protandrous flowers once their 
stigmas become receptive (Bell, 1971 ). A long period of nectar flow may be achieved by 
the sequential flow of nectar by many flowers of the inflorescence (Bell, 1971 ). 

Nectar production in fennel is abundant and the nectar is very concentrated being up to 
65% sugar (Giudici, 1991 ). Bees will not gather nectar which is too dilute because 
transport requires more energy expenditure than is gained. Therefore concentrated 
nectar is an asset to a plant as an attraction to bees. Giudici (1991) suggests that fennel 

nectar may become so concentrated and sticky that bees may avoid the crop 

To prevent dilution of nectar by rain or over-concentration through evaporation nectar is 
often hidden in a spur or protected by hairs (Meeuse, 1984). In fennel it is not concealed 

but sits on top of the stylopodium and is available to short tongued flies, beetles and other 

such insects. The high sugar concentration of fennel nectar may act to withstand some 
dilution by rain. However this would be of little significance in the original habitat as very 
little rain falls in the Mediterranean in the summer when the fennel is flowering. 

The nectar may act as a glue binding the pollen to potential vectors. The pollen tends to 
clump together especially as the anthers become coated in the nectar. In Tasmania the 

roadside fennel attracts many scarab beetles which do not have many hairs on their 
bodies. The nectar may act to attach the pollen to such insects. 

It has been suggested that in protandrous Umbelliferae the nectar pool acts as a reservoir 
for the pollen. It is suggested that the stigma grows up through the nectar and becomes 
coated with the pollen (Bell, 1971). This would be plausible only if the longevity of the 

pollen was increased by the nectar. Normally pollen shed from a flower would have lost 

its viability by the time the stigma was receptive. Fennel pollen remains viable for only 1 O 
hours post anthesis (Pillai and Nambiar, 1982). 

Plants which are insect pollinated tend to produce less pollen than wind pollinated 
species and there is less shedding (Gregory, 1973) The pollen generally has a sticky or 
oily surface (Gregory, 1973; Meeuse, 1984) or is shaped such that it easily adheres to 
insects (Meeuse, 1984). Typically the grains of insect pollinated plants are rough, spiny 
or warted and have a tendency to adhere in clumps (Gregory, 1973). Wind pollinated 
plants tend to produce large quantities of aerodynamically mobile pollen (Meeuse, 1984). 
The pollen grains are often almost spherical or ellipsoidal (Gregory, 1973) and the surface 
of such grains tends to be smooth so that they do not stick together (Gregory, 1973; 

Meeuse, 1984 ). The anthers often explode at anthes1s, in order to scatter the pollen 
(Meeuse, 1984). No description of fennel pollen was found with respect to these 
characteristics. 
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The literature regarding the size of pollen grains from wind and insect pollinated species 
is somewhat confusing. Meeuse (1984) and Keeton (1980) suggest wind pollinated 
species produce small, light pollen grains while Gregory (1973) states that wind pollinated 

species usually produce grains greater than 15µm in diameter. Pollen with insect vectors 

is large according to Meeuse (1984) and Keeton (1980) while according to Gregory 

(1973) the size is variable, from 3 to 250~im in diameter but usually less than 15~im. In 

comparison with the shape of the pollen, the size is probably not a critical adaptation to a 
vector. A large grain size may be more an adaptation to pollen longevity than an 
adaptation to a vector. If this is true pollen size would be more dependent on the time 
taken between anthesis and pollination and on the relative resource expenditure required 
for pollen grain production. No discussion of such was found in the literature. 

Floral opening times generally correspond to the time of activity of the pollen vector and 
can be used as clues to the type of pollen vector operating. For example, bees and 
butterflies are only active dunng the day and correspondingly flowers pollinated by them 
are open in the day-time. Moth pollinated flowers open at dusk or night when moths are 
active (Keeton, 1980; Meeuse, 1984 ). 

Chaudhry (1961 ), working in India, observed that fennel flowers begin to open at 6am 
with maximum activity between noon and 2pm Narayanan et al., (1960) observed insect 
visitors to fennel flowers in Pusa, India, and showed that insect activity began after 9 am, 
reaching a peak between 11 am and 1 pm, before declining. This activity suggests the 
use of diurnal pollen vectors such as bees, butterflies and flies. Sundararaj et al. (1963) 
found anthesis of fennel umbels occurred throughout the day and night, although the 
majority opened during the day. Flowers opening at night may attract moths. 

In each fennel umbellule and also in each umbel, flowers at the periphery open first and 
those in the centre last. The five stamens emerge sequentially over a 6-8 hour period 
although this vanes with the variety. When the stigma is prominent and the styles are 
long, they are exposed in the bud, before the flowers open (Sundararaj et al., 1963). In 
carrots, there is some opportunity for self pollination within umbels since the first stigmas 
become receptive before the last anthers dehisce (Hawthorn et al., 1960). This may also 
occur in fennel, depending on the strength of the protandry. 

Waves of flower maturity allow insects to collect and deposit pollen on the stigma during 
the same visit. Having compound umbels in three or more orders, opening sequentially, 
extends the length of the flowering time. This provides a longer time for pollination and 
fruit set which is particularly important during periods not conducive to fruit set. It also 
extends the period where a consistent source of food is available for the pollinators. This 
helps to ensure their survival and thereby their continued action as pollen vectors. 

It is suggested that bees are particularly good cross pollinators because they land first 
and then move across the flower to the source of the floral reward. It is likely that bees 
would land on the outside umbellules first and then crawl inwards, pollinating the outer 
flowers with non-self pollen before reaching the floral reward of the inner flowers. 

PAGE 35 



The pollination ecology of fennel shows adaptations to many vectors, but in particular to 
bees and wind. This is in agreement with Pillai and Nambiar (1982) who state that fennel 
is highly cross pollinated with both wind and bees as vectors. This examination of fennel 
flower morphology would not be complete without examining the literature on the types of 
pollen vectors which have been collected from field grown fennel. 

Of the insect visitors to a crop in Pusa, India, Narayanan et al. (1960) noted 88.4% were 
of the genus Apis and principally Apis florea (81.5%), the smallest of the· three Apis 
species found. Other insect visitors were of the order Diptera. Apis florea visits 
continued for longer during the day than those by the larger bee species, giving rise to the 
hypothesis that fennel did not provide a sufficient floral reward to remain attractive to the 
larger species for long. Visits by larger species stopped after 11 am while the number of 
visits by the smaller Apis florea increased until 1 pm (Narayanan et al., 1960). 

Baswana (1984) recorded many different insects visiting a fennel crop in Hissar, India. 
The main visitors were Apis florea and Apis dorsata. Peak activity was between the 
hours of 11 am and 2pm during the flowering season. It is suggested that temperatures 
during this time are more favourable for both insect activity and for anthesis and nectar 
secretion. Maximum bee activity was synchronised with maximum anthesis since bees 
are the main pollinators. Stigma receptivity lasts for 4 days and pollen remains viable for 
10 hours. 

Giudici (1991) found that in two commercial crops in Tasmania Apis mellifera was the 
dominant insect, comprising 80-85% of the visitors to fennel flowers. However, in one 
crop Apis mellifera was reduced in numbers due to competition from a more attractive 
flowering weed species, and the dominant visitors were flies. Other insects reported by 
Giudici (1991) to be effective pollinators, even though present in small numbers, were 
native bees and various moths and butterflies This gives credibility to the earlier 
hypothesis that fennel has many characteristics which make it compatible with a multitude 
of vectors. Some members of the order Coleoptera were also reported to be pollinators 
by Giudici (1991) although not as effective as the Hymenoptera, Diptera or Lepidoptera. 

Giudici (1991) studied pollination in fennel by the use of cages to exclude various sized 
insects from secondary umbels. Perforated cellophane bags reduced seed set to 7%, 
while a cage excluding honey bees maintained a seed set of 66%. Unfortunately no 
estimate of seed set for uncaged umbels is reported. The drop in seed set was thought to 
be due to the exclusion of pollinators. However, at a second site no significant loss in 
seed set was brought about by a gauze cage which also excluded insects. The low fruit 
set of flowers in the perforated cellophane bags was probably due to alterations in the 
micro-environment and humidity which led to a fungal disease killing the pollen or 
otherwise preventing fertilisation (Giudici, 1991 ). A second hypothesis is that air 
circulation through the gauze allowed wind pollination to take place but that this was 
prevented by the cellophane bag. At this second site seed set was low for all treatments 
(around 30%) and no significant difference was found between controls and treatments 
which excluded large insects only, large and medium sized insects or all insects. 
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It appears likely that pollination vectors are plentiful in Tasmanian crops and that poor fruit 
set in fennel is caused by some other factor. This may be a physiological problem such 
as water stress or it may be due to insufficient pollen production. It may be that although 
the pollinators are plentiful, they are somehow failing to transport the pollen, or perhaps 
that fertilisation is failing. An holistic approach to fennel crop production is required to 
pinpoint the problem before a solution can be sought. 

Section 5: Pollen Production. 

Environmental conditions play a significant role in the production of healthy pollen. For 
example, in Pietermaritzburg, 90% of Garica papaya pollen produced during late summer 
and early winter is viable (Allan, 1963a). Viability rapidly declines with the cool, wet 
conditions of winter and no healthy pollen grains are produced in the spring. However in 
warmer, sub-tropical climates, healthy pollen is produced all year round (Allan, 1963a). 
Temperature during pollen development also affects the post-anthesis physiology of 
pollen collected from walnut (Polito et al., 1991) and Brassica (Rao et al., 1992). 
Temperature controls the rupturing of the anthers and the release of pollen in grapes 
(Winkler, 1970). Fennel, being a summer flowering plant from the Mediterranean is 
expected to tolerate high temperatures during pollen development, but other 
environmental conditions during pollen development may affect pollen viability. 

Many plants in the family Umbelliferae produce andromonoecious umbels (Bell, 1971) 
including Coriandrum sativum (Palevitch (1985) citing Singh and Ramanujam, 1973 and 
Amruthavalli, 1978) Coriandrum sativum often has both perfect and staminate flowers in 
the same umbellule. While there are genetic differences between varieties, the ratio of 
perfect to staminate flowers is mostly dependent on developmental and environmental 
factors. 

Male sterility in the Umbelliferae has best been studied in carrots (Daucus carota ). 

Zenkteler (1962) found a small percentage of pollen grains in male fertile plants are 
collapsed and infertile. This averages about 15% but may vary between 2% and 20% 
even within closely adjacent flowers in a single umbellule Other incompletely male sterile 
plants occur, where the primary and secondary umbels may be male sterile but later order 
umbels are fertile (Banga et al., 1964). 

Male sterility in fennel may be contributing to poor fruit set through reducing the amount of 
pollen available, but is not likely to be the only cause of the very low levels of fruit set 
often experienced in Tasmania. From an agricultural point of view 100% flower set is 
usually desirable but this is not necessarily so from an ecological point of view. Holtsford 
(1985) in Gottsberger (1989) gives three potentially important functions of flowers which, 
under normal circumstances, do not produce fruit. These functions are the dissemination 
of pollen, the ability of the plant to set more seeds under favourable conditions and the 
ability of the later flowers to set if the first flowers do not. There is also the possibility that 
larger flower clusters may attract more pollinators. Fennel may have evolved more 
flowers than it can support under normal growing conditions. 
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Section 6: Pollen Grain. 

The Umbelliferae is a stenopalynous family. The pollen grains are almost always 
radiosymmetric. Radiosymmetric grains have more than two vertical planes of symmetry, 
always with equilong equatorial axes. The pollen grains of Umbelliferous plants 'are 
usually tricolporate (Erdtman, 1952). 

Tricolporate (tri-colp-or-ate) is derived from: 
tri 
col pi 

orus (plural ora) 

meaning three 
meaning furrows or equatorial, elongate apertures with one of their 
axes, usually the longest, crossing the equator 
the underlying structure of a composite aperture which differs in 
size, shape or both from the overlying aperture. 

Tricolpate (including tricolporate) grains have four planes of symmetry, one transverse 
and coincident with the equatorial plane, and three vertical (longitudinal) extending from 
the furrows, past the polar axis to the wall opposite (Moore et al., 1991 ). 

A pollen grain has no cuticle as is usual for exposed plant cells (Ager, 1984) but instead 
has two coats; an inner coat called the intine and an outer called the exine (Moore et al., 
1991 ). The exine is the patterned layer and is made up of wall units surrounded by an 
outer layer of sporopollenin, a resistant polymer. The exine encloses the pollen grain 
except at the germ pore where it may be reduced in thickness, absent or present as a cap 
or operculum (Ager, 1984). The exine is made up of two to three layers (Moore et al., 
1991) the outer-most being the sexine (Erdtman, 1952). In the Umbelliferae the sexine is 
tegillate (Erdtman, 1952) or has a pronounced texture which is dotted or reticulated in 
surface view (Moore et al., 1991 ). 

The intine is thought to be largely derived from gametophytic gene expression while the 
exine 1s largely derived from sporophytic gene expression. The exine is produced by the 
sporophytic tapetal layer and the species specific sculpturing patterns of the exine are 
determined by the sporophyte (McCormick, 1991 ). 

Of angiosperm families, 68% shed bi-nucleate pollen (Brewbaker, 1967; Mulcahy and 
Mulcahy, 1983) in which the division of the generative nucleus does not take place until 
germination (Keeton, 1980). The remaining 32% have some or all species shedding tri
nucleate pollen (Brewbaker, 1967; Mulcahy and Mulcahy, 1983) in which the division 
generative nucleus has already occurred (Keeton, 1980). The separation of species into 
bi- and tri-nucleate pollen however may not always be clear. For example in the genus 
Populus the mitotic division to form the tri-nucleate state occurs shortly before, during or 
after pollen shedding, leading to 10 - 20% of the grains being bi-nucleate at dehiscence 
(Hamilton and Langridge, 1976). There is probably a continuum of species from those in 
which the generative nucleus divides very early in development right through to species 
where the division does not occur until after pollen tube growth has commenced. The 
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need to classify species is important when collating information to determine factors 
controlling the physiology of pollen and the related metabolic processes even though the 
two groups are actually the two ends of a continuum of pollen grain maturity at the stage 
of anthesis (Gardner, 1974). 

Brewbaker (1967) reported that the family Umbelliferae, including the genus Foeniculum, 
has tri-nucleate pollen. This is supported by Gardner (1975) who found that the members 
of the Umbelliferae of New Zealand shed their pollen in the tri-nucleate condition. Most 
families are consistent with respect to this trait (Brewbaker, 1967). 

The division of the generative nucleus, whether before or after pollen germination, is polar 
(Ager, 1984) and the resulting sperm cells are dimorphic (Russell, 1984). Division gives 
rise to one sperm cell which has a large content of mitochondria while the other has a 
high plastid content (Ager, 1984). The pollen grain sperm cells are situated in the 
cytoplasm of the vegetative cell and are not separated by cell walls but by plasma 
membranes. 

In Plumbago zeylanica the larger sperm cell has a long cellular projection (-30µm) with 

which it maintains a close association with the vegetative nucleus and the two sperm cells 
are linked by a common cross wall with plasmodesmata (Russell, 1984). When the nuclei 
are linked they are collectively referred to as a male germ unit. 

The male germ unit also exists in Sambucus nigra (Charzynska and Lewandowska, 
1990) and Brassica (Ager, 1984). In peanuts (Arachis hypogaea ), pollen is bi-nucleate. 
The close association between the generative cell and the vegetative nucleus at anthesis 
suggests that a male germ unit may be forming (Xi, 1991 ). While no literature describing 
the sperm cells in fennel is available, it is expected that a male germ unit would exist, 
prior to anther dehiscence. 

The vegetative nucleus is not a degenerate structure as suggested by the early literature. 
In Tradescantia, although initial tube growth proceeds without DNA control, continued 
growth requires active control by the vegetative nucleus (Mascarenhas, 1966). 

Tri-nucleate pollen has a shorter lag time to germination and a faster rate of tube growth 
than bi-nucleate pollen. The reason for this is thought to be that tri-nucleate pollen grains 
are shed with their complement of mitochondria fully developed. They are capable of 
attaining maximum oxidative phosphorylation very quickly. In contrast, bi-nucleate pollen 
are shed with incomplete mitochondria which continue to develop during the lag phase 
between pollen depositipn on the stigma (or an appropriate medium) and germination 
(Hoekstra and Bruinsma, 1975; Hoekstra, 1979; Hoekstra and Bruinsma, 1979). The 
widely different rates of respiration rates of bi- and tri- nucleate pollen, have an intrinsic 
biochemical basis (Hoekstra and Bruinsma, 1980). A fully developed metabolic state is 
probably the prerequisite to division of the generative nudeus and this is probably the key 
to rapid fertilisation rather than the tri-nucleate state itself (Hoekstra and Bruinsma, 1979). 
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Section 7: Pollen Collection and Storage. 

One of the most difficult problems in studying pollination and fertilisation is synchronising 
the production of pollen with stigma receptivity and in obtaining viable pollen at precisely 
the desired time. Since, under natural conditions, fennel pollen is only viable for a few 
hours (Baswana, 1984), study will be facilitated if pollen can be collected and stored. The 
results of research into the conditions affecting the viability of stored pollen is available for 
a number of species but there is no specific information on the storage of fennel pollen. 

The loss of pollen viability is generally related to enzyme inactivation and the metabolism 
of endogenous substrate in the pollen. This causes the metabolic processes, responsible 
for germination, to fail (Johri and Vasil, 1961; Stanley, 1973). A higher metabolic rate 

indicates a higher respiration rate, which is in turn correlated with reduced longevity or 
more rapid loss of viability (Hoekstra and Bruinsma, 1975). Tri-nucleate pollen, with its 

higher metabolic rate, is a less dormant dispersal organ than bi-nucleate pollen (Hoekstra 
and Bruinsma, 1975; Hoekstra, 1979)). Fennel pollen, being tri-nucleate, is expected to 

have a short lifespan. Factors which decrease the metabolic rate should prolong the life 
of the pollen. 

A stable environment is more conducive to pollen longevity than a fluctuating one. 

Decreasing the air pressure by storing the pollen under vacuum or increasing the carbon 
dioxide or nitrogen concentration of the air usually increases the longevity of pollen while 
increasing the oxygen content decreases longevity (Johri and Vasil, 1961 ). Allan (1963a) 

tested the effect of removing C02 from the storage atmosphere of Caraca papaya pollen 

but found this had a detrimental effect on pollen viability. 

Usually, pollen longevity is negatively correlated with relative humidity and temperature. 
Drying pollen, prior to storage and storage at low temperatures, extends the life of pollen 

of many species (Johri and Vasil, 1961 ), including pecan ( Carya illinoensis) (Yates et al., 
1991 ), endod (Phytolacca dodecandra ) (Demeke and Hughes, 1991) and Eucalyptus 

regnans (Griffin et al., 1982). Fresh pollen generally contains water, which gives it a 

higher metabolic rate than dried pollen. Rehydrated pollen also has a higher metabolic 

rate than dried pollen (Hoekstra and Bruinsma, 1975). Exceptions do exist e.g. for 
Garica papaya pollen an atmosphere of 50% relative humidity is best and extremes of 

humidity are detrimental (Allan, 1963a). 

Diluents such as powdered egg albumin, casein or talc may be used to improve the 
storage of pollen by regulating the moisture around the pollen grains. They also help to 
reduce the wastage of valuable pollen in artificial pollinations. However, diluents cannot 
be used with pollen of a sticky nature because they cause it to clump together. A diluent 
of the opposite electrostatic charge to the pollen may also aggregate around the pollen 
grains preventing good contact with the pistil (Johri and Vasil, 1961 ). 
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Section 8: Tests for Pollen Viability. 

For controlled pollinations, a quick, easy test of pollen viability is desirable. Knox (1984) 
reports three main methods used in determining pollen quality: seed set, pollen culture 
and cytological staining. In the current project the use of seed set as an indicator is not 
the preferred alternative since poor seed set is the subject of the project and pollen 
viability may be one of its causes. Pollen culture is perhaps the best alternative. 
Unfortunately, tri-nucleate pollen rarely germinates satisfactorily in vitro although bi
nucleate pollen generally does (Brewbaker and Majumder, 1959). If pollen germination in 
vitro is not possible other techniques must be used to test for pollen viability. 

Tetrazolium stains are often used as indicators of pollen viability. Tetrazolium salts are 
not dyes per se, but upon reduction, form deeply coloured water insoluble pigments 
known as formazans (Glenner, 1961 ). Nitro-blue tetrazolium is the most widely used of 
the tetrazolium salts for histochemical staining and is used to detect oxidative enzyme 
systems (Glenner, 1969). It produces an amorphous, fine, pure blue-black formazan 
precipitate (Glenner, 1969) by the following reaction: 

NBT + 4H+ 7. formazan + 2HCI (Gurr, 1960) 

When used for testing seed viability temperatures between 20°c and 45°C have no effect 
on the accuracy of a tetrazolium test but staining proceeds faster at higher temperatures. 
In general staining proceeds twice as fast at 30°C as at 20°c (Grabe, 1970). It is 
assumed that this principle also applies when testing pollen. 

Cytological staining, such as with tetrazolium, also has inherent problems. It may show 
the pollen is still alive but not whether it is capable of germinating. Aster pollen (tn
nucleate) loses its ability to germinate either in viva or in vitro twice as fast as it loses its 
ability to respire (Hoekstra and Bruinsma, 1975). Tetrazolium stains detect respiration 
and can give a positive test for viability even after germination ability has been lost 
(Hoekstra and Bruinsma, 1975). 

Section 9: Pollen Germination and Tube Growth in vitro. 

Pollen germination in vitro requires that pollen is placed in a suitable medium and 
environment. This can be shaking liquid culture (Demeke and Hughes, 1991) or standing 
drops on cover slips on moist filter paper in a petri dish (Brewbaker and Kwack, 1963). 
Hanging drops are commonly used and sometimes agar media (Allan, 1963b). 

Most germination media contain a sugar energy source and many contain inorganic salts, 
particularly boric acid and calcium salts. Other components, both organic and inorganic, 
may be added to improve both germination and tube growth. 

Sucrose is the most common sugar used to promote in vitro germination and tube 
growth. It acts both as an energy source and to increase the osmotic potential of the 
medium (Johri and Vasil, 1961 ). The basal medium for most germination studies contains 
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10% sucrose (Brewbaker and Kwack, 1963), however the optimum concentration varies. 
Endod (Phytolacca dodecandra ) requires 10% sucrose (Demeke and Hughes, 1991 ), 
where as, Eucalyptus pollen was found to germinate best in a solution of 30% sucrose, 
with tube growth best in 20% sucrose (Potts and Marsden-Smedley, 1989). 

The optimum sucrose concentration for maximum in vitro germination and tube growth is 
often greater for stored pollen than for fresh pollen. The required sucrose concentration 
usually increases with the age of the pollen, probably due to respiration reducing the 
levels of endogenous sugars (Johri and Vasil, 1961 ). 

Portnoi and Horovitz (1977) compared the presence of sugars in stigmatic exudates with 
the sugar requirements of pollen for in vitro germination. Glucose, sucrose and fructose 

were all found in the stigmatic secretion of Yucca aloifolia. Pollen of this species 
germinated in artificial media containing sucrose and glucose but in media containing 

fructose germinated only if calcium and boron ions were also supplied. However, the link 
between the sugary nature of stigmatic exudate and the germination of pollen in sugar 

artificial media may be misleading. For example, although the stigmatic fluid of Zea mays 

contains no sugars there are reports of its pollen germinating in artificial sugar media 
(Portnoi and Horovitz, 1977). 

Several researchers have shown the presence of boric acid in stigmatic extracts (John 
and Vasil, 1961) and have demonstrated that boron is either necessary for, or at least 
improves, in vitro pollen germination and tube growth (Johri and Vasil, 1961; Stanley, 

1973; Demeke and Hughes, 1991 ). Most basal media include 1 OOppm boric acid 
(Brewbaker and Kwack, 1963). Plant nutrition influences the amount of boron in the 
pollen. Pollen with higher endogenous levels of boron, requires less exogenous boron to 
germinate than when boron levels are reduced at microsporogenesis (Stanley, 1973). 
Pollen grains can tolerate levels of boron much higher than those which are toxic to plant 
growth (Johri and Vasil, 1961). 

Boron appears to be involved in carbon metabolism (Stanley and Lichtenberg, 1963) and 

probably acts in the regulation of sugar uptake, translocation or cell wall production (Potts 
and Marsden-Smedley, 1989). Peter and Stanley (197 4) found that boron did not 

accumulate to any extent in any one cell fraction of germinating pear (Pyrus communis) 

pollen, probably reflecting a constant amount per unit dry weight of membrane (Peter and 
Stanley, 1974). Jackson (1989) hypothesised a role for boron in forming complexes with 

the mannose and fructose residues of the oligosaccharides of glycoproteins, possibly 
leading to the "capture" of pollen proteins for membrane and cell wall building processes. 

In studying in vitro germination of pollen, several authors have shown a pollen population 
effect to exist (Brewbaker and Kwack, 1963). For a given volume of germination medium, 
a small number of pollen grains will not germinate but if the pollen population is increased 
then the percentage of successful germination also increases. Pollen tube growth 
continues for much longer at higher pollen population densities. The critical pollen 
concentration varies with different plant species (Brewbaker and Kwack, 1963). 
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Brewbaker and Majumder (1961) found the small population effect could be overcome by 
a water soluble, extractable factor from pollen and other plant parts. This was later 
suggested to be calcium (Brewbaker and Kwack, 1963). However, although calcium was 
essential it could not act alone but required the support of one or all of potassium, sodium 
or magnesium. Pollen tube growth was more sensitive to calcium than germination. In 
the presence of calcium the tubes were longer and straighter. This contradicts Stanley 
(1973) who states that 0.01 M potassium or sodium or 0.001 SM magnesium inhibits tube 
growth. Demeke and Hughes (1991) found that KN03, Ca(N03)2.4H20 and MgS04.7H20 

did not promote germination of endod (Phyto/acca dodecandra) pollen and high levels of 
KN03 and Ca(N03)2.4H20 decreased the percentage germination. 

Bednarska (1989) also studied the effects of exogenous calcium ions on in vitro pollen 
germination and tube growth and found that exogenous calcium is used to form a calcium 

gradient in the pollen grain prior to germination, and in the tube during growth. ca2+ ions 

enter the cell via calcium channels in the tube tip. Raising or lowering the ca2+ ion level 

disrupts pollen grain germination and pollen tube growth. 

It appears that each species has its own requirements for in vitro pollen germination and 
that compounds essential for one species may inhibit germination in another. 

Various other substances have been tested for their effect on pollen germination and tube 
growth. Although stimulatory to pollen of Brassica oleracea (Sedgley, 1973 cited by 

Szember and Woclor, 1991 ), flavenoids and other phenolic compounds were found to 
inhibit germination and in vitro tube growth of sour cherry pollen (Szember and Woclor, 

1991 ). The effects were concentration dependent, with concentrations of 0.001 mg/ml 

having no effect and 0.1 g/ml almost completely inhibiting germination. At 0.01 mg/ml some 
level of inhibition of both germination and tube growth occurred. Phenols occur naturally 
in the stigmatic exudate of Forsythia (Dumas, 1974) and consequently would be unlikely 
to inhibit germination of this species. 

Alcoholic extracts of various plant parts (both reproductive and vegetative) were tested for 

substances which would promote germination and tube growth of Catharanthus roseus 

pollen. Extracts of leaves, young fruits, mature fruits and seeds all contained inhibitors. 

No promoters were found, not even in extracts of the ovary (Rauf and Khan, 1989). 

IAA, GA3 and Ethephon were all shown to enhance the length of pollen tubes of 

Crotalaria in both water and a basal medium containing 3% sucrose and 20mgtl boric 
acid (Bhandal and Malik, 1980). The study showed that all three growth regulators also 
promoted the biosynthesis of membrane lipid components, although their modes of action 
could not be elucidated (Bhandal and Malik, 1980). 

Matsubara (1973) has shown that some steroids, with particular configurations, including 
testosterone, androstenolone and 4-Androstene-3,17-dione, have a stimulatory effect on 
the in vitro germination of Chrysanthemum leucanthemum pollen. 
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The addition of 1 mM Tris to the pollen germination medium of Brassica pollen greatly 
improves the reliability of both pollen germination and tube growth. Although the effect of 
Tris may be in part due to its effect on pH it also has a direct effect on metabolism in vitro. 
Tris is not a naturally occurring compound and therefore cannot be acting in viva 
(Szember and Woclor, 1991 ). 

Erratic germination of pollen in vitro is probably most often due to the unevenness in the 
pollen samples (Johri and Vasil, 1961 ). Pollen viability is highly dependent on the micro
environment surrounding the grains during each stage of development, anthesis and 
storage and it is difficult to obtain uniform samples. Flower age and time since anthesis 
bqth affect the viability of pollen. The failure of pollen to germinate in vitro does not 
mean it is incapable of producing fruit set. Pollen which gives only 30 - 60% germination 
in vitro still produces satisfactory fruit set in the field (Johri and Vasil, 1961 ). 

Section 10: Pollination. 

Pollination takes place when the pollen grains are liberated from the anther and 
transferred to the stigmatic surface (Bell, 1991 ). Pollination is the event of transferring 
pollen and should be distinguished from the events which take place on the stigmatic 
surface. 

Of all insects, honey bees are generally considered to be the most efficient pollinators. 
This has been tested on carrot (Daucus carota) seed crops which are representative of 
the Umbelliferae. Plots of carrot plants caged with honeybees set seed equally as well as 
uncaged plots. Some seed set occurred in plots caged to exclude all but some very small 
insects. These insects probably acted as pollen vectors but some set was believed to 
occur via plant-to-plant contact and pollen moving through the air (Hawthorn (1956) cited 
by Free (1970)). Some of the smaller insects, although numerous in the carrot seed crop, 
were very inefficient pollinators due to their small size and in addition, they removed 
nectar and pollen which would otherwise be available to bees. In this way they were 
actually detrimental to good pollination (Free, 1970). 

Wilson et al. (1985) tested honey bees (Apis mel/ifera ), flies (Musca domestica) and a 
combination of both, for their ability to pollinate caged field plots of carrots. Honey bees 
alone proved to be better pollen vectors than flies alone but the species complemented 
each other and the best set was produced when they worked together. Seed weight and 
germination percentage were not affected. Insect pollination was more efficient than 
hand pollination and produced better set. The better set was attributed to the greater 
persistence of the insects (Wilson et al., 1985). 

In Section 4, the type of pollinators to which fennel is adapted were discussed, leading to 
the conclusion that fennel is adapted to both wind and insect pollination. Since the 
grower can have some control over the population of bees in an area and these are 
probably the most significant individual pollen vector in Tasmania, the behaviour of bees 
(Apis spp.) will be discussed in more detail. 
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Pollen collector bees are generally thought to be better pollinators than nectar collectors 
(Jay, 1988; Galen and Stanton, 1989). Pollen gatherers carry more pollen on their bodies 
and move backwards and forwards across the umbels, scraping pollen together from their 
legs and antennae. Nectar gathering bees do not move around to the same extent (Free, 
1970). However, the pollen of pollen gatherers tends to be packed into corbiculae while 
nectar gatherers tend to have more foreign pollen and are probably important in cross 
pollination (Free, 1965). 

Research has been conducted into methods by which the numbers of pollen collectors in 
commercial crops may be increased in order to increase pollination. Such methods 
involve attempting to decrease the time spent by the bees in gathering nectar and to 
increase the time spent gathering pollen. These methods include using pollen traps to 
remove pollen from bees returning to the hive and feeding the colonies with honey or 
sugar syrups (Jay, 1988). 

Honey bees forage from many plant species throughout the flowering season but in the 
short term show both species and site constancy. The level of constancy of honey bees 
depends largely on the type of forage vegetation. When there are small numbers of many 
plant species present, constancy is reduced. In a crop situation with many flowers of the 
one species, honey bees tend to collect pure pollen loads (Free, 1965). 

Honey bees may desert a target crop if other more rewarding plants are flowering nearby. 
Giudici (1991) found that, in Tasmania, bees were attracted to several species in 
preference to fennel. These included boxthorn, clover, rapeseed and peppermint. If bees 
were absent· from the fennel crop, flies (order Diptera) assumed the role of pollinators 
(Giudici, 1991). Butterflies were also pollinators but were more scarne (Giudici, 1991). 
Crop management to reduce the presence of competitive species should improve the 
pollination of fennel. 

In a crop situation a single honey bee on a single foraging trip keeps to an area 4 - 5 
yards (4.5 m) in diameter, but the actual size of foraging areas is variable and depends on 
the abundance of the pollen and nectar source and the amount of competition from other 
foragers (Free, 1970). Bees continue to return to the same small area until the supply of 
food is diminished. They then have a tendency to search out a new area within the near 
vicinity of the original area (Free, 1970). Over many trips they cover a much greater 
area. Bees leaving the hive have several thousand pollen grains on their bodies. At least 
some of this pollen is likely to be viable and capable of pollinating flowers on the current 
foraging trip (Free, 1965). Fennel flowers profusely so the forage areas of bees are likely 
to be small. Since fennel is protandrous flowers of different ages must be close to one 
another to facilitate good pollination. 

Bees generally do not forage every open flower on an herbaceous plant, nor do they 
forage every flower on a head, but rather visit several plants in one foraging trip. When a 
bee leaves a flower it is more likely to go to another flower on the same plant than to go to 
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another plant, however only a small proportion of flowers on any one plant will be visited 
in a single foraging trip (Free, 1970). Geber (1985) found 80% of moves were to nearest 
neighbours. The proportion of flowers visited per plant and the number of flowers of one 
head visited in a single trip increases with nectar content (Free, 1970). Bees tend to 
move around the perimeter of the plant (Geber, 1985). Natural stands of plants are not 
as extensive nor as uniform as crop plantings and the movement of pollen within a crop 
may differ from pollen movement in natural stands. 

Although not closely related, fennel and meadowfoam (Limnanthes alba ) have some 
characteristics in common. Meadowfoam is grown as an oil seed crop and has flowers 
which are self-compatible, protandrous and entomophilous. Cultivated meadowfoam 
flowers profusely and is primarily pollinated by honey bees (Norberg et al., 1993), 
characteristics which it shares with fennel. 

Jahns and Jolliff (1990) attributed poor seed set in meadowfoam to insufficient pollen 
deposited per stigma. Seed set was shown to increase linearly With the number of bee 
visits to the receptive flower. The number of bee visits was also correlated with the 
number of pollen grains deposited and pollen deposition was in turn correlated with seed 
set. Hand pollination of plants in the glasshouse showed that seed set could be 
increased with adequate pollination and although glasshouse trials cannot be directly 
extrapolated to the field, it did appear that poor seed set in the field was the result of poor 
pollination (Jahns and Jolliff, 1990). 

When a bee is foraging on a flower and another insect or bee approaches one or both is 
likely to fly off (Free, 1970). Therefore high insect population densities are likely to result 
in greater pollination through greater insect movement, as well as through greater 
numbers of pollen vectors. 

Norberg et al. (1993) attributed poor seed set in field grown meadowfoam to poor 
synchrony between bee activity and stigma receptivity. This was due to bees being 
attracted away from crops and on to competing flowers and also to unfavourable weather 
conditions for bee activity (Norberg et al., 1993). Meadowfoam stigmas are receptive for 
only 1-4 hours after anthesis depending on temperature conditions (Kalin (1971) in 
Norberg et al. (1993)). 

The foraging behaviour of honey bees is strongly influenced by the prevailing weather 

conditions. Winds in excess of 9ms-1 hindered honey bee activity and the number of visits 

to meadowfoam flowers was significantly reduced compared with the visitation rate in 
warm, dry, calm weather (Jahns and Jolliff, 1990). In unfavourable weather bees tend to 
stay close to the hive (Free, 1970). When possible bees prefer to work in close proximity 
to their hives rather than at a distance (Free, 1970), saving both time and energy which 
would be wasted in travelling. Placing hives throughout the crop rather than in one area 
is likely to improve pollination, especially in unfavourable weather. The hives should be 
placed preferentially in the centre of the crop and not on its boundary. 
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Section 11 : The Pistil. 

A generalised pistil is tripartite, consisting of the stigma, the style and the ovary 
(Ager, 1984). The stigma is a gland which is comprised of cells for pollen reception and 
germination (Dumas, 1974; Ager, 1984). The style supports the stigma and provides 
tissue through which the pollen tube grows (Ager,1984). The ovary contains one or more 
ovules each containing an embryo sac. The embryo sac contains the target cells of 
pollination: the egg cell and the central cell The central cell has two polar nuclei which 
take place in double fertilisation (Ager, 1984). 

The stigma becomes receptive to pollination between several days prior to anthesis and 
several days later (Owens, 1992). In protogynous and protandrous species, the timing of 
stigma receptivity is strictly related to anther dehiscence (Owens, 1992). 

Two types of stigmas occur: wet and dry (Ager, 1984 ). Wet stigmas are observed to be 
covered with copious amounts of liquid exudate while dry stigmas have only an adhesive 
coating (Ager, 1984). In wet stigmas receptivity often coincides with the accumulation of 
stigmatic secretions (Owens, 1992). The stigmatic surface of species in the family 
Umbelliferae is of the wet type and bears a fluid secretion at maturity (Heslop-Harrison 
and Shivanna, 1977). The receptive surface is non-papillate and the cells are often 
necrotic at maturity (Heslop-Harrison and Shivanna, 1977). The fennel flower stigma 1s 
receptive for four days (Pillai and Namb1ar, 1982) and since fennel has a wet stigma it will 
secrete mucilage during this time. 

Wet and dry stigma types are probably the two ends of a continuum. The difference 
between the two appears to be the presence of a cuticle in the dry types, which covers 
and protects the mucilage and prevents its dehydration (Clarke et al., 1977). The cuticle 
may be referred to as a pellicle, as by Mattsson et al. (1974) (cited by Vasil, 1974). In 
wet-type stigmas, it appears that the pellicle exists in the immature stigma. As the stigma 
matures, cells in the sub-epidermal zone form a secretary zone and accumulate exudate 
in schizogenous cavities. When the stigma becomes receptive, the cuticle bursts, 
releasing the exudate, which spreads over the stigmatic surface (Dumas, 1974; Vasil, 
1974; Clarke et al., 1977; MacKenzie etal., 1990). 

There are two principal types of styles, which again form the ends of a continuum. These 
are open and closed styles. A third, or semi closed style, recognised by some authors, is 
infermediate between the two. In open styles, the pollen tube grows through a stylar 
canal, while in closed styles it grows intercellularly through a core of transmitting tissue. 
In the intermediate stage the tube grows through an area of cell debris (Vasil, 1974; Ager, 
1984; Owens, 1992). The stylar canal is lined by a well developed glandular epidermis 
the function of which is to secrete mucilage (Vasil, 1974; Ager, 1984). 

In most closed style systems, the transmitting tissue route is divided into two zones. The 
first is a glandular zone and this leads to a second zone of stylar transmitting tissue 
connecting the stigma to the ovary. The stigmatic zone usually has spherical cells while 
the transmitting tissue usually has elongate cells, fusiform in the axial direction. These 
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cells have relatively thick, pectocellulosic cell walls. The transmitting cells are 
interconnected by plasmodesmata and are secretory. They provide a guiding tissue for 
the pollen tube and possibly also a means of electrical or other signal between the ovary 
and the stigma. The transmitting tissue cells secrete an intercellular matrix which 
provides guidance to the pollen tubes (Ager, 1984). 

Both the transmitting cells in closed styles and the epidermal cells of the stylar canal in 
open styles appear to have a high metabolic rate and are involved in the nutrition of the 
pollen tube (Vasil, 1974). The structures of the surrounding organs and tissues may serve 
to guide the pollen tube (Owens, 1992). 

Section 12: Pollen/Stigma Interactions and Pollen Germination in viva. 

Upon landing, the pollen sets off a series of reactions which enable the stigma to 
distinguish own species pollen from foreign pollen and often to distinguish self pollen from 
other pollen of the same species. The interactions are basically of the lock and key 
chemical type and are transmitted and received by both the pollen and the stigma cell 
since the interactions are mutual. Acceptance leads to pollen germination while rejection 
leads to pollen tube inhibition (Ager, 1984). Both the genotype of the pollen and the 
environment affect pollen viability and may preclude or reduce germination and slow tube 
growth (Owens, 1992). Pistil viability has two components (i) stigma receptivity and (ii) 
ovule viability. 

Both chemical and physical signals are used in pollen-pistil interactions. The exine is 
intricately sculptured and the arcades are filled with an extra-cellular matrix of proteins, 
glycoproteins, carbohydrates, lipids and pigments. These may be involved in interactions 
with the stigma and control pollen germination, penetration of the stigma by the pollen 
tube and early tube growth (Vasil, 1974; Knox, 1984). Bi-nucleate pollen has greater 
quantities of surface compounds than tri-nucleate pollen (Kirby and Smith, 1974). The 
exine has an outer membrane, the exinic layer which has been implicated in pollen pistil 
interactions as the first membrane-like layer to come in contact with the pistil. The pellicle 
of the stigma also has some membrane-like properties and may be involved in the 
regulation of pollen rehydration (Knox, 1984). 

Enzymes and simple chemical constituents diffuse out of the pollen grain even before the 
appearance of the pollen tube (Stanley, 1973). Pollen grains release proteins and other 
chemical moieties to solubilising solutions at different rates and in different quantities, 
depending primarily upon their species but also to a lesser degree, upon the extracting 
solution. The growth reactions of pollen and the compatibility response of plants will 
presumably be influenced by such differences (Stanley and Search, 1973). Tube growth 
can be modified by chemicals in the female tissue and external chemicals can be 
incorporated as building moieties, growth stimulators or inhibitors (Stanley, 1973). 
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A key step to pollen fertility is pollen rehydration on the stigma during male-female 
recognition (Dumas, 1984). Germination cannot occur until the pollen grain has been 
rehydrated (Heslop-Harrison, 1979; Owens, 1992). The passage of water into the grain is 
regulated by the cuticle of the stigma papillae and by the apertural mechanisms of the 
pollen grain (Vasil, 1974). 

The stigma and stigmatic exudate primarily provide favourable conditions for the 
germination of the pollen grain. They may or may not be involved in a nutritive capacity 
depending on the species (Vasil, 1974). Pollen of species with wet stigmas is expected to 
be more easily germinated in a liquid or semi-liquid in vitro medium than pollen of species 
with dry stigmas (Heslop-Harrison and Shivanna, 1977). Stigmatic exudate is a viscous, 
refractive and adhesive substance. It has a high surface tension and so generally forms 
tiny droplets (Vasil, 197 4). 

Stigmatic exudate may be carbohydrate based e.g. Lilium longif/orum (Labarca et al., 
1970) or it may be lipoidal in nature (Dumas, 1974; Vasil, 1974; MacKenzie et al., 1990). 
The lipoidal stigmatic exudate of Petunia traps a thin layer of water and plays a role in 
the germination of pollen (Vasil, 1974). It protects the stigma against desiccation and 
wetting, traps pollen grains and regulates their rehydration (Vasil, 1974). It probably 
provides protection for the fragile pollen tubes during germination and growth (Labarca et 
al., 1970). 

In Petunia the exudate provides no nutritive role and is therefore not suitable for the in 
vitro germination of pollen (Vasil, 1974). However in Lilium longif/orum both the low and 
high molecular weight fractions of the exudate stimulate pollen germination and tube 
growth in vitro (Labarca et al., 1970). The acidic polysaccharide portion of the exudate 
also functions as a source of carbohydrate for tube wall biosynthesis during pollen 
germination and tube development in vitro and in viva (Labarca et al., 1970). 

Stigmatic exudate may contain phenolic compounds (Dumas, 1974; Vasil, 1974). These 
probably serve as a source of nutrition for the pollen and may selectively stimulate or 
inhibit germination (Vasil, 1974). They also conserve the sugars of the stigma by 
protecting them from insects and other pests (Vasil, 1974). It is suggested that enzymes 
diffusing out of the pollen grains on the stigma release free sugars from the phenolic 
glycosides which then provide a proper osmotic medium for the germination of the pollen 
and initial nutrition for tube growth (Vasil, 197 4 ). 

Self-incompatibility is a genetically controlled means of preventing inbreeding and is 
determined by one gene locus with multiple alleles (McCormick, 1991 ). In bi-nucleate 
species, incompatibility between the pollen grain and the female sporophyte is usually 
due to inhibition of the tube in the style or ovary, often at the time of mitosis of the 
generative nucleus. It occurs by the action of the S-gene and is gametophytic 
(Brewbaker and Majumder, 1961 ). In the gametophyte system of self-incompatibility the 
phenotype of the pollen is determined by the genotype of the pollen (Anderson et al., 
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1984; McCormick, 1991 ). Tri-nucleate pollen is inhibited at the germination stage or 
during initial pollen tube growth in the stigma. This is under sporophytic control 
(Brewbaker and Majumder, 1961; Mulcahy and Mulcahy, 1983). In the sporophyte 
system the phenotype of the pollen is determined by the genotype of its diploid parent 
(Anderson et al., 1984; McCormick, 1991 ). 

It is possible to facilitate the germination of incompatible pollen by extracting the pollen 
wall proteins from compatible pollen and supplying these during interspecific crosses 
(Vasil, 1974). The pollen coat of Brassica seems to be made of lipo-proteins and these 
are related to "recognition " of the self-incompatibility response. With sporophytic self
incompatib11ity the attachment of pollen to stigma is important. This incompatibility may 
be overcome by removal of either surface or both. Roggen (1974) washed pollen in 
several solvents in attempts to remove their pollen coat. Alcohol killed the pollen but 
other solvents made the pseudo-incompatible clone fully compatible. These solvents did 
not affect setting in the self-incompatible clone. 

Washing Brassica pollen with water influenced seed set only in helping to remove the 
self-incompatibility response and improving seed yield. Pollen grains rehydrated in vitro 
showed a variable response to continuing growth when placed on compatible or 
incompatible stigmas (Roggen, 1974) 

Sporophytic proteins originate in the tapetum and are stored in cavities in the exine. 
These probably serve as recognition substance for pollen germination on the stigma. 
Gametophytic proteins are injected into the intine from the microspore cytoplasm during 
the growth of the cell wall. These are probably involved in the germination and early 
nutrition of the pollen grain and in gametophytically controlled incompatibility systems 
(Vasil, 1974). Sporophytic proteins leach out of the cavities of the exine within seconds 
after pollen lands on the stigma or is placed in an appropriate medium. Gametophytic 
proteins leach out more slowly but are detectable after several minutes (Vasil, 1974) 

Wet stigmas and bi-nucleate pollen are generally associated with gametophytic self
incompatibility. Inhibition of the pollen tube occurs in the style or even in th~ ovary in 
incompatible pollinations (Heslop-Harrison and Shivanna, 1977). Tri-nucleate pollen is 
generally associated with sporophytic self-incompatibility and inhibition occurs at or near 
the stigmatic surface (Heslop-Harrison and Shivanna, 1977). Tri-nucleate pollen in 
dicotyledons is generally associated with dry stigmas (Heslop-Harrison and Shivanna, 
1977), but the Umbelliferae have wet stigmas and tri-nucleate pollen. Prediction of the 
type of incompatibility is not possible. 

Self-incompatibility generates many responses depending upon the plant species but all 
result in either failure of the pollen grain to germinate or the premature cessation of pollen 
tube growth. Many of the responses trigger a callose production response which is 
different from that detected in fertile, compatible matings. In Brassica oleracea 
sporophytic self-incompatibility prevents the germination of self pollen and the normal 
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growth of self pollen tubes. After self pollination the stigma papillae synthesise callose 
(Singh and Paolillo, 1990). Nicotiana alata is gametophytically self-incompatible 
(Anderson et al., 1984). In both compatible and incompatible pollinations the pollen 
grains rehydrate on the stigma surface, germinate and produce pollen tubes. In 
compatible matings the tubes penetrate the stigma surface and grow through the cellular 
matrix to the ovary. Callose is laid down in these tubes in a regular pattern which gives a 
ladder-like appearance in micrographs. In incompatible matings tube growth is inhibited 
just below the stigma in the top 2-3 mm of the style. The pollen tube tips swell and 
sometimes burst. Callose deposition is irregular although it characteristically is deposited 
just behind the burst tips (Anderson et al., 1984). 

When pollen tubes grow in vitro or in incompatible styles growth ceases at approximately 
the time of the second mitosis i.e. formation of the tri-nucleate state. Highly significant 
differences were found in in viva growth rates of tubes in compatible, semi-compatible 
and incompatible pollinations approaching this time (Brewbaker and Majumder, 1961 ). 

Semi-vitro studies suggested that the plant growth factor(s) was consumed during growth 
and that incompatible pollinations prevented its production, utilisation or transfer from the 
style to the tube. 

Brewbaker and Majumder (1961) suggest the action of a plant growth factor is involved in 
the inhibition process. Small populations of bi-nucleate pollen do not germinate well in 
vitro. This can be overcome by the addition of aqueous, cell-free extracts of anthers 
(containing pollen), flowers or leaves. It was proposed that the factor was present in 
sufficient quantities to allow the initial tube growth of bi-nucleate pollen but that once it 
had been consumed, perhaps by the mitosis of the generative nucleus, an external 
source was required. Tri-nucleate grains were hypothesised to have sub-optimal levels of 
this substance. In fertile pollinations with tri-nucleate pollen, the substance is supplied by 
the stigma, in infertile crosses it is not. In fertile crosses of bi-nucleate pollen it is supplied 
by the style and in infertile crosses, it is not. The substance may be a mixture of one or 
more chemicals and may actually be a precursor for another chemical or have a 
modifying effect upon the action of another (Brewbaker and Majumder, 1961) 

According to Lewis (1965), the family Umbelliferae completely lacks self-incompatibility. 
Sundararaj et al. (1963) tested the self-fertility of fennel by hand-pollinating umbels with 
either self or cross pollen. Since without exception the flowers set seed, fennel is at least 
self-fertile, if not self-pollinating. No fruit were set in emasculated, bagged and 
unpollinated flowers, ruling out apomixis (Sundarara1 et al., 1963). 

Chaudhry (1959) found artificial self-pollination of fennel to give a 10% improvement in 
yield compared with natural selfing of umbels enclosed in muslin bags. Natural cross 
pollination gave double the seed yield and resulted in 70% set while artificial cross 
pollination improved this to 83% set. Muslin bags were recommended compared with 
butter paper envelopes since the latter interfered with the physiology of the plant 
(Chaudhry, 1959). This suggests a possibility of self-incompatibility, however, the lower 
seed yield with self-pollination may have been due to inbreeding depression. 
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Section 13: Pollen Germination and Tube Growth. 

The time between pollen arrival on the stigma and pollen germination is highly variable 
e.g. 75 seconds in Secale cereale and 180 minutes in Bauhinia pentandra (Owens, 
1992). In Lycopersicon peruvianum pollen grains on the surface of the stigma hydrate 

within 15 minutes and germination begins after 3112 hours. In a germination medium, 

hydration occurs within seconds and germination follows in 45 minutes (Ager, 1984). 
Garica papaya pollen grains germinate in vitro within 1 hour (Allan, 1963a). Hoekstra 
and Bruinsma (1975) report in vitro germination of tri-nucleate grains 1 o minutes after 
placement in the appropriate medium while germination of bi-nucleate grains takes 2 
hours. There is no adequate explanation for this time difference but it appears that dry 
stigmas are associated with more rapid germination than wet stigmas and that tri-nucleate 
grains germinate more rapidly than bi-nucleate grains (Owens, 1992). 

Pollen germination is temperature dependent (Owens, 1992) and environmental 
conditions may modify the intrinsic, genetically specified time frame. 

Following hydration the pollen tube emerges from one of the previously differentiated 
germinal apertures in the wall of the aperturate grains. In many types of pollen the tube 
tip is preformed in the germ pore (Ager, 1984). The pollen tube wall was originally 
thought to be an extension of the intine (Ager, 1984, McCormick, 1991 ). However 
Nakamura et al. (1979) showed that following rehydration a new layer is formed between 
the intine and the cell membrane of the pollen grain. This layer extends through the germ 
pore to become the pollen tube wall upon germination. 

Tobacco pollen tubes consist of two walls (Kroh and Knuiman, 1982). The inner walls 
were once thought to consist entirely of callose, however both the inner wall and the 
callose plugs have more recently been shown to contain, in addition to callose, microfibrils 
of cellulose and non-cellulosic microfibrils with pectin-like properties (Kroh and Knu1man, 
1982). A callose layer generally forms behind the tip and lines the tube membrane 
(Stanley, 1973). 

The pollen tube wall is formed in two regions. Tube extension occurs by wall formation at 
the tip through the addition of pectins and hemi-celluloses (Stanley, 1973; Nakamura et 
al., 1979). Callose wall formation occurs in the non-growing regions. Callose plugs form 
by the deposition of callose with fibrous material or the fusion of many callose grains in 
contact with the cell membrane (Stanley, 1973; Nakamura et al., 1979). Callose grains 
are formed by different organelles in viva and in vitro. In viva deposition is by the rough 
endoplasmic reticulum while in vitro it is from the lipid bodies (Nakamura et al., 1979). 
Callose also forms as a plug at the tip when growth ceases (Stanley, 1973). 

The nuclei of the pollen grain move into the pollen tube as it begins to grow. In bi
nucleate grains the generative nucleus (which is surrounded by a plasma membrane and 
is thus technically a cell though with very little cytoplasm) then divides giving rise to two 
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sperm cells. In tri-nucleate pollen, the two sperm cells are present before pollen 
germination and no further nuclear division takes place in the pollen tube. The pollen 
tube grows down through the tissues of the stigma and style and enters the ovary. When 
the tip of the pollen tube reaches an ovule, it enters through the micropyle and discharges 
the two sperm cells into the female gametophyte (Keeton, 1980). 

Pollen tube growth is bi-phasic or tri-phasic and growth rates vary with each phase. Initial 
growth through the stigma may be slow, followed by a faster rate of growth through the 
style and a return to slow growth through the ovary (Owens, 1992). The distinction 
between the first two phases appears to depend on the division of the sperm nucleus 
(Mulcahy and Mulcahy, 1983). Initial pollen tube growth in bi-nucleate pollen is slow but 
this phase is followed by more rapid growth. In contrast the rate of tube growth by tri
nucleate pollen is rapid from the outset and is comparable to the rate of the rapid phase 
of bi-nucleate pollen (Mulcahy and Mulcahy, 1983). Callose plugs are formed in tri
nucleate pollen tubes from the beginning of growth, whereas in bi-nucleate tubes there 
are Initially none. They begin to form simultaneously throughout the tube at a time 
coi,nciding with the change to rapid growth. This was first reported by Brink (1924) (1n 
Mulcahy and Mulcahy (1983)). Mulcahy and Mulcahy (1983) suggest that the change in 
growth rate, the formation of callose plugs and the cessation of bi-nucleate tube growth in 
incompatible styles corresponds to the stage of meiosis of the generative nucleus to form 
the tri-nucleate stage. The hypothesis was put forward that the first growth phase is 
autotrophic and the second phase is heterotrophic while tri-nucleate pollen tube growth is 
always heterotrophic and therefore cannot be supported by a simple medium. It was 
suggested that if the hypothesis were true, pollen tube growth should be comparable in 
viva as in vitro if the growth medium could be properly defined. 

Rosen (1973) in a discussion of the fine structure of pollen tubes gives cytological 
evidence for a transition from autotrophic to heterotroph1c growth in viva and for 
autotrophic growth in vitro. Autotrophic growth is shown by the production of vesicles at 
the tip arising from the ends of the dictyosome cisternae. These coalesce and contribute 
their membranes and contents to the compartmented cap which covers the growth zone 
at the tip of the tube. The overall appearance is that growth is achieved by utilising 
internal compounds. Tubes growing in situ appear to have a series of deep irregular 
embayments and the overall appearance is of materials moving into the tube. This 
evidence is however not conclusive (Rosen, 1973). 

In incompatible pollinations, where tube growth ceases after some penetration into the 
style, the tube tip has the appearance of autotrophic growth as in pollen tubes grown in 
vitro (Rosen, 1973). In incompatible styles, as in in vitro tube growth, the tip is a 
compartmented cap. Tubes growing in compatible styles have deep embaym~nts but no 
compartments. The difference is thought to be due to the difference between autotrophic 
and heterotrophic growth. Pollen tubes in incompatible styles are unable to grow 
heterotrophically and cease growth through the exhaustion of endogenous food stores 
(Rosen, 1973; Rosen etal. 1968 in Vasil, 1974; Rosen etal. 1966 in Vasil, 1974). 
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The time taken for the pollen tube to reach the ovary varies greatly between species 
(Russell, 1984; Owens, 1992 ) and may be in the order of minutes, hours or even weeks 
(Russell, 1984). The following are some examples from the literature: 

Plumbago zeylanica 

Macadamia 
Lycopersicum peruvianum 
Brassica campestris 
Crepis capillaris 

Prunus persica 

Rhododendron nuttallii. 

Rhododendron sp. 

81/2 hours 

-7 days 
16 hours 
6 hours 
30 - 60 minutes 
12 days 
8 - 9 days 
4-7 days 

(Russell, 1984) 

(Sedgley, 1983) 
(Hough et al., 1984) 
(Hough et al., 1984) 
(Owens, 1992) 
(Owens, 1992) 
(Owens, 1992) 
(Kaul et al., 1984) 

This variation presumably indicates the differences in the style length, the form of the 
stylar transmitting tissue and the ambient temperature (Owens, 1992). The speed of wall 
synthesis may be an important factor (Owens, 1992). Environmental factors such as 
temperature and humidity, other physiological conditions and even the physical position of 
the pollen grain on the stigma influence this timing (Russell, 1984). Within species pollen 
tube growth rates may vary with genotype (Kenrick et al., 1984 ). Even the composition of 
the pollen pool had significant effects on both pollen tube growth rates and pollen tube 
attrition for the self-compatible Erythronium grandiflorum (Cruzan, 1990). 

Pollen grains do not necessarily germinate simultaneously even if applied to the stigma at 
the same time. In Macadamia some pollen germination and initial tube growth occurs in 
the first 24 hours but germination is spread over time such that some pollen may 
germinate during the second day (Sedgley, 1983). 

Mulcahy and Mulcahy (1985) show clearly that the ovary itself has an effect on the rate of 
growth and the final length of the pollen tube. Tubes grown with the ovary intact were 
longer and grew faster than those where the ovary was excised. A semi-viva method 
was described which may be useful in studying this. 

Owens (1992) quotes tube growth rates varying from 3µms-1 to 0.07µms-1. Given that the 

style of fennel is not usually more than 3mm long, the predicted time taken from pollen 
grain germination to the time when the tube reaches the ovule lies between 16 minutes 
and 12 hours. Since fennel pollen is tri-nucleate it should have only a short germination 
time. However, fennel is of the wet type stigma which tends to have a greater lag period 
between pollination and pollen germination. 

Section 14: Megasporogenesis. 

Gupta (1964) gives a detailed description of megasporogenesis and embryo sac 
formation in fennel. This appears to be of the monocarpic form described by Foster and 
Gifford (1959) which is based on the condition originally classified by Maheshwari (1950) 
cited by Foster and Gifford (1959). 
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The essential features of fennel megasporogenesis can be summarised from Gupta 
(1964) as follows. Two ovular primordia arise at the top of the axile placenta. One of 
these aborts and the other develops into the embryo sac. Soon after differentiation of the 
archesporium, its funiculus elongates and the ovule starts curving until it becomes 
anatopous at the 4-nucleate stage of embryo development. Just prior to fertilisation an 
ubturator deveiups from some of the funiculus cells facing the micropyle. The pollen 
tubes travei aiong these ceiis which shrivei shortly after the formation of the endosperm 
begins. 

The ovule is unitegmic and tenuinucellate. The integument is initiated almost 
simuitaneuusiy with the differentiation of the archesporium and by the time the bi-nucteate 
embryo sac is formed the integument is 10-12 layered. Its outer epidermis is composed 
of fiattened ceiis whiie the inner cells form an endothelium. The endothelium is only 
poorly devetoped and later becomes crushed during the post-zygotic development. 
Repeated divisions of the nuciear epidermis give rise to a parietal tissue of five to eight 
tayers. Alter differentiation some of the ceiis ot the chaiaza take a deep stain with 
safranin and persist to the bi-nucleate embryo sac stage. This tissue represents a 
hypostase. 

The hypodermal archesporium comprises two to six cells. One of these functions directly 

as the megaspore mother cell. Meiosis I results in a dyad; meiosis II results in a T

shaped or iinear tetrad. Occasionally the upper dyad cell does not undergo meiosis II 

and a triad is formed. The embryo sac develops from the chalazal megaspore only. The 
functional megaspore nucleus undergoes three successive cycles of mitotic divisions 
giving rise to 2, 4, and 8 nucleate embryo sacs. The polar nuclei fuse and the secondary 
nucleus comes to lie adjacent to the egg apparatus. Usually a single pollen tube (but 
sometimes two) enters the embryo sac. The synergid cells degenerate after fertilisation 
although their remnants remain to the 64 or 128 nucleate stage. The antipodal cells also 
degenerate soon after fertilisation. 

Section 15: Fertilisation. 

Generally pollen tube entry into the micropyle is followed by intercellular growth through 
the nucettus to the embryo sac. Once the pollen tube has entered the megagametophyte 
a terminal pore is formed and the contents of the pollen tube are released between the 
egg and the central cell (Russell, 1984). One of the sperm nuclei fertilises the egg cell, 
and the zygote thus formed develops into the embryo sporophyte. The secondary 
nucleus _formed by the two polar nuclei is diploid. It fuses with the second sperm ceii to 
form a triploid nucleus. This nucleus undergoes a series of divisions and becomes the 
endosperm (Keeton, 1980). 

In plants in general, the zygote becomes the embryo, the ovule becomes seed and the 
ovary becomes fruit (Keeton, 1980). The stalk of the ovute and of the subsequent seed 
is called the funicle (Bell, 1991). As the ovule enlarges into a seed, one or both of the 
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integuments becomes the testa (Bell, 1991 ). In fennel the fruit consists almost entirely of 
the seed with its endosperm and embryo. The ovary wall appears to become the testa of 
the seed even though it is actually the pericarp of the fruit (Benson, 1957). 

Incompatibility may occur post-zygotically, through a series of lethal genes (Knox, 1984). 
Gupta (1964) gives evidence for post-zygotic incompatibility in fennel. Occasionally, 
microtome sections showed pollen grains on the stigma of shrunken ovaries, in which the 
abortive ovules revealed arrested proembryos. Hakansson (1923) in Gupta (1964) 
believed these to be unfertilised but because of their high frequency Gupta (1964) 
believes they may have arisen from the zygote rather than an unfertilised egg. 

Section 16: Plant Growth Regulators in Fruit Set and Development. 

Fruit set can be defined as the prevention of flower abscission and occurs when 
fertilisation is successful. Fruit set may also be produced through parthenocarpy but this 
will be considered separately. If fertilisation does not occur, an abscission zone forms in 
the pedicel and the flower and ovary fall. If fertilisation is successful no abscission zone 
forms (Keeton, 1980). Fruit set and the subsequent development of the fruit is generally 
controlled by plant growth substances. This section discusses the relative roles of these 
hormones and the balances between sources and sinks pertinent to the development of 
the fruit. 

Ovary growth is often stimulated by pollination even before fertilisation takes place. 
Foreign pollen cannot fertilise the egg cell but in some cases it can cause the ovary to 
begin expansion. Pollen is a rich source of auxin and this appears to be the hormone 
involved (Wareing and Phillips, 1970; Keeton, 1980). Auxin also prevents the formation 
of an abscission layer (Keeton, 1980). 

Pollen grains contain gibberellins (van den Ende, 1976). Auxins and gibberellins act 
synergistically (van den Ende, 1976) and both are known to be involved in post-pollination 
enlargement of the ovary and development of the fruit. The initial, small amount of 
hormone supplied by the· pollen may initiate some growth and metabolic processes and 
as a result, liberate additional amounts of auxin from the tissues of the style and ovary 
(van den Ende, 1976). Auxin is produced in either the ovary, the receptacle or both 
(Keeton, 1980). 

Lingle and Dunlap (1991) studied the effect of pollination and the associated production of 
plant hormones on sucrose metabolism in musk melon ( Cucumis melo ) ovaries. The 
fresh weight of the ovaries increased 100% within 48 hours of pollination but did not 
change significantly in its absence. The sugar content per ovary increased following 
pollination but the sugar to protein ratio remained constant. No sucrose was detected in 
unpollinated ovaries. Free IAA levels were not immediately affected by pollination (Lingle 
and Dunlap, 1991). This seems to contradict the general literature but perhaps the 
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natural auxin in this case is not IAA or perhaps the effect is delayed. Alternatively the 
effect in this species may be triggered initially by GA which is known to stimulate fruit set 
in some species (Keeton, 1980). 

Continued development of the fruit is often controlled by the developing seeds (Wareing 
and Phillips, 1970; Keeton, 1980). Increasing the size of the pollen load on the stigmas of 
Cucurbita pepo translates into increased numbers of seeds per fruit which in turn 
increases the probability of that fruit maturing should the plant produce more fruit than it is 
capable of maintaining (Winsor et al., 1987). Following fertilisation the developing seeds 
provide further pulses of hormones which control the growth and development of the fruit 
(Winsor et al., 1987). Seeds are a rich source of auxin (Wareing and Phillips, 1970). 

Fennel has only one embryo sac per ovule and one ovule per stigma (Curtis, 1963). An 
increased pollen load per stigma cannot produce more than one seed but may perhaps 
produce more plant growth regulator and ensure fruit set. 

As fruit development continues, seed development also progresses within the embryo 
sac. The concentrations of endogenous growth substances may reach several maxima 
during seed development, often corresponding to the formation of component tissues 
(Hedden and Hoad, 1985). 

Suspensor cells have been shown to have high levels of IAA but it is not known if the IAA 
is synthesised in the suspensor cells or imported from external sources (Ager, 1984) 
There are often two peaks in auxin production, one corresponding to endosperm 
development and another at the completion of cotyledon expansion (Hedden and Hoad, 
1985). The fennel embryo is minute so the auxin peak at cotyledon expansion is likely to 
be insignificant however the endosperm is large and likely to be associated with 
significant auxin production. 

Seeds are the richest source of gibberellins (Hedden and Hoad, 1985). High 
concentrations of GA are associated with the endosperm and also the suspensor. There 
is evidence that the suspensor cells synthesise GA and transport these to th.e embryo 
during certain developmental stages (Ager, 1984). It is believed that GA from these 
sources may play a role in regulating the growth of young embryos (Hedden and Hoad, 
1985). Older embryos do not require these sources of GA and appear to be autonomous. 
Relative fruit growth rates may be related to the GA content of the seeds (Hedden and 
Hoad, 1985). 

Cytokinins also promote fruit development in some species (Keeton, 1980). They are 
generally at their highest concentrations at the liquid endosperm stage, and it is generally 
assumed that the endosperm itself is the source of this hormone. It is also hypothesised 
that the suspensor cells may be a source of cytokinin involved in the initial development 
of the embryo. Later the embryo becomes autonomous for growth substances (Ager, 
1984; Hedden and Hoad, 1985). The ratio of cytokinin to auxin is important in the 
formation of new cells (Keeton, 1980). 
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ABA is also thought to regulate seed development but patterns of ABA accumulation vary 
considerably between species (Hedden and Hoad, 1985). Initial accumulation appears to 
come from the leaves and ABA is equally distributed between the fruit and seeds. Later, 
ABA accumulates preferentially in the seeds where it is equally distributed between the 
testae and cotyledons (Hedden and Hoad, 1985). ABA is thought to act in the control of 
cotyledon enlargement (Browning, 1980; Hedden and Hoad, 1985), the initiation of 
storage protein synthesis and the prevention of precocious germination. It may also be 
involved in controlling sucrose uptake (Hedden and Hoad, 1985). 

Brun et al. (1984) hypothesised that ABA is a source-sink regulator. ABA moves easily in 
the phloem; a necessary prerequisite for a source sink-regulator. In the leaves ABA 
causes stomata! closure. Developing seeds are known to be strong sinks and there is a 
strong correlation between ABA content and seed growth rates. It is hypothesised that 
ABA is translocated from the leaves (source) to the developing seeds (the sink), lowering 
the ABA concentration in the leaf and allowing leaf gas exchange and C0 2 fixation to be 

maximised (Brun et al., 1984). Further support for this theory is that ABA stimulates the in 

vitro uptake of sucrose by isolated embryos. To be a true regulator ABA must be 
metabolised differently by different tissues. This work showed that, at least, it can be 
cycled from one tissue to another (Brun et al., 1984) 

Ethylene stimulates fruit ripening in many species (Keeton, 1980). Auxin stimulates 
ethylene synthesis and some of the effects attributed to auxin may actually be due to 
auxin-induced increases in the synthesis of ethylene (Keeton, 1980). 

Lingle and Dunlap (1991) found that although ethylene is produced in all muskmelon 
ovaries, it is highest in those which are unpollinated. There is no apparent direct 
relationship between the sucrose metabolising enzymes, IAA or ethylene in the pollinated 
ovaries but there is an increase in sucrose cleavage activity in unpollinated ovaries. This 
may be related to the increased ethylene production (Lingle and Dunlap, 1991 ). 

In a review of the literature on plant growth regulators, Hedden and Hoad (1985) found 
that fruits are generally strong sinks for photosynthate. Very often the size and weight of 
a fruit is dependent upon the growth and formation of the seeds. Plant growth 
substances appear to have a direct effect on sink strength and the seeds may be 
substituted for by exogenous plant growth regulators (Hedden and Hoad, 1985). 

Section 17: Sources and Sinks. 

In young carrot plants the percentage export of assimilate to the roots is lower than in 
older plants (Benjamin and Wren, 1980). Root pruning in young plants did not affect 
assimilate transport but in the older plants it did i.e. the sink strength of the roots 
increased as the plant developed which increased the transport of assimilate. If the sink 
strength is reduced, assimilate transport is decreased. The fibrous roots are more 
important than the tap root (a storage organ) in regulating the growth of young carrot 
plants (Benjamin and Wren, 1980). 
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Some form of root pruning in fennel, may be beneficial in directing assimilate away from 
the storage root and towards the reproductive canopy. This should be carefully tested 
however as it may detract from yields in subsequent years. In crops where density is 
becoming too high a further advantage to root pruning may be a reduction in the number 
of stems developing in the following year, thus giving some control over plant density. 

Peat (1985) conducted a review of the source-sink interactions in cereals and found that 
the supply of assimilates probably determines the size of the sinks but that the reciprocal 
situation of sink size determining photosynthate supply is unlikely to occur in natural 
situations. Although assimilate accumulation may decrease photosynthesis by negative 
feedback, sink size does not appear to regulate the source under natural conditions. 
Reducing the assimilate supply reduces yield. The removal of the sink does not decrease 
photosynthesis but causes compensatory growth of other sinks (Peat, 1985). 
Compensatory growth by seeds on low set heads of sunflowers means that yield of oil is 
reduced by less than otherwise expected when seed set is poor (Low and Pistillo, 1984). 

Under environmental conditions which limit growth rate more severely than they limit 
photosynthesis, photosynthate may accumulate in the leaf. The relationship between net 
photosynthesis and the rate at which photosynthate is accumulated varies with species 
and will depend upon such factors as the rate of translocation and the ease of transfer of 
excess photosynthate into storage compartments of the leaf (Wardlaw, 1985). 

Seed weight and seed size can be used as a measure of sink strength, since their size is 
determined in part by their ability to attract assimilate during growth. The sink strength of 
fruits in the Umbelliferae has been studied in carrots. Hawthorn et al. (1962) studied the 
effect of umbel order and the time of harvest on seed yield in carrots. The number of 
umbels per plant increased with umbel order but the average weight of seeds per umbel 
decreased. Fourth order umbels developed but prodaced very few seeds. Second order 
umbels produced more than 50% of the seed. Spacing affects the relative size and 
degree of development of all umbels (Hawthorn et al., 1962). As umbel order increased 
there were more seeds competing for assimilate and the size of the seeds decreased. 
Modification of plant spacing alters the ability of the sources to produce assimilate and 
therefore alters the potential size of the sinks. 

The variability of carrot seed weight was not affected by the order of the umbel or date of 
seed harvest (Gray and Steckel, 1983b) 1.e. the variability of the sink sizes was not 
affected by umbel order or the length of time the seeds were allowed to mature. However, 
the variability of embryo length was lower in the primaries than the secondaries It 
declined with a delay in harvest, with the reduction being greater in the secondaries (Gray 
and Steckel, 1983b). Seed grading reduced the variation in seed size but had no effect 
on the variation in embryo length of the primaries. It did reduce the variability in the 
length of the embryo in the secondaries (Gray and Steckel, 1983b). Perhaps endosperm 
weight is more dependent on the sink strength of the seeds than embryo length is or 
perhaps the embryos are stronger sinks than the endosperm and therefore achieve their 
genetically predetermined size at the expense of the endosperm. 
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In carrots there is a close correlation between endosperm cell number and final seed 
weight. This suggests that ovaries with larger embryo sacs and ovules provide greater 
potential for longer endosperm cell division. There is a close correlation between the 
weight of the ovary at 1 O days after anthesis and the final mature seed weight. Shading 
umbels during either endosperm development (i.e. just after fertilisation) or during seed 
maturation reduced the mature seed weight but had no effect on mature seed number. 
Differences in mature seed weight were associated with the duration of seed growth 
(Gray et al., 1986a; Gray et al., 1986b) 

Seed numbers were unaffected by the removal of competitive sinks (i.e. the removal of 
other umbels) but seed sizes were affected if competitive sinks were removed early in 
seed growth but not during seed maturation. Increasing density decreased seed weight. 
Seed from the primary umbel was heavier than seed from the secondary umbel indicating 
that the primary is the stronger sink. Seed weight increased with duration of growth. At 
low planting densities the duration of seed growth increased and therefore the mature 
seed weight was increased (Gray et al., 1986a; Gray et al., 1986b). 

Sink strength between umbel orders was studied in fennel by Peterson (1990). This work 
indicated that the order of sink strength decreases with increasing umbel order. 

Section 18: Parthenocarpy and/or the Prevention of Fruit Abscission. 

Pollination and pollen tube growth play a role in the development of the female 
gametophyte and ovary and the prevention of flower abscission however fertilisation may 
be necessary only for seed formation but not for fruit growth. Pollen will often produce 
many of the effects of true pollination even when it 1s from unrelated species (Hedden and 
Hoad, 1985). Fruit set may be stimulated by growth substances produced by the pollen 
directly or by the style or ovule in response to the growth of the pollen tube (Hedden and 
Hoad, 1985) without the need for fertilisation to be achieved. Pollen from unrelated 
species, non-viable pollen or even pollen extracts can prevent abscission of the flower, 
cause swelling of the ovary and the formation of near normal but seedless fruits (Vasil, 
1974; Hedden and Hoad, 1985). Pollen grains of Brassica which had reduced viability 
and were unable to germinate on the stigma after being heated to 75°C were still able to 
induce parthenocarpy (Rao et al., 1992). Fruit set is also easily induced in Brassica 
through pollination with foreign pollen or through treating the stigma with leachates of 
compatible pollen (Rao et al., 1992). This is known as parthenocarpic fruit set (Hedden 
and Hoad, 1985). In some species it can occur naturally in response to environmental 
factors and can sometimes be induced by application of exogenous hormones (Hedden 
and Hoad, 1985). In general auxin and GA levels decline to their lowest levels at 9.nthesis 
and pollen is a rich source of these substances (Hedden and Hoad, 1985). Naturally 
occurring parthenocarpic fruit have been shown to contain auxins and GA and the ovules 
of fruit capable of setting parthenocarpically may be richer in these plant growth 
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regulators at anthesis than those plants requiring fertilisation and seed set for fruit 
development (Wareing and Phillips, 1970; Hedden and Hoad, 1985 ). It is believed that 
some maternal tissues, e.g. the placenta are capable of producing auxin in the absence 
of normal embryos (Wareing and Phillips, 1970). 

In fennel if one of the two seeds is set the whole fruit will develop (Gupta, 1964). Since 
the oil glands are located in the ovary wall (Fernandes Costa et al., 1959) the prevention 
of fruit abscission with or without parthenocarpic set may increase oil yield. · 

An abscission layer is a "thin plate of cells at nght angles to the petiole" (or pedicel) 
(Wareing and Phillips, 1970). A softening of the cell wall occurs as a consequence of 
increased methylation of pectic acid to yield pectin (Wareing and Phillips, 1970). The site 
of abscission is generally distinguishable morphologically before separation (Roberts and 
Hooley, 1988). It is composed of a row or rows of cells which are more compressed than 
their neighbours. During separation the cytoplasm of these cells shows secretary 
behaviour with a proliferation of endoplasmic reticulum and Golgi apparatus. The cell wall 
then dilates and the middle lamella is degraded (Roberts and Hooley, 1988). 

Abscission is the result of interactions of at least three plant hormones; auxin, ethylene 
and ABA (Roberts and Hooley, 1988). Abscission is thought to be related to a fall rn the 
auxin content of leaf (or flower). It is not related to the absolute auxin concentration but 
rather to an auxin gradient across the abscission layer (Wareing and Phillips, 1970). 

Associated with the onset of abscission is a rise rn the activity of a number of hydrolytic 
enzymes, including cellulase and polygalacturonase (Roberts and Hooley, 1988). When 
the abscission zone forms in mature sour cherry, enzymes associated with cell wall 
degradation are found in the abscission zone (Wittenbach and Bukovac, 1975). Other 
enzymes not associated with the loss of pectic substances or polysaccharides are also 
found in this region. One is peroxidase which is associated with the breakdown of IAA 
(Wittenbach and Bukovac, 1975). It is hypothesised that peroxidase plays an indirect role 
in abscission by reducing IAA levels in these cells, predisposing them to early 
senescence and separation. Ethylene was not shown to affect peroxidase activity but did 
increase abscission (Wittenbach and Bukovac, 1975). 

Ethylene gas plays an important part in senescence and abscission (Keeton, 1980; 
Roberts and Hooley, 1988). In situ the timing of shedding is regulated by the production 
of ethylene gas which emanates from the tissues distal to the site of separation. The 
production of the gas increases during the process of senescence and ripening (Roberts 
and Hooley, 1988). 

There are two stages in abscission (Wareing and Phillips, 1970). The initial stage is 
inhibited by auxin while the second is stimulated or accelerated by it. When auxin levels 
are low ethylene stimulates leaf abscission but it is not effective when leaf auxin levels are 
high. In the second stage the leaves are partly senescent and respond to ethylene by 
positive feedback, producing more ethylene (Wareing and Phillips, 1970). 
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Auxin is a potent abscission retarder and if applied early enough, will counteract the effect 
of ethylene in promoting abscission. In leaves both the level of IAA in the lamina and the 
efficacy of the auxin transport system decline prior to natural abscission (Roberts and 
Hooley, 1988). 

ABA stimulates organ shedding in excised plant parts but not in intact plants. This ability 
may lie in its ability to increase senescence in excised tissues. It may interact with 
ethylene in this way but its effect is not solely due to the promotion of ethylene. It may 
have a direct effect on cell separation (Roberts and Hooley, 1988) 

Decreasing auxin levels following fruit set appear to be associated with immature capsule 
shedding in cardamom (Elettaria cardamomum ) (Vasanthakumar and Mohanakumaran, 
1988). Exogenous applications of NAA (40ppm) and 2,4-D (4ppm) increased yield by 
decreasing shedding. The percentage yield of essential oil was not altered. 

Pod set in soybean is greatest in the proximal (basal) buds of each raceme while 
shedding is greatest in the distal positions (Huff and Dybing, 1980). Pod set was 
increased in some instances when water was supplied to the ovaries as a drop in the 
calyx cup Peroxidase activity increased in rapidly growing pods but not in shedding 
flowers. This increase was mainly in the ovary walls. Flowers could be grown in vitro if 
taken at or near anthesis from the high setting positions but not from low setting positions. 
Unidentified substances extracted from young pods were tested in situ and found to 
mimic the effect of the proximal flowers in inducing shedding of the distal flowers. IAA 
resembled the extracted material in inducing shedding but produced other side effects 
which the extracts did not. The extract is not believed to be IAA. The growth substances 
ABA, GA and BA did not promote shedding in in situ tests (Huff and Dybing, 1980). 

In an experiment using bean seedlings Gersani et al. (1980a) attempted to replace sinks 
with hormones and found that to a large degree both auxin and cytokinin were able to 
restore the transport of sucrose to the area of the removed sink. There was some 
indication that BA was preferred in the buds and auxin was preferred when it replaced 
roots. In a later study they examined the sink strength of the shoots and roots for leucine, 
phosphate and BA. Removal of a sink decreased transportation in its direction. In both 
experiments auxin and BA partially replaced the growing regions but their effects were not 
specific to the plant part in which they were formed (Gersani et al., 1980a; Gersani et al., 

1980b) In contrast to the other substances BA moved preferentially to the shoots and 
not the roots. 

Translocation of nutrients is influenced by successful pollination in self-incompatible 
Petunia flowers (Linskens, 1974). In unpollinated flowers translocation remains in a 
steady state for 1-2 days. In self-pollinated flowers pollen tube growth is arrested in the 
style. Following self-pollination there is first a strong influx of organic compounds to the 
style and ovary but soon the main direction of transport is to other parts. Following 
compatible cross pollination the influx of organic components to the ovary and style 
occurs but is less intense before the ovary finally becomes the strongest sink for all 
materials from both the floral e.g. corolla and calyx and also the vegetative parts. 
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Parthenocarpy brought about by exogenous auxin has been successful in multi seeded 
fruits e.g. strawberry and blackberry but not in single seeded fruits e.g. plums, cherries 
and peaches (Keeton, 1980). In some fruit crops, auxin may be used to supplement 
natural pollination to ensure a larger crop (Keeton, 1980). Auxin can be used to enlarge 
fruits. It can also be used in orchards where it is sprayed to inhibit abscission zone 
formation and reduce preharvest drop (Keeton, 1980). 

Exogenous auxin may stimulate the ovary to produce endogenous auxin. In some 
species fruit set may be induced by exogenous auxin but further fruit development does 
not occur. In this case it is believed the ovary is not stimulated to produce auxin by 
exogenous auxin application (Wareing and Phillips, 1970). 

GA can also induce parthenocarpic fruit set (van den Ende, 1976), especially in some 
species e.g. Prunus where parthenocarpy cannot be stimulated by auxin. Young seeds 
have high concentrations of GA but these decrease as the seeds age. GA is possibly 
moved out of the seeds and into the fruit where it acts to control growth, probably through 
an interaction with auxin (Wareing and Phillips, 1970). 

Some studies have shown that it is probably not the absolute levels of auxin and GA 
which are important in parthenocarpic fruit set but rather the ratio of auxin to GA. A high 
level of GA with respect to auxin is unfavourable for fruit set (Hedden and Hoad, 1985). 

Parthenocarpic fruit set allows fruit to grow normally and to reach maturity. However fruits 
developing without seeds compete poorly for assimilates with fruits with seed and those 
without seeds often abscise. 

An unpublished report by Roberts (1990), using RIA techniques, showed that the high 
fruit setting wild fennel differs significantly in its endogenous hormone balance from the 
lower fruit setting French varieties grown commercially in Tasmania. Three major 
differences were detected between the wild and cultivated varieties: 

1) Prior to anthesis the endogenous auxin levels of the wild strains were significantly 
higher than those of the French varieties. From anthesis onwards the wild variety showed 
a slight increase in auxin while the French variety showed a dramatic increase finally 
reaching the levels of the wild fennel at the post anthesis stage. 

2) There was a significant increase in the GA levels associated with wild fennel at 
anthesis, followed by a significant fall post anthesis. This trend was absent in the French 
variety; its GA levels remained constant throughout. 

3) The ABA levels of the wild fennel increased from pre-anthesis through anthesis to 
post anthesis. The increase in ABA in the French variety was much lower and reached its 
maximum at anthesis with no further rise. 
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An unpublished field trial by Menary (1989) (pers. comm.) involved spraying fennel with 
various concentrations of auxin at various stages of flower development. The experiment 
produced no significant results because the variation within the blocks was great enough 
to disguise any possible effects. There were however trends in the data which suggested 
that fruit set in fennel may be manipulated by application of exogenous auxin prior to 

anthesis. At 200ppm f3-naphthoxyacetic acid was toxic, but at SO ppm and 1 OOppm it 

possibly had the effect of increasing the number of seeds. There was no increase in the 
yield of seed by weight because the average seed weight was reduced. 

There is no record of parthenocarpy occurring in fennel however exembryonate seeds do 
occur in the Umbelliferae, including Foeniculum (Gupta, 1962). This is due to the 
phytophagous chalcid fly Systole albipennis, which lays an egg between the pericarp and 
ovule of the developing fruit At this stage the fruit contains partially or completely cellular 
endosperm and a filamentous or globular pro-embryo. The egg hatches concurrently with 
the growth of the ovary endosperm and the embryo. The developing larva feeds on and 
destroys the endosperm and/or embryo. The adult insect bores a hole in the pericarp and 
escapes, leaving mericarps which lack an embryo and sometimes also endosperm 
(Gupta, 1962). 

A second genus of phytophagous species causing similar damage is the genus Lygus. In 
the Umbell1ferae the endosperm develops more quickly than the embryo and when Lygus 

feeds at an early stage both the endosperm and embryo are destroyed and the fruit 
aborts. If feeding occurs at a later stage the immature embryo is destroyed but the more 
mature endosperm is not affected (Gupta, 1962). 

This points to the fact that embryo development may not be important in inducing 
parthenocarpic fruit set. If endosperm development can be initiated, abscission zone 
formation may be prevented and ovary development allowed, thus increasing oil yield 
without pollination and fertilisation. 

Section 19: Summary. 

A study was made of the flowering process in fennel, from flower initiation to fruit set. 
Fennel is a long day plant, initiating flowers when day length exceeds 13 hours (Peterson, 
1990; Peterson et al., 1993). The ratio of GA to auxin appears to be the flowering trigger 
(Hofman et al., 1992). GA also promotes stem elongation during flower initiation (Hiller 
etal., 1979; Pressman and Negbi, 1980; Peterson, 1990; Hofman etal., 1992). 

Fennel is promiscuous but, although it is not adapted to a specialised pollinator, honey 
bees are the most systematic foragers and are therefore the major pollinators of fennel in 
Tasmania (Chaudhry, 1961; Bell, 1971; Giudici, 1991). If bees are absent, other insects, 
mainly from the order Diptera, take over this role (Giudici, 1991 ). 
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Fennel has compound umbels of yellow flowers producing copious nectar with very high 
sugar concentrations (Curtis, 1963; Bell, 1971; Giudici, 1991 ). It is protandrous and 
flower maturity progresses in waves, with the outer umbellules maturing first (Sundararaj 
et al., 1963). These waves of maturity are continued between the umbel orders with the 
primary umbel maturing first, followed by the secondaries, tertiaries and so forth (Bell, 
1971 ). 

Fennel, like most of the Umbelliterae, produces some male sterile plants (Gupta, 1964; 
Bell, 1971; Peterson, 1990). These appear to have increased in numbers within the 
commercial strains. Fennel pollen is tri-nucleate (Brewbaker, 1967), which tends to be 
short-lived, has a high respiration rate and requires an external nutrient source tor 
germination and tube growth. Tri-nucleate pollen germinates quickly and pollen tube 
growth is rapid compared with that of bi-nucleate pollen. Tri-nucleate pollen is difficult to 
germinate on artificial media (Hoekstra and Bruinsma, 1975; Hoekstra and Bruinsma, 
1980; Mulcahy and Mulcahy, 1983). 

Pollen viability is influenced by environmental conditions during development prior to 
anthesis and after shedding (Johri and Vasil, 1961; Allan, 1963a; Polito et al., 1991; Rao 
et al., 1992). Since fennel pollen is viable tor only a few hours following anthesis it must 
be collected as soon as possible and transferred quickly to storage. For pollen of most 
species the best storage conditions are low relative humidity and temperature (Johri and 
Vasil, 1961; Stanley, 1973; Demeke and Hughes, 1991; Yates etal., 1991). 

Most artificial media for pollen germination are based on a sugar energy source, usually 
sucrose and boron (Brewbaker and Kwack, 1963) Calcium is also important and has 
been shown to overcome the pollen population effect whereby pollen germination can be 
improved by increasing the relative amount of pollen in a given quantity of artificial 
medium (Brewbaker and Kwack, 1963). 

Even self fertile plants can benefit from pollination by insects (Godini et al, 1992). 
Fennel is self-fertile but protandrous (Sundararaj et al., 1963; Bell, 1971 ). Honey bees 
are one of the most efficient pollinators with pollen gathering bees being more efficient 
than nectar gatherers (Jay, 1988; Galen and Stanton, 1989). Nectar gatherers, however, 
tend to have more foreign pollen on their bodies and consequently are the better cross 
pollinators (Free, 1965). 

Bees show both species and site constancy. Once foraging on a particular source they 
will continue to return to that source until it is depleted. Despite this constancy bees may 
desert a target crop for a more attractive species growing in the area. The abundance of 
forage also affects the size of the foraging area (Free, 1965). 

The spacing of hives and the prevailing weather conditions are important determinants in 
the effectiveness of foraging bees as pollinators. The synchrony between receptive 
stigmas and bee activity is also important. This was demonstrated to be important in the 
poor pollination of meadow foam, a species with many similarities to fennel (Jahns and 
Jolliff, 1990; Norberg et al., 1993). 
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Fennel has a wet stigma and compounds within this mucilage are likely to be triggers for 
pollen germination (Vasil, 1974; Heslop-Harrison and Shivanna, 1977). Wet stigmas are 
generally associated with gametophytic self-incompatibility (Heslop-Harrison and 
Shivanna, 1977). Tri-nucleate pollen is generally associated with sporophytic self
incompatibility and the incompatibility response takes place at germination or early in tube 
growth (Brewbaker and Majumder, 1961; Mulcahy and Mulcahy, 1983). Extra-cellular 
enzymes on the pollen grain surface are often involved in the incompatibility response 
(Vasil, 1974) However, wet stigmas are generally associated with bi-nucleate pollen and 
dry stigmas with tri-nucleate pollen (Heslop-Harrison and Shivanna, 1977). The 
interaction may therefore be between self-incompatibility and stigma type, self
incompatibility and pollen nuclear type or both. Alternatively, there may be another, as 
yet unidentified, linking factor. Fennel, (and other Umbelliferae), 1s of the wet stigma type 
but has tri-nucleate pollen and its potential self-incompatibility response is uncertain. In 
all trials conducted fennel has been found to be self-fertile but artificial pollination has 
been found to improve yield (Chaudhry, 1959; Sundararaj et al., 1963). 

Following pollination of a receptive stigma, it is predicted that fennel pollen will germinate 
quickly and pollen tube growth will be rapid. It is predicted that the time from pollination to 
fertilisation is in the range 16 minutes to 12 hours, and probably towards the shorter of 
these times (Owens, 1992). 

Parthenocarpic seed set has not been reported in fennel but it may be possible to bring 
about parthenocarpic fruit set without seed development. Prevention of fruit abscission in 
unpollinated fennel may increase the yield since the oil is produced in the ovary wall and 
not 1n the endosperm (Fernandes Costa et al., 1959). Ex-embryonate fruits occur in 
fennel when the embryo is removed by a phytophagous insect (Gupta, 1962). 

Abscission zone formation is associated with interactions between at least three plant 
hormones: auxin, ethylene and abscisic acid. Auxin is a potent abscission retarder 
(Roberts and Hooley, 1988) Both auxin and GA can induce parthenocarpic fruit set, but 
it is probably the ratio of these which is actually important (Hedden and Hoad, 1985). 
Unpublished reports by Menary (1989) and Roberts (1990) indicate that auxin and GA 
may be used to increase fruit set in fennel. 
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Experiments. 

Section 20: Time-lapse Photography. 

Introduction: 

The literature review described the order and timing of the significant stages of 
inflorescence development in fennel. Stigma receptivity appears to last approximately 
four days (Chaudhry, 1961 ), however the time between anther dehiscence and stigma 
receptivity is not clearly defined. A set of standards, defining each growth stage will assist 
in describing the exact flowering stage at any particular time. The following photographs 
were produced as reference points for later work. 

Materials and Methods: 

The plant material used was glasshouse grown fennel which had commenced flowering 
under natural day length. Although the plant was sown late and flowering was out of 
season when compared with commercial crops, it behaved in a manner typical of other 
plants. An umbellule from the outside of a tertiary umbel was used to produce the time 
sequence shots. A tertiary umbel was chosen because the umbellules were smaller and 
greater magnification of the individual flowers could be achieved while still maintaining the 
entire umbellule within the field of view. This umbellule was not pollinated. 

The camera used was an Olympus® OM1 with a Zuiko® 50mm lens attached to an 

Olympus® OM system bellows giving a final print magnification of 3x. The subject was 

illuminated with a Sunpal<® Gx8R ring flash set to 114 power and a reflector placed to one 

side at a distance of 1 Ocm from the subject. 

Further photographs were taken of other growth stages to provide details absent from the 
time series. These were taken with a similar camera set up, and the magnification is 
given with each photograph. 

Results and Discussion: 

The photographic series, presented on the next pages, traces the development of a 
typical umbellule and is coupled with a scheme defining each developmental stage. 
These stages can also be used to define the age of the umbel as a whole. When used in 
reference to the whole umbel, the scheme defines the developmental stage of the umbel 
as that of the majority of the outer half of the umbellules. 
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The growth stages are defined as follows: 

1a 

1b 

1c 

2a 
2b 
2c 

3a 
3b 

3c 

4a 

or 

4b 

green bud } 
transition from green bud 
to yellow bud 
yellow bud 

} anttlesis 

early anthesis 
an thesis 
late anthesis 

early receptive } 
receptive 
late receptive receptive 

post receptive and unpollinated or post-receptive 

and pollinated but the fruit have failed to set 

post-receptive, pollinated and the fruit set with the 
ovary colour a bluish green 

5 blue with yellow stripes 

6 beginning to dry 

7 dry (mature) 

} post-receptive 

The day on which the first anther emerges from within the petals of an umbellule, is used 
as a reference point. It is designated day 0. Days during the bud stage (pre-anthes1s) 
are negative, while those post-anthesis are positive. Chronological age gives only an 
estimate of umbel maturity since the rate of physiological aging vanes between plants and 

with environmental conditions. 

Plate 1 shows the transition phase from green buds to yellow buds (stage 1 b). In plate 2, 
taken four days later, the petals are all bright yellow and three of the outer flowers have 

begun to unfurl (stage 1 c). Plate 3 represents day O or the onset of anthesis (stage 2a). 

Five anthers have emerged from two flowers. These anthers have dehisced, releasing 
their pollen. On the following day (day 1, plate 4) all the flowers in the outer whorl have 
reached anthesis (stage 2b). The inner flowers remain in the bud stages. 

By day 4 (plate 5) all the flowers have shed their pollen and the styles of the outer flowers 
are beginning to extend (stage 2c). The petals are beginning to senesce. Plate 6 shows 
the umbellule in the "early receptive" stage (stage 3a). Some petals and anthers remain 
clinging to the flowers but these are senescent and no viable pollen would be present. 

The photographs clearly show the umbellule to be strongly protandrous in agreement with 
the findings of Bell (1971) and others. Stage 2c (late anthesis) is reached 3 days prior to 
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the first stigmas becoming receptive. For an individual flower, anthesis commences 
seven to eight days prior to the stigma becoming receptive. The rate of physiological 
development may vary, but style development does not commence until after anthesis. 

The receptive umbellule (stage 3b) is depicted in plate 7. Plate 8, being at a higher 
magnification, gives more detail of a receptive flower and of the stylopodium, styles and 
receptive stigmas. The developing and receptive stigmas are pale yellow (plate 9) but as 
they lose their receptivity they turn brown {plate 1 O). This has also been shown to occur 
in carrots (Hawthorn et al., 1960). 

Besides the stigma turning brown a further indication that a flower passed the receptive 
stage, is the onset of shrivelling of the stylopodium, the cessation of nectar flow and the 
reflexing of the style. This is illustrated in plates 11 and 12. 

The um bell ule photographed produced very little nectar. Usually nectar secretion 
commences as the petals begin to unfurl (stage 2a) and continues, reaching a peak as 
the stigma becomes receptive (stage 3a -3b). Nectar production can be copious with the 
nectar droplet at least as high as the stigmatic surface. 

If the umbel is unpollinated or fruit set is not successful the flowers begin to senesce and 
the ovary shrivels (plate 13). If fruit set does take place only the styles and stylopodium 
shrivel. The ovary begins to enlarge and takes on a more bluish tone (plate 14). As the 
fruit matures the ovary continues to enlarge, the blue tone increases and the vitae 
become more pronounced {plate 15) As the umbellule reaches maturity the fruit dry into 
hard, two-seeded, indehiscent mericarps, typical of the Umbelliferae {plate 16). 

The time lapse series shows one central flower beginning to senesce even before 
anthesis. In plate 2 (day -1 ), it is small (9mm in diameter compared with 12mm tor other 
central flowers) and its petals are not unfurling Senescence of this flower continues 
throughout the serres but it does not abscise. A second central flower can be seen to 
have abscised in plate 11 

Although the outer flowers mature before the inner flowers, the photographic series shows 
that in an unpollinated umbel the inner flowers senesce earlier than the outer flowers. 
The outer flowers also appear to remain receptive longer. Both these facts suggest that 
the outer flowers are stronger sinks for the available assimilate. This senescence 
sequence is in the reverse order to the initial development of the flowers. Peterson 
(1990) showed the flowers to be initiated centripetally. 

Plate 17 shows an abnormal flower with three carpels. This condition was reported by 
Gupta (1964). This is possibly due to the flower being produced out of season, however, 
the phenomenon occurs quite frequently. 

Although the boundary between stages is not always clear and approximations must be 
made, this scheme gives a reference point to describe each flowering stage, and will be 
used in all future discussions. 
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Plate 1 magnification 3x 
Umbellule at growth stage 1b. "Transition from green bud to yellow bud." Day -5 

Plate 2. magnification 3x 
Umbellule at growth stage 1c. "Yellow bud." Day-1 

PAGE 70 



Plate 3. magnification 3x 
Umbellule at growth stage 2a. "Early anthesis." Day a 

Plate 4. magnification 3x 
Umbellule at growth stage 2b. "Anthesis." Day 1 
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Plate 5. magnification 3x 
Umbellule at growth stage 2c. "Late anthesis. " Day4 

Plate 6. magnification 3x 
Umbellule at growth stage 3a. "Early receptive. " Day? 

PAGE 72 



Plate 7. magnification 3x 
Umbellule at growth stage 3b. 

"Receptive. " Day 11 

Plate 8. 
magnification 13x 
"Receptive Flower." 
Umbellule at growth 
stage 3b. 
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Plate 9. magnification 15x 
"Receptive stigma, i.e. pale yellow." s =stigma 

Plate 10. magnification 15x 
"Post-receptive stigma, i.e. brown. " s =stigma 
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Plate 11. magnification 3x 
Umbellule at growth stage 3c. "Late receptive." Day 19 

Plate 12. magnification 13x 
"Late receptive flower. " 
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Plate 13. magnification 3x 
Umbellule at growth stage 4a. "Post-receptive, unpollinated." Day 24 

Plate 14. magnification 3x N.B. Roadside fennel, not C26/C27. 
Umbellule at growth stage 4b. "Blue." 
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Plate 15. magnification 3x 
Umbellule at growth stage 5. 

"Blue with yellow stripes." 

Plate 16. magnification 3x 
~ Umbellule at growth stage 7. 

"Dry, mature." 
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Plate 17. magnification 16x 
"Abnormal flower with three carpels." 
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Section 21: Search for Nectar Guides. 

Introduction: 

Fennel, despite being a promiscuous plant, is pollinated largely by insects, particularly 
bees. Many insect pollinated flowers have nectar guides to direct insects to their floral 
rewards. These may be visible only in the UV spectrum since the near UV is a primary 
colour to some insects, particularly bees. No record was found in the literature of the 
presence or absence of nectar guides in fennel. Bell (1971) studied the UV reflectance of 
species of the Umbelliferae but found no nectar guides in any of the species studied. Bell 
(1971) does not indicate which particular species were examined but does place 
emphasis on colour differences between the petals and the stylopodium in Foeniculum. 

Since the presence of nectar guides would strongly influence pollinator behaviour, fennel 

flowers were examined for the presence of UV visible markings which could act as nectar 

guides. 

Materials and Methods: 

The search for nectar guides is corn plicated because humans cannot perceive objects as 
a bee perceives them. Bees have less visual acuity and perceive a different range of 
wavelengths to humans. Photography can be used to give an approximation of a bee's 
vision, however, this produces a flat, 2-D image whereas it must be assumed that a bee 
perceives a 3-D image. UV photographs can show the pattern which is presumably 
obvious to the insect but they cannot tell how the insect experiences the pattern. They do 
not show how the yellow and UV mix to give an impression of colour (Keeton, 1980). 

Further complications arise from the need to separate the true effects of UV reflectance 
from artefacts arising from the reactance of the film and also the developing and printing 
processes. 

Eisner et al. (1969) described a method of UV photography using a black and white video 
camera and recorder. This was later updated for use with a colour video system (Eisner 
et al., 1988). Within certain limitations this allows both the UV and visible spectrum 
images to be super-imposed and gives a realistic view of the insect's perception of the 
subject. The video camera must be equipped with a suitable lens which does not 
incorporate a UV filter. The most important limitation is the fact that the video camera 
displays the UV image as blue. Therefore if the visible spectrum image also contains blue 
the results cannot be interpreted easily. Insects do not perceive UV reflectance as blue, 
but as a separate and unique colour (Eisner et al., 1988). The visible image of the 
camera may also incorporate red, which is not seen by insects (except butterflies) (Eisner 
et al., 1988). This could also give a false impression but could be corrected with the use 
of an appropriate filter. 
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This method could not be used as a suitable video camera capable of giving sufficient 
magnification, was not available. The individual flowers were too small to be seen in 
detail. Still photography was used instead. 

Umbellules in the developmental stages 2a to 3a were studied. The umbellule to be 
examined was placed in a beaker of water on the laboratory bench. The laboratory lights 
were switched off and illumination supplied by either a "blacklight" tube, a flood light or 
both. The "blacklighr emitted electromagnetic radiation only in the UV wave lengths 
(366nm) whife the ffood Hght provided wavelengths in the visible spectrum. 

Photographs were taken using a Pentax K1000 SLR camera coupled with each of the 
following filters. 

a) no filter 
b) Arrow SOB 
c) 38A 

d) U360 

- control 
- transmits visible light but removes some light from the red wavelengths 
- transmits wavelengths 640- 480nm but is weak at 460nm i.e. removes 

red wavelengths but transmits some near UV wavelengths. This filter 
approximates a bee's visual spectrum. 

- transmits only UV light with a peak at 360nm. 

The experiment was then repeated with intact plants using natural sunlight as the source 
of illumination. 

Photographs were taken using Ektachrome 1000 ftlm and long exposure times were used 
to counteract the low reactivity of colour fHm to UV light. Black and white film could be 
used and would give greater sensitivity to UV light. In fact early black and white films 
would be ideal since their sensttivity was mainly to blue and UV and they did not respond 
to red (Shipman, 1979). However black and white film does not allow for the distinction 
between colours which can be very important. Colours of the same brightness appear as 
identical shades of grey and cannot be distinguished (Shipman, 1979-). This could be 
very important in the interpretation of nectar guides. 

Results and Discussion: 

A sample of the photographs obtained from the laboratory work is displayed on the 
following pages. The photographs using sunlight as the source of illumination support the 
laboratory results. The quality of the photographs obtained was poor due to the low light 
levels and long exposure times. 

Through discussion with photographic laboratory personnel it is believed that the red 
images in the photographs are artefacts resulting from the way in which the film reacts to 
low light. Light of low intensity is able to penetrate the top layer of the emulsion but not to 
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reach the underlying layers. Consequently when the film is developed and printed the 
image appears red. A second cause of red in photographs produced by processing 
laboratories is due to the colour balancing during the automated process. The printing 
machine automatically scans the negative and averages out the colours present to give 
an overall grey colour. If one of the primary colours is low in a photograph it has the 
tendency to over compensate for this missing colour by adding more of it. In this case the 
colour differences are also apparent in the negatives which suggests that the former 
reason is the more probable and the red is due to the film reactance rather than 
processing artefacts. The background colours are strongly blue-green, probably due to 
the stronger reflection of the light. 

No markedly obvious UV visible patterns were found which were not apparent under the 

visible spectrum. In the photographs, the stylopodia of the more mature flowers are 
perhaps more conspicuous than the surrounding petals. 

To the naked eye, the nectar itself was highly visible under UV light. This may have been 
due to it reflecting UV wavelengths. The naked eye is capable of perceiving UV light if it 
is intense enough and if it is not obscured by the presence of visible light. Alternatively it 
may have been due to fluorescence of the nectar under high intensities of UV light. If the 
nectar is assumed to reflect UV wavelengths it would perhaps be more visible to bees 
foraging in a crop than it is to the human eye. This could account for the more distinctive 
stylopodia in the more mature flowers. 

Although no nectar guides in the form of colour variations in the petals were found, the 
nectar coated stylopodium was accentuated by the UV light and perhaps is more obvious 
to insects than to humans. If so an umbel would appear to bees as a mass of circular 
spots surrounded by light annular rings. The nectar may also be more obvious and bees 
may be able to detect its presence by sight from a distance. 
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Plate 18. filter type : 808 light source : UV+ floodlight 
Umbellule at growth stage 2a, photographed under visible light less some red wavelengths. 

Plate 19. filter type: 38A light source: UV + floodlight 
Umbellule at growth stage 2a, photographed under an approximation of the visible spectrum of a bee. 
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Plate 20. filter type : U360 light source: UV only 
Umbellule at growth stage 2a, photographed under the UV spectrum. 

Plate 21 . filter type : U360 light source: UV+ floodlight 
Umbellule at growth stage 2a, photographed under the UV spectrum. 
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Section 22: Pollen Viability. 

Introduction: 

Fennel pollen is tri-nucleate, which is the less dormant of the two pollen types and 
consequently the form which most rapidly loses its viability (Hoekstra and Bruinsma, 
1975). It has been shown by Baswana (1984) to remain viable for only a few hours after 
anthesis under natural conditions. Male sterility is also common in fennel, as in other 
Umbelliferae (Gupta, 1964; Bell, 1971; Peterson, 1990). 

Male sterile umbels may have anthers present but they are orange and shrivelled instead 
of yellow and plump. Some of these male sterile anthers have pollen grains present but 
they are shrunken and misshapen. This suggests that there is a range of male sterile 
types, and it was hypothesised that some apparently male fertile plants could be male 
sterile. 

A survey was made of pollen viability in a commercial crop in order to assess the level of 
pollen viability. It was conducted on apparently male fertile individuals shortly after 
anthesis. This test was necessary to ensure that the pollen source was not the cause of 
poor fruit set. 

A brief study was conducted to assess the effect of temperature and humidity on the 
viability of fennel pollen. High values for these two variables have been shown to be 
causes of decreased pollen longevity (Johri and Vasil, 1961). 

A further experiment was conducted to assess the effect of supplementary hand 
pollination of tertiary umbels on fruit set within this order. If fruit set can be enhanced by 
supplementary pollination it would indicate either insufficient pollen production or 
insufficient pollen transfer by the pollen vectors. 

Experiment 1: Viability of Pollen in the Field. 

Pollen was collected from primary and secondary umbels on plants in a commercial crop 
in order to test the viability of pollen produced in the field. Male sterile plants were not 
sampled. The experiment was designed not to test for the number of male sterile plants 
but rather to give an estimate of the proportion of the available pollen which was viable at 
anthesis. 
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Materials and Methods: 

Pollen was collected in the afternoon (between 2pm and 3pm), after the anthers maturing 
on that particular day, had dehisced. Most anthers dehisce between 12 noon and 2pm. 
On the first sampling day, 6 umbels in mid anthesis (stage 2b) were selected. They were 
washed by the pollen collection technique (defined in General Materials and Methods, 
Chapter 2, Section 9) to remove any pollen which had already been shed. This pollen 
was discarded· and the umbels were bagged to prevent pollen removal by vectors. The 
following day pollen was collected from the newly dehisced anthers. The filter paper 
containing the pollen was transferred to a desiccator which was stored in an insulated box 
and surrounded by ice. Three more umbels were selected and washed, in preparation for 
the following day. The pollen was returned to the laboratory for analysis. 

Two samples of pollen from each filter paper were placed in each of the two pollen 
viability stains described in Chapter 2, Section 7, General Materials and Methods, i.e. the 
nitro-tetrazolium blue and protoplasm stains. For each slide, 12 fields of view were 
counted. This was determined to be enough since the average percentage of viable 
grains became stable at this level of replication and further replication did not produce any 
greater accuracy. 

Results and Discussion: 

Data from this trial are given in appendix 1. In summary the protoplasm stain gave an 
average pollen viability of 88%±6%, while the NBT stain gave an average percentage 
viability of 43%±37%. However, most samples taken on the first day (1811/94) have a 
viability close to zero when tested with NBT. It is believed that there was a problem 
during the transport of this material to the laboratory which may have resulted in the poor 
viability values. The desiccator lid is believed to have been loose during transport, 
allowing humid air from the surrounding ice to enter the desiccator and so prevent the 
pollen from drying. When the data from this day are discarded, the result is an average 
viability of 78%±6%. 

These data show that in the field, fennel pollen is released with a high level of viability. 
Without accounting for those plants which are male sterile, the pollen which is produced in 
the field is basically fertile. 

Experiment 2: The Effect of Temperature and Humidity on PoHen Viability. 

This experiment was intended as a preliminary trial only. Insufficient tubes made 
replication of the experiment impossible but this trial was intended only to give a 
preliminary assessment of the effect of temperature and humidity on the viability of fennel 
pollen. 
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Materials and Methods: 

Pollen was freshly collected by the washing method described in Chapter 2, Section 9, 
General Materials and Methods and the filter paper retaining the pollen was dried over 
night at 4°C. Pollen from six plants was pooled to give some replication at this level. The 
dried filter papers were cut into strips and placed in sealed tubes containing one of three 
media, designed to give three different levels of humid atmosphere. These were silica gel 
or dry atmosphere, water or high humidity atmosphere and a 25% salt solution or 
intermediate atmosphere. The actual humidity would of course vary with temperature. 

The tubes were then incubated at one of three temperatures (10°C, 22°c or 30°C) for one 
of three times (1 hour, 4 hours or 72 hours). 

The tnal is a non-replicated factorial design. Statistical analysis cannot be performed 
since the trial is not replicated. 

Pollen viability was assessed using the nitro-tetrazolium blue hanging drop staining 
technique described in Chapter 2, Sections 7 and 8, General Materials and Methods. 

Results and Discussion: 

Refer to Table 3 for the data obtained from this experiment. Missing values were caused 
by condensation forming on the pollen sample during incubation and by slides drying out 
during staining. 

Table 3 appears to show that when kept dry, fennel pollen retains much of its viability for 
at least 72 hours at all three of the temperatures tested. One value (i.e. 23% at 10°C for 
4 hours) is low. Although the low value cannot be explained the following value is 85% 
for the same conditions of atmosphere humidity and temperature but for 72 hours. It is 
believed that fennel pollen is capable of maintaining its viability under these conditions. 

When stored in a highly humid atmosphere, fennel pollen retains its viability better at low 
temperatures, but, even so, rapidly becomes non-viable. 

Under the conditions of moderate humidity brought about by the salt solution, longevity 
was improved by storage at lower temperatures. The results of this treatment are 
comparable to those of the dry storage of pollen in the first 4 hours. Insufficient data were 
available for an assessment after 72 hours. 

These results are by no means conclusive, further work with full replication and a greater 
number of humidities and temperatures is required before any definitive conclusions can 
be drawn. However in the light of this preliminary trial fennel pollen is seen to behave in a 
manner similar to other tri-nucleate pollens. It rapidly loses viability following anthesis but 
its longevity can be increased by reducing the temperature and humidity of the storage 
atmosphere as far as possible. 
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e3. ercentageo I e o en rains a er 
Storage Under Combinations of Temperature and 

Humidity for Increasing Lengths of Time. 

ATMOSPHERE TEMP(°C) TIME (hrs) %VIABILITY S.D. 

dry 10 67% 19% 

dry 10 4 23% 20% 

dry 10 72 85% 6% 

dry 22 68% 19% 

dry 22 4 55% 24% 

dry 22 72 

dry 30 77% 10% 

dry 30 4 73% 18% 

dry 30 72 75% 4% 

salt 10 79% 15% 

salt 10 4 80% 21% 

salt 10 72 

salt 22 83% 15% 

salt 22 4 55% 34% 

salt 22 72 

salt 30 81% 23% 

salt 30 4 46% 31% 

salt 30 72 0% 0% 

water 10 65% 14% 

water 10 4 34% 28% 

water 10 72 0% 0% 

water 22 1 57% 28% 

water 22 4 0% 1% 

water 22 72 

water 30 3% 5% 

water 30 4 0% 0% 

water 30 72 0% 0% 

From a commercial point of view this has implications for the timing of irrigation. Irrigation 
during anthesis may lead to a significant decrease in pollen viability by raising the 
humidity within the canopy. This could lead to poor fruit set. 

Experiment 3: Hand Pollination of Tertiary Umbels in the Field. 

The aim of this experiment was to determine whether poor fruit set was due to insufficient 
pollen reaching the umbels. The trial was conducted on tertiary umbels since it was 
hypothesised that these umbels are produced when pollen production is low. Control 
umbels were pollinated by natural pollen vectors. Treatment umbels were given 
supplementary hand pollination and assessed for increased seed set. 

Materials and Methods: 

Pairs of tertiary umbels at the receptive stage (stage 3) were selected for hand pollination. 
Two tertiary umbels from the same secondary branch were selected, one of which was 
hand pollinated and the other not. Neither umbel was bagged. Bees were allowed full 
access to each umbel and the hand pollination was supplementary to their activity. 
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Fruit set on each umbel was assessed by counting the number of seeds produced per 
umbel and comparing this with the number of pedicels (potential seeds) present. The 
result was expressed as percentage seed set. 

Results and Discussion: 

The results are present in Table 4. Analysis of variance tables and the results of a paired 
T-test are given in Appendix 2. 

Table 4. Supplementary Hand Pollination of 
Tertiary Umbels in Field Grown Fennel. 

av % seed set av %seed set 

on J;!Olhnated umbel on UnJ;!ollinated umbel 
40% 44% 

5% 19% 
29% 26% 

30% 27% 

31% 35% 
24% 20% 
24% 14% 
26% 28% 
12% 15% 
18% 15% 

2% 4% 
10% 5% 

average 21% 21% 

The analysis of variance showed a highly significant difference in percentage set between 
plants, but no significant difference between the hand pollinated umbels and the 
unpollinated controls. The results of the paired T-test are in agreement with the ANOVA. 
The treatment effect is not significant. In fact in 50% of the umbel pairs, the unpollinated 
umbels set a greater percentage of seed than their pollinated counterparts. The 
percentage set on all umbels was low, both treatments having an average of 21%. 
Values ranged from 2% to 44%. 

Supplementary hand pollination of tertiary umbels in the field, at the end of the flowering 
season did not produce any significant difference in fruit set compared with those umbels 
which were not hand pollinated. 

This trial suggests that a shortage of pollen is not the cause of poor fruit set at the end of 
the flowering season. It is hypothesised that at this time poor set may either be due to the 
plant having inadequate resources to maintain all its flowers or due to the plant directing 
its resources to the storage organs of its root system rather than the flowering canopy. 
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Section 23: Pollen Germination in vitro. 

Introduction: 

Since pollen germination and tube growth is the most reliable in vitro method for testing 
pollen viability, several attempts were made to develop a successful method for this. 
Ideally in vivo testing is used since the pollination of a compatible stigma and the 
observation of pollen tube growth and fruit set is the ultimate test of pollen viability. 
However, this is too time consuming for routine pollen testing. Staining techniques are 
available which allow aspects of pollen viability to be tested but while these allow the 
pollen to be classed as alive or dead they do not provide information about its ability to 
germinate or not. 

Materials, Methods and Results: 

The following media and conditions adapted from the literature were tested for their ability 
to induce in vitro germination and tube growth of fennel pollen. 

In general, pollen from glasshouse grown fennel was used. Umbels at anthesis were 
excised and placed in water in the laboratory. Freshly dehisced anthers were removed 
with forceps and the anther used as a brush to apply pollen directly onto the media. 

Media 3 and 4 were also tested using wild fennel pollen. Anthers were collected from 
roadside fennel and placed in gelatin capsules. They were transported as quickly as 
possible to the laboratory (usually within 0.5 to 1 hour) and tested immediately. 

Pollen was incubated on the various germination media at the given temperatures for a 
minimum of four hours prior to observation. Samples were taken at this time for 
microscopic examination which necessarily destroyed the samples. In most cases further 
samples were left to incubate overnight. 

1. Boron and calcium are the two inorganic nutrients most often cited as stimulating 
germination and tube growth of pollen. Sucrose is often used as the carbon energy 
source and also increases the osmotic potential of the medium. 

In this first trial, several levels of sucrose were tested in order to find a medium which 
would prevent the pollen grains plasmolysing and which would support germination and 
tube growth. The following components:-

0.01% boric acid 
0.03% calcium nitrate 
5%, 10%, 15%, 20%, 25% or 30% sucrose 

were combined and the medium was placed in the well of an indented slide. The pollen 
was spread on the surface of the drop. The slides were incubated at 2s0 c in a sealed 
chamber with damp filter paper. 
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No germination was achieved with this medium and the lower levels of sucrose lead to 

pollen grain plasmolysis. 

2. The above medium was used but with the hanging drop technique, with the droplet 
inside a perspex ring between a glass slide and a coverslip to raise the humidity (see 

figure 1, Section 7, General Materials and Methods). Again no germination was achieved 
and pollen grain plasmolysis occurred. 
3. The following components:-

0.1 gll... HBOs (=0.01%) 

0.1gll... KNOs (=0.01%) 

0.362911... CaCl2.6H20 

Tris Buffer 1-2mg/15mt aliquots (pH= 5-9) 

20-60 % sucrose 

were combined and used with the hanging drop method. Several levels of Tris buffer and 

sucrose were used in varied combinations. The samples were incubated at 25°C. 

No germination was achieved with this medium. 

4. In some cases where poHen is difficult to germinate an agar medium which provides a 

greater surface tension is successful. The following semi-solid medium:-

1 OOppm boric acid 

20%sucrose 

300ppm Ca(N03)2.4H20 

200ppm MgS04.7H20 

100ppmKN03 

0.75%agar 

was plated into agar plates and the pollen sample applied to its surface. The petri dish 

was covered and incubated at 25°C. 

No germination was achieved with this medium. 

Discussion: 

Fennel pollen is tri-nucleate and therefore very difficult to germinate in vitro . None of the 

above treatments resulted in the pollen grains germinating. In most treatments the grains 

did appear to swell, especially at the germ pores, but this was most likely from water 
entering the grains due to osmosis, rather than an indication of imminent germination. 

20% sucrose or higher was required to prevent the grains bursting. 

No suitable combination of media and conditions was found for the in vitro germination of 
fennel poHen. Since the staining methods described in Chapter 2, Section 7, General 

Materials and Methods were effective and repeatable it was decided that for the purposes 

of this work, it was not economical to continue in this attempt. 
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Section 24: Time from Pollination to Fertilisation. 

Introduction: 

Fennel pollen, being tri-nucleate, should germinate very quickly after placement on a 
receptive stigma. Pollen tube growth should also be rapid. From values in the literature of 
pollen germination and pollen tube growth rates (Owens, 1992) it was predicted that the 
time taken from pollination to fertilisation for fennel would be b~tween 16 minutes and 12 
hours. 

Preliminary trials were conducted with emasculated flowers on plants in the glasshouse. 
These suggested that the time between pollen deposition and fertilisation is 
approximately four hours. In these early attempts pollen germination was erratic but the 
cause could not be found. 

An experiment was designed to measure the time between pollination and fertilisation. 
The experiment was also to assess the effect of temperature on these processes in an 
attempt to explain the erratic results from the preliminary trials. 

Materials and Methods: 

Pollen was collected by the water collection method detailed in Chapter 2, Section 9, 
General Materials and Methods. It was dried overnight, over silica gel, at 4°C and 
transferred to storage over silica gel, at -4°C, until the experiment was ready tb begin. The 
maximum storage time was approximately 2 months. 

Prior to commencing the experiment the pollen viability was tested using the Nitro
tetrazolium Blue method described in Chapter 2, Section 7, General Materials and 
Methods. It was found to be 70 - 80% viable. This is the level of viability usually found for 
glasshouse collected pollen. 

Umbellules were selected from three large secondary umbels on glasshouse grown 
plants. Self-pollination was prevented on these umbels by daily washing throughout 
anthesis to remove all pollen from the dehiscing anthers. This method was chosen for two 
reasons. Emasculation using tweezers usually resulted in general bruising of the flowers. 
It was hypothesised that this bruising may have caused some of the earlier problems with 
the failure of the pollen to germinate. The second disadvantage of manual emasculation 
is the inordinate length of time required for the task. This limits the number of flowers that 
can be used. 
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The experiment commenced when the umbellules had reached the receptive stage 
(stage 3b). Three suitable umbellules from each umbel were randomly assigned to each 
of the following treatments. 

1) Control 
2) 5°C 
3) 10°c 
4) 16°C 
5) 22°C 
6) 30°C 
7) glasshouse, open 
8) glasshouse sealed 

Figure 13. Diagram of Equipment Used to Determine 
the Length of Time Between Pollination and 

Fertilisation. 

water 

umbellules 

~ large outer 
container with 
screw cap 

The control umbellules were left intact on the plant in the glasshouse, under conditions 
identical to those under which they had been grown. All other umbellules were removed 
from the plant and placed in vials of water inside larger containers. The umbellules were 
supported by parafilm (see Figure 13). These containers were sealed, except for 
treatment 7. Treatments 2-6 were placed in growth cabinets at the appropriate 
temperatures. Treatments 7 and 8 were placed in the glasshouse, adjacent to the plants 
with the control umbellules. Treatment 7 was left open and treatment 8 was sealed. 
These two treatments were to act as further controls to ensure excision from the plant did 
not affect pollen germination. Treatment 7 differed from treatment 1 only in the umbellule 
being excised from the plant. Treatment 8, because it was sealed, was exposed to a 
higher humidity level and possibly a higher temperature 

The umbellules were allowed to acclimatise to the conditions of the growth cabinets for 
one hour prior to pollination. After this time each flower was carefully pollinated by 
brushing with pollen coated slips of filter paper cut from the same disc. Each stigma was 
coated with a thick layer of pollen to avoid any problems due to insufficient pollen or 
variability due to uneven applications of pollen. The containers were then resealed and 
returned to the growth cabinets. 

After periods of time ranging from 20 minutes to 18 hours, the containers were removed 
from the cabinets and flowers randomly taken and fixed in 1 :1 :8 FAA. The containers were 
resealed and returned to their respective growth cabinets. The excised flowers were 
prepared by the method modified from Hough et al. (1985) which is outlined in Chapter 2, 
Section 6, General Materials and Methods. Pollen germination and tube growth was 
assessed by fluorescence microscopy for which the method is also outlined in Chapter 2, 
Section 6, General Materials and Methods. The experiment was replicated three times 
over the period of two weeks. 
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Care was taken to distinguish between phloem cells and pollen tubes as they can appear 
very similar. Plate 22 illustrates phloem cells, with localised callose deposits, presumably 
at the sieve plates. This plate also illustrates xylem cells with spiral thickening. Plate 23 
illustrates a pollen tube. Pollen tubes are much brighter than the phloem cells and the 
pollen tube walls have continuous callose deposits. 

Results and Discussion: 

Plate 24 shows the style, stylopodium and the top of the ovary. Plate 25 also shows the 
style and stylopodium. Pollen tubes can be seen penetrating from the stigma, through the 
stylar tissue. Plate 26 shows pollen grains on the stylopodium. Many of these have just 
begun to germinate and their germ pores can be seen to fluoresce. Plate 27 shows a 
pollen grain which has germinated and produced a short pollen tube. Plate 28 shows 
pollen tubes at the micropyle of the ovule. 

Pollen germination was highly erratic and very few pollen tubes were detected in the 
samples Germination was too inconsistent to allow any assessment of the effects of 
temperature. The few samples where tubes were detected were randomly distributed 
across all treatments 

Several hypotheses can be posed for the failure of pollen to germinate. The failure may 
have been associated with either the pollen storage or collection method. This was not 
apparent from the nitro-tetrazolium blue test, however this test does not always give an 

. accurate estimate of the germination potential of pollen (Hoekstra and Bruinsma, 1975). 

The aqueous collection method may have eluted compounds from the pollen grain exine 
which are normally involved in the pollen-pistil recognition system. Pollen is known to 
release chemical moieties to solution (Stanley, 1973). This should be qualified by stating 
that in preliminary trials, pollination of receptive stigmas with pollen from freshly dehisced 
anthers did not give any less variability in the results. 

Temperature, humidity or both during the pollen development phase may have affected 
the ability of the pollen to germinate. 

Another hypothesis is that an incompatibility response may be taking place. The failure of 
pollen to germinate on the stigma is typical of sporophytic incompatibility. Sporophytic 
incompatibility is consistent with tri-nucleate pollen such as that of fennel. However, pollen 
from many plants was pooled in each sample. It is possible, but unlikely, that the breeding 
programmes used to select fennel plants have produced seedlines with high levels of 
incompatibility. 
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There may be a stigma fertility problem as opposed to an incompatibility problem. Many 
of the slides showed pollen grains with fluorescent germ pores, suggesting that the pollen 
rehydrates and begins to germinate but that pollen tube growth fails. Refer to plate 26. 

Pollen germination and tube growth were insufficient to allow the effects of temperature to 
be estimated. For those styles in which pollen tube growth did occur it is likely that 
fertilisation would take place within six hours of pollination. Fruit set in the glasshouse was 
consistently shown to be poor and at this stage no explanation can be offered for this. 
Perhaps poor fruit set is due the pollen grains failing to germinate as occurred in this trial. 
It is hypothesised that environmental conditions during pollen grain formation or stigma 
development may affect the ability of the grains to germinate. 

Plate 22. Phloem (p) , with callose plugs (c) 
and xylem (x). 

magnification 45x. 
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Plate 23. Style tissue with pollen tube (pt) . magnification 90x. 

Plate 24. Style (s) , stylopodium (st) and ovule (o) . magnification 25x. 

PAGE95 



Plate 25. Stylopodium (st) and stylar tissue (s) with pollen tubes (pt) . magnification 45x. 

Plate 26. Germinating pollen grains. negative magnification 45x. 
Pollen grain = pg emerging pollen tube = pt 
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Plate 27. 

Plate 28. 

Germinated pollen grain (pg) 
with a short pollen tube (pt). 

Ovule (ov) with pollen tubes (pt) at micropyle (m) . 

magnification 300x. 

magnification 45x. 
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Section 25: Exogenous Hormone Trials. 

Introduction: 

There is no evidence implying the presence of parthenogenic seed set in f~nnel but the 
unpublished works of Menary (1989) and Roberts (1990) suggested the possibility that 
fruit set could be manipulated by exogenous application of auxin and/or GA at anthesis. 
Since the oil is produced in the ovary wall and not in the endosperm or embryo, embryo 
development may not be necessary for oil accumulation to take place. Yield may perhaps 
be improved by the retention of the unpollinated fruits through the prevention of 
abscission zone formation. Two field trials were designed to test this hypothesis. 

Experiment 1. 

This first trial was based on the unpublished work by Menary (1989), (discussed in the 

Literature Review, Chapter 3, Section 18). This work appeared to show that application of 

auxin to umbels at anthesis has the potential to increase fruit set. 

Three auxins were used to assess the effect of different auxin activities The three used 

in order of increasing activity are B-naphthoxyacetic acid a~-NOA) having the lowest 

activity followed by p-chlorophenoxyacetic acid (p-CPA) and u-naphthalene acetic acid 

(u-NAA) having the highest activity (Stoddart, 1980; Wareing, 1970). The GA3 treatment 

was incorporated following the work on endogenous hormone levels in fennel by Roberts 
(1990). Wild fennel, which often sets a high number of fruits compared with commercial 

varieties, was shown to have a peak in endogenous GA3 at anthesis which was not 

present in the commercial fennel line tested. 

Materials and Methods: 

The trial was established within a commercial crop of mature fennel (4-5 years of age) of 
the variety C26 at the "University Farm", Cambridge, Tas. A Latin Square was used to 

overcome the variation observed in both directions in the field. A 6 x 6 Latin Square was 
laid out with 3 rows of 20 (i.e. 60) plants in each plot. Three guard rows were left between 
plots across the trial and 20 guard plants per row were left between plots in the same row. 

Refer to appendix 3 for the experimental layout. 

The following treatments were applied to the crop when the majority of the secondaries 
were at anthesis (growth stages 2a to 2c). Application was carried out on 8/1 /91, early in 
the morning to avoid spray drift due to strong winds which often developed later in the 

day. Spray was applied, with a knapsack, to incipient run-off. The wetting agent Agra1© 
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was used to improve surface cover. The active ingredient was dissolved in 100ml ethanol 
and made up to 1 OL with water. Each plot was sprayed with 1 OL of solution, resulting in 
-1.39mg of hormone per plant for those sprayed with a 50ppm solution and -2.78mg per 
plant for those sprayed with a 1 OOppm solution. The crop was irrigated 2 days after the 
application of the treatments, in order to meet evaporative demand. This should have 
been a long enough delay to allow absorption of the active ingredients by the plants. 

The treatments were as follows: 

1) 100 ppm ~-naphthoxyacetic acid (B-NOA) 

2) 100 ppm p-chlorophenoxyacetic acid (p-CP ~ 

3) 100 ppm a-naphthalene acetic acid (a-NAA) 

4) 100 ppm B-naphthoxyacetic acid + 50 ppm GA3 (~-NOA+ 50 GA3) 

5) 100 ppm ~-naphthoxyacetic acid + 100 ppm GAs (~-NOA + 100 GA3) 

6) control 

A sample of 300 randomly selected stems/plot were harvested one week prior to the 
commercial harvest. The harvested material was stored at -5°C prior to handling. 

The umbels were removed from each stem and divided into primary (1°), secondary (2°) 
and tertiary (3°) umbels. The 3° group also included any higher order umbels as these 
were too few to warrant a group of their own. The umbels were dried at 70°C for 3 days 
and the fruits cleaned of stem material and other debris. The yield of fruit by weight was 
determined. 

Results and Discussion: 

The Yield of fruit from each plot is presented in Figure 14, which shows the yield of each 
umbel, as well as the total plant yield. A summary of the raw data and of the statistical 
analyses is supplied in appendix 4. 

The F-tests for the weight of fruits from the primary, secondary and tertiary order umbels 
were significant at the 5% level. The effect of the treatments on the total yield of fruit per 
plant is also significant at the 5% level. Since the treatments were applied after the 
completion of umbel initiation, the effects are not believed to have arisen through the 
alteration of the number of umbels present. The primaries were in the late receptive to 
early fruit set stages at spraying, the secondaries were at anthesis and the tertiaries in the 
bud stages. These differences are therefore likely to be due to differences in either fruit 
set or differences in the weight of individual fruits. It is possible, however, that a second 
flush of initiation could have occurred following spraying but this was not noted in 
observations of the crop. 
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The weight of fru its from the primary umbels was not affected by the auxin only 

treatments applied , however it was significantly reduced by both treatments of ~-NOA 

plus GA3. This suggests that flowers , in the post anthesis stages, are not influenced by 

auxin alone but that auxin plus GA3 either reduced the size of the fruit or caused some 

fruit to abscise. 

Among the second order umbels, the applied auxin treatments did not produce yields 
which were significantly different from the control. However, the means for these three 
treatments are all higher than the control. Additional replication may overcome the 
variability encountered and auxin may then significantly increase the yield of secondary 
umbels. 

Neither GAJ treatment produced yields from the secondary umbels which were 

significantly different from the control but they showed a trend ; both being lower than the 
control. With greater replication this result may have been significant. Both GA3 

treatments are significantly I ess than all the auxin treatments at the 5% level with the 

exception of the comparison between treatment 3 (u-NAA) and treatment 4 (1-3-NOA plus 

GAJ). In this case the result is only marginally significant i.e. significant at the 10% level. 

The yield of the tertiary umbels follows a different trend. The means for all treatments are 
greater than the mean for the control , although not all the results are statistically 

significant. The ct-NAA treatment, the highest yielding treatment, produced a statistically 

significant result when compared with the control and with treatment 2, (p- CPA). The 

effect was marginally significant between u-NAA and treatments 1 (~-NOA) and 4 (~

NOA plus GA3). Treatments 1 (~-NOA) and 2 (p-CPA) are not statistically significantly 

greater than the control. 
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With respect to the tertiary umbels, when the GAs treatments are compared with the 

control, treatment 4 (50ppm GA3) is not significantly greater at the 5% level but treatment 

5 (1 OOppm GA3) is. Since the numbers of tertiary umbels and consequently the weight of 

fruit is much less than the primary or secondary umbels this result is more difficult to 
observe from the histogram (see Figure 14) however the yields from all treatments are 
greater than the yield from the control. 

The total height of each column in Figure 14, represents the total yield of fruit per 300 
stems. Again, none of the treatments is significantly different from the control. However 
the auxin treatments did produce yields which were significantly higher than those of the 
GAs treatments at the 5% significance level. It appears that the auxin treatments may 

have slightly increased the overall yield while treatment with GA 3 may have slightly 

decreased yield 

These trends may not be real but because the data are so variable no assumptions 
should be made for or against the null hypothesis. From this experiment it should not be 
concluded that auxin has no effect nor that GA3 does not reduce yield of the tertiaries. 

Further experimentation designed specifically to reduce the variability is required. 

A Latin Square design can be described in terms of rows and columns. In this case the 
column effect was significant at the 5% level for all measurements however the row effect 
was not. This suggests that a completely randomised block design with blocks running in 
the direction of the Latin Square rows would have been sufficient to account for the 
variation within the paddock. The Latin Square rows and columns were designed to 
account for variation expected due to the trial being conducted on a slope with one corner 
lower than its diagonally opposite counterpart. A height difference was noted in the 
plants, with those in the lower part of the field being taller. A completely randomised 
block design, having greater degrees of freedom for error, may have been able to detect 
treatment differences within this highly variable crop. The only conclusions which can be 
drawn from these data on a statistical basis are that GA3 reduced the weight of primary 

umbels per plot and that 1 OOppm GA3 increased the yield of tertiaries. 

In experiments such as this, where increasing levels of and individual treatment are 
applied, the usual form of statistical analysis is regression analysis. This was not used 
here because it was felt, at the commencement of the experiment, that fewer treatments, 
each with more replication would allow for better preliminary observation of the treatment 
effects. If future experiments are designed, it is suggested that a greater number of 
treatments be used, if necessary with less replication per treatment, and that regression 
analysis be used to determine a response curve. 
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It was originally intended that fruit number and oil yield would also be calculated for this 
trial. However a preliminary observation of the crop prior to harvest suggested it to be 
extremely variable and it was doubtful that treatment differences would be detected. The 
available resources were therefore concentrated on Experiment 2. 

Experiment 2. 

This trial was run concurrently with Experiment 1 and was designed to examine the 
effects of GA3 in more detail. This was based primarily on the unpublished work by 

Roberts (1990) where endogenous levels of GA were shown to peak at anthesis in the 
high setting wild fennel but not in the lower setting commercial strains: 

Materials and Methods: 

This trial was established at "Glenleith" at Plenty, Tasmania, on a small experimental area 
of mature fennel originally sown by another researcher, but unused. This was set out in 4 
rows of 4 plots. No differences could be detected between the plots but a two way source 
of environmental variation was thought to be operating since the area was at the end of a 
narrow valley, along a river bank with the prevailing winds coming strongly in one 
direction along the valley and the crop· having the river on one side and a hill on the other. 
Consequently it was decided that a 4 x 4 Latin Square would be the best experimental 
design. 

The crop was mature, very tall and vigorous. It had received no irrigation, fertiliser or 
pesticide in the months prior to spraying. 

The following treatments were applied on 16/1 /91, in a manner similar to that which was 

described in experiment 1. A coarse spray nozzle was used to increase the droplet size 
and to help reduce spray drift. 

1) 100 ppm 13-naphthoxyacetic acid + 25 ppm GAs 

2) 100 ppm 13-naphthoxyacetic acid + 50 ppm GAs 

3) 100 ppm 1)-naphthoxyacetic acid + 100 ppm GAs 

4) control 
Refer to Appendix 3 for the experimental layout 

Three separate harvests were made, each two weeks apart, with the final harvest 
coinciding with the time of commercial harvesting. The following measurements were 
taken. 
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Harvest 1 : 100 stems were cut from each plot. 
A 5 stem sub-sample was taken. The umbels were removed, divided into 1°, 2° and 3° 
umbels, dried for 3 days at 70°C and the percentage dry matter content calculated. 

- The number of green (presumably photosynthetically active) leaves per stem was 
counted. 

- The colour of the fruit (an estimate of maturity) was recorded for each of the 1°, 2° and 
3° orders. 

- The flowers were separated into 1°, 2° and 3° weighed and steam distilled for 3 hours 
to obtain an estimate of oil yield. 

Harvest 2: 100 stems were cut from each plot. 
- All the above measurements were repeated with the exception of the number of leaves 

per stem, since virtually all leaves had senesced. 

Harvest 3: The remainder of all plots was harvested and all the fruit collected. No 

distinction was made between 1°, 2° and 3° umbels. 
- The fruit was cleaned and weighed to give an estimate of total fruit yield per plot. 
- The average fruit weight was calculated for each plot from a subsample of 100 fruits. 
- A sub-sample was distilled and used to calculate an estimate of the total oil yield/plot. 
- The percentage anethole in the oil was measured using the GC method outlined in 

general methods. 

Results and Discussion: 

The assumption made in this experiment is that the treatments were applied post initiation 
of the umbels and that any effects on yield are due not to an alteration in the number of 
umbels but rather in the number of fruits retained to maturity per umbel. 

Harvests 1 and 2. 

a) Dry Matter Contents. 

Dry matter contents were measured in order to obtain an estimate of the maturity of the 
crop. The results for both harvests 1 and 2 are shown in the following line graphs, 
(Figures 15 and 16). The supporting data and a summary of the ANOVA table are 
supplied in appendix 5. 

Since moisture content of the umbels falls as they mature, percentage dry matter can be 
used to indicate the maturity of the crop. This is the indicator used commercially in 
Tasmania to assess the readiness of the crop for harvest. Harvest usually takes place 
when the average dry matter is 70%. 
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Figure 15 Percentage dry matter at first harvest. 
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Figure 16 Percentage dry matter at second harvest. 
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In almost all cases the graphs show that the primaries are more mature than the 
secondaries, which are in turn more mature than the tertiaries. This is to be expected 
from the order in which they develop. The graphs show less difference between the 
secondaries and the tertiaries, in fact there is an overlap between the secondaries and 
tertiaries of the control at the first harvest. 

With the exception of the primaries in the 25ppm GAs treatment at the first harvest, the 

percentage dry matter graphs show no differences between the various treatments. All 
treatments mature at the same rate. The deviation from this pattern by the 25 ppm GAs 

treatment result cannot be explained. The primaries of this treatment appear to have 
matured more quickly than those of any other treatment. However, by the second harvest 
the other treatments have reached the same level of maturity as the 25ppm GAs 

treatment. 

Statistical analysis of these results support the observations made from the graphs. The 
only statistically significant result is for the 25ppm GAs treatment in harvest 1 which is 

significantly drier than any other treatment. (See appendix 5 for a summary of the 
statistical analysis.) 
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A further observation which can be drawn from the graphs is that the rate of maturity of 
the primaries is much faster than that of the secondaries and tertiaries. Between harvest 
1 and harvest 2 the primaries change from 50% dry matter to 70% while there is very little 
change in dry matter between the secondaries or the tertiaries. This may be because the 
primaries mature more quickly but is more likely because the chronological length of each 
developmental stage is not equal. Once the fruits have begun to dry out they do so very 
quickly. The primaries, being the most mature umbel order have reached the stage of 
more rapid moisture loss by harvest 2 while the secondaries and tertiaries have not. 

b) Number of Leaves per Stem. 

Observation of the plots suggested that the GAs treatments had increased the longevity of 

the leaves. These plots appeared greener than the controls. The average number of 
leaves per stem obtained from a sample of 100 stems per plot are given in the graph 
below (Figure 17). The supporting data and statistical analysis are given in appendix 6. 

Figure 17 
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The graph shows that the hormone treatments increased leaf retention by the plant. This 
is supported by the statistical analysis where the treatment means were significantly 
different from the control at the 1 % level. The control mean is significantly less than all 
treatment means. The graph also suggests that the more GA3 applied, the more leaves 

remained on each stem. It is suggested that the applied auxin had a significant effect in 
maintaining the leaves and that superimposed on this is a GAs effect. The 25 ppm 

treatment is different from 100 ppm but the 50ppm is not significantly different from 
treatments either side of it. Although no differences were detected between adjacent 
means the correlation coefficient between the level of GAs applied and the number of 

leaves remaining per stem (i.e. the three points on the linear part of the curve) is 0.974. 
This is only significant at the 10% level but it is likely that the apparent trend is real. This 
experiment was not conclusive but there is enough evidence to warrant further 
experimentation using a greater number of treatments and regression analysis. 
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c) Fruit Colour as an Estimate of Fruit Maturity. 

From the sample of 100 stems from each plot, the developmental stage of each umbel 
order was determined according to the scheme defined in Chapter 3, Section 19. For 
easy interpretation each stage is referred to as a colour with stage 4 being referred to as 
"green". Where overlap between two stages occurred within an umbel order the order 
was scored according to the stage of the majority of umbels. The number of orders with 
umbels at each stage was then counted and the total divided by the total number of 
orders scored to account for missing stems. Stems were harvested randomly, without 
consideration for umbel quality, so as to prevent subjectively selecting the best stems. 
Consequently, some stems harvested, could not be scored. 

The results of this experiment are displayed in the pie charts in Figure 18. The supporting 
data and statistical analyses are supplied in appendix 7. It should be pointed out that the 
distinction between the green and blue stages is less clear and that there is more room 
for error between these categories than between any others. 

The time taken for the fruit to pass from one category into another is not constant. The 
blue and blue/yellow phases are much longer than either the green or partially dry 
phases. Once the fruit is dry it remains in this condition indefinitely. 

The pie charts, (Figure 18) are arranged to give easy comparison both within treatments 
and within harvests. As can be seen from the key, the shading is arranged so that the 
darker the shading the more mature the fruit. 

Within the first harvest the control has more primaries with fruit in the dry and partially dry 
categories and the treatments appear to have delayed the maturity of the fruit. In all 
cases the majority of the fruit is in the blue/yellow category. However, statistical analysis 
shows no significant difference between the treatments for the primary umbels. 

Both the charts and the statistical analysis show that, for the secondaries of the first 
harvest, there are significantly more fruit in the blue category following GA3 application. 

This result was significant at the 5% and suggests that the application of GAs decreased 

the rate of fruit maturity. The charts suggest that increasing the level of GAs decreased 

the relative amount of fruit in the dry and partially dry categories. This result is not 
strongly supported by the statistical analysis with the overall F-test showing significance 
only at the 10% level. Since the overall percentage dry matter is not influenced by 
treatment (see Figure 15) this result suggests that the higher proportion of fruit in the dry 
and partially dry categories of the primary umbels is balanced by an increased quantity of 
fruit in the green category. 

There is no significant difference between the treatments with respect to the tertiaries for 
this harvest. 
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Figure 18. Pie charts showing the relative amount of fruit in each maturation 
category, on field grown fennel, following treatment with exogenous hormones. 
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Within harvest 2, the charts show very little difference between the treatments for the 
degree of maturity of the primaries. The F-test for this measurement shows the 
blue/yellow category to be marginally significant (10% level) and the dry category to be 
significant at the 5% level. Least squares means analysis shows that the highest level of 
GAs (i.e. 100ppm GA3) had significantly less fruit in the dry category than 25ppm GA3. 

At harvest two, a similar trend was followed in the second order umbels. The control had 
significantly more fruit in the dry category than all other treatments, while the 100 ppm 
GAs treatment has significantly less mature fruit than all other treatments. In the blue 

category, the 1 OOppm GAs treatment was significantly greater than all other treatments. 

F-tests of the data for the tertiaries in harvest 2 showed no significant differences 
between treatments. 

Despite the variability in the data the overall trend is for the rate of maturity of the fruit to 
be delayed by the application of GA3. This effect became more pronounced as the fruit 

matured. This is reflected by the relative size of the coefficients of variation (appendix 7). 
The coefficients of variation are generally lower for harvest 2 than harvest 1. The effect is 
shown most strongly in the secondary umbels which were at the stage of anthesis when 
the treatments were applied 

d) Fruit and Oil Yields. 
The results for these measurements are presented in Figures 19 to 26 and a summary of 
the statistics is supplied in appendix 8. The statistical analyses show no statistical 
differences between any of the treatments for either harvest. The absolute yield of fresh 
weight of umbels and oil is greatest for the secondaries, followed by the primaries and 
then the tertiaries. This trend does not occur in the percentage yield indicating that the 
absolute yield is influenced by umbel number and not greater production per umbel 

At harvest 2, there 1s perhaps a trend for the controls to be higher in yield both in the fresh 
weight of the umbels and in the yield of 011 but since the F-test is not significant this 

hypothesis is rejected. 

Harvest 3. 

The data for this harvest are displayed in Figures 27 to 30 and the statistical analyses are 
given in appendix 9. These results show no statistical difference between treatments for 
total fruit yield, total oil yield or the anethole content of the oil. The average fruit weight of 
fruit from the control is significantly lower (at the 5% level) than that of fruit from the 
25ppm and 50ppm treatments. The application of 25ppm or 50ppm GA3 caused an 

increase in fruit size., Since the total yields are not different, this suggests that the 
controls produced a greater number of fruits. At 1 OOppm GA3 application did not cause a 

significant difference in the average fruit weight compared with the controls but average 
fruit weight was significantly less than that of the 25ppm treatment. 
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The results of these two experiments did not show sufficient increases in oil or fruit yields 
to warrant further work on hormone based trials in the context of this study. The overall 
impression is for the hormone treatments to give greater longevity of the leaves, an 
increase in the numbers of fruit per plant and a longer maturation time fQr the fruit. 
Despite this, the yield of oil was not affected. This lead to the hypothesis that competition 
between modules in the canopy, particularly between vegetative and generative modules, 
may be limiting to fruit yield. 

In hindsight a set of more sophisticated and specific glasshouse trials applying a known 
quantity of hormone to fruits at very specific stages of development, would have allowed a 
closer investigation of abscission zone formation and may have been more useful. 
However, the trials conducted lead to some interesting observations on the production of 
flowers and of competition between modules within the flowering canopy. 

Section 26: Summary. 

A time-lapse photographic series was used to define the umbel stages and to produce the 
code used in this and the following chapters. Individual flowers were shown to be 
strongly protandrous but within an umbel there was some overlap between pollen 
production and stigma receptivity. 

No nectar guides were detected as colour variations within the umbel but UV light 
accentuated the nectar, perhaps indicating that the nectar is more obvious to bees than it 
is to the human eye. 

Pollen produced in the field is viable but pollen viability is rapidly lost in a humid 
atmosphere. Supplementary hand pollination of tertiary umbels in the field did not 
improve seed set, but this may have been due to inadequate resources at the end of the 
season. The wet pollen collection technique may also have had an effect on the viability 
of the pollen used in these experiments. This was not indicated by tetrazolium staining 
but the wet collection technique may have removed pollen recognition substances from 
the pollen grains, preventing their recognition by the stigma. 

Fennel pollen cannot be easily germinated in vitro. 

Experiments to measure the time from pollination to fertilisation also showed poor pollen 
germination and tube growth. The wet collection technique may also have affected these 
experiments. Alternatively, this may be key to poor fruit set in fennel. 

Competition within the fennel canopy may be leading to reduced fruit set. Increased fruit 
number and increased fruit maturation time did not improve oil yield. Senescence of 
flowers on the inner whorls first also suggest that the more mature flowers are stronger 
sinks and develop at the expense of the weaker sinks. Since plant density influences 
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Chapter 4 

Inter- and lntra .. plant Competition. 



Literature Review. 

Section 1: Introduction. 

"Competition arises when individuals in a community obtain an inadequate supply of a 
resource necessary for growth because of the use of the resource by other plants." 
(Sorrensen-Cothern et al., 1993). Any resource (e.g. light, water, nutrients, carbon 
dioxide) used by a plant for growth may be limiting and therefore the object of 
competition. The more limited a resource the greater the competition. Benjamin (1993) 
found competition between carrot (Daucus carota ) seedlings to be greater at a lower 
fertility site than at a higher fertility site. 

Although competition limits the yield of individual plants, in agricultural systems it 1s not 
the yield of individuals which is crucial but rather the net monetary return per unit area. 
Spacing plants to maximise individual yields does not necessarily produce the greatest 
economic return. 

In a crop situation competition may be controlled by either supplying more of the limiting 
resource or by altering the number of individuals with access to the given quantity of 
resource. The latter is achieved by altering the planting density and/or the spacing layout 
of the crop. Resources such as water and nutrients can be supplied but those such as 
light and carbon dioxide can only be controlled indirectly. 

Alterations in planting density and arrangement modify the microclimate of the canopy 
including air and soil temperatures, humidity and air movements. This, in turn, affects 
such factors as the transmission of disease and physical damage to the plants e.g. by 
bruising. It has the potential to affect cropiinsect interactions, whether the insects be 
favourable e.g bees and other pollinators or deleterious e.g. pests such as aphids and 
thrips. 

Section 2: Modelling Competition. 

Modelling competition is used both in explaining observed population distributions and in 
predicting plant growth. It is a useful tool in determining the optimum plant density and 
layout for a crop. 

The type of model used and its complexity depends in part on the background reason for 
its development. Some factors which determine the structure of a model are: 
1) Its intended use: 

a) prediction from a given population of the effects of competition under new 
circumstances e.g. Chung (1990); 

b) explanation of a given population structure by considering previous competition 
amongst its individuals e.g. Soetono and Puckridge (1982); 
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2) The subject of the model e.g. individual plant performance or collective population 
yield; 

3) The basic unit of the model e.g. a whole plant or a modular approach e.g. Maillette 
(1986), Sorrensen-Cothern et al. ( 1993); 

4) The type of plant being modelled (e.g. annual or perennial) and the previous history of 
the plant, including past competition, i.e. plant growth 1s plastic e.g. Sorrensen
Cothern et al. (1993); 

5) The structure of the community being modelled e.g. a mixed community or a 
monoculture, which will determine whether the competition is inter- or intraspecific e.g. 

Maillette (1986), Blackshaw (1993). 

No single model will be suited to every situation and most will be specific to a particular 
community. However, a perusal of models by other authors, may give an insight into the 
nature of the competition between the particular plants under study, in this case fennel. 

Models of competition must have, defined within them, a measure of plant size and 
growth. Often size is defined in terms of plant weight, being either the average weight per 
individual or the biomass stand density (weight of plant per unit area) (Weller, 1987). 

Other alternatives include the total number of leaves e.g. violets, (Waller, 1981), yield of 
poppy heads (Chung, 1990) and bulb size diameter in onions (Frappell, 1973). An 
individual may be a whole plant e.g. a carrot seedling (Benjamin, 1993) or 1t may be part 
of a plant e.g. a violet ramet (Waller, 1981) or a tree branch (Sorrensen-Cothern et al., 

1993). 

Section 3: Specific Models of Competition. 

The relationship between the yield and planting density may be either asymptotic or 
parabolic (Willey and Heath, 1969) and may change from one to the other if the 
conditions under which the crop is growing change (Frappell, 1973). French et al. (1994) 

found that of the 122 relationships fitted to yield/density data for lupins (Lupinus 

angustifolius ), all but 13 fitted an asymptotic curve. In the remainder, the relationship 
showed a peak in yield followed by a decrease in total yield at higher plant densities. 

Holliday (1960) cited by Bleasdale and Nelder (1960) and by Willey and Heath (1969) 

suggests that vegetative yield conforms to the asymptotic form and reproductive yield to 
the parabolic relationship. This is not true in all cases; e.g. in poppies the relationship is 
asymptotic for both the yield of total dry matter (vegetative) and for total head or capsule 
yield (reproductive) (Chung, 1990). In fact, the two relationships may be merely different 
degrees of expression of the same relationship, but the mathematical models of the two 
can be quite different (Willey and Heath, 1969). The parabolic relationship can by 
explained in terms of overcrowding Competition becomes so great that the performance 
of each plant is decreased, leading to a general decrease in yield. In the asymptotic 
relationship, some individuals are able to perform at the expense of others. Increasing 
the numbers of individuals, above a critical point, does not alter yield. 
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Willey and Heath (1969) reviewed many of the models of the yield density relationship 
proposed up to that time. They discussed the characteristics of each and their ability to 
accurately represent experimental results. The model considered to have the most 
universal fit was that of Shinozaki and Kira (1956, cited by Willey and Heath, 1969) with 
the adaptation suggested by Bleasdale (1960, cited by Willey and Heath, 1969). 

The original model was: 1 lw = u. +BP 

where 

It was modified to 

w = weight of test plant 

u = constant 

~ = constant 

p = density factor 

(1)--8 = u + ~p<J> 

where u, ~, qi, 8 are constants. 

When H = cj> the relationship is asymptotic but when H < cj> the relationship is parabolic, 

therefore it is not the absolute values of 8 and cj> which are important but their ratio 

(Bleasdale, 1966; Bleasdale and Thompson, 1966; Willey and Heath, 1969). In practice cj> 

may be assumed to be unity and the model becomes: 

cr>--e = u + j1p (Bleasdale and Thompson, 1966; Willey and Heath, 1969). 

Bleasdale and Thompson (1966) showed that for the special case where the yield density 
relationship is asymptotic, the entire yield density relationship for a biologically significant 
plant part can be calculated from values of the yield of the part and the total weight per 
plant at two widely different plant densities. 

The asymptotic relationship can be modelled by Yoda's Law or the -3/2 self-thinning law. 

"Self thinning" is the term used to describe density dependent mortality (Harper (1977) 
citing Harper et al. (1962) and Yoda et al. (1963)), as opposed to "alien-thinning" where 
the mortality of one species can be attributed to the density of an associated species 
(Harper, 1977). If crowding-independent stresses are absent (e.g. drought, fire, disease) 
mortality caused by competition in even-aged plant populations that are crowded but 
actively growing, is termed "self-thinning" (Weller, 1987). 
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When the log of the mean plant weight of the survivors is plotted against the log of the 
density of the survivors the result is a straight line with a slope of approximately -1.5. This 
implies that although the number of individuals remaining is decreasing the average 
weight of the survivors is increasing sufficiently to compensate and the population mass 
as a whole remains constant (Harper, 1977). 

The law is as follows: 

log m =ylog N +log K 

where m = average plant weight 

N = plant density (individuals/m2) 

y = -3/2 

k = constant 

In the review of this law Weller (1987) suggested three modifications to improve its 

statistical validity. The fundamental flaw in the original form of the law was that N was 

often used in the calculation of m prior to the data being modelled. This allows the 
possibility of a correlation between the values which does not actually exist. The problem 

is overcome by substituting biomass stand density for average plant weight, in which case 

the law becomes: 

log B = f3 log N + log K 

where B = stand biomass density 

= m.N 

m = average plant weight 

N = plant density (individuals/m2) 

f3 = -1/2 

k = constant 

Upon refitting some of the published data to the modified law it was found that 19 of the 
63 data sets used no longer showed a correlation with it and of the remainder, 20 did not 

have a slope (f3) = -1/2. Therefore there can be no single quantitative thinning rule for all 

plants (Weller, 1987). 

Early models of density do not specifically take into account layout or rectangularity 
(Frappell, 1973) or the variation between plants (Willey and Heath, 1969). In recent 
years, authors have begun to examine in more detail the effects of neighbours upon the 
growth and yield of a central test plant. Competition between plants in monocultures is 
best described by models assuming asymmetry. Size inequality increases with time until 
the onset of self-thinning, when inequality diminishes as self-thinning progresses (Weiner 
and Thomas, 1986). Soetono and Puckridge (1982) modified the yield density model to 

PAGE 116 



incorporate the size and distance of the neighbours by calculating a competitive pressure 

term and incorporating it into the model by replacing the density factor. The competitive 

pressure of neighbours on the central plant was assumed to be directly proportional to the 

weight of the neighbour and inversely proportional to a power 8 of the distance between 

the neighbour and the central plant. 

1 lw =er.+ Bz 

where w = weight of test plant 

a,B = constants 

z = L., Wn,i ld8n; 

where 

z = 
W n, 1 , W n,2, W n,3, ... . = 

competitive pressure 

weights of the neighbours 

dn,1,dn,2,,dn,3 , ... . = distances of corresponding neighbours 

constant 8 

Vandermeer (1984) again reviewed the model of the yield density relationship with the 

criticism that although this equation fits experimental data well, it is difficult to interpret 

biologically. The arguments of Bleasdale, (1966, cited by Vandermeer (1984)) which 

were used to set <I>= 1 in the original model, could equally have been used to set 8 = 1. A 

further criticism is, that the original model, assumed that competition was constant within 

a specified region This assumption was rejected. The model is rewritten, in a form which 

is very similar mathematically to the original, but in which the variables can be easily 

interpreted biologically. This is: 

where w 
D 

w = 

= 
= 

q = 

b = 

(Vandermeer, 1984). 

average plant weight in the presence of competition 

plant density 

average plant weight in the absence of competition 

constant and is a measure of competition including its 

intensity and the area in which it operates 

constant and measures the rate of decay of competition with 

distance between the plants 

Relatively simple models such as these may be used to predict the yield from a whole 
population in monoculture. They can be based on allometric measures of growth. 
Complex models such as the WHORL model of competition for light designed by 
Sorrensen-Cothern et al. (1993) are necessary to explain individual performance in an 
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unevenly distributed population. The WHORL model takes into account both a) resource 
distribution and acquisition and b) growth and resource allocation. It uses modular 
autonomy to incorporate plant plasticity into the model. This is particularly important 
when modelling perennial species, since the results of competition in the past can alter 
the response by an individual to present competition. Plants are considered to be 
composed of modules, each of which interacts with its local microenvironment. Although 
part of the response of a module to its environment depends on the status of the whole 
individual in the community, each module is considered to react to its environment 
independently of other modules, regardless of whether or not they are part of the same 
individual. Competition for light is defined in terms of overlapping whorls and growth is 
determined by both resource acquisition and growth plasticity. 

Weiner (1984) noted that a plant's performance is a function of the condition of its 
neighbours and suggested the performance of the focal plant is determined by the 
following attributes of its neighbours: their size, distance, number, age, genotype and 
angular dispersion. A model was proposed in which the growth of an individual was 
inversely related to the accumulated effect of neighbourhood interference and in which 
the contribution to competition by each neighbour was additive in proportion to its size 
and the square of its distance. The size of the neighbours was the single most important 
factor in determining the growth of the focal plant. The number and distance of the 
neighbours was important but less significant. Although interference decreased with the 
distance between the focal plant and the neighbour, the relationship appeared to be linear 
rather than the square root of the distance as expected from other studies (Weiner, 1984). 
Perhaps the relationship of interference and distance depends on the root to top volume 
of the plant in question or on the ratio of root depth to root spread. In the model by 
Weiner (1984), the angular dispersion of the neighbours did not make a significant 
contribution to competition. However, according to Silander and Pacala (1985) models 
which account for the angular dispersion of neighbours have a better fit than models 
which merely rely on the size and distance of neighbours. 

Benjamin (1993) conducted an experiment using carrot (Daucus carota) seedlings to 
examine the effects of competition, by monitoring the effect of rings of neighbours on the 
growth of a central plant. The experiment showed an overlapping domain model to give 
the best explanation of competition for both light and nutrients. This infers that plants 
have zones of influence which act beyond the level of their immediate neighbours. When 
the central plant had few neighbours (compared with many), its mean relative growth rate 
decreased with time, partially due to self-shading and partially due to competition with its 
neighbours. In the presence of many neighbours, the decrease in relative growth rate 
was enhanced (Benjamin, 1993). It would have been interesting had the experiment by 
Benjamin (1993) tncluded a control plant, with no neighbours in order to separate the 
neighbour effects from those of self-shading and physiological age. 

The zone of influence of a plant was considered to be circular and proportional to the 
weight of the plant. As a plant grew the radius of its zone of influence (r) increased 

linearly but the area increased at an accelerating rate i.e. for a circular zone, area= nr2 . 
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Therefore the rate at which overlap between domains took place increased until the 
smaller domain was completely overlapped by the larger one. The difference in growth 
rate between the smaller and larger plants increased until the point of complete overlap, 
when the difference becomes constant (Benjamin, 1993). At higher planting densities, 
competition occurred more quickly, because zone overlap occurred more quickly. 
Uneven growth rates became more exaggerated with time because the zone of influence 
of the larger plant covered that of the smaller plant, before the zone of the smaller plant 
covered that of the larger plant (Benjamin, 1993). 

Together the work of Benjamin (1993) and Weiner (1984) show that it is the size of the 
immediate neighbours which determines the size of the focal or central plant. However, 
the size of the neighbours' neighbours in turn influences their size. Both models support 
the hypothesis of over-lapping domains. 

All models reviewed, investigated the effect of neighbours within a given radius. The size 
of the radius depends on the the size of the focal plant and its neighbours, the soil type, 
and many environmental factors and would vary from site to site. 

Section 4: Competition Within and Between Plants. 

Up to 69% of the variability in the individual plant weight and fecundity of several species 
of autumn germinating dune annuals was found to be explained by the weight, distance 
and angular dispersion of their neighbours (Mack and Harper, 1977). However, although 
competition between plants is important, it does not always determine individual plant 
size. In a non-uniform environment, microenvironment can have as much influence on 
plant size as competition between neighbours (Soetono and Puckridge, 1982). The 
growth of plants is not strictly related to the amount of space around them. In a carrot 
crop (Daucus carota ), the edge row plants had more than twice as much space but were 
never more than twice the weight (Benjamin and Sutherland, 1992). Microenvironment 
and competition are likely to be interacting phenomena and add to the complexity of 
modelling the individual growth within a population. 

Plant growth is plastic and the current growth rate is affected by previous growth. Past 
competition may affect the current growth rate, even if that competition is now removed. 
Self-shading and competition between modules within a plant, act to limit the plant's size. 

Intra-specific competition in plant monocultures leads to a positively skewed, bimodal 
distribution of plant size (Ford, 1975; Gates, 1978). A distinct set of individuals, which are 
characterised by relatively higher growth rates, form the upper canopy (Ford, 1975). 
Bonan (1988) supported this with a model showing that size hierarchies form when 
relative growth rates are positively correlated with plant mass. A model simulating mutual 
shading, by Gates (1978) also resulted in a bimodal frequency distribution. Large plants 
become evenly distributed in space, as do the survivors of density dependent mortality. 
Size inequalities increase with increasing plant density and increasing productivity 
(Weiner, 1985). This suggests that inequalities increase, with increasing competition. 
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When two species are mixed, frequency histograms of individual plant weights also 
become skewed and the species with the low competitive ability has a greater number of 
individuals in the smaller size classes. The less competitive species also shows the 
greater size inequalities, while the more competitive species is more uniform (Mack and 
Harper, 1977). 

The results of competition i.e. size inequalities in a population are expressed differently 
for plant parts than for whole plants. For example, Weiner (1985) showed flower heads of 
Trifo/ium incarnatum to exhibit greater inequality than plant dry mass. 

So far, discussion has focused mainly on intra-specific competition. This is often the most 
important in terms of plant density and agricultural production Inter-specific competition 
may also occur in the case of crops infested with weed species. Maillette (1986) 

undertook a study comparing the response to competition of wheat ( Triticum aestivum ) 
and weed species. The study looked at both intra- and inter-specific competition. In this 
case wheat dominated the competition. The final yields of wheat were not influenced by 
the weed species (Maillette, 1986). Fennel is a tall, vigorous plant. Provided weeds are 
not allowed to dominate the crop in early stages, it is likely that fennel will out-compete 
most weed species, rendering inter-specific competition insignificant 

Plants are generally able to respond to the removal of competition by increasing their 
growth rate. Kell as et al. (1982) showed that no matter how crowded Eucalyptus 
sideroxylon stands were, individuals within the stands could respond rapidly to release 
from competition. Removal of either overwood or regrowth gave an improvement in yield. 
Growth was measured by the basal area increment i.e. the increase in the sum of the 
bole areas at a fixed point (1.3m) above the ground. The increase in stem diameter is 
proportional to the original size of the tree i.e. growth is plastic and depends upon 
previous growth. 

In Jarrah (Eucalyptus marginata ) forest, thinning is necessary to control intra-specific 

competition but the timing of thinning 1s crucial (Abbott and Loneragan, 1983). In theory 
thinning should take place at the point when competition first begins. However, it was 
found that if thinning was commenced too early, coppicing of the remaining stumps 
occurred thereby producing more competition with the remaining trees. By delaying 
thinning, until the regrowth stands were more mature, and then thinning lightly, it was 
possible to give the mature trees a competitive advantage over the developing coppice 
stems. This achieved substantially higher growth rates. 

Fennel is a short term perennial plant and thinning may become necessary during the life 
of the crop. Releasing some plants from competition within the crop, by reducing the 
plant or stem number at the end of year two may increase yields in year three. The timing 
of this thinning may be significant in determining the response of the crop. Early thinning 
may have a detrimental effect by producing extra vegetative growth. 
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Section 5: Plant Density. 

Bleasdale (1967) outlined clearly the experimental design first published by Nelder (1962) 
for determining the optimum planting density for a crop given a square planting 
arrangement. This fan shaped design calls for plants to be arranged along the arcs of a 
circle (or a segment of a circle) in such a manner that for each plant the distance between 
itself and its nearest neighbours along the arc is the same as the distance between itself 
and its nearest neighbours along the radius. Each arc of plants is positioned at 
increasing distances along the radius (see figure 31 ). Complex mathematical calculations 
are required to calculate the plant spacings so that the deviation from squareness caused 
by the circular design is less than 5%. These are supplied by Bleasdale (1967). 

Figure 31 
Diagram of experimental 
layout for density trials, 
described by Bleasdale (1967). 

Diagram reconstructed and modified from Bleasdale (1967), page 75 
Plant pos1t1ons are shown by dots 

The Nelder design (Nelder, 1962) accomplishes the same result in a small area as would 
be achieved by very extensive randomised block designs (Bleasdale, 1967). However, in 
light of the work by Benjamin (1993), the number of neighbours and their proximity affects 
the growth of a plant The Nelder design allows an assessment of the range in which the 
optimum density falls but a design in which neighbouring plants are at the same density 
as the plants being measured, may be necessary to fine tune the result, especially under 
conditions which cause high competition between plants e.g. drought or low fertility. 

Because of its compactness, the Nelder (1962) design would be ideal in a split plot design 
where a main effect such as irrigation or soil fertility was to be tested against density in 
order to assess varying environmental interactions with density (Bleasdale, 1967). 
However, it must be remembered that the zones of influence of the plants are considered 
to be overlapping domains and the number of neighbours and their proximity to each 
plant measured will influence the response to such treatments. 

In agriculture, where financial return is important, economic criteria should be taken into 
account in the model for determining the optimum crop density as was done by French et 
al., (1994). French et al., (1994) assessed optimum planting density for lupins (Lupinus 
angustitolius ) in a wide range of environments. Economic criteria were combined with 
the yield/density model for the selection of optimum density. This density was achieved 
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when the marginal revenue from an increase in plant population density equalled 
marginal cost. Economic criteria are variable and a model derived in this way must be 
reviewed periodically (French et al., 1994). The optimum density in economic terms was 
found at the point where the slope of the yield potential curve was equal to the cost of 
increasing the density by one plant per m2 ($/ha) divided by the price of lupin grain 
($/tonne). This varied from site to site because the yield potential curve varied from site 
to site. 

The optimum density for maximum yield may be influenced by other species present in 
the community. Increasing plant density may decrease competition with weeds. For 
example, in safflower ( Carthamus tinctorius ) . increasing planting density brought about 
earlier canopy closure and enabled safflower to shade out the weed species, green foxtail 
(Blackshaw, 1993). Yields of weed-free safflower were lower at these high planting 
densities when compared wtth the lower conventional planting densities suggesting a 
parabolic function between yield and density. However, when the weed was present, 
yields were increased by raising the plant density. Yield at these high densities was lower 
than for weed free safflower but when weeds were present, yield was 3-4 times that 
achieved in the lower stand densities. 

Environmental factors, such as water availability, also affect the yield/density response. 
S1lim et al. (1990) found that the optimum sowing density for lentils (Lens cu/inaris ) was 
site specific. Although the drier sites required higher planting densities for optimum 
yields, the wetter sites did not yield any higher than dry sites, provided density was 
optimised. Thus irrigation was rendered uneconomical. 

Edge effects occur because plants on the boundary of a crop, are effectively at a lower 
plant density, than their neighbours within the crop. In carrots (Daucus carota ), it is 
desirable to eliminate the edge effects produced by planting in beds because they 
increase the root weight variability and therefore decrease the market value (Benjamin 
and Sutherland, 1992). Benjamin and Sutherland (1992) found this could be achieved by 
increasing the seeding rate of the outer rows while keeping the density constant. 

A pattern of waves of alternately large and small roots as suggested by Bleasdale (1954) 
(cited by Benjamin and Sutherland, 1992), was not found in carrot (Daucus carota ) 

(Benjamin and Sutherland,1992). The absence of waves of small and large plants was 
also commented on by Benjamin (1993), who suggested that these were perhaps 
confounded by environmental effects in field situations. Perhaps they can better be 
explained by the overlapping domain model in which competition is two-way between a 
plant and its neighbours. More importantly, plants are influenced by remote neighbours 
as well as those directly adjacent. Each neighbour has an effect proportional to its weight 
but a power of its distance (Soetono and Puckridge, 1982). The multiple interaGtions of 
neighbours, even in a very uniform crop situation may act to smooth out such trends as 
alternating large and small plants. Such an hypothesis does not deny the existence of 
edge effects, since plants at the edge of a crop are not uniformly influenced by 
neighbours from all sides. 
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Hadjichristodoulou (1983) studied the edge effects in clonal trials of wheat and barley in a 
semi-arid, Mediterranean environment. In such trials uncropped pathways are often left 
between plots in trials in order to facilitate mechanical harvesting. The edge effects were 
similar for all traits measured but the effects were greater on the grain and straw yields 
and number of tillers than on grain size or number of grains per tiller. There was no 
significant effect on plant height. The edge effects were also higher in drier seasons 
showing the effect to be modified by environmental conditions but the edge plants yielded 
consistently significantly higher than the inner rows. For some traits e.g. grain size the 
edge effects were confined to the outer rows i.e. those adjacent to the pathways. For 
other traits the effects were continuous e.g. tiller number continued to decrease with 
distance to the centre of the plot and to increase again approaching the other edge 
(Hadjichristodoulou, 1983). 

Such differences can perhaps be explained by the use of an overlapping domain model 
(Benjamin, 1993). The edge effects were greater for vegetative yield than for 
reproductive yield (Hadjichristodoulou, 1983). Wheat plants have two separate phases of 
growth. Vegetative growth ceases completely with the onset of reproductive growth 
(Maillette, 1986). It can be hypothesised that the zone of influence of a vegetative plant is 
large and thereby affects the growth of distant neighbours Once the plant enters its 
reproductive mode, leaf senescence begins and the zone of influence is reduced, thereby 
allowing the inner plants more even competition. 

Several authors have studied the effect of planting density on the yield of seed in carrots 
(Daucus carota ). Noland et al., (1988) found the total seed yield to increase with 
increasing plant density to an optimal point and then to decline i.e. a parabolic 
relationship At the highest plant densities, some plants failed to flower (Noland et al., 
1988), probably due to self-thinning (Harper, 1977). Noland et al. (1988) concluded that 
for seed-to-seed production systems, in carrot, the optimum plant density is 8 - 32 

plants/m2 for maximum seed yield. Gray et al. (1983c) found the yield of carrot seed 

increased with plant density from 1 O to 80 plants/m2 in two experiments but in another 

there was no effect. This demonstrates that the yield density relationship is site specific. 

Altering carrot (Daucus carota ) plant density altered the contribution of both individual 
plants and umbel orders to overall yield (Noland et al., 1988). Increasing planting density 
reduced the number of lateral branches (Gray and Steckel, 1983a) and therefore the 
number of secondaries and tertiaries (Noland et al., 1988). At higher densities the 
primary umbel contributed the most to yield (Gray et al., 1983c; Noland et al., 1988) while 
at low densities the tertiary umbel contributed the most (Noland et al., 1988). The 
response of the secondaries varied with site from either little proportional change with 
density to decreasing contribution with higher plant density (Gray and Steckel, 1983a). 
Increasing density decreased seed yield per plant, mostly because each plant produced 
fewer umbels (Gray et al., 1983c). 
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The weight of individual carrot (Daucus carota) seeds was influenced by the umbel order 
on which the seed developed. Seeds from primary umbels were heavier than those from 
secondary umbels (Gray et al., 1983c; Gray et al., 1986b; Noland et al., 1988). Seed size 
differences were detectable, soon after anthesis and were maintained throughout crop 
growth (Gray etal., 1983c). 

Increasing plant density, decreased carrot seed weight (Gray et al., 1983c; Gray et al., 
1986b), largely due to decreases in the initial ovary, ovule and embryo sac sizes at the 
time of fertilisation (Gray et al., 1986b). It was also due to shorter maturation times at 
higher plant densities (Gray et al., 1983c; Gray et al., 1986b). Shortened maturation 
times due to a season of higher temperatures post anthesis were shown to reduce mean 
seed weight (Gray et al., 1983a) 

Seed weights were equally variable for seed from within primary and secondary umbels 
(Gray and Steckel, 1983b). Increasing plant density reduced the overall variability. 
Secondary umbels mature later than the primary umbels and reducing the number of 
secondaries reduced the range of seed maturity. However, coefficients of variation were 
not reduced by as much as expected (Gray and Steckel, 1983a). This can perhaps be 
explained by the greater range of primary umbel flowering time at higher planting 
densities (Gray and Steckel, 1983a; Gray and Steckel, 1985). 

Desmarest (1978) tested fennel planting densities of 6, 12 and 24 plants/m2 and found no 

significant differences between these treatments for either total plant weight or umbel 
fresh weight per hectare. 

Peterson (1990) investigated the components of the fennel canopy contributing to the 
total OJI yield in fennel. A first year commercial crop was used in Tasmania and although 

the planting density was not specified it was probably 1 O - 12 plants/m2. which is the 

recommended planting density in Tasmania (Hart, 1987; Peterson, 1990) It was found 
that the primary umbels were the highest oil yielding umbel order on a per weight of 
umbels basis. This was probably due to longer maturation time and possibly due to 
photosynthate sink strength, since the primary was the strongest sink (Peterson, 1990). 
The second highest yielding on a per umbel basis were the secondary umbels followed by 
the tertiary umbels. 

When oil yield was expressed on a per plant basis the above sequence was altered due 
to the number of umbels produced by each umbel order. The sequence of highest 
contribution to the lowest contribution to the total oil yield was secondaries, tertiaries, 
primaries, quaternaries. Quaternary umbels were produced but most were aborted. The 
secondary and tertiary umbels together produced the bulk of the oil. The percentage of 
anethole in the oil was not significantly different between the umbel orders, with all 
showing a steady accumulation of anethole up to maturity. 
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Assuming that fennel and carrots (Daucus carota ) have similar growth habits, fennel will 
react to density changes in a manner similar to carrots. The contribution of each fennel 
umbel order to the total oil yield may be expected to change with changing planting 
density. The primary umbel is the largest and produces larger seeds, therefore it 
produces more oil on a per umbel basis (Peterson, 1990). Production by the secondaries 
will be dependent on plant density In commercial crops in Tasmania the planting density 
is such that the secondaries produce the bulk of the oil yield (Peterson, 1990). 

Section 6 : Crop Rectangularity. 

A squareness index is often used to describe the rectangularity of a crop planting layout 
(e.g. Frappell, 1973; Jaaffar and Gardner, 1988). The squareness index allows different 
planting arrangements to be compared. The index is calculated as the intra-row distance 

divided by the inter-row distance Jaaffar and Gardner (1988) supply a formula for 

calculating a squareness index of a crop, incorporating a twin row layout, which cannot be 

described by the traditional method. 

A squareness index of 1 equates to a square layout while an index of less than one points 
to increasing rectangularity. An index of greater than one always seems to suggest that 

the intra-row and inter-row values have been reversed i.e. that the rows are running at 
right-angles to the direction given. Obviously machine planting, poor germination and 
other factors contribute to greater variability of established plant positions within, rather 
than between, rows but this variability must be large before it is acceptable to give a 
squareness index of greater than 1. Perhaps it would be better to simply interpret or sow 

the rows in the perpendicular direction. 

There is a tendency in field crops for a square planting layout to be the highest yielding 
crop design (Frappell, 1973; Jaaffar and Gardner, 1988; Chung, 1990; Wells, 1991) This 

layout probably most reduces the cumulative inter-plant competition. 

Competition for light appears to be the single most significant competitive factor in 

determining the yield/density relationship. In peanuts (Arachis hypogaea ), a more 
square planting layout than conventionally used, produced higher yields, primarily, due to 

earlier canopy closure and greater interception of light in the vegetative phase. This 
established a greater sink capacity and thereby a greater base for the production of pods 
During the reproductive phase, which occurs after canopy closure, light interception was 
not significantly altered by row spacing. However, over the life of the crop the square 
arrangement maximised light interception, dry matter production and peanut yield (Jaaffar 

and Gardner, 1988). 

The reaction to row spacing depends upon the growth habit of the plant. In determinate 
soybean (Glycine max.), both Wells (1991) and Board et al. (1990) showed that narrower 
rows and the resultant squarer planting arrangement gave higher yields for the same 
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planting density. This was due to lower competition within rows. Again it was light 
interception and dry matter production which were the significant factors in seed-yield 
enhancement. In late plantings, the higher yield of narrow-rows was due to the increased 
light interception and increased dry matter duration throughout the season while in early 
plantings, these variables were only effective during the reproductive phase. The benefit 
of narrow-rows was greater at the later plantings, probably because the variables acted 
over the life of the crop for the late plantings. 

Savoy et al. (1992) found indeterminate soybean to be adaptable to row spacing. With 
density held constant two row spacings gave no significant differences in yield. This is 
expected to be because an indeterminate plant is less restricted by its genotype as to the 
shape of canopy it produces. 

Trials in wheat by Dhillon and Kier (1981 ), compared sowing in narrow rows, wide rows 
and sowing in two directions. It is assumed that sowing in two directions produced a 
more random and therefore a more square planting layout. Wider rows than those used 
conventionally reduced yield by reducing light interception. Sowing in two directions had 
the following advantages leading to higher yields: better overall light interception, higher 
upper canopy temperatures for optimum photosynthesis, reduced temperatures in the 
lower canopy leading to lower respiration by these shaded leaves, and increased 
senescence of lower leaves reducing wastage of nutrients etc. An added advantage was 
that CO'.! produced at night was trapped near the ground rather than blown away because 

air currents within the canopy were reduced. Light interception in the later growth stages 
was not significantly affected by row spacing. However, due to greater interception in the 
early stages, interception over the life of the crop was greater for the crop sown in two 
directions. Disease due to powdery mildew was also reduced by two-way sowing. This 
was perhaps due to reduced air flow through the crop since powdery mildew is an air
borne disease (Agrios, 1978). 

Practical considerations must also be considered when deciding on an optimum crop 
layout. McGowan and Mathews (1994) showed the yield from tagasaste trees (tree 
lucerne, Chamaecytisus proliferus ) was greatest at the highest planting density and 
closest row spacing studied. These were higher and closer respectively to the current 
commercial practice. This suggests that yield could be improved by higher planting 
densities. However close row spacings bring practical problems such as the ability to 
move machinery between the trees in order to harvest, inspect the trees and to muster 
stock. Such problems must be kept in mind when recommending changes to commercial 
practice. 

Hawthorn (1952) examined row spacing effects upon carrot seed produc~ion. It was 
found the plants produced high yields of seed at the widest row spacing (36 inches), but 
that these plants were top-heavy and prone to lodging. As the only reference to plant 
density was that the rows were "thickly sown", it is assumed that the intra-row spacing 
was constant across all treatments. Therefore the reduction in yield associated with the 
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closer row spacings is likely to be due to the increase in plant density and not to a crop 
layout effect. If this assumption is incorrect and plant density was held constant across 
the treatments the more square layout should give the highest yields. The more square 
layout will arise through the larger intra-row and smaller inter-row distances. This is 
contrary to the experimental results obtained by Hawthorn (1952). 

In a small plot trial by Vrzalova et al. (1988), two cultivars of fennel were found to produce 
higher seed yields on a per plant basis at row spacings of 450mm rather than 225mm. 
Assuming a density of 1 O to 12 plants/m2, this gives rise to a more square design while 

row spacings of 225mm give rise to a more rectangular design. This increase was due to 
a greater number of umbels per plant in the cv Moravsky and to a greater number of 
seeds per umbel in cv Budakalesz. Seed and essential oil yield per unit area were found 
to be dependent on the cultivar. Different cultivars responded differently to different 
spacings but as with other crops, a square planting will probably give the highest yield. 

In density trials by Desmarest (1978), intra-row spacing was constant at O.Sm. Therefore 

inter-row spacing must have been 0.33m for 6 plants/m2, 0.17 for 12 plants/m2 and 0.08m 

for 24 plants/m2. Oil yield and anethole yield per hectare were not significantly affected 

by these planting densities. In this case, row spacing effects were confounded by the 
response of the plants to altered plant density 

In Tasmania, fennel is planted at a density of 10 - 12 plants/m2. At this density the 

secondaries produce the greatest percentage of the oil. This planting density is achieved 
by utilising an inter-row spacing of 80an which means an intra-row spacing of 20 - 25cm. 
A more square planting layout (e.g. 40cm x 40cm) should lead to higher yields. No 
literature was found on bed widths or inter-bed spacing. 

Section 7 : Summary. 

Competition arises between modules within a community when resources are limited 
(Sorrensen-Cothern et al., 1993). These modules may be whole plants, of one or more 
species but may also be plant parts, for example individual umbels or umbellules 
(Maillette, 1986; Sorrensen-Cothern et al., 1993). Altering the number of fruit which set, 
alters the ratio of sources and sinks within the canopy and may lead to competition 
between modules within the canopy. The economic optimum planting density may not be 
the same as the optimum plant density for plant growth. The economic optimum planting 
density takes into account not only the yield per unit area but also the costs associated 
with maintaining that yield (French et al., 1994). 

Models of competition for nutrients and light have shown that a plant is affected, not only 
by the size, distance and angular dispersion of its immediate neighbours but also by other 
more distant neighbours. This supports the theory of over-lapping domains as a model 
for competition (Mack and Harper, 1977; Weiner, 1984; Benjamin, 1993). Edge effects 
occur because the plants on the outer boundary of the crop are effectively at a lower plant 

PAGE 127 



density than those within. These outer plants therefore produce higher yields (Benjamin 
and Sutherland, 1992). Without the overlapping domain model it would be expected that 
plants close to the plants on the boundary would be smaller and consequently the 
neighbours of these plants would be expected to be larger. Waves of large and small 
plants, (as theorised by Bleasdale (1954) cited by Benjamin and Sutherland (1992)), do 
not occur. This is best explained by the overlapping domain model which gives a 
smoothing effect to the predicted yields (Benjamin, 1993). 

When plant density exceeds a certain maximum limit, self-thinning takes place. This was 

originally thought to follow Yoda's Law or the -3/2 self-thinning law. This law was shown 

by Weller (1987) to be statistically invalid and when corrected, found to not apply to all of 
the sets of data to which it had previously been fitted. 

In a crop situation, competition between plants is affected not only by the planting density 
but also by the layout of the crop (Frappell, 1973; Jaaffar and Gardner, 1988). A square 
planting arrangement generally gives the highest yields (Frappell, 1973; Jaaffar and 
Gardner, 1988; Chung, 1990; Wells, 1991). In Tasmania, fennel is generally planted with 
a rectangular planting layout. Yields may be improved by altering this to a more square 
layout. 

Planting density has been shown to affect the number of lateral branches produced by 
carrots and therefore to affect the number of umbels of higher orders (Gray and Steckel, 
1983a; Noland et al., 1988). This may be crucial to the yield of fennel where fruit set in 
one umbel is dependent on the production of pollen from other physiologically younger 
umbels. 
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Experiments. 

Section 8: Plant Density 

Introduction: 

Competition arises between modules in a plant community, when resources are limited. 
Competition increases with increasing plant density, therefore density trials provide a 
means of controlling competition in order to study its effects on plant growth. 

Experiment 1. 

As discussed in the literature review, many trials have been conducted on the optimum 
planting density for fennel. It is known from the literature that in carrots, increasing 
density reduces the number of umbels per plant (Gray and Steckel, 1983a; Noland et al., 

1988) and it is assumed that fennel will behave in a similar manner. It was desirable to 
confirm this and to examine which umbel orders were reduced in number. Since fennel is 
protandrous and pollination takes place across umbel orders it was hypothesised that the 
reduced number of umbels could lead to insufficient pollen being available for complete 
fruit set. 

Materials and Methods: 

The trial was conducted at the University Farm, Cambridge. It occupied an area 50m by 
50m and was composed of 29 beds each 1.2m wide and separated by 30cm. Each bed 
consisted of 12 rows, 1 Oan apart. Refer to appendix 1 O for a diagram of this layout. The 
seedline used was a commercial mix of C26/C27 in the ratio of 1 :2. Seeds were sown at 
a rate of one seed every ?an with a precision drill into the prepared seedbed on 

September 3Qth 1992. This rate, along with the expected field germination rate "Of 57 .8% 

was calculated to give a final plant density of 100 plants/m2. 

As recommended by Essential Oils of Tasmania Pty. Ltd , 40kg of 9.14 17 fertiliser was 
incorporated into the seedbed just prior to the final harrowing. Trifluralin® was used as 
the pre-emergent herbicide at a rate of 1.8L/ha. The seed was not pretreated with a 
fungicide as this decreases the germination rate. The crop was treated with 550g 
Linuron® approximately 12 days after sowing. Le-Mat® was used to treat Red-legged 
Earth Mites at the time of germination and during the flowering stages the crop was 
sprayed several times with Ekatin® to combat thrips which invaded when an adjacent 
crop was harvested. These affected block A more severely than block B, block A being 
closer to the source of the insects. 
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Plants were thinned, at the 6-7 fully expanded leaf stage, to the required densities. 

External guard rows were left at 100 plants/m2. A 2m strip from the outer boundary was 

designated as guard row. Plots were arranged in two blocks and were randomly allocated 
within the blocks, with at least 1 m between plots. Internal guard rows surrounding each 
experimental plot were thinned to the same density as the plot. Plant densities of 4 , 12, 
25, 50 and 100 plants/m2 were used. Uneven replication was used to overcome the 

higher variability expected between plants at the lower densities. For some 
measurements all plants from a plot were used, for others due to sampling time 
constraints, a sub-sample was used. This is detailed in Table 5. 

Table 5. Experimental design for density field trial. 

treatment number of number of total number number of plants 
i.e. plants/m2 plots/block blocks of plots per sub-sample 

4 5 2 10 4 
12 3 2 6 12 
25 2 2 4 25 
50 2 2 4 25 

100 2 2 4 25 

The trial was harvested on the 91h-121h May, at approximately the time of commercial 

harvest. The plots were harvested by hand, and the collected material stored at 2°c prior 
to handling. The following measurements were made on the plots either before or after 
harvest, as indicated. 

a) During the flowering period the duration of pollen production and of flower receptivity 

was recorded. At each sampling time all plants from the densities 4, 12, and 25 plants1m2 

were utilised. A sub-sample of 25 plants/m2 was randomly selected from the densities of 

50 and 100 plants/m2. The same sub-sample was used each time. At each sampling 

time each umbel order from the individual plants was examined. If any of the flowers in 
that umbel order had pollen present that order was scored as "pollen present". If any of 
the flowers were receptive the umbel order was scored as "receptiven. The results were 
analysed and graphed as described in the following results section. 

b) At harvest time the total plot was harvested at ground level and weighed. A sub
sample from the adjacent guard plants was harvested and its moisture content 
determined. This sub-sample was used to calculate the total dry matter/plot. 

c) The umbels were removed from each plant and sorted into their respective orders. 
The 4° and 5° were pooled with the 3° as there were not enough of these higher order 
umbels to warrant a separate group. The umbels were counted as they were removed 
from the plants. The total weight of each umbel order was determined. 

d) Four umbels from each sample were randomly selected and the number of rays 
counted. From each of these one outer ray and one inner ray were selected. The 
number of pedicels and the number of fruit set on each of these were counted and 
averaged over the four umbels. Percentage fruit set for inner and outer rays was 
calculated. 
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e) The fruit from these was dried at 70°C for 3 days and then weighed to give an average 
fruit weight. 

f) Each umbel order was steam distilled for 2 hours and the oil collected. The weight of 

the oil from each sample was determined and the overall oil yield per plot (1 m2) 

calculated. The anethole content of the oil was determine by GC analysis, as described 
in Chapter 2, Section 11 , General Materials and Methods. 

The following method was used to analyse the data for the spread of pollen production 
and stigma receptivity with time. 

i) For each plot and on each date the total number of plants with pollen present on 
each order was calculated. 

ii) The data were corrected for subsampling to give the mean number of plants with 

pollen on each order per m2. 

iii) Data tor all plots at the same density were pooled and divided by the number of 
plots to give an average value on a per square metre basis. The data for the two 
blocks were not separated since it could not be subjected to ANOVA. For ANOVA 
to be valid the data must fit a normal distribution, be continuous and have an equal 
variance. These data are discrete and it is not possible to show whether or not it 
fits a standard normal distribution. The variance is not constant being higher on 
the lower density treatments and lower on the higher density treatments. At higher 
densities the plants tend to be more uniform than at the lower densities; i.e. at 
higher densities the plant's environment has much more effect on its behaviour 
than does its genetic makeup. The reverse occurs at lower densities. 

iv) The average numbers of primary, secondary and tertiary umbels were calculated 
from the harvest data. 

v) The number of plants with pollen on each order was multiplied by the average 
number of flowers on each order to give the number of umbels with pollen per 
square metre. This was repeated for the receptive stigma data. 

Results and Discussion: 

a) Pollen production and stigma receptivity. 

The pollen production and stigma receptivity data are graphed in Figures 32 to 36. These 
figures allow a comparison of the duration of pollen production and stigma receptivity at 
each of the five planting densities. The relative height of each pair of bars, at each 
sampling time, shows the number of umbels producing pollen compared with the number 
of umbels having receptive stigmas. It must be remembered that there is some overlap 
between these categories with some umbels producing pollen on the inner umbellules 
while the outer umbellules are receptive. Therefore the total height of the two bars can 
represent more than the total number of umbels. 
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Figures 32 to 36 show the number of umbels of each order having flowers either at 
anthesis (POLLEN) or with receptive stigmas (REC), at each sampling date, for 

varying planting densities. 

Figure 32. Pollen production and stigma receptivity at 4 plants1m2 

3SO 0 1° POLLEN • 1° REC 

~ 2° POLLEN • 2° REC 
300 [] 3° POLLEN • 3° REC 

Ill 2SO 
~ 
.0 200 E 
:::s ... 

lSO 0 .. .. 
.0 100 
E 
:::s 
I: so 

0 
212 

sampling date 

Figure 33. Pollen production and stigma receptivity at 12 plants/m2 
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Figure 34. Pollen production and stigma receptivity at 25 plants/m2 
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Figures 32 to 36 show the number of umbels of each order having flowers either at 
anthesis (POLLEN) or with receptive stigmas (REC), at each sampling date, for varying 

planting densities. 

Figure 35. 
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Figure 36. 
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The length of the flowering period varied with planting density. Anthesis of the primaries 

commenced at approximately 251h January at all planting densities. It extended over an 

increasingly long period with increasing planting density. The same is true for stigma 

receptivity. Flowering was complete and fruit set had occurred by the end of January in 
the lower planting densities while pollen was still being produced by the primaries of the 
higher planting densities in the first week of February. In contrast the overall flowering 
period was shorter at the higher planting densities than at the lower. At a planting density 

of 100 plants/m2 flowering was effectively completed early in March while active flowers 

were still present in mid-March when the planting density was 4 plants/m2. 
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The relative height of each pair of columns alters as the flowering season progresses. 

Early in the season there is a balance between pollen production and stigma receptivity. 

Later in the season the number of receptive umbels increases relative to the number of 
pollen producing umbels. This difference is exaggerated by higher planting densities. 

At a plant density of 4 plants/m2 the relatively high number of tertiaries produced 

(including 4th and 5th order umbels) means that pollen is produced over a long period and 

there is a balance between the number of umbels producing pollen and the number of 

umbels requiring pollination This is also true at a plant density of 12 plants/m2. At this 

density the flowering season is slightly shorter than that at 4 plants/m2 but the histogram 

suggests that pollen is available for the pollination of most umbels. 

For 25 plants/m2 (Figure 34) this balance is maintained for the early measurements but 

on 513193 there is a peak in receptivity of the tertiary umbels and there are many more 

tertiaries receptive than there are flowers producing pollen. There may or may not be 

sufficient pollen available for pollination of the tertiary umbels at this density. It is not 

possible to determine this from these data. 

This effect becomes more pronounced with increasing density. At the two higher plant 

densities i.e. 50 and 100 plants/m2 the trend suggests that there is insufficient pollen 

available for the pollination of the tertiaries and probably insufficient available for the 

pollination of the secondaries. 

The higher the density of the crop the fewer flowers of higher umbel orders are produced 

which are then available to pollinate the flowers of the preceding order. This occurs 

because fennel flowers are protandrous. The anthers are produced and shed before the 

stigmas become receptive. Consequently there are no anthers remaining to fertilise the 

tertiaries. The hypothesis that there is insufficient pollen available to fully fertilise the 

umbels receptive late in the season is supported. 

b) The tables 6 to 8 are a summary of the data of total fresh weight, total dry weight and 

percentage dry matter per plot. These measurements were conducted per unit area and 

not on individual plants, consequently the data are suitable for ANOV A. The results of the 

analyses are supplied in appendix 11 

Planting density had a statistically significant effect on total biomass yield per unit area on 

both a fresh and dry weight basis. Planting density also significantly affected the moisture 

content of the harvested material. Total yield increased with each increase in planting 

density although on a dry weight basis adjacent means were not significantly different 
(refer to least squares means probability analysis, Appendix 11). Tests of differences 

between individual means suggest that the proportion of dry matter is higher at low 

planting densities and increases as planting density increases. This is attributE?d to the 
lower planting densities having a lower volume of primary stem material. As density 

increases, the amount of stem material increases. Stem material contains pith which has 

a high moisture content compared with the other plant material. 
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Table 6. The effect of density on Table 7. The effect of density on 
total fresh weight. total dry weight. 

kg/plot kg/plot 
Density N Mean SD Density N Mean SD 

4 10 1.4200 0.03123 4 10 0.6060 0.13842 
12 6 2.1433 0.36076 12 6 0.8533 0.20772 
2S 4 2.4300 0.39412 2S 4 0.9650 0.23360 
so 4 3.3850 0.S0130 so 4 1.237S 0.36728 

100 4 4.0300 o.3S346 100 4 1.3675 0.237S4 

Table 8. The effect of density on 
% dry matter. 

% DM (fresh weight basis) 
Density N Mean SD 

4 10 43% 4% 
12 6 40% 4% 
25 4 40% 5% 
50 4 36% 6% 
100 4 34% 3% 

The data for total dry weight per plot (1 m2) was fitted, using the nlin procedure of SAS, to 

the Bleasdale and Nelder yield-density model (1960), as modified by Bleasdale (1966). 

The statistics associated with this are supplied in appendix 17. 

The resulting values for the equation are: 

co-0 =a+ ~p 

where OJ = average plant weight 
p = plant density 
e = 3.25 
a = 1.85 
~ = 1.22 

Although this model gave predicted values very close to the measured values, the 95% 

confidence intervals encompassed zero, which is a theoretically impossible value. The 

value for e is greater than one which is also theoretically impossible. 

As recommended by (Gillis and Ratkowsky, 1978) the Holliday model (Holliday, 1960) 

was also fitted. This model is: 

co-l=a + ~p + yp2 

where OJ = average plant weight 
p = plant density 

and a,(3 and y are constants. 

It was found for this data set that the term yp2 was not significantly greater than zero at 

the 5% level and the values a = 6.12 and ~ = 0.678 fitted with a correlation coefficient (r2) 

of 0.9933. Since the term yp2 was not required the model is asymptotic and the average 

plant dry weight increases to an asymptotic value as plant density is increased. This is 
reflected by the total yield per unit area. Once a maximum yield per unit area is reached 
a further increase in plant density results in no further increase in the total dry weight per 
unit area for the above ground portion of the crop. 

PAGE 135 



c) ANOVA was not carried out on the data for the number of primary umbels per plot 
(Table 9) because it does not fit the necessary criteria for such analysis to be valid. Each 
plant produces only one primary umbel, so the number of primary umbels per unit area 
depends entirely upon the planting density. Under most circumstances, at low densities 
the number of primary umbels is exactly equal to the planting density; the exception being 
where a stem is damaged. At high densities, some stems do not develop due to self
thinning and this reduces the number of primary umbels. The variance is not constant 
across the treatments. ANOVA was not carried out on this measurement In this 
experiment self-thinning occurred only in the plots of 100 plants/m2, i.e. at greater than 

50 plants/m2. 

Table 9. 

The effect of density on the number of Umbels per Plot (m2). 
1° umbels 2° umbels 3° umbels Total umbels 

Density N Mean so Mean so Mean so Mean so 
4 10 3.90 0.32 43.30 3.83 385.00 114.40 432.20 11 6.28 
1 2 6 12.00 0.00 103.1 7 11.37 444.00 173.84 559.17 179.93 
25 4 24.50 1.00 158.50 12.23 299.75 74.55 482.75 86.48 
50 4 46.25 4.27 201.00 34.30 212.00 11 8.73 459.25 1 53.23 

100 4 77.25 8.46 291.50 37.01 182.25 76.34 551.00 111.94 

A similar argument applies to the number of secondary umbels per plot (Table 9). 
Although more than one secondary umbel is produced per stem, and the number 
produced is variable, the standard deviations calculated for these data were directly 
proportional to the planting density treatment. ANOV A was not conducted. 

For the estimates of the number of tertiary umbels per plot and the total number of umbels 
per plot (Table 9), ANO VA was calculated since there was not a direct relationship 
between the standard deviation and the treatment Fennel plants produce compensatory 
growth at low densities so as to totally fill the given area. The results of this analysis are 
given in appendix 12. 

The weight of umbels produced per plot (Table 1 O) also gives an estimate of the yield of 
umbels. These data is suitable for ANOVA and the appropriate tables are also included 
in appendix 12. 

Table 10. 

The effect of density on the fresh weight of umbels (g/plot). 
1° umbels 2° umbels 3° umbels Total umbels 

DENSITY N Mean so Mean so Mean so Mean so 
4 10 0.0205 0.0037 0.1605 0.0278 0.2675 0.0562 0.4485 0.0703 
12 6 0.0483 0.0082 0.2292 0.0749 0.2142 0.0742 0.4917 0.1428 
25 4 0.0700 0.0108 0.2475 0.0897 0.1238 0.0403 0.4412 0.1343 
50 4 0.1163 0.0253 0.2188 0.0986 0.0675 0.0492 0.4025 0.1690 

100 4 0.1125 0.0132 0.1750 0.0483 0.0425 0.0272 0.3300 0.0870 
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Both the number of primary and secondary umbels increase with increasing plant density. 
Planting density also has a significant effect on the number of tertiary umbels produced. 
Analysis of the individual means suggests that low planting densities produce significantly 
more tertiaries than higher densities. The total number of umbels is not significantly 
altered by planting density. 

The fresh weight of primary umbels per unit area is significantly increased with increasing 

plant density at all densities to 50 plants/m2. The fresh weight yield of secondary umbels 

is also influenced by density since the overall F-test is significant at the 5% level. The 

yield appears to increase with density to a peak at 25 plants/m2 and then to fall again. 

The fresh weight yield of tertiaries decreases with increasing planting density, although 
differences between adjacent means are not significant. The total fresh weight of umbels 
is not significantly affected by plant density, which shows that fennel produces 
compensatory growth at low densities in order to fill the available space. Each plant 
yields less at higher planting densities but the overall yield per unit area is constant. 

Both the numbers of umbels of each order and the fresh weight of each umbel order can 
be expressed as proportions of the respective total of each per plot. These data are 
graphed in Figures 37 and 38 respectively. 
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The values of r2 for the equations in Figures 37 and 38 are all significant at the 0.1 % 

level. This shows that the proportion of primaries and secondaries increase with 
increasing plant density while the proportion of tertiary umbels decreases. The functions 
all appear to be parabolic, however a greater range of data is required to prove this, as 
the turning points of the functions have only just been reached. 

The data for the fresh weight of umbels were fitted to the yield-density models of 
both Bleasdale (1966) and Holliday (1960). The appropriate statistics are supplied in 

appendix 17. The Bleasdale model gave a value of e = 0.74, indicating that the 

relationship between the total fresh weight of umbels and plant density is parabolic. For 

the Holliday (1960) model the term yp2 was significant at the 5% level, also indicating a 

parabolic function. When plant density is increased above an optimum value the yield of 
umbels per plant will decrease. This suggests that on a yield per unit area basis, if 
density is increased above an optimum value the yield of umbels will be decreased. 

The yield-density models and the ANOVA appear to give different predictions about total 
umbel yield at high densities. The yield-density models suggest that increasing density 
above a given optimum leads to a decrease in yield. The ANOVA showed no significant 
differences in yield tor any of the densities tested. It is thought that this is a result of the 
high variance associated with the data. ANOVA was not sensitive enough to detect 
differences between the treatments. Regression analysis is more appropriate to this type 
of experiment, where increasing levels of the same treatment are applied. The trend in 

the means is for yield to fall continuously as density is increased above 12 plants/m2 and 

it is believed that the function is indeed parabolic and not asymptotic. If more evidence, 
as to the nature of the relationship, is required in the future, it is suggested that further 

trials, using densities in excess of 100 plantsfm2, be performed. 

d) The number of rays {Table 11) gives an indication of the size of the umbel. Analysis is 
supplied in appendix 13. Although the umbel size of the primary and secondary umbels 
appears to decrease with increasing density, these trends are not statistically significant. 
The trend for high planting density to decrease umbel size is significant among the tertiary 
umbels. Again, however, the differences between adjacent means are not statistically 
significant. 

Table 11. 

The effect of density on the number of rays per umbel. 

Density 
4 
12 
25 
so 
100 

1 ° umbels 2° umbels 3° umbels 
N Mean SD Mean SD Mean SD 
10 16.775 1.543 17.225 2.589 15.925 2.461 
6 1 7 .OOO 1.949 17 .OOO 4.278 14.083 2.417 
4 15.688 1.519 16.000 1.947 13.000 1.208 
4 15.500 1.926 16.562 1.725 12.125 2.394 
4 15.000 1.646 14.875 2.165 8.500 1.744 
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e) Percentage fruit set (Table 12) is divided into inner and outer rays because the flowers 
on the fennel umbel open in sequence from the outer whorls to the inner whorls. Outer 
flowers are pollinated by the inner flowers but the inner whorls must be pollinated by the 
next higher umbel order or by adjacent plants. The results of the statistical analyses are 
included in appendix 14. 

Table 12. 

The effect of density on percentage fruit set. 
1° umbels 2° umbels 3° umbels 

DENSITY N Mean SD Mean SD Mean SD 
4 20 83% 10% 81% 11% S1% 17% 

N.B. INOUT refers to 
12 12 74% 13% S8% 16% 48% 13% inner or outer umbellule 
2S 8 72% 1S% S3% 26% SO% 2S% position 
so 8 80% 10% S6% 22% 31% 16% 

100 8 77% 8% 48% 16% 36% 21% 

1° umbels 2° umbels 3° umbels 
INOUf N Mean SD Mean SD Mean SD 

in 28 74% 13% S4% 23% 34% 18% 
out 28 83% 7% 73% 13% S6% 13% 

The data and analyses show conclusively that outer umbellules set significantly more fruit 

than the inner umbellules. There was no significant interaction between density and 
umbellule position. The effect of density on fruit set is less clear. For the primary umbels 
density significantly affects fruit set (5% level) while for the secondary umbels the effect is 

marginal (10% level). In both cases, analysis of individual means suggests that the 

primary and secondary umbels set more fruit at 4 plants/m2 than at higher densities. No 

significant effects were found between the higher densities. The effect of density is 
significant at the 5% level for the terti~ry umbels. In this case the three lower densities 
set significantly more fruit than the two higher densities. Extrapolation of these results 

from the trial to a crop situation must be done with caution. Because the different density 

plots in this trial were in close proximity to each other, it is believed that the inner 

umbellules of the higher density plots could have been pollinated by the umbels of the 
adjacent lower density plots. 

f) Average fruit weight (Table 13) was used to detect density related differences in fruit 

size. The statistical analysis is supplied in appendix 15. Average fruit weight is 

significantly affected by density for all umbel orders. The trend seems to be for a 

minimum average fruit weight at 25 plants/m2 for both primaries and secondaries. 

Although the effect is significant there is no obvious trend in the data for the tertiary 

umbels. 

Table 13. The effect of density on average fruit weight (g). 

1° umbels 2° umbels 3° umbels 
DENSITY N Mean SD Mean SD Mean SD 

4 10 0.01 S64 0.001 SS 0.01302 0.00168 0.01029 0.00098 
12 6 0.01417 0.001 SS 0.01308 0.00313 0.00912 0.00130 
2S 4 0.01208 0.00322 0.00640 0.00416 0.0109S 0.00272 
so 4 0.01277 0.00088 0.0111 s 0.00132 0.0080S 0.00103 

100 4 0.0126S 0.00048 0.01080 0.0007S 0.00902 0.00106 
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g) Oil yields per plot are given in Table 14 and the anethole content of the oil is given in 
Table 15. ANOVA tables for these measurements are given in appendix 16. 

Table 14. The effect of density on oil yield (g/plot). 

1° umbels 2° umbels 3° umbels TOfAL 
DENSITY N Mean SD Mean SD Mean SD Mean SD 

4 10 0.8404 0.1639 5.9454 0.9680 6.6566 1.4393 13.4424 2.0066 
12 6 2.0230 0.3797 7.8790 2.4617 5.6170 2.0487 15.5189 4.2898 
25 4 2.5167 0.4020 7.0257 1.8027 2.9826 0.9141 12.5250 2.7036 
50 4 4.2706 1.0335 6.8485 2.9955 1.8173 1.4512 12.9364 5.2948 

100 4 3.4975 0.2947 4.7342 1.6807 0.8102 0.1060 9.0419 1.7505 

Table 15. The effect of density on the anethole content of the oil. 

1° umbels 2° umbels 3° umbels 
DENSITY N Mean SD Mean SD Mean SD 

4 10 75.50% 1.90% 72.00% 1.33% 69.50% 1.72% 
12 6 72.83% 2.04% 69.83% 1.47% 69.67% 2.42% 
25 4 73.50% 2.08% 69.75% 1.50% 70.50% 1.73% 
50 4 71.33% 1.15% 70.25% 0.50% 73.00% 0.00% 

100 4 72.50% 0.58% 71.50% 1.00% 74.75% 1.71% 

Oil yield and anethole content are the most important variables from a commercial point of 
view. The oil yield from the primary and secondary umbels is significantly influenced by 
density. The total oil yield is marginally so. The oil yield of the primaries increases with 

density while that of the tertiaries falls. The total oil yield is decreased at 100 plants/m2, 

the highest density. When fitted to the data for the total yield of oil, the Bleasdale (1966) 

model gave a value of e = 0.572, indicating a parabolic relationship. This is supported by 

fitting the Holliday (1960) model where the term yp2 was significant at the 5% level (refer 

to appendix 17). 

The percentage of anethole in the oil from the primaries is significantly higher for 4 

plants/m2 than for any other density. In the second order umbels it is significantly higher 

for 4 plants/m2 than for 12, 25 qr 50 plants/m2 but not for 100plants/m2. Among the 

tertiaries the trend is for increasing density to increase the percentage anethole in the oil. 

Although the anethole content is relatively constant across the densities, it is perhaps 

influenced by the relative maturity of the umbels overall. This varies with density because 

the relative number of umbels of each order varies with density. 
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Section 9: Transect Trial. 

Introduction. 

This experiment was designed to test the hypothesis that it is a shortage of pollen in 
commercial crops which causes poor fruit set. It is suggested that the higher order 
umbels are required for good pollination. In commercial crops, stem density can become 
very high and the higher order umbels are not produced. It was hypothesised that fennel 
growing adjacent to irrigator runs or tracks through the crop, will produce more higher 
order umbels since they are effectively at a lower density. They therefore produce more 
pollen later in the season than plants growing inside these boundaries. Plants in the 
vicinity of the "edge" plants should s~t more fruit. 

Materials and Methods: 

The trial was conducted in a commercial crop at "Moorville Housen, Richmond, Tasmania. 
The trial consisted of six blocks each containing four replications of one transect. The 
transects were spaced one metre apart within a block. The blocks were randomly placed 
along an unused track through the centre of the crop. Stems were sampled at the 
following distances along the transect: 

0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9 (metres). 

This gives a total of 15 plants sampled per transect. The plants to be sampled were 
selected objectively by taking the stem closest to the mark on a string used to define the 
transect. 

For each stem the number of umbels of each order was counted. The percentage fruit 
set was estimated for the highest umbel of each order by taking the average fruit set for 
one quarter of the umbellules of the umbel. Percentage fruit set was calculated by 
dividing the number of fruits present by the total number of pedicels (potential fruits). 

Results and Discussion: 

Figure 39 shows the average number of umbels of each order at each position along the 
transect. Figure 40 shows the total number of umbels at each of these positions. 

These graphs do not support the hypothesis that the edge plants have a greater number 
of umbels than other plants within the crop. Umbel number fluctuates with distance but it 
is not possible from this experiment to give an explanation for the cyclical nature of the 
data. A possible hypothesis is that waves of small and large plants are occurring, as 
hypothesised by Bleasdale (1954) (Cited by Benjamin and Sutherland, 1992). However, it 
is more likely that the large plants are evenly distributed (Weiner, 1985) and the data are 
reflecting the distribution of these plants. 
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Figure39. 
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A second hypothesis is that the data are reflecting the row or bed spacings. Row 

spacings are in the order of 80cm and measurements were made every SOcm for the first 
Sm and every 1 OOcm for the following Sm. No trend was noted at the time of harvest and 
there is no experimental evidence to support or reject this hypothesis. 

Figures 41 to 44 show the percentage fruit set of each umbel order and the average 

overall fruit set, at each position along the transect. The correlation coefficients of these 

relationships are all zero, indicating no relationship. 

Figures 45 to 47 show the relationship between umbel number and percentage set on the 
primaries, secondaries and tertiaries respectively. Again the extremely low values of the 
correlation coefficients indicate no correlation between these parameters. 

This experiment does not support the hypothesis that plants at the edge of the crop 
produce pollen over a longer period than plants within the crop. It does not appear that 
fruit set is higher at the edge of the crop, nor does there appear to be a relationship 
between umbel number and fruit set. 
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The experiment was designed to assess the effect on fruit set of having neighbouring 
plants with a higher number of flowers. Since the edge plants did not produce more 
flowers, the experiment was unable to test this hypothesis. It is suggested that future 
experiments to test this hypothesis utilise purpose sown trials. Edge effects may be 
exaggerated by sowing edge rows at lower densities than the internal rows. Depending 
on the outcomes of such experiments, such a strategy may also be useful in commercial 
crops. In commercial situations it may be beneficial to sow some beds at a lower density 
than the remainder of the crop. These beds would then act as pollen sources for the 
remainder of the crop. No predictions on the value of such a strategy can be made from 
the current experiment. 
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Rgure41. The effect of distance into the crop on the average 
fruit set of primary umbels. 
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F1gure42. The effect of distance into the crop on the average fruit set of 
secondary umbels. 
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Figure43. The effect of distance into the crop on the average fruit set of 
tertiary umbels. 
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Figure 44. The effect of distance into the crop on the average 
fruit set over all umbels. 
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Rgure 45. 
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Section 10: Summary. 

The comparison of the pollen production period and stigma receptivity showed that, at 
high planting densities, few of the higher order umbels are produced. Because the 
umbels are protandrous, this may lead to competition for pollen between umbels, 
especially later in the season. 

The yield density relationships for fennel appear to be parabolic functions. Therefore if 
density exceeds a critical point, yields will be reduced. The density trial conducted 

supports the recommended planting density of 10 to 12 plants/m2. 

The transect trial was inconclusive. Flower numbers at the edge of the crop were not 
higher than internal flower numbers. There was no relationship between seed set and 
distance into the crop. Because the trial failed to show an edge effect for flower number, 
it was not possible to find a relationship between flower number and seed set. 
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Chapter 5 

Light Intensity. 



Literature Review. 

Section 1 : Introduction. 

The ability of a plant to flower, set fruit and carry those fruit to maturity depends upon it 
receiving adequate energy and nutrition. In a crop situation, competition between plants 
is important in determining the yield of both individual plants and the crop as a whole. 
Competition for light is a significant factor in inter-plant relationships. 

Peterson (1990) showed that fennel umbels are photosynthetically active and are 
probably completely self sufficient with respect to photosynthate. The fennel flowering 
canopy receives virtually no photosynthate from the vegetative portion of the canopy. He 
also showed that the sink strength of the umbels to be in the order primary highest, 

secondary intermediate and tertiary weakest. 

The word 'shade' denotes a complex of conditions besides light intensity since it affects 
other factors such as relative humidity and temperature. It is extremely difficult to study 
only the effect of light without other confounding variables. The use of percentage of full 
sunlight as a measure of shade takes into account many variables found in the field which 
would be impossible to replicate in the laboratory (Daubenmire, 1974). Ecologists use 
this as a measure of light as opposed to measurements of light intensity in units of quanta 
or energy. 

Two critical factors in determining the light intensity of an environment are latitude and 
atmospheric moisture. Latitude determines the relationship between scattered and direct 
sunlight. Due to the angle of incidence, light rays at the equator have a thinner layer of 
atmosphere to penetrate than at the poles. This leads to both less scattering and less 
absorption of the light by the atmosphere and therefore more direct and less diffuse light 
reaching the earth (Daubenmire, 1974). Since the Mediterranean region is close to the 
equator light intensities in this region are high and are composed of more direct light and 
less diffuse or sky light. Light intensity is also higher in dry climates, such as that of the 
Mediterranean, than in cloudy, temperate climates such as in Tasmania. Atmospheric 
moisture has a screening effect. It absorbs long wavelengths and scatters short 
wavelengths, thereby reducing light intensity (Daubenmire, 1974). 

To perform well in the Mediterranean climate, fennel must have the ability to withstand 
high light intensity: Its performance when grown as a crop in temperate climates, where 
shading from other plants is increased and where cloud cover may be dense, depends 
upon its ability to adjust to more shaded conditions. 

The balance between photosynthesis, respiration and photorespiration can be influenced 
by any factor influencing plant growth. Nitrogen nutrition, for example, strongly influences 
photosynthesis (Farquar and Kirschbaum, 1985; Hak and Natr, 1988). 
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Section 2: Modelling Photosynthesis with respect to Light Intensity. 

The relationship between light intensity and photosynthesis is shown by the light 
response curve (Moss, 1964). This is a graphical plot with a y-axis of C02 absorption per 

unit leaf area per unit time (usually in units of µmolC02m-2s-1) against an x-axis of 

photosynthetic photon flux density (usually in units of µEm-2s-1 ). C02 absorption is a 

measure of the net photosynthetic rate i.e. it is the balance between true photosynthesis, 
photorespiration and respiration (Clark and Menary, 1980). The curve is approximately a 
rectangular hyperbola and displays the following characteristic points (Moss, 1964): 

a) Maximum net photosynthetic rate (Pmax): The highest value of C02 absorption. 

It is the value of C02 absorption on the y-axis corresponding to the asymptote. 

b) Light saturation point (Imax): The light intensity of the asymptote. 
The leaf is said to be light saturated when no measurable increase in 
photosynthesis is attained by increasing illumination. The minimum illumination to 
achieve this point is called the saturating illumination (Moss, 1964). Very little 
sunlight is captured by photosynthesis. Most plants become light saturated at about 
20% full sunlight (Daubenmire, 1974). 

c) Light compensation point (Io): The x-intercept. 
The light compensation point is the amount of light required for photosynthesis to 
balance respiration and is the point where C02 is neither absorbed nor evolved. It 

usually occurs between 27 and 4200 lux. When photosynthesis is averaged over 
time, the light compensation point must be exceeded if a plant is to maintain itself. 
When expressed as a percentage of full sunlight the light compensation point is 
usually between 2% and 30% (Daubenmire, 1974). 

d) Dark respiration (Ra): They-intercept. 
The amount of C02 evolved when illumination is zero and is the respiration rate of 

the plant. A small increment in light intensity causes a small increment in 
respiration. However, since the rate of photosynthesis rises more quickly than the 
rate of respiration, benefit is received from a small increase in light intensity 
(Daubenmire, 1974). 

e) Quantum yield (a): The initial slope of the curve. 

The efficiency of light utilisation by photosynthesis and is the number of moles of 
C02 fixed per mole of quanta absorbed. It must be measured at low light when 

photosynthesis is strictly light limited and not restricted by other factors (Long and 
Hallgren, 1993). 

The balance between these points varies with plant species. 
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Moss (1964) used the following function to describe the light response curve for a 
selection of both monocotyledons and dicotyledons: 

l/p = {l/Pma:x(I-Io)}/{l + KPmax(I-Io)} 

where P 
I 
Io 

= net photosynthesis 
= illumination 
=compensation illumination 
= r when P=O 

Pmax = P when I approaches oo 
KPmax = initial slope as P approaches o 

= the efficiency of photosynthesis in 
dim light and in terms of (I-Io). 

Moss (1964) highlighted the difficulty of measuring Io and suggested that it is best 
estimated from the above equation rather than by reducing r until P=O. The 
measurement of P in this region is difficult. Errors in Io affect the degree of curvature of 
the relationship and Io is therefore best estimated as the value giving initial linearity to the 
above relationship. These estimates were shown by Moss (1964) to be always consistent 
with measurements near P=O. 

Marshall and Biscoe (1980) found the light response curve of winter wheat, to have an 
initial extensive linear portion followed by an asymptote, as in the above model, but the 
shoulder or turning point of the curve was quite sharp. This deviation from the smooth 
shoulder of a rectangular hyperbola caused both the maximum rate of photosynthesis and 
the initial slope to be over-estimated as alluded to by Moss (1964). Marshall and Biscoe 
(1980) give a simple model of photosynthesis to explain the deviations from the smooth 
shoulder of a rectangular hyperbola. The model combines a simplified description of the 
biochemical reactions within the chloroplasts with a description of the physical resistance 
to diffusion of C02 from the atmosphere. It describes the response of photosynthesis to 

levels of irradiance in terms of four parameters and shows good correlation with the data 
for the w~nter wheat crop and with data from the literature for other crops (Marshall and 
Biscoe, 1980). 

The model is: a(Pn)2 + bPn + c = 0 

where rate of net photosynthesis Pn = 
a = e 
b = -(P max + al - 8Rd) 
c = al(Pmax -(1-S)Rd) - RdPmax 

where ratio of physical to total resistance e = 
against C02 diffusion and describes the slope of the shoulder 
of the curve 

a 

I 
Rd 
Pmax 

= 
= 
= 
= 
= 

initial slope when irradiance is zero 
photochemical efficiency at low light levels 
irradiance 
rate of dark respiration 
maximum rate at net photosynthesis 

e depends on the ratio of physical resistance to diffusion of C02 and defines the degree of 

curvature between the light-limited and C02-limited parts of the response. 
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Sivakumar and Virmani (1984) studied crop production in relation to the interception of 
photosynthetically active radiation. As expected, light interception is closely linked to LAI, 
since the leaves are the light gathering organs. Light interception generally rose as LAI 
rose and fell again with leaf senescence. Measured values of cumulative intercepted 
PPFD were plotted against crop dry matter production and the slope of the line used as a 
measure of crop efficiency. 

Efficiency in the utilisation of light might be expected as an adaptation to an environment 
where light is limiting. Fennel, originating from a high light environment, will probably not 
utilise light efficiently. Since no literature was found discussing the efficiency of 
photosynthesis in either fennel or other Umbelliferous plants, no conclusions can be 
drawn regarding its response to shading. 

Climates with high temperatures tend to reduce plant growth through their adverse effects 
on the photosynthesis/respiration ratio (Daubenmire, 1974). Such plants have three basic 
adaptations to offset this limitation: 
a) Light saturation often approaches or exceeds full sunlight. 
b) Respiration does not increase in the light as it does in other plants. 
c) Their C02 compensation point is much lower than other plants, e.g. C4 pathway plants 

(Daubenmire, 1974). 

Since light and temperature are inextricably linked, a high light saturation point enables a 
plant to increase photosynthesis as light and temperature increase. Thus photosynthesis 
exceeds respiration and the plant maintains a positive energy flow. 

Section 3: Physiological Adaptations to High and Low Light Intensities. 

The light response curve of any plant depends both on its genetic make-up and on its 
light history (Boardman, 1977). Most species can be classified into one of two ecological 
groups, defined by Daubenmire (1974) as heliophytes and sciophytes. Heliophytes grow 
best in full sun while sciophytes grow best at lower light intensities. There is no absolute 
morphological or physiological segregation of the two groups. They are defined in terms 
of the usual habit of the plant with both groups containing both obligative and facultative 
plants. 

Heliophytes and sciophytes have characteristically different light response curves which 
reflect their adaptation to a particular light environment. Unfortunately it is not possible to 
classify plants into either group purely on the basis of their light response curves. Most 
plants are able to adapt to a wide range of light intensities. As plants of either group 
adapt to conditions of the other, their light response curves are altered and take on the 
characteristic shape of the other group. Sciophytes grown under higher light intensities, 
adapt by having light response curves resembling heliophytes. Conversely, leaves of 
heliophytes grown in the shade have light response curves which resemble those of 
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sciophytes (Boardman, 1977). There is a genetic component determining the shape of 
the light response curve; superimposed upon this is the light history of the plant. 
Adaptations to light intensity vary with leaf ontogeny (Wild and Wolf, 1980). Although 
many sun plants can acclimatise to low light, many shade plants cannot tolerate high light 
(Oquist et al., 1982). 

Heliophytes have maximum photosynthetic rates in the order of 70 - 100 µmolC02m-2s-1 

while for sciophytes this is typically around 1 - 1 O µmolC02m-2s-1. The light saturation 

point for heliophytes varies around 1 OOO µmol photons m-2s-1 and is a factor of 1 O lower 

for sciophytes. Light compensation points are lower for sciophytes than for heliophytes. 

Dark respiration rates are approximately 0.4 - 0.8 µmolC02dm-2min-1 for heliophytes and 

0.06 - 0.16 µmolC02dm-2min-1 for sciophytes (Kappel and Flore, 1983; Oberbauer and 

Strain, 1986; Vidal et al., 1990; Roden and Pearcy, 1993). 

Plants from shaded habitats are generally incapable of high photosynthetic rates but 
perform very efficiently at low light intensities. Conversely, plants from high light habitats 
have a high photosynthetic capacity at saturating light intensities but show lower rates of 
net photosynthesis than shade plants at low light intensities (Daubenmire, 1974; 
Boardman, 1977) 

Both average and maximum photosynthetic rates, for the leaves of young peach trees 
(Prunus persica ), were reduced by shading whether these rates were measured per unit 
leaf area or per mg chlorophyll (Kappel and Flore, 1983). When plants are transferred, 
from a high light environment, to a low light environment, maximum net photosynthetic 
rates fall (Perry et.al., 1986; Sebaa et al., 1987; Vidal et al., 1990) and consequently 
oxygen evolution is lower (Vidal et al., 1990). Peppermint plants grown in the shade 
showed reduced maximum rates of photosynthesis (Clark and Menary, 1980). 
Transferring plants from low to high light causes an increase in the maximum 
photosynthetic rate (Oberbauer and Strain, 1986; Sebaa et al., 1987). 

When plants, grown under high light conditions, acclimatise to low light conditions, their 
light saturation points are lowered (Vidal et al., 1990) and they lose their ability to profit 
from full sunlight (Daubenmire, 1974, Kappel and Flore, 1983). The reverse is true for 
plants transferred to higher light intensities. 

Light compensation points decrease when plants are transferred to low light environments 
(Daubenmire, 1974; Vidal et al., 1990), due to a lowering of their rate of dark respiration 
(Daubenmire, 1974; Oberbauer and Strain, 1986; Sebaa et al., 1987; Riddoch et al., 
1991 ). 

Quantum efficiency is higher for sciophytes than heliophytes, and for plants of either 
group, is higher for plants growing in more shaded environments (Oberbauer and Strain, 
1986). For all plants, quantum efficiency is highest when the photosynthetic rate is low 
and light is the limiting factor to photosynthesis. As light intensity increases and other 
factors become limiting, quantum efficiency drops (Oberbauer and Strain, 1986). 
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Oquist et al. (1982) discussed the theory that shade plants and those acclimatised to low 
light have a higher photosynthetic efficiency at low light levels. It was suggested that 
photosynthetic efficiency should not be expressed in terms of incident light, but rather in 
terms of absorbed quanta. Since much of the increase in efficiency in light limited 
photosynthesis, at low light levels, is due to factors influencing light absorption (e.g. leaf 
morphology, anatomy and chlorophyll content), Oquist et al. (1982) suggest that this 
increase in efficiency is only an apparent increase. Photochemical efficiency was shown 
to be similar in seedlings of Betula pendula, irrespective of the light intensity supplied 
during growth. Differences in the initial slope of the photosynthetic response curve were 
shown to be due to anatomical effects, altering the efficiency of light absorption, and not 
to differences in the photochemical efficiency of photosynthesis. 

Peterson (1990) showed fennel to have a high light saturation point (-900µ8n-2s-1) and 

posed the question 'does fennel show an adaptation to high light intensities or no 
adaptation to shade?' Peterson did not calculate the light compensation point for fennel, 
nor an estimate of the maximum photosynthetic rate which could be compared with the 
results for other species. Peterson used leaf dry weight rather than leaf surface area to 
express assimilation rate. This is understandable given the filiform nature of the leaves 
but for comparative purposes a method of estimating leaf area is required. The value of 

900µ8n-2s-1 is comparable with the values for the shade intolerant Populus species 

(Roden and Pearcy, 1993) and with the sun leaves of young peach (Prunus persica ) 
trees (Kappel and Flore, 1983). This suggests, as expected, that fennel is a heliophyte. 

A facultative shade plant grows optimally in full sun but is able to tolerate shade by 
acclimatising both morphologically and physiologically. An obligate sun plant acclimatises 
to shade by avoidance mechanisms such as extreme stem elongation with little or no 
physiological changes (Smith (1981) in Perry et al. (1986)). 

The ability of a plant to adapt to different light conditions may depend upon its 
physiological age. For example, adult leaves of ivy (Hedera helix ) are better able to 
adapt to high light intensities than juvenile leaves (Hoflacher and Bauer, 1982). Under 
high light conditions the maximum rate of photosynthesis is higher for the adult than for 
the juvenile leaves. 

C4 species are generally better adapted to high light environments than Cs plants. C4 

plants have much higher light saturation points and lower C02 compensation points than 

Cs plants (Mussell and Staples, 1979). However, species of both groups show similar 

alterations to their light response curves when transferred from high to low light (Pearcy 
and Franceschi, 1986). Photosynthesis in Cs plants is inhibited by 0 2 concentrations 

above 2% while 02 concentration has little effect on photosynthesis of C4 plants. In C4 

plants, photorespiration is small and is insensitive to 02 concentrations (Mussell and 

Staples, 1979). Photosynthetic response curves for fennel, produced by Peterson (1990), 
showed enhanced photosynthesis under an oxygen concentration of 2%, indicating that 
fennel is a Cs plant. 
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In extremely high light environments plants must have adaptations to minimise injury from 
high light intensity. Pentaclethra macro/oba, an obligate sciophyte, shows photoinhibition 
by a reduced chlorophyll content and bleaching of the leaves (Oberbauer and Strain, 
1986). In the absence of other stresses, sun leaves may be able to dissipate full sunlight 
energy through a combination of high photosynthetic rates and thermal energy dissipation 
(Demmig-Adams and Adams, 1992). When high light is coupled with other environmental 
stress, e.g. temperature, sustained losses in photosynthetic efficiency occur. 

The Xanthophyll cycle, present in the thylakoid membranes of all higher plants, facilitates 
the dissipation of excess energy directly within the chlorophyll bed. Although it can 
respond rapidly to changes in PPFD, leaves acclimatised to high light generally have a 
larger pool of the Xanthophyll cycle compounds (Demmig-Adams and Adams, 1992). In 
Ulva rotunda the Xanthophyll cycle provides a greater proportion of photo-protection at 
high temperatures. Other sources of photo-protection are more active at lower 
temperatures (Franklin, 1994). 

The variation in the physiology of photosynthesis between sun and shade plants generally 
reflects the expenditure of resources by shade plants to make photosynthesis more 
efficient. Shade plants expend resources to survive at low light levels, but this 
concentration on self maintenance, comes at the expense of the rapid growth and 
reproduction rates characteristic of sun species. In a fennel crop, it is reproductive growth 
which is desirable. Shading may favour vegetative development and therefore reduce 
yield. 

Section 4: Morphological and Anatomical Adaptations to High and Low Light 

Variations in light response curves are brought about by modifications to the anatomy of 
the leaf and are augmented by modifications to the morphology of the whole plant. 
Daubenmire (197 4) and Boardman (1977) both reviewed the literature and produced lists 
of generalisations on plant morphology which apply, when comparing heliophytes to 
sciophytes and when comparing similar plants growing in sunny and shaded habitats. 

The morphology of sun plants reflects their ability to exploit the higher energy levels 
available where light is not limiting. In general, low light intensity favours vegetative 
development at the expense of flowering and fruiting, therefore crops for fruits, grains and 
seeds are grown in climates with low cloudiness and bright sun (Daubenmire, 1974). This 
is probably associated with the need to partition resources into light gathering vegetative 
growth under low light which is not necessary under high light conditions. Fennel shows 
many of the adaptations analogous with being a heliophyte but in the shaded conditions 
of a dense crop it may be expected to take on the characteristics of a sciophyte. 

Sun plants tend to have greater fresh and dry weights of both roots and shoots and their 
roots are longer and more numerous. They have thicker stems, with well developed 
xylem and supporting tissues and a lower ratio of total leaf area to vascular tissue in the 
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supporting stem (Daubenmire, 1974). For example, Betula pendula, a facultative sun 
plant, was found to have a greater dry weight as a percentage of fresh weight under 
higher light intensities (Oquist et al., 1982). Dry matter production increases in a transfer 
from low light to high and falls in a transfer from high light to low (Sebaa et al., 1987). 
Fatsia japonica is able to adapt to different photosynthetic photon flux densities, 
however, low light acclimatisation leads to a decrease in biomass production i.e. 
decreased leaf dry weight and leaf area (Vidal et al., 1990). 

Fennel produces a large biomass (F61desi and Hornak, 1992) consistent with maximising 
the use of light in a non-light limiting environment. Although it produces a substantial 
vegetative mass, usually associated with low light conditions it also produces a large, 
generative canopy. Fennel has a large root system and a strong stem, with a well 
developed transport system. These are the characteristics of a heliophyte. 

Heliophytes have less leaf area per plant, more deeply lobed leaves, shorter internodes 
and more prolific branching (Daubenmire, 1974). The leaf blades are not flat, are less 
compound and are oriented at angles other than at right angles to the incoming radiation 
(Daubenmire, 1974). Fennel produces leaves consistent with this morphology. 

Leaf longevity can be affected by light intensity. For Sinapsis alba leaves in low light 
have a lower rate of expansion and a longer life than leaves in high light (Wild and Wolf. 
1980). Leaf senescence in plants of Italian rye grass (Lolium multif/orum ) was found to 
occur earlier in plants grown under high light conditions than plants grown in low light 
(Sebaa et al., 1987). 

The epidermis of shade plants transmits -98% of light while that of sun plants transmits 
as little as 15% (Daubenmire, 1974). This allows shade plants to maximise their 
utilisation of available light while sun plants are protected from light injury and heat. Sun 
plants have a thicker cuticle but a more weakly developed endoderm1s (Daubenmire, 
1974). They have instead a well developed epidermis. The epidermis and cell walls of 
shade plants are thin and the intercellular spaces are large (Boardman, 1977). 

The whitish surface of many heliophytes provides as much protection against light injury 
as heat injury (Daubenmire, 1974). Sorghum leaves have a natural white bloom which 
increases reflectance by 10% with a slightly higher increase in the near infra red. This 
serves to decrease the heat load on the crop. Increasing canopy reflectance also 
decreases evapotranspiration (Kanemasu and Arkin, 1974). 

The anatomy of generalised leaves varies between maximising light absorption in shaded 
habitats and minimising light injury in high light habitats. Leaves developing in shaded 
environments are thinner and have a lower leaf fresh weight per unit area (Boardman, 
1977) while sun plants have smaller cells in the leaf blade resulting in smaller but thicker 
leaf blades or segments (Daubenmire, 1974). Sun leaves have thicker cell walls, a better 
developed palisade layer, which frequently occurs on both sides of the blade, but a more 
weakly developed spongy mesophyll and smaller intercellular spaces than shade plants 
(Daubenmire, 197 4; Wild and Wolf, 1980; Vidal et al., 1990). 
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Pentaclethra macroloba is a dominant, late succession tree. Leaf thickness and specific 
leaf weight were found to increase with acclimatisation to increasing light intensity, under 
both controlled conditions and with increasing height in the canopy (Oberbauer and 
Strain, 1986). Betula pendula was found to adapt to high light by increasing leaf volume 
to area ratio, increasing fresh and dry weights per unit leaf area and by producing thicker 
leaves (Oquist et al., 1982). 

Specific leaf weight represents the distribution of leaf dry matter relative to leaf surface 
area and shows the relative use of carbon for leaf thickening and leaf expansion (Vidal et 

al., 1990). Low light during the growth of Fatsia japonica, reduced leaf dry weight, 
reduced leaf area, decreased specific leaf weight and decreased the number of leaves 
when expressed as total dry weight per plant. This probably reflects decreased 
physiological activity (Vidal et al., 1990). 

Due to the thickness of the leaf, sun plants have a greater ratio of internal to external leaf 
surface (Daubenmire, 1974) Since light penetration to the chloroplasts is not limiting to 
photosynthesis, this is an advantage allowing more C02 to diffuse to chloroplasts per unit 

time (Oqu1st et al., 1982) 

The thickness of a leaf may be expressed as the density thickness i.e. the lamina fresh 
weight divided by the leaf area This gives a better estimate of metabolic potential per 
unit area as it does not include differences due to unknown amounts of air space. The 
lamina fresh weight does not include the major veins. It differs from the specific leaf 
weight i.e. the leaf dry weight per unit area (McClendon and McMillen, 1982). It would be 
particularly difficult to calculate tor fennel due to the difficulty in measuring the leaf area 
and also because separating leaf lamina from major veins would be difficult. 

Although plants grown in the shade have thinner leaves than those grown in full sunlight, 
McClendon and McMillen (1982) found no correlation between shade tolerance and leaf 
thickness adjustment in the shade. Shade tolerant species tended to increase their blade 
area in the shade while the blade area of the intolerant species tended to decrease in the 
shade. Lamina fresh weight increased much more in the shade tolerant species than in 
the shade intolerant species (McClendon and McMillen, 1982). In Pentaclethra 

macroloba lower light led to decreased leaf thickness and specific leaf weight (Oberbauer 
and Strain, 1986). In Leucaena leucocephala leaf area was greatest under moderate 
PPFD while leaf density thickness was greatest under the greatest PPFD. This gives a 
larger mesophyll area and therefore allows tor a higher maximum rate of 
photosynthesis (Perry et al., 1986). 

The photosynthetic response to the direction of the incidence of light and the shape of the 
light response curve varies with the anatomy of the leaf. A key feature in the response is 
the depth of tissue through which the light must penetrate before reaching the 
chloroplasts. For monocotyledons with no palisade layer and with stomata on both 
surfaces of their leaves, light response curves are the same whether illumination is from 
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the top or the bottom. Dicotyledons usually have an adaxial palisade layer and more 
stomata in the abaxial surface than in the adaxial surface. These leaves have a higher 
photosynthetic rate when illuminated from above than when illuminated from below. 
When illuminated from below the light had to penetrate a greater depth of leaf tissue to 
reach the chloroplasts. Provided humidified air was used in order to prevent stomata on 
the abaxial surface from closing, the difference between top and bottom decreased with 
increasing light intensity (Moss, 1964). The response to the direction of light becomes 
important, in a crop situation, when leaves lower in the canopy reflect light up to the 
abaxial surface of leaves at higher levels (Moss, 1964). 

No literature was found on the cellular structure of fennel leaves. Being dicotyledonous, 
fennel is expected to have an adaxial palisade layer and more stomata on the abaxial 
surface. However, fennel leaves are filiform (Curtis, 1963) and such an assumption 
cannot be accepted without being investigated. Perhaps fennel leaves have evolved from 
flat leaves by rolling and have a palisade layer on the entire perimeter. In this case they 
will behave more in the manner of the leaves of maize and sugar cane. 

The response is also important when considering the orientation of leaves. In a horizontal 
orientation leaves receive a relatively high light intensity on the adaxial surface and low 
intensity reflected light on the abaxial surface. Leaves with a vertical orientation would be 
expected to receive similar moderate light intensities on both surfaces; this light would be 
more diffuse and less direct. The filiform nature of fennel leaves should facilitate the 
penetration of light through the canopy. It may also allow the individual leaf parts to 
assume a vertical orientation. 

There is no general consensus on the differences between sun and shade plants with 
respect to the frequency and pore size of stomata. Some authors find that sun plants 
have stomata which are smaller and closer together (Daubenmire, 1974) while others find 
these characteristics unaffected by light intensity (Boardman, 1977; Kappel and Flore, 
1983). Wild and Wolf (1980) showed Sinapsis alba to have increased stomata! 
frequency but only small changes in the length of the stomata! pore when grown under 
high light levels. Oberbauer and Strain (1986) and Perry et al. (1986) found that stomata I 
density was higher under higher light intensities. 

In high light environments, factors other than light become limiting to photosynthesis and 
plants evolve to reduce these limits. Stomata! diffusive resistance would be expected to 
decrease in high light so that the supply of C02 is sufficient to maximise photosynthesis. 

For this reason the frequency and pore size of stomata could be expected to increase 
with acclimatisation to high light. However, stomata! resistance is also associated with 
transpiration and would also be modified by plant water relations. 

In its natural environment of high light intensity, fennel might be expected to h~ve large, 
frequent stomata and a low diffusive resistance. However this will be modified by 
acclimatisation to a dry environment. No information on the size or frequency of fennel 
stomata! pores was found. 
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The number of chloroplasts, the chlorophyll content of leaves and the ratio of chlorophyll 
a to b are all affected by the light history of the plant. The genotype of each plant 
determines the level to which each of these adaptations is expressed. It is expected that, 
since sciophytes have a greater need to trap light, they will have a greater investment in 
chlorophyll than sun plants (Daubenmire, 1974; Boardman, 1977). If light levels are too 
high the photosynthetic apparatus may be damaged. High light stress results from the 
absorption of light in excess of that utilised in photosynthesis and adaptations which 
prevent its absorption negate its damaging effects (Demmig-Adams and Adams, 1992). 
Sun plants have fewer chloroplasts and less chlorophyll as a means of protection against 
high light injury. 

Unexpectedly, the literature gives many examples of species where high light conditions 
lead to an increase in the number of chloroplasts. In ivy (Hedera helix ), high light 
intensities led to a higher number of chloroplasts per unit lamina area. The rate of 
photosynthesis per chloroplast was identical but overall photosynthesis was higher under 
high light conditions because of a greater photosynthetic mass per unit leaf area 
(Hoflacher and Bauer, 1982) Wild and Wolf (1980) showed that for Sinaps1s alba, the 
number of chloroplasts per unit volume of leaf was not altered by light intensity. Each cell 
had a greater number of chloroplasts under high light, but this was counteracted by the 
increased volume of the cells. In Fatsia japonica high light conditions lead to more and 
larger chloroplasts (Vidal et al., 1990) while in Italian rye grass (Lolium multif/orum ), 

higher light lead to larger chloroplasts (Sebaa et al., 1987). These species are perhaps 
sciophytes and are unable to adapt to high light conditions. Alternatively, they may be 
heliophytes and capable of absorbing and utilising high levels of light. 

Shade plants have relatively more chloroplasts in the upper mesophyll layers and 
relatively fewer chloroplasts in the lower mesophyll layers than do sun plants (Boardman, 
1977). Perhaps this can be explained by the fact that high intensity light can penetrate 
further through the leaf tissue. 

The amount of chlorophyll per leaf depends upon the units used. Leaves grown in low 
light produce more chlorophyll and a larger lamina area. The greater leaf area disperses 
the chloroplasts and so intercepts more light. This increase in area dilutes the quantity of 
chlorophyll so that when chlorophyll is expressed per unit area it appears to have 
decreased. Chlorophyll per unit leaf weight and per unit leaf area give opposite results 
when comparing sun and shade plants. Leaves of shade plants often have a lower 
chlorophyll per unit area but a higher chlorophyll per leaf dry weight (Boardman, 1977). 
Betula pendula , a sun species, shows a decrease in chlorophyll per leaf dry weight and a 
higher chlorophyll content per unit leaf area, under high light conditions. The ratios of 
chlorophyll to leaf fresh weight and to leaf volume were independent of the intensity of 
light during growth of this species (Oqu ist et al., 1982). For Fatsia japonica, chlorophyll 
content on dry weight, leaf area and per chloroplast was higher in low light (Vidal et al., 
1990). In Leucaena leucocephala, chlorophyll content was reduced by low light when 
measured on both on the basis of weight of chlorophyll per fresh weight of leaf and on the 
basis of unit leaf area (Perry et al., 1986). Under high light the leaves of Sinapsis alba 
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had lower chlorophyll per unit fresh weight but higher chlorophyll per unit leaf area. Each 
chloroplast contained only half as much chlorophyll under conditions of high light 
compared to low light (Wild and Wolf, 1980). In young peach trees (Prunuspersica) the 
chlorophyll content was increased per unit leaf area by shading (Kappel and Flore, 1983). 

The ratio of chlorophyll a to b was unaffected by light intensity in either Betula pendula 
(Oquist et al., 1982) or young peach trees ( Prunus persica ) Under high light the leaves 
of Sinapsis alba had a higher ratio of chlorophyll a to b (Wild and Wolf, 1980). 

Plants, growing under high light intensities, must have adaptations to minimise injury from 
light in excess of that which can be utilised by photosynthesis. Light continually 
decomposes chlorophyll and a plant remains green only when it can maintain a rate of 
synthesis of these pigments equal to their rate of degradation (Daubenmire, 1974). The 
decrease 1n chlorophyll associated with bright light results in less light being absorbed and 
more transmitted (Daubenmire, 1974). The excess light would otherwise be converted to 
heat which would have a detrimental effect on the internal water balance of the plant. 

In general, the chloroplasts of heliophytes are arranged vertically against the walls so that 
only one edge 1s exposed to the light. The leaves also are arranged vertically and 
generally do not have flat blades. Morphological adaptations to high light stress include 
alterations to the leaf angle so that the lamella is parallel to the incoming light, increased 
surface reflectance of leaves through pubescence or a waxy cuticle and movements of 
chloroplasts or whole leaves to avoid excess light absorption. A further adaptation may 
be the production of screening pigments, other than chlorophyll, to reduce light absorption 
but this has yet to be proven as a photo-protective adaptation (Demmig-Adams and 
Adams, 1992). 

Plants acclimatised to high light, have a greater ability to dissipate energy by utilising the 
captured energy 1n photosynthesis. They also use other photo-protective processes such 
as thermal energy dissipation. They increase their maximum rate of photosynthesis by 
having increased levels of photosynthetic electron transport carriers and an increased 
capacity of the biochemistry of photosynthesis. Photo-oxidative reactions lead to 

inactivation of Ps II. This was originally thought to be damage to Ps II but now can be 

considered a photo-protective mechanism (Demmig-Adams and Adams, 1992). 

Chloroplast ultrastructure and the photosynthetic apparatus are altered by acclimatisation 
to light intensity (Wild and Wolf, 1980; Vidal et al., 1990 ). Shade chloroplasts have larger 
grana stacks and many more thylakoids per granum than sun plants while sun plants 
have a relatively higher proportion of stroma lamellae (Boardman, 1977). Shade plant 
leaves are richer in chlorophyll b relative to chlorophyll a which is consistent with the 
relative amounts of grana and stroma lamellae. It is believed that the grana thylakoids 
usually contain a relatively lower chlorophyll a to b ratio than do stroma lamellae 
(Boardman, 1977). 
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The chloroplasts of leaves of Italian rye grass (Lolium multiflorum ) grown under higher 
light had relative granal content 77% smaller than those of plants grown in low light. The 
morphology of the granal configurations was also affected by light (Sebaa et al., 1987). 

Chloroplasts of leaves grown in one set of light conditions and transferred to a different 
light regime rapidly adjusted to the configuration and granal content characteristic of their 
new conditions (Sebaa et al., 1987). This adjustment by mature, fully expanded leaves 
as opposed to young, differentiating leaves showed the mature leaves to be much more 
flexible than expected. The rearrangement appeared to occur through chloroplast 
division and differential regrowth of granum in adjustment to low light and increased 
stroma volume and lamellar dilution in adjustment to high light. 

The grana of shade plants are irregularly arranged within the chloroplast and are not 
orientated in one plane as in sun plants. This may be expected to increase their 
efficiency for the collection of diffuse as opposed to direct light. It appears from the 
literature that the increase in the ratio of chlorophyll a to b in strong light is due to an 

increased ratio in both photosystems and is not due to an increase in the ratio of PS II 

compared to PS I (Boardman, 1977). 

Fennel has many of the traits of a heliophyte but 1t is not possible to infer whether it is a 
facultative or obligate sun plant. It may not adapt well to growth in the lower light 
conditions of dense crops in cloudy, temperate climates. Failure to adapt to such 
situations may bring about reductions in yield through either reduced flowering or through 
the inability to support all of the flowers produced. If fennel is able to adjust to low light 
conditions it will show a reduced light compensation point and a greater quantum yield 
efficiency. The adjustment in quantum yield efficiency is not expected to occur through 
adjustments in photosynthetic physiology but rather through anatomical and 
morphological adjustments within the leaves. 

Section 5: Light Penetration through the Canopy. 

Canopy structure determines the microenvironment surrounding individual leaves (Nobel 
et al., 1993). Self-shading, as well as shading from other plants, influences the amount of 
light reaching a given photosynthetic unit within a plant community. This is particularly 
important in agriculture, since it is only through modification of the canopy, that the light 
environment of crops can be controlled. 

Leaves transmit about 10% of light impinging upon them. Only leaves at the top of the 
canopy receive high levels of direct light. Most direct light which passes through the 
foliage passes between the leaves as sky light or sun flecks. Within a closed canopy 
much of the light is diffuse. Leaves act as filters, absorbing red and blue light. Therefore 
diffuse light, within the canopy, is not only reduced in intensity but has higher levels of 
green, far red and near infra red wavelengths (Daubenmire, 1974; Boardman, 1977; 
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Pasumarty et al., 1991 ). The principal wavelengths absorbed are in the regions of 
chlorophyll absorbance. Chlorophylls a and b have slightly different absorption patterns 
but between them they absorb light in the 400 - 500 and 600 - 700nm wavelengths, which 
correspond to the colours described above. Very little light is absorbed by chlorophyll in 
the region 500 - 600nm (Stryer, 1981). 

The species Populus tremuloides and Populus fremontii are shade intolerant species. 
However the lower canopy leaves of these trees do not show adaptation to shade by 
lowering their light saturation or compensation points despite being able to do so (Roden 
and Pearcy, 1993). The carbon gain over the whole canopy showed a 10% increase 
under windy conditions due to a 12-18% carbon gain in the understorey, attributed to light 
flecks. Roden and Pearcy (1993) hypothesised that light flecks penetrating the canopy 
may prevent the need for adaptation to shade. 

Hatfield and Carlson (1978) studying a field crop of soybean (Glycine max ) found that 
canopy distributions of C02 uptake showed most photosynthate to be produced by the 

upper 20% of the canopy. This part of the canopy represented only one third of the total 
leaf area but 90% of the interception of photosynthetically active radiation. In Sorghum 

bicolor, photosynthetic rates declined with depth into the canopy, but this was 
compensated for by the increased area of the lower leaves (Clegg et al., 1974; Fischer et 
al., 1976). 

Clegg et al. (1974) studied the most accurate method of taking such measurements of 
light intensity in the field. Measurements were best taken across rows rather than 
between rows i.e. at right angles to the rows and not along them. Transmission profiles 
on cloudy and clear days were similar but the extinction coefficient was less variable on 
cloudy days Clegg et al .. 1974). 

Light interception efficiency is a measure of the amount of light intercepted by the canopy 
for a given amount of leaf area. Light interception is the percentage difference between 
the photosynthetically active radiation above the canopy and that at the soil surface 
(Dhillon and Kier, 1981 ). Light interception efficiency is defined as: 

LIE= LI /LAI (Board and Harville, 1992). 

Canopy closure is a key factor in high light interception and this is in turn dependent upon 
plant density and the planting layout of the crop. LIE is dependent on the structure of the 
canopy, for example leaf orientation and the amount of self-shading. LIE is important 
when light is the limiting factor in plant growth but as other factors such as water become 
limiting LIE declines in importance. LAI was the dominant factor responsible for greater 
light interception in narrow row determinant soybean. LIE became important in narrow 
rows, only when LAI was low and little mutual shading occurred (Board and Harville, 
1992). 
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Fischer (1976) working with Sorghum bicolor crops at varying densities showed that 
plants at high, as opposed to medium, densities had more efficient energy conversion. 
Medium and high density stands had similar light interceptions but the high density stands 
had higher photosynthetic rates. The improved efficiency appeared to be due to the 
canopy architecture. High density stands had leaves which were more vertically oriented, 
more uniformly dispersed, smaller in both length and width and distributed over a greater 
canopy height. Light was therefore more uniformly distributed down the profile and 
coefficients of extinction were lower. Higher densities also had higher leaf area indices. 
This led to the distribution of a similar total amount of light over a greater leaf area and at 
a lower intensity, which in turn gave an increase in photosynthetic efficiency and greater 
overall photosynthesis. As discussed previously, quantum yield is higher at lower light 
intensities. The greater efficiency was not due to an increase in sink strength at the 
higher densities because, although the higher density resulted in a higher yield per unit 
area, there was not a higher yield per unit leaf area 

Soybean (Glycine max ) canopy apparent photosynthesis and light interception are 
linearly related prior to canopy closure but not after (Wells, 1991 ). Light interception and 
LAI are curvilinearly related prior to canopy closure but not after. This is due to two 
distinct phases of physiological growth Before canopy closure, there is vigorous canopy 
development and all leaves present are involved in photosynthesis. After canopy closure 
there is mutual shading of leaves and subsequent leaf degeneration due to leaf aging and 
reduced light levels. The absence of a relationship between canopy apparent 
photosynthesis and light interception after canopy closure is explained by factors other 
than light becoming limiting. The absence of a relationship between LAI and light 
interception is explained by the upper canopy trapping most of the light. Shading occurs 
in the lower canopy and not all leaves are photosynthetically active (Wells, 1991). 

Under moist conditions, increasing the planting density of Sorghum btcolor increased the 
LAI, dry matter and light interception but when water was limiting increasing the density 
had little effect (Rees, 1986). Persistent senescent leaf material at the end of each 
season reduced the amount of radiation reaching the soil surface thereby reducing the 
evaporative demand on the soil. The efficiency of conversion of intercepted radiation to 
dry matter was not measurably affected by population density, row spacing or 
intercropping. lntercropping Sorghum bicolor and Vigna unguicu/ata (cowpea) resulted 
in small increases in LAI but small decreases in light interception. This decrease in light 
interception is probably due to water stress which caused the Vigna unguicutata to assume 
an almost vertical orientation and consequently caused both self-shading and shading of 
the cowpea by the sorghum. Under conditions of ample water it is assumed that the more 
branched habit of the cowpea would give higher light interception of the intercrop than of 
sorghum in monoculture. 

Clegg et al. (1974) showed that, in Sorghum, transmission of radiation was better with 
narrower rows i.e. decreased row spacing. This was due to a more vertical canopy 
architecture associated with the narrower row spacing. The extinction coefficient 
decreased as row spacing increased and also with depth into the canopy. 
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The effect of radiation transfer in a crop differs with water availability. When water is not 
limiting a low plant population transmits more radiation to the soil and evaporation is high. 
A high plant population intercepts more radiation and transpiration is high. Kanemasu 
and Arkin (1974) supply energy balance equations to show that evapotranspiration is 
similar for both crops. Under conditions of low soil moisture the situation is more 
complicated but evapotranspiration was shown to be 10% greater for wide row than 
narrow row sorghum (Kanemasu and Arkin, 1974). This suggests that under con.ditions of 
limited water a closed canopy reduces evapotranspiration and acts to conserve water. 

Plant breeding can play a role in altering the canopy architecture by actively selecting for 
traits which open up the canopy and allow better light penetration. Two examples are 
given by Rao et al. (1991) and Wells et al. (1986). 

Rao et al. (1991) examined the effect on the light transmission characteristics of an oil 
seed crop bred to have no petals. Normal flowering oil seed rape (Brassica napus) 
produces a bright yellow layer of flowers at least 30cm thick. This layer forms an effective 
reflecting layer at the top of the crop. When normal crops were compared with an 
apetalous variety it was found that the apetalous variety allowed 30% more short wave 
radiation to reach the base of the inflorescence. Only half as much radiation was 
reflected by the apetalous variety at peak flowering. This allowed the leaves to persist 
and remain active much longer, resulting in greater seed set per pod. It also allowed the 
apetalous crop to retain productive secondary branches when the petalled variety had 
none. Some of the differences in yield may have been due to other factors such as 
variations in germination, flower size and time of flowering, but most of the yield increase 
was attributed to the apetalous nature (Rao et al., 1991 ). 

Wells et al. (1986) reported the results of trials with different breeding lines of cotton 
( Gossypium hirsutum ) which displayed various degrees of leaf lobing. Increasing leaf 
lobing increased light penetration through the canopy. Varying the leaf shape in cotton 
from the normal slightly lobed form to a moderately lobed form, did not affect canopy 
apparent photosynthesis. A high degree of lobing decreased canopy apparent 
photosynthesis due to a large reduction in LAI. High leaf lobing increased the stomata! 
resistance perhaps due to the extra evaporative demand at the leaf surface. 

Fennel leaves, being compound and filiform, should have a high transmission of light as 
sun flecks. No literature was found on the penetration of light through the fennel canopy 
Peterson (1990) showed fennel flowers to be photosynthetically self-sufficient and 
although penetration of light through the flowering layer to the vegetative canopy may not 
be important, further investigation is required. Gray et al. (1986a) found that shading a 
carrot umbel during seed development reduced the weight of the mature seed. Carrots 
are closely related to fennel, suggesting that shading of fennel umbels in a crop situation 
may also be important. Penetration of light through the flowering canopy also needs to be 
investigated. 
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Section 6: Summary. 

Fennel originates from a Mediterranean climate which is characterised by high light 
intensity. It is therefore expected to be a heliophyte and to show adaptations to high light 
intensities. These may include a high maximum rate of net photosynthesis and a high 
level of compounds associated with the Xanthophyll cycle (Daubenmire, 1974; Boardman, 
1977; Hoflacher and Bauer, 1982; Oquist etal., 1982; Vidal etal., 1990; Demmig-Adams 
and Adams, 1992). Fennel was shown by Peterson (1990) to have a high light saturation 
point. When grown in a dense crop situation, light intensity to individual modules of the 
canopy, may be reduced and fennel plants may need to adapt to these more shaded 
conditions. Such adaptations are characteristic of sciophytes and include such 
adaptations as a lower light compensation point and a lower dark respiration rate 
(Daubenmire, 1974; Boardman, 1977; Hoflacher and Bauer, 1982; Oquist et al., 1982). 

Adaptations to light intensity also include modifications to the anatomy and morphology of 
the leaves, including the density thickness (lamina fresh weight divided by the leaf area), 
the thickness of the palisade layer and the size and distribution of the chloroplasts 
(Daubenmire, 1974; Boardman, 1977; Hoflacher and Bauer, 1982; Oquist et al., 1982; 
Kappel and Flore, 1983; Vidal et al., 1990). 

The penetration of light through the fennel canopy will affect the need for fennel leaves to 
adapt to shade. Light is likely to penetrate the canopy as sun flecks because fennel 
leaves are filiform. The quantity of light in this form will determine the need for fennel to 
adapt to low light intensities. 
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Experiments. 

Section 7 : Light Intensity and the Architecture of the Generative Canopy. 

Introduction: 

Two critical factors in determining 'space' around a plant are light penetration to the plant 
and the root volume occupied by the plant. Observation of glasshouse grown plants, in 
varying pot sizes, show that the smaller the pot the smaller the volume of the top of the 
plant. This is in turn related to the availability of nutrients and water. No experiment was 
undertaken to investigate the effect of pot size however it is believed that reducing the pot 
size reduces both umbel size and umbel number. Umbel size is reduced because the 
number of rays per umbel is reduced. Umbel number is reduced because the number of 
secondary branches is reduced. Although this theory was not tested specifically small pot 
sizes were found to be effective in reducing plant size for glasshouse trials. 

The second factor i. e. light intensity was examined in a glasshouse experiment, designed 
to investigate the effect, on the production of umbels, of shading following flower initiation. 

Materials and Methods: 

The experiment was carried out in the glasshouse. A glasshouse trial was chosen 
because it allowed better control over temperature and humidity. Seedling plants of the 
variety C26/C27 were potted into 6" pots. The plants were evenly distributed on the table 
so that each plant received an equal amount of space. Each table held 24 plants. The 
plants around the edges of the table were used as guard plants. The 6 plants in the 
centre of each table were the experimental plants. Four treatments were used including 
the control. Each treatment occurred on two tables, giving a nested or hierarchical 
ANOVA design with "table" being nested within "treatment''. The controls were left in full 
light. All other tables were fitted with 2m high open frames which were draped in varying 
densities of shade cloth, to give the level of shading as shown in Table 16. Most plants 
are saturated at 20% offull sunlight (Daubenmire, 1974). 

Table 16. Shading treatments for glasshouse trial. 

DENSITY OF NUMBER OF % LIGHT 
TREATMENT SHADE CLOTH LAYERS TRANSMITTED 

control 0 100% 
low 50% 1 50% 

medium 70% 1 30% 
high 70% 2 9% 

The ends of the frames were left open to improve air circulation and to prevent 
temperature and humidity differences under the shadecloth. The glasshouse fans 
produced good air flow and temperature control so that temperature and humidity did not 
confound the light effect. Refer to appendix 18 for a diagram. 
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The tables were arranged so as to minimise the shading of one table by another. Some 
shading by external factors was unavoidable. An attempt was made to calibrate the trial 
by obtaining actual light intensity measurements for each table however, tor reasons 
discussed in appendix 19, it was found best to describe the treatments in terms of the 
density of the shadecloth used. The experimental layout is given in appendix 18. Table 
places and treatments were all randomly assigned since each position in the glasshouse 
was unique and a system of blocks was not appropriate. The positions of the cooling 
fans, the position of the door, and external shading from an adjacent glasshouse and 
trees used as a windbreak, all contributed to variability of conditions within the 
glasshouse. However, although each position was unique, the glasshouse has more 
uniform conditions than are usually associated with field conditions. There is no gradient 
of conditions within the glasshouse. 

The plants were placed under the shadecloth once they had begun to elongate. At this 
stage the primaries and secondaries were being initiated and had begun to develop. The 
tertiaries would be initiated during the experiment. 

The plants were fed regularly with double strength Hoagland's solution and watered via 
drippers twice a day. The watering regime tor the plants was difficult to control because 
obviously the treatment affected the water requirements of the plants. Plants under the 
high shading regime grew much more slowly and used much less water. The control 
plants grew much more quickly and often required supplementary watering. This may 
have been a confounding effect in this experiment. Ideally, the effects of light intensity 
would be separated from the effects of water stress but the plants grown under the more 
shaded conditions had a lower rate of transpiration. They used less water, were 
subjected to less leaching through being watered less frequently and accumulated a 
higher growth of algae on the surface of their potting mix. 

At the completion of flowering the plants were harvested and the height of the lowest 
umbel, the primary umbel and the highest umbel was measured. In the case of plants 
which had ndt flowered the height of the apical bud was measured. The number of 
umbels in each umbel order was counted. Seed set was not determined as the plants 
were not pollinated. Some flowers set seed due to pollination by wasps, bees and ants 
which entered the glasshouse via the roof vents and the door. However, pollination was 
not uniform across the treatments since the insects appeared to be discouraged by the 
presence of the shadecloth. 

Results and Discussion: 

The ANOVA tables relating to these data are given in appendix 20. ANOVA was not valid 
for the measurement of the number of primary umbels because for any individual plant it 
is not a continuous variable but rather a binary one, i.e. the primary umbel is either 
present or absent. Analysis was not carried out tor this variable. 
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The high treatment was not included in the analysis because most of the plants did not 
flower. The high number of zeros in the data set reduced the variability of the data and 
gave false impressions as to the trends in the data. It was not possible to measure 
flowering canopy dimensions for the high treatments since they had no flowers. Inclusion 
of this treatment in the statistical analysis gives statistical significance to the results which 
are not believed to be a true effect. The LSD bars shown on the graphs (Figures 48 to 
50) do not include data for this treatment. 

The effects of the treatments on umbel number are shown in Figure 48. Post initiation, 
light intensity reduction to 30% of full sunlight does not affect umbel number. The results 
are all shown by ANOVA to be non-significant. Light intensity reduction to 9% of full 
sunlight prevents the plants growing and therefore prevents flowering. The experimental 
results may have been confounded to some extent by disease. Plants under the high 
treatment grew poorly and were particularly prone to powdery mildew. The control plants 
also appeared less vigorous than expected, but no obvious cause for this could be found. 
One possibility is that the amount of water usage by the plants differed. Plants under the 
shadecloth treatments required much less water than the control plants. The control 
plants often required supplementary hand watering in the afternoon, as well as the daily 
watering with drippers. Future experiments may be improved by the use of an objective 
measurement of plant water status as a guide to the need for watering. 

The effect of shading on the dimensions of the floral canopy are presented in Figures 49 
and 50. Over the range tested, light intensity had no statistically significant effect on the 
height to, or depth of, the fennel flowering canopy, except at the highest shade level 
where flowering was prevented. There is some slight evidence that the height of the 
primary umbel may have increased with increasing shade but this was not supported by 
the statistical analysis and the effect may have been the result of some other factor. 

Under the conditions used and over the range tested, light intensity post-initiation, does 
not affect the number of umbels produced or the size or height of the flowering canopy, 
unless it so low that the plants are prevented from flowering. 
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Figure 48. 
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Section 8: Modification of the Light Response Curve by Decreased Light Intensity 
during Growth. 

Introduction: 

Since it evolved in the high light environment of the Mediterranean fennel is expected to 
be a heliophyte. Facultative heliophytes are able to adapt to shade by becoming more 
efficient at photosynthesising under low light intensities. This can be detected by 
alterations in their photosynthetic light response curves. This experiment was designed to 
detect any such adaptations in fennel. 

Materials and Methods: 

Seedlings were sown in spring and held under short days to prevent flower initiation until 
the natural day length decreased to less than 13 hours daylight. Nine plants were placed 
under three of the treatments from experiment 1, namely the control, medium and high 
shading. These correspond to light transmissions of 100%, 30% and 9% full sunlight, 
respectively. The plants were held under these conditions for approximately 6 months, 
until elongation commenced. 

At this stage they were taken to the laboratory where light response curves were 
generated for the highest fully expanded leaf on each plant. The curves were generated 
using a portable infrared gas analysis unit (The Analytical Development Co. Ltd. Type 
LCA-3). Photon flux densities were measured at the level of the leaf chamber using a 
LiCOR meter and sensor, measuring photosynthetically active radiation (400-700nm). 
Illumination was provided by a halogen lamp and was varied by placing layers of shade 
cloth between the leaf chamber and the light source. A temperature of 23°C was used 
because being close to the ambient temperature of the room it was easy to maintain while 
also being close to 25°C which is the optimum temperature for photosynthesis by mature 
leaves (Peterson, 1990). Temperature control was provided through the use of a water 
jacket plumbed to a water bath. 

The net C02 assimilation rate is the balance between the true photosynthetic rate or true 

rate of C02 uptake and the rate of release of C02 by respiration. It is calculated by 

measuring the C02 differential between the inlet and exhaust air from the leaf chamber 

and using the following formula taken from Brown (1993). 

A = (f/s)./1C 
where A = 

f = 
= 

fv = 
T = 
p = 
s = 
!1C = 

assimilation rate ( µmolC02m-2s-1) 
mole flow of air (mol s-1) 
fv(1 /22.4){273.15/(273.15+ T)}(P/101.3) 
volumetric flow of air (L.s-1) 
temperature recorded during measurement (°C) 
atmospheric pressure during measurement (kPa) 

photosynthetic surface area of leaf (m2) 

002 differential (ppm) 

PAGE 169 



The surface area of the leaves was calculated by the method outlined in Section 9 of the 
General Materials and Methods. 

Results and Discussion: 

The light response curves generated are shown in Figure 51, where the assimilation rate 
is expressed as micromoles of carbon dioxide absorbed per unit leaf area per second. 
The linear portion of the curves are plotted separately (Figure 52) and the equations of 
these lines used to determine the light compensation point since photosynthesis is difficult 
to measure in this region (Moss, 1964). 

The dark respiration rate is equivalent to the rate of C02 evolution when the incident light 

intensity is zero. It is calculated by substituting x=O into the equations in Figure 52 and 

solving for y. The light compensation point is the point where the rate of C02 evolution is 

zero. It is equivalent to the y intercept of the equations in Figure 52. The light saturation 

points and maximum rate of photosynthesis are estimated from the shoulder of the curves 
in Figure 51. The light saturation point is quite difficult to estimate due to the shallow 

slope of the curves at the maximum rate of net photosynthesis. The quantum efficiency is 
the initial slope of the curves in Figure 51 and is the slope of the lines in Figure 52. The 
points are summarised in Table 17. 

Table 17. 
A summary of the significant points from the light response curves. 

Level of shade 

control medium high 
-2 -1 

Light saturation point ( µ mol.m s ) 1750 2000 1660 

Maximum rate net photosynthesis -1525 -1975 -1540 
-2 -1 

(µmol CO .m s ) 
2 

-2 -1 
Light compensation point ( µmol.m s ) 19 20 4 

-2 -1 
Dark respiration rate ( µmol CO .m s ) 108 81 15 

2 

Quantum efficiency -5.53 -4.12 -3.47 
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None of these points is significantly affected by the shading treatment at the 5% 
probability level (Appendix 21 ). The maximum rate of net photosynthesis and the dark 
respiration rate are marginally significant i.e. at the 10% level. The maximum rate of net 
photosynthesis appears to be highest with medium shading while the dark respiration rate 
appears to decrease as shading is increased. This effect on the dark respiration rate is 
as is expected from the literature but if the affect on the maximum rate of net 
photosynthesis is real and this variable is indeed highest for plants grown in partial shade, 
the result is the reverse of the trends for other plants described in the literature. 
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Although further replication may show fennel to adapt to shade through a lowering of its 
dark respiration rate it is assumed here not to be an obligative heliophyte rather than a 
facultative one. 

Section 9: Light Interception by Field Grown Fennel. 

Introduction: 

Hatfield and Carlson (1978) showed that for soybean (Glycine max ) 90% of light 
interception occurred in the top 20% of the canopy. Sixty two percent of C02 uptake 

occurred in this portion of the canopy. It is hypothesised that in dense plantings of fennel, 
light penetration through the canopy may be reduced, allowing insufficient light to reach 
the lower umbels. 

Materials and Methods: 

Plots from the crop grown for the density trial in Chapter 4, Section 8 were used in this 
experiment. Light penetration through the canopy was measured using 1 m long 
solarimeter tubes clamped onto retort stands. Three measurements were made on each 
plot, each for a 3 minute period. The measurements were made at the following positions 
in the canopy: 

a) at the height of the primary umbels 
b) immediately below the floral canopy 
c) at ground level. 

The height of these positions above the ground was recorded and used to describe the 
depth of the canopy at each of the densities. 

Simultaneously with each measurement a second tube was used to measure the incident 
light above the canopy. This tube was always placed to the south of the first tube so that 
one did not cast a shadow upon the other. The light reaching each position in the canopy 
was expressed as a percentage of the incident light as determined by this second tube. 

The solarimeter tubes measured the light in units of kJ/m2 but the results are expressed 

as ratios. 

Results and Discussion: 

The canopy height data are graphed in Figure 53 and used to calculate the depth of the 
canopy which is graphed in Figure 54. Light penetration through the canopy is graphed in 
figure 55. 
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Figure 53. 
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Figure 53 shows that there is a correlation between density and floral canopy height. The 
correlation coefficient of each of the three lines is significant at the 5% level. The height 
of the top of the canopy appears to be at an almost constant height above the primary 
umbel, suggesting that it is the height of the apex which increases with increasing density 
and not the length of the secondary branches which extend above the primary. 

The height of the lowest flowers in a canopy rises more rapidly with increasing density 
than does the height of the highest umbels. This results in the depth of the canopy, (i.e. 

the distance between the highest and lowest umbels) decreasing. This is illustrated in 
Figure 54. The decrease in canopy depth is related to the decreasing number of 
secondary stems with increasing density. 

The penetration of light through the canopy is related to plant height since the taller the 
crop the greater volume of crop available to absorb the incoming light. At a planting 

density of 4 plants/m2 the canopy was not closed and 45% of the incident light is 

transmitted to the ground This canopy is inefficient with respect to the utilisation of light. 

At a planting density of 12 plants/m2 the canopy is closed and only 30% of the light 

reaches the ground. The best light absorption is at 100 plants/m2 where only 20% of the 

available light reaches the ground. 

The shape of the light transmission curves also gives an indication the light absorption 
efficiency. The straighter the line, the more evenly light is absorbed throughout the 

canopy. Light absorption throughout the canopy for plants at a density of 4 plants/m2 is 

low and most takes place below the primaries. The curve for 12 plants/m2 is almost a 

straight line indicating equal usage of light throughout canopy. A density of 25 plants/m2 

produces fewer flowers per plant than lower densities but still many leaves. A steep drop 
in the curve from primaries to below the generative canopy indicates high usage of light 

by the flowers and leaves below the primaries At 50 and 100 plants/m2 the flowering 

canopy was much shallower and the crop much taller. At 50 plants/m2 the maximum light 

usage was at the height of the primaries. At 100 plants/m2 30% of the light was 

intercepted by the flowering canopy and a further 50% intercepted by the stems to give 
the greatest overall light usage. 

A planting density of 12 plants/m2 utilises the light most evenly throughout the canopy but 

a plant density of 100 plants/m2 uses the light more efficiently. 

Section 10: Summary. 

Fennel is an obligate heliophyte and does not adapt to low light conditions. It does not 
utilise light efficiently, allowing at least 20% of the incident radiation to reach the ground, 
even at high planting densities. This reflects its adaptation to the environment of the 
Mediterranean where light intensity 1s not limiting and may be high enough to be 
damaging. 
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Chapter 6 

Water Stress. 



Literature Review. 

Section 1 : Introduction. 

The high temperature and light conditions of the Mediterranean climate are conducive to 
high productivity, but other factors may limit growth. One such factor is water. Fennel, 
having evolved where summer drought is normal, could be expected to have adaptations 
for withstanding dry conditions. Nevertheless water is an important factor in crop 
management and the ability of fennel to cope with water stress warrants some 
investigation. 

Very little literature, directly associated with the effect of water stress on fennel, or its 
yield, was found. A review of the effects of drought in other crops gives some indication 
of the types of influence drought may have on the fruit set of fennel under commercial 
production. The review commences with an overview of plant water status and continues 
with a study of adaptation to drought. 

In ecological terms, plants may adapt to drought by either drought avoidance or drought 
tolerance. Drought tolerance is a cellular mechanism which acts to prevent cell damage 
as the cell water content decreases (Howell et al., 1979) Drought avoidance involves 
mechanisms which allow the plant to ignore the effects of drought, e.g. by shortening the 
life cycle of the plant so that the growing season has finished before drought takes place 
In a crop situation drought avoidance has a tendency to reduce yields, since this type of 
adaptation usually involves decreasing plant functions in response to water stress. 
Drought tolerance mechanisms allow the plant to continue active growth throughout the 
dry period. 

Section 2: Plant Water Status. 

The nature and extent of water stress on plants, is a function of the intensity and duration 
of the stress, as well as the genetically determined capacity of the species to cope with 
the environment (Chaves, 1991 ). 

Since water deficits occur in tissues of transpiring plants, regardless of how well supplied 
with water they are, generally plant water relations deals with degrees of, and durations of 
plant water deficits and not with stressed and unstressed plants (Turner and Begg, 1981 ). 

Two parameters are used to describe plant water status. These are the relative water 
content (RWC) and the energy status of the plant cell water (Turner, 1981 ). The RWC is 
the amount of water in the plant cell compared with the amount present at full hydration 
and is usually expressed as a percentage on a per weight basis. The energy status of the 

water in the plant cell is expressed as the total water potential (11J) and can be divided up 

into its component parts. 
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The relationship is: 
'ljJ=P+:rc+t 

where 'ljJ = total water potential 
P = turgor pressure 
:re = osmotic pressure 
t = matric potential (Turner, 1981) 

A gravitational component should also be considered, but is sman enough to be ignored 
except in very tall trees (Turner, 1981 ). 

RWC and 'ljJ are directly linked but the relationship between the two varies with plant 

species, growth conditions and stress history. 

Sinclair and Ludlow (1985) recommend the use of cell volume or RWC as this variable 

appears to be a major determinant of metabolic rate and leaf survival. Plant water 

potential has no direct link to any physiological process except maybe water flow but even 
this is governed largely by hydrostatic pressure and not water potential (Sinclair and 

Ludlow, 1985). 

RWC can be shown to decrease in three stages which are linked to the behaviour of the 

stomata (Sinclair and Ludlow, 1985). In stage I, the transpiration rate is dominated by the 

environment, the stomata remain open and RWC does not generally fall below 75-85%. 

Stage II represents environmentally imposed transpiration rates, which exceed the ability 

of the roots to maintain an adequate supply of water. This stage is dominated by the root 
uptake of water. The stomata are forced to reduce their conductance, in order to maintain 

a stable water balance in the leaves. In stage III the soil dries out further and the stomata 

are not able to maintain a constant water balance in the leaf. The stomata close and 

further water loss is via water conductance through the epidermis and cuticle. Once the 
leaf RWC falls to a critical level the leaf dies (Sinclair and Ludlow, 1985). 

Total leaf water potential also varies in these three stages (Sinclair and Ludlow, 1985) 

however it does not vary constantly with RWC. The components of total water potential 

e.g. osmotic potential are varied as the plant adapts to increasing water stress. 

It is important to relate plant growth to the stress experienced by the plant and not to the 

water potential of the soil. There is no direct relationship between water potential in the 
leaf and water potential in the soil. The soil water potential merely determines the upper 

limit of leaf recovery when the evaporative demand is removed at night (Turner and Begg, 

1981). 

A second reason for relating water stress directly to the plant and not to the soil is the 
difficulty in directly measuring the soil water potential as it is perceived by the plant. The 
plant root experiences a soil water potential composed of an integration of many point 
water potentials. This is not necessarily the same as the average water potential for the 

soil (Ritchie and Hinckley, 1975). 
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A third reason, is that low atmospheric humidity can provide a source of water stress to 
plants, even when they are well watered. Woodward and Begg (1976) showed that in 
soybean (Glycine max) even under well watered, controlled conditions, low humidity 
causes a decrease in yield, through floret abortion. 

Section 3: The Effect of Drought on Crop Production. 

The yield of a crop (Y) is a function of the net rate of photosynthesis (P), the leaf area (L) 
and the distribution of assimilates (H) Y=/(L.P.H.). Water stress affects photosynthesis 
directly, when very low water deficits bring about a decrease in net photosynthetic 
capacity (Turner and Begg, 1981 ). Leaf area index is reduced both through lower leaf 
expansion rates and also through loss of mature leaf area through rolling, folding and 
senescence (Howell et al., 1979; Turner and Begg, 1981 ). Expansion rates may increase 
again, following recovery, provided the stress was not too severe nor too prolonged, but 
even a single stress period can affect the resulting leaf area (Turner and Begg, 1981 ). 

The distribution of assimilates is affected by water stress directly, if water stress causes 
an increase in the root to shoot ratio. It is affected indirectly, if by affecting 
photosynthesis it alters source to sink ratios and consequently phloem loading and 
unloading (Turner and Begg, 1981 ). 

Reductions in plant height and plant biomass are common effects of drought. These are 
not adaptations to drought but rather a consequence of reduced growth through 
insufficient resources. However, by being reduced in size, a plant llas a reduced surface 
area which, in turn, reduces transpiration. 

In soybean (Glycine max ), water stress reduces the size of the assimilating canopy and 
reduces the yield of harvestable pods (Mom en et al., 1979). The effect is strongly 
influenced by the physiological age of the plants, when the stress is applied. Stress in 
early pod development reduces pod number and therefore seed number. Stress during 
seed filling reduces individual seed size. Individual seeds, from plants stressed early in 
development and fully watered during seed filling, are larger than normal due to the 
smaller seed number and therefore reduced sink competition for assimilate (Momen et al., 
1979). 

Many crops store photosynthates prior to fruiting and the ability to mobilise these reserves 
during periods when photosynthesis is restricted by water deficits may be a contributing 
factor to yield. The relative ability of plants to utilise stored reserves, is dependent on 
genotype (Howell et al., 1979; Turner and Begg, 1981 ). 

Peterson (1990) showed the fennel flowering canopy to be photosynthetically self-

PAGE 177 



sufficient but did not look specifically at the translocation of stored reserves to maturing 
fruit. Severe defoliation, throughout the life of the crop, reduced the yield of oil and 
umbels, but partial defoliation had no significant effect. Reduced yield, through severe 
defoliation, may have been due to insufficient leaf area to store assimilate for seed 
production. This hypothesis could be tested by defoliating plants at anthesis rather than 
at umbel initiation. 

Hawthorn (1952) studied the relationships between soil moisture, nitrogen and spacing 
and carrot seed production. The interaction between all three factors was significant. 
Plant height was increased with high soil moisture. There was a significant interaction 
between soil moisture and nitrogen, such that high nitrogen and high moisture resulted in 
the tallest plants. There was also a positive relationship between soil moisture and 
lodging. Plants in the closest row spacing were overcrowded, weak and spindly and at 
high soil moisture showed very high lodging. This effect was enhanced by high nitrogen. 
Low irrigation levels led to less lodging and the highest seed yields. 

As a member of the Umbelliferae, fennel is closely related to carrots and both have similar 
growth habits. No reference has been found suggesting that lodging is a problem in 
fennel, but this may be important. 

Water deficits cause losses in crop yield in drought intolerant crops. In drought tolerant 
crops yield losses may still occur, depending on the type of adaptations and whether they 
are drought avoidance or drought tolerance mechanisms. When water deficits occur in 
crop situations, irrigation may be used to improve yield. However, on most farms, water is 
not unlimited. If high yields of fennel can be obtained without irrigation, it may be more 
economical for the grower to save this water for other crops. Since little literature was 
found on water relations in fennel, hypotheses will be posed in the following sections on 
potential adaptations and their possible effects on the ultimate yield of seed and essential 
oil in this crop. 

Section 4: Morphological Adaptation to Drought. 

A cursory inspection of fennel, would not suggest it to be a plant adapted to the 
xerophytic conditions of a Mediterranean environment. It has large, soft, fleshy leaves 
which although reduced in surface area by being filiform, do not have the sclerophyllous 
character expected of a xerophytic plant. Most plants of the Mediterranean region show 
the xerophytic character of tough, leathery leaves (Polunin and Huxley, 1965). However, 
Lo Gullo et al. (1986) state that there are many drought-resistant plants in the 
Mediterranean region which have typically mesophyllic leaves and many are typical of 
plant communities where sclerophyllous species prevail. 

A more detailed inspection suggests that fennel belongs to the ecological group of plants 
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known as phreatophytes. This term was first conceived by Meinzer (1927) to describe an 
ecological group of desert plants which primarily utilise water from the water table, as 
opposed to surface water, for their survival. These are plants which use the "phreatic" or 
"free" water of the soil. Meinzer (1927) used this term to contrast those xerophytic plants 
which are adapted to conserve water, with those plants whose deep root systems tap the 
permanent and reliable source of water, the water table. 

By definition, under natural conditions, a phreatophyte obtains its water from the water 
table, however, phreatophytes will survive and grow in areas where they cannot reach the 
water table if water is artificially supplied, i.e. where they can tap adequate drainage water 
or where they are irrigated. For example, alfalfa (Medicago sativa ), a commercially 
significant phreatophyte, is grown extensively where it cannot reach the water table but 
where its water is supplied via irrigation (Robinson, 1958). 

Meinzer (1927) defines two groups of phreatophytes: 

1) plants which have their roots in saturated soil 

2) plants which grow where there is a zone of aerated soil between the land surface 
and the water table but where the saturated zone or at least the capillary fringe is 
within reach of their roots. 

Fennel is not a hydrophyte since it will not tolerate water-logged conditions (Hart, 1987). 
This does not mean it is not a phreatophyte. 

In arid regions the distinction between phreatophytes and xerophytes is clear but it 
becomes more subtle in the humid regions where other water sources are more 
abundant. Under these circumstances, the distinction can be confounded by plants of the 
phreatic group growing rn areas where they cannot reach the water table but where the 
surface water is sufficient for their needs. Occasionally, non-phreatic plants are able to 
temporarily utilise the water table or the capillary fringe above it (Meinzer, 1927). 

Lo Gullo et al. (1986) describe two groups of plants: water saving plants and water 
spending plants. Phreatophytes belong to the latter of these two groups. Water saving 
plants have features and adaptations to help them to conserve water. Water spending 
plants avoid drought, by being capable of drawing water from the soil to replace that 
which is lost. Not all water spending plants would be phreatophytes but most 
phreatophytes would probably fit into this group. Water spending plants have typically 
mesomorphic leaves, with large intercellular spaces within their mesophyll and few fibres 
surrounding their vascular bundles (Lo Gullo et al., 1986). 
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Meinzer, (1927) gives the following factors to help define a phreatic species: 

1) Observation of the plant's roots shows that they reach great depths and also that 
they have a relationship with the water table. 

2) Measurements show that significant quantities of water are absorbed from the 
saturated zone or that the plants significantly lower the water table. 

3) The species shows an absence of a relationship with the annual rainfall. 
4) The species is more or less confined to areas where the water table is within 

reach. 

Fennel appears to fit three of these criteria. It has an extensive root system (Foldesi and 
Hornak, 1992) and is summer flowering, continuing to grow throughout the dry season 
(Fernandes Costa et al., 1959). In its native region, fennel commonly grows around river 
estuaries (Smith, 1978) i.e. where the water table is higher. The literature does not 
provide evidence concerning the first point, i.e. the relationship between fennel roots and 
the water table. 

Phreatophytic behaviour is a drought avoidance mechanism allowing higher productivity 
under drought conditions However, phreatophytes are not a simple group of plants 
which avoid drought by tapping underground water. They are a complex group, with 
varied adaptive mechanisms which aid them in avoiding or tolerating drought (Nilsen et 

al., 1984). Their aerial parts must have some adaptations to drought. They must endure 
adverse soil moisture conditions, e.g. when the water table falls periodically and also as 
seedlings before their roots grow deep enough to reach the water table. If the water table 
is at great depth, the rate at which they can lift water to the surface may be limiting 
(Meinzer, 1927). Phreatophytes show a range of other adaptations to both drought 
avoidance and tolerance, similar to other non-phreatic species. These adaptations 
included deciduousness, osmotic potential adjustment and low leaf conductances (Nilsen 
et al., 1984) The two latter adaptations act to maintain leaf water potential and/or turgor 
throughout the season and will be discussed in Section 5. 

Runde! (1981 ), describes two groups of phreatophytes, deciduous and evergreen. 
Evergreen phreatophytes have leaves with xeromorphic characteristics while deciduous 
phreatophytes have more mesomorphic leaves. The plants studied by Nilsen et al. (1984) 
were divided into three groups, winter and summer deciduous, and stem photosynthetic; 
each group showing a different suite of adaptations to drought. Stem photosynthetic 
species have few leaves while both the summer deciduous and stem photosynthetic 
species avoid drought by reduced leaf area in the summer months. Fennel is a 
mesomorphic phreatophyte which retains its leaves in summer. Fennel umbels are 
photosynthetically self-sufficient (Peterson, 1990) which is an adaptation similar to stem 
photosynthesis and therefore an adaptation for drought avoidance. 
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Phreatophytes are often salt tolerant species, since the capillary fringe is often salty. 
These plants usually tolerate alkaline soils or else penetrate through the capillary fringe to 
the water table to obtain less concentrated water. Halophytes tend to be more like 
xerophytes than typical phreatophytes even though they may be tapping the water table. 
Often saline soils have a strong salt (alkaline) zone above a zone of relatively pure water. 
Phreatophytes e.g. saltbush may penetrate through the salt to the pure water but be 
capable of using the salt water at times when the water table drops. Although deep 
rooted plants may free themselves of the alkaline top soil, by penetrating to the pure 
water of the water table, their seedlings must be capable of tolerating saline conditions in 
order to penetrate the topsoil and reach the non-saline soil below (Meinzer, 1927) . 

The depth to which the roots of phreatophytes will penetrate is variable. Robinson (1958) 
gives examples of alfalfa (Medicago sativa ) roots penetrating to a depth of 66 feet 
(-20m) while saltgrass (Distichlis stricta) generally grows where the water table is less 
than 8 feet (2.Sm) deep. Prosopis is a typical desert phreatophyte found in the Sonoran 
Desert of Southern California. The roots tap the ground water at about Sm (Nilsen et al., 
1981 ). All phreatophytes have deep roots compared with their non-phreatic counterparts. 

The appropriate root system to avoid drought conditions depends upon the soil type. In 
shallow soils a branching root system is an advantage whereas in deep soils a deep root 
system is best (Howell et al., 1979). The production of deeper roots to explore greater 
and deeper soil volume is not an advantage if no water is stored at depth. If a plant has 
to survive on surface water, having a deep root system can reduce the effective hydraulic 
conductance of the surface roots (Turner and Begg, 1981 ). Phreatophytes are, therefore, 
better adapted to deep soil profiles. 

An increased root to shoot ratio is likely to occur even in non-phreatophytic species where 
shoot growth is inhibited but photosynthesis is not (Turner and Begg, 1981). This occurs 
actively in maize (Zea mays ) (Sharp and Davies, 1979) It is also brought about by 
increased leaf senescence. In wheat, it is an adaptive advantage for older leaves to be 
lost since they do not provide assimilate to the developing grain (Turner and Begg, 1981) 
The major disadvantages of decreased leaf expansion and leaf senescence is that they 
are irreversible if conditions become more favourable (Turner and Begg, 1981 ). 

Water stressed plants of Origanum majorana had a substantially reduced leaf area in 
comparison to the unstressed plants, but both stressed and well-watered plants had 
similar ratios of dry matter to fresh matter, implying a similar fresh matter moisture 
content. Both stressed and unstressed plants maintained RWC above 60% throughout 
the day (Rhizopoulou and Diamantoglou, 1991 ). 

Changes in leaf angle and orientation which reduce the radiation load are a reversible 
adaptation to water stress. Recovery can be rapid once the stress is relieved and 
therefore, yield is not seriously reduced. It can occur through passive wilting, due to 
general loss of leaf turgor. Rolling or curling of the leaf due to differential loss of turgor by 
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certain cells has a similar effect (Howell et al., 1979; Turner and Begg, 1981). Some 
plants have a development of hairs or a waxy bloom to reduce net radiation, boundary 
layer conductance and transpiration (Turner and Begg, 1981). 

Turner and Begg (1981) consider an indeterminant growth habit to be an adaptation to 
drought, since it allows the plant to produce extra growth when favourable conditions 
prevail. This can be referred to as developmental plasticity. However, a completely 
indeterminate growth habit is a disadvantage if carbon assimilation is wasted by the death 
of branches, tillers etc. under drought conditions (Turner and Begg, 1981 ). Fennel has a 
semi-indeterminate growth habit being able to produce secondary, tertiary and higher 
order umbels (Peterson, 1990) 

Cowpea (Vigna unguiculata ) is a good example of a drought tolerant crop. It has been 
shown to be capable of surviving and maintaining high seed yields when severe water 
stress and high evaporative rates occur during vegetative development (Turk and Hall, 
1980). It regulates water loss through lower leaf area expansion rates and increasing 
leaflet abscission to reduce ground cover; through reducing incident light interception on 
both leaf surfaces by adopting a more vertical leaflet arrangement; through reducing leaf 
conductance to water vapour and through undertaking both seasonal and diurnal osmotic 
adjustment to increase leaf water potential. Cowpea adjusts well when soil water stress is 
applied slowly. However, wilting does occur in the afternoon if water stress is applied 
quickly. Integrated cumulative total leaf water potential was strongly negatively correlated 
with seed yield (Turk and Hall, 1980). Cowpea escapes drought by decreasing its 
metabolic rate but this results in reduced yield Cowpea shows drought avoidance since 
predawn and afternoon water potentials were only slightly lower for stressed compared 
with well watered plants. This was achieved by slowing extraction of water from the soil, 
as the soil water began to be depleted. 

Section 5: Physiological Mechanisms of Drought Tolerance and Avoidance. 

Phreatophytes are able to maintain growth during dry periods, by taking advantage of 
water stored in the soil. However, they often require additional physiological processes to 
assist in metering out a limited water supply. Some physiological adaptations reduce 
productivity, for example, reduced stomata! conductance. Closing stomata restricts water 
loss but also restricts photosynthesis. Other adaptations, such as osmotic adjustment, 
allow photosynthesis to continue, even under conditions of low leaf water potential. The 
best adaptations for agricultural systems are those which are reversible and therefore do 
not reduce yield when water is available again. 

Whether or not fennel is a phreatophyte, under crop conditions water can be supplied by 
irrigation. During summer the crop will experience leaf water deficits due to high 
evaporation rates and also periods of water stress between irrigations. The frequency 
with which irrigation is required and the effect of these periods of stress on yield will 
depend on the ability of fennel to continue growth during the stress periods. 
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An experiment by Rhizopoulou and Diamantoglou (1991) illustrates the ability of some 
plants to become "hardened to drought". Those Origanum majorana plants which 
received the highest water stress treatment were better able to later withstand low water 
potentials as shown by a plot of their recovery index against turgor potential 
(Rhizopoulou and Diamantoglou, 1991 ). 

The ecological significance of essential oil production is still uncertain but it has been 
suggested that it may be an adaptation to a climate where water shortage is common 
(Penka, 1978; Box, 1982; Sangwan et al., 1993). Aromatic plants are especially 
characteristic of dry, Mediterranean climates. Box (1982) studied the emissions of 
aromatic and similar secondary substances in an attempt to produce a climatic model for 
their production. Emissions were found to increase with temperature and often to be 
correlated with leaf area or phytomass more than with gross or net production rates (Box, 
1982). Lipids are osmotically inactive and lipid storage is facilitated if the lipid has a 
neutral, hydrophobic character (Rhizopoulou and Diamantoglou, 1991) Perhaps 
essential oils are a form of carbon storage which, since they do not require water in their 
storage, allow the plant to utilise the available water for other functions. 

A further hypothesis, which does not seem to be covered in depth by the literature, is that 
essential oil is linked to heat tolerance. Many dry climates, including the Mediterranean 
climate are also hot climates and drought conditions are often associated with a rise in 
temperature (Chaves, 1991 ). Box (1982) found emissions to increase with temperature 
and Rhizopoulou and Diamantoglou (1991) found lipid content to be greatest in leaves of 
Origanum majorana at midday. Water is a butter against external temperature 
fluctuations since it absorbs heat with very little rise in temperature (Daubenmire, 1974). 
Perhaps there is a link between essential oil production and insufficient water, through the 
control of temperature in the plant. 

Like fennel, Origanum majorana is an aromatic, Mediterranean herb which flowers in 
summer (Rh1zopoulou and Diamantoglou, 1991 ). The highest value of essential 011 

content was under decreasing soil water content (Rhizopoulou and Diamantoglou, 1991) 

in agreement with Penka (1978). Maximum lipid concentrations were found at midday in 
leaves of water stressed as opposed to unstressed plants of Origanum majorana 
(Rhizopoulou and Diamantoglou, 1991 ). 

Penka (1978) conducted an irrigation trial in which several essential oil plants, including 
fennel, were either not irrigated or were irrigated daily. All the plants studied required high 
quantities of physiologically available water early in their growth (from germination to the 
third leaf pair stage). During the second growth period, i.e. until the end of flowering, 
mesophyllic species, including Foenicu/um vulgare still required irrigation but xerophytic 
species, such as Coriandrum sativum did not. In the later stages of fruit maturation, all 
plants performed better without irrigation (Penka, 1978). For mesophyllic plants such as 
Foeniculum vulgare and Carum carvi , the production of essential oils was increased by 
watering. In the xerophytic species such as Artemisia absinthium and Lavendula spica 
growth was increased by irrigation but essential oil production was not (Penka, 1978). 
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Essential oil production may be an adaptation to water stress but the highest production 
of essential oil occurs when plants are growing well, i.e. under optimum environmental 
conditions. If the soil water is either too high or too low the plants do not grow well and oil 
production decreases. 

Predawn water potentials give an indication of the water reserves of a plant. With the 
onset of drought, predawn water potentials fall for both phreatic and non-phreatic species 
(Tenhunen et al., 1985) but phreatophytes usually maintain higher water potentials than 
other desert plants by utilising the large underground water resources (Nilsen et al., 
1981 ). Their water potentials fluctuate during the day, by as much as -3.0MPa. They 
have no need to conserve water and so have high summer productivities because their 
stomata remain at least partially open for most of the daylight hours. Non-phreatophytes 
have low dawn water potentials during summer and their water potentials do not fluctuate 
much during the day. They conserve water and actively limit diurnal decreases in water 
potential (Nilsen et al., 1981 ). At the end of the summer drought,. both net 
photosynthesis and stomata! conductance were highest where the species was able to 
draw on the ground water. The phreatophytic species studied used 50-100% more water 
than other species and had a rate of C02 fixation greater by 1.6 to 3 times (Tenhunen et 

al., 1985). However, Nilsen et al. (1981) found that Prosopis had water potentials lower 
than most phreatophytes. Stomata! closure caused a quick increase in water potential 
indicating that the plant had large water reserves (Nilsen et al., 1981 ). In this case 1t is 
suggested that the water was at great depth and the rate at which it could be lifted was 
limiting (Meinzer, 1927) 

A large stomata! resistance is a xeromorphic character which meters out a reduced water 
supply Low stomata! conductance values are a drought avoidance mechanism since 
they act to minimise water loss. In Mediterranean environments, water stress increases 
slowly but constantly over the summer, stomata! closure leads to a reduction in 
assimilate. Stomata of plants in such environments are usually only responsive to large 
water deficits and leaves adapt so as to remain open even at low water potentials (Turner 
and Begg, 1981) e.g. Quercus coccitera (Tenhunen et al., 1985). Under these 
conditions it is not efficient to have a high stomata! resistance throughout the day. It is 
more efficient to have the stomata open in the morning and the afternoon when the 
evaporative pressure is lower and to have a high resistance at noon when evaporative 
pressure is greater (Turner and Begg, 1981). This efficiency can be achieved by the 
leaf's ability to respond to air humidity. Some leaves respond to the relative humidity of 
the surrounding air but all respond to leaf water potential (Turner and Begg, 1981 ). In 
grapevines (Vitis vinifera ), diurnal fluctuations in photosynthesis are modulated according 
to the prevailing temperature and light conditions each day such that the peak in net 
photosynthesis is regulated by the daily temperature and light, thereby providing the most 
efficient use of limited water (Chaves and Rodrigues, 1987). 
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Under irrigated agricultural conditions, drought will be less severe but more frequent. 
Short periods of water stress will occur between irrigations. The ideal plant, tor 
production under irrigation, will be able to tolerate these periods of water stress while 
maintaining some level of production and be able to take full advantage of the water when 
it is supplied. 

Stomata! closure decreases transpiration and increases WUE (Turner and Begg, 1981 ). 
In plants with thick cuticles, transpiration with stomata closed may be as little as 2% of 
that when stomata are open; with thin cuticles this value can reach 45% (Bleasdale, 
1973). In drought adapted species, diurnal patterns of stomata! conductance appear to 
follow similar patterns under both dry and well watered conditions but maximum stomata! 
conductance decreases with the onset of dry conditions (Tenhunen et al., 1985; 
Rhizopoulou and Diamantoglou, 1991 ). There is evidence to suggest that slowly 
imposed water deficits may reduce photosynthesis directly and that this triggers stomata! 
closure (Turner and Begg, 1981 ). 

As with all environmental stresses, water stress does not act independently of other 
stresses Drought conditions are often associated with high temperatures and the 
combination of high temperature and water stress brings about greater susceptibility to 
photoinh1bition. The interaction of light and water stress is highly dependent on the 
species and may take the form of reversible inhibition of photosynthesis, which shows up 
as a decrease in quantum efficiency, or as irreversible damage, which must be rectified 
by repair mechanisms (Chaves, 1991 ). 

Temperature interacts strongly with water stress to determine the photosynthetic rate As 
water stress increases, the upper compensation point for temperature is decreased. At 
any particular temperature the photosynthetic rate is usually lower in the afternoon than 
tor the same temperature in the morning (Tenhunen et al., 1985). It is possible that 
mesophyll photosynthetic capacity is also reduced by the build up of the Xanthophyll pool 
components in response to higher temperatures (Chaves, 1991 ). 

Dark respiration is decreased by water deficits (Turner and Begg, 1981; Chaves and 
Rodrigues, 1987) but more slowly than photosynthesis while photorespiration is 
unaffected except by the depletion of substrates due to reduced photosynthesis (Turner 
and Begg, 1981 ). The C02 compensation point may increase in response to drought. 

This is due to the stomata! control of C02 diffusion as the stomata close to prevent water 

loss (Tenhunen etal., 1985; Chaves, 1991). 

The quantum efficiency (a) decreases with increasing water stress (Tenhunen et al., 

1985) because light is no longer the limiting variable to photosynthesis (Oberbauer and 
Strain, 1986; Long and Hallgren, 1993). A high nitrogen investment in RuBP regeneration 
is an adaptation to drought since it allows efficient photosynthesis under low light 
conditions, this allows efficient photosynthesis under low light conditions, i.e. to maximise 
photosynthesis early in the morning and late in the day when stomata are open as 
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opposed to in the middle of the day when stomata may be closed (Tenhunen et al., 
1985). This demonstrates the importance of a holistic approach to the study of crop 
production. A plant which is nitrogen deficient will not be able to take full advantage of 
this mechanism of drought avoidance. 

In Quercus coccitera net photosynthesis is not well correlated to stomata! conductance 
because the mesophyll photosynthetic capacity is relatively insensitivity to water stress. 
Early stomata! closure and deep rooting combined to maintain leaf water contents above 
a critical level (Tenhunen et al., 1985). Being able to maintain photosynthesis allows the 
plant to utilise light thereby reducing damage due to excess light absorption (refer to 
Chapter 5, Section 3). 

Under cyclic drying conditions, non-stomata! factors were significant in the decline of 
photosynthesis in alfalfa plants (Medicago sativa ). This appeared to be the result of 
damage to the photosynthetic apparatus (Antolin and Sanchez-dfaz, 1993). Alfalfa is 
perhaps not well adapted to drought since, under normal circumstances, it avoids drought 
by tapping the underground water supply. The implication for fennel, which is a 
mesophyllic phreatophyte, is that if it cannot tap a ground water supply it may not tolerate 
drought conditions. A high level of production may require a constant water supply 
through frequent irrigation. 

An important adaptation to drought is the ability to maintain leaf turgor at reduced water 
potentials. Cells with a high bulk modulus of elasticity i.e. with rigid cell walls, are able to 
withstand drought more effectively (Lo Gullo et al., 1986). This can be achieved in two 
ways: either through having many sclerenchyma cells within the leaf or by increasing the 
rigidity of the mesophyll cells by thickening the cell walls. Thickening the mesophyll cell 
walls with cellulose is cheaper metabolically than producing lignified sclerenchyma cells 
(Lo Gullo et al., 1986). 

Another means of maintaining turgor at low water potentials is osmotic adjustment 
(Howell et al., 1979; Sharp and Davies, 1979; Nilsen et al., 1981; Turner and Begg, 
1981; Chaves and Rodrigues, 1987; Chaves, 1991; Rhizopoulou and Diamantoglou, 
1991 ). Osmotic adjustment allows improved WUE without the need for stomata! closure 
and allows photosynthesis to continue at a low leaf water content (Turner and Begg, 
1981; Chaves, 1991 ). It occurs both from repeated brief periods of stress and from a 
single gradually increased long period (Howell et al., 1979) and often takes place 
diurnally, superimposed upon a seasonal adjustment. Low osmotic potential is a 
mechanism of drought tolerance since it allows turgor to be maintained at low water 
potentials (Hellebust (1976) and Hsiao et al. (1976) in Nilsen et al. (1984)). Stomata 
which are slow to respond to changes in relative humidity are generally linked to the 
ability of the leaves to adjust osmotically (Turner and Begg, 1981 ). 
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It is not always clear whether osmotic adjustment is an active adjustment by the plant or 
the result of a reduction in cell water, which has the effect of concentrating the solutions 
within the cell (Nilsen et al., 1981; Rhizopoulou and Diamantoglou, 1991 ). Under 
conditions of water stress leaves tend to decrease starch levels and increase sucrose 
levels (Chaves, 1991 ). Sharp and Davies (1979) showed, both the shoots and roots of 
maize (Zea mays ), to actively accumulate solutes during osmotic adjustment (Sharp and 
Davies, 1979). 

Of the trees studied by Nilsen et al. (1981) those with the lowest osmotic potentials 
appeared to have the greatest water resources. Their stomata responded to vapour 
pressure deficit and not to leaf bulk water potential. Their turgor pressure had a strong 
correlation to their leaf conductance. Nilsen et al. (1981) suggest that the vapour 
pressure deficit influenced their turgor potential which in turn controlled their stomata! 
conductance. These plants were able to replace transpired water and did not need 
stomata! control to conserve water. 

Turner and Begg (1981) suggest that osmotic adjustment allows deeper penetration of 
roots into the soil and therefore allows greater exploration of the soil profile in the search 
for available water. Osmotic adjustment allows plants to extract more water from the soil 
by lowering the soil potential further than an unadjusted plant could (Turner and Begg, 
1981) 

Often as in maize (Zea mays) (Sharp and Davies, 1979), grapevines ( Vitis vinifera ) 
(Chaves and Rodrigues, 1987) and Phaseolus vulgaris (Trejo and Davies, 1991) there is 
an apparent communication between the roots and the shoots, indicating water stress. 
This signal regulates the activity of the shoot to prepare for the oncoming water shortage 
(Sharp and Davies, 1979; Chaves and Rodrigues, 1987; Trejo and Davies, 1991 ). The 
signal causes a shift in sink strength which leads to increased root growth (Sharp and 
Davies, 1979). Later work suggests that the signal could be ABA produced by the roots 
and translocated to the leaves 

It is suggested that the source of communication between the roots and the shoots is the 
synthesis of ABA in the roots which moves up through the transpiration stream to the 
leaves (Trejo and Davies, 1991 ). ABA is accumulated in plants in response to water 
stress (Turner and Begg, 1981; Quarrie, 1989). 

Trejo and Davies (1991) studied the relationship between stomata! conductance, water 
relations and the ABA content of roots, xylem sap, and leaves in two genotypes of 
Phaseolus vulgaris (Trejo and Davies, 1991). In the early stages of water stress, a small 
accumulation of ABA had occurred in the roots but the concentration in the xylem and 
leaves was not enhanced. It was hypothesised that another compound, possibly a 
precursor to ABA, an as yet unknown ABA regulator or another unrelated anti-trarispirant, 
was moved in the transpiration stream to the leaves. The ABA regulator theory seems 
quite probable since Phaseolus vulgaris has high endogenous ABA levels even when 
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well watered. The regulator was hypothesised to redistribute ABA to the stomata. This 
would not show up as an overall increase in ABA levels within the leaf. It was noted that 
the stomata of Phaseolus vulgaris are very sensitive to changes in ABA concentration 
even though this sensitivity acts against a background of high ABA (Trejo and Davies. 
1991 ). 

Besides the effect on yield due to increased assimilation, osmotic adjustment may 
improve wheat yields through reducing the accumulation of ABA. As ABA accumulates 
yield is reduced through adverse effects upon pollen viability (Turner and Begg, 1981; 
Ouarrie, 1989) and other factors, including leaf area (Quarrie, 1989). 

It is most likely that control of water deficits in plants is not a simple phenomenon but is 
due to a balance between complex, interacting factors It is likely to be a balance 
between ABA and other hormones but such factors as nutrient status are likely to modify 
the effect (Davies et al., 1987). Under moderate water stress many of the responses by 
a plant are the result of regulatory processes rather than the result of damage and repair 
mechanisms, although this may not be true under high water stress (Chaves, 1991 ). 

Fennel may or may not be a phreatophyte depending upon its association with the water 
table It does, however, show adaptations to water stress including having a deep 
penetrating root system which is capable of exploring a large soil volume in the search for 
scarce water reserves. Further study may find fennel also has other adaptations to water 
stress. 

Section 6: Summary. 

Plant water status may be expressed as relative water content or as plant water potential. 
These two are linked but do not vary constantly with each other. Plant water status and 
soil water status are also linked but do not vary constantly with each other. It is often 
better to study the effects of water stress in terms of the water content of the p1ant canopy 
rather than in terms of soil water status (Turner, 1981 ). 

The yield of a crop is often affected by water stress. The Mediterranean climate is 
characterised by summer drought and it is hypothesised that fennel should be drought 
tolerant, however it does not have the appearance of a xerophytic plant. It does not avoid 
drought by having a dormant period during the summer but rather continues growing and 
flowering throughout the driest time of the year. It is hypothesised that fennel belongs to 
the ecological group of plants known as phreatophytes and has evolved to depend on the 
constant source of water provided by the water table. Fennel has a large root system, 
consistent with this hypothesis (Meinzer. 1927; Robinson, 1958; Lo Gullo et al., 1986). 
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Adaptations to drought include adaptations to conserve water, e.g. having stomata which 
are responsive to water deficits and which close to reduce water loss. Other adaptations, 
such as osmotic adjustment, allow turgor to be maintained at low water contents, 
improving a plant's drought tolerance (Daubenmire, 197 4; Nilsen et al., 1981; Turner and 
Begg, 1981; Nilsen et al., 1984; Tenhunen et al., 1985; Chaves, 1991 ). 

Fennel is expected to show a large suite of adaptations to drought since it evolved in an 
environment where summer drought is common. 
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Experiments. 

Section 7: The Ability of Fennel to Tolerate Water Stress. 

Introduction: 

Fennel, being such a large and vigorous plant, is very difficult to grow in the glasshouse. 
Planting it in 6" pots which are smaller than optimum restricts its growth and reduces its 
size. The top of the plant is observed to grow in proportion to its root volume. These 
plants need to be fed adequately and to be watered well, (at least twice daily) since there 
is little storage of water or nutrients in the pots. Observation of fennel grown in this way 
suggested that under periods of water stress fennel plants tend to drop their leaves and 
flowers forming at this time are deformed or absent. Other more mature flowers may be 
aborted. Similar symptoms have been observed in field grown fennel. 

It was hypothesised that, despite its Mediterranean origins, water stress may be a 
contributing factor to poor fruit set in fennel. If fennel is a phreatophyte as is suggested 
by the literature, it may have evolved to depend on a plentiful and permanent water 
source and be unable to tolerate periods of drought. 

In the glasshouse, it was observed that leaves from plants which were water stressed 
tended to senesce within a few days. It is hypothesised that flowers forming at the time of 
water stress may also be affected. 

Preliminary work in which water was withheld from fennel plants showed fennel stomata 
remain open and photosynthesis continues even after wilting had occurred. Even in 
severely wilted plants the stomata would only begin to close with the onset of dusk, 
however, in these plants the stomata did not open again the following morning unless 
water was supplied. 

Experiment 1. 

Materials and Methods: 

A review of the literature did not give rise to any simple, reliable method for applying 
controlled water stress to plants. Controlled withholding of water was preferable to 
watering with an osmotically active solution since toxicity factors can be a problem with 
this latter method. Withholding water allows for cycles of drying and re-wetting which is a 
more natural situation. 

A method was developed whereby water was withheld from plants until the moisture 
content of the potting medium had decreased to a predetermined level. The method used 
weight to determine when the required amount of water had been lost from the pot and is 
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outlined in Chapter 2, Section 15, General Materials and Methods. It was not deemed 
necessary to know the precise soil moisture tension to which the plants were being 
subjected but rather an approximate point. No attempt was made to study the effect of 
water stress on the plant roots. The experiment focused on the effects of water stress on 
the canopy. 

The potting medium used in this experiment was Mix A (the peat moss/sand mix) 
described in Chapter 2, Section 2, General Materials and Methods. A moisture tension 
curve was produced for the potting medium so that an estimate of soil water potential 
could be made for any soil moisture content. The method is described in Chapter 2, 
Section 13, General Materials and Methods and the moisture tension curve is supplied in 
appendix 23. 

The pots used for this experiment were 1 OL plastic buckets, painted silver to prevent 
heating of the potting media and with drainage holes drilled in the bottom. They were 
each filled with 9kg air dry (8280g oven dry) potting medium and this was packed to 
occupy 9L. 

Moisture tensions of 1, 2 and 6 bars were selected from the moisture tension curves of 
the potting mix as the treatment points. However, an initial error in the calculation of field 
capacity meant that the points actually used were 0.1, 1 and 2 bars. This experiment is 
reported despite this error for the purpose of comparison with Experiment 2. 

The balances, described in Chapter 2, Section 15, General Materials and Methods, were 
set up to trigger at these points. The plants were placed on the balances at the 
commencement of anthesis and the experiment continued for six weeks. At the required 
time the plants were watered with 10% more water than that theoretically required to 
return them to field capacity. Once a week the plants received 200ml of 4x normal 
Hoagland's solution as part of their required water supply, i.e. each plant received a fixed 
volume of Hoagland's solution but a variable amount of additional water, depending on 
the water stress treatment. 

Plants were hand pollinated at the receptive stage and the percentage seed set 

estimated. 

Results: 

Since the plants were being watered at low water potentials ( 0.1, 1 and 2 bars) no signs 
of water stress were observed. The plants held at moisture tensions less than 0.1 bar 
were in fact over watered and at the completion of the experiment were showing sighs of 
root disease. This experiment was used as the basis for setting up a second experiment 
in which the plants were subjected to much higher levels of water stress. 
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The percentage seed set data were highly variable and no relationship was detected 
between seed set and treatment. The data are provided in Table 18. The data have 
been sorted to illustrate the maximum and minimum percentage seed set for each 
treatment. It can be seen that this varies from almost 0% to almost 100% set for each 
category and illustrates that there is a problem, other than water stress, which is 
preventing seed set in the glasshouse. 

Table 18. Effect of water stress on seed set in the glasshouse. 

treatment maximum possible number of percentage 
number of seeds seeds set seed set 

low 392 1 1 3% 
low 823 175 21% 
low 476 11 8 25% Summa(Y Table 
low 457 243 53% 
low 472 302 64% average 
low 1070 774 72% percentage standard 

medium 240 1 3 5% treatment seed set deviation 
medium 491 43 9% low 40% 27% 
medium 667 1 59 24% medium 34% 30% 
medium 990 242 24% high 39% 33% 
medium 985 285 29% 
medium 618 364 59% 
medium 111 7 1018 91% 

high 590 3 1% 
high 790 68 9% 
high 602 171 28% 
high 583 251 43% 
high 1646 111 7 68% 
high 170 141 83% 

The quantities of seed obtained were too small to be distilled and no data are available for 
oil yield. 

Experiment 2. 

Materials and Methods: 

The method for this experiment was similar to that of experiment 1 except that the three 
moisture tensions to which the plants were subjected were 0.5, 1.5 and 15 bars. The 
medium treatment (1 .5 bars) was chosen since it would give a large difference in water 
content of the potting medium compared with the high water stress treatment. In the 
region 3 to 15 bars on the moisture tension curve, a very small difference in percentage 
moisture content gives a large change in moisture tension. In order to ensure the plants 
were subject to a high water stress the high water stress treatment was actually set to be 
watered at a water loss slightly greater than the point to give 15 bars. 
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The potting medium for this experiment was Mix B, as outlined in Chapter 2, Section 2, 
General Materials and Methods. The pine bark medium was used because of its greater 
water holding capacity. This gives a greater change in weight for a given change in 
moisture potential and therefore an increased buffer against errors. For this experiment 
6kg of air dry (4.3169 oven dry) potting medium was packed into the buckets to a volume 
of SL. 

Three weeks after the commencement of the experiment leaf samples were taken from 
each plant just prior to watering. The RWC of these samples was determined to give a 
measure of the water stress to which the canopies were subjected. 

Seed set was not measured for this experiment because it was again so variable that 
differences due to treatments would not be detectable. Instead, observations were made 
on the effect of water stress on the water potential of the plants. Pressure volume curves 
were produced for sample plants from each treatment in order to determine if the plants 
were able to adjust osmotically in order to tolerate stress. These curves were produced 
for both leaves and flowers in order to detect differences between these two organs. Two 
methods were used for the production of the pressure volume curves. These are outlined 
in Chapter 2, Section 14, General Materials and Methods. The unsaturated salt solution 
technique was initially preferred but the pressure bomb technique was also used. 

At the final harvest the number of leaves per stem was counted. 

Results: 

Table 19 shows the RWC for each plant at watering. It shows that the balance system 
does allow water stress to be controlled. The higher the level of stress, the greater the 
variability in the RWC of the plants at watering. This probably reflects differences in 
transpiration rates between the plants. Plants in each treatment were watered when one 
indicator plant had reached the required moisture content in the potting medium. As the 
level of water stress is increased with treatment the time taken to reach this point is 
increased, allowing the differences in transpiration rates to be exaggerated. These 
differences probably also include differences in inherent genetic ability to acclimatise to 
water stress. 

Table 19. RWC for each plant at the point of watering. 
Low Water Stress Medium Water Stress High Water Stress 

Rep Block RWC mean st.dev. RWC mean st.dev. RWC mean st.dev. 
1 1 96% 91% 90% 
2 94% 93% 92% 
3 93% 91% 82% 
4 1 94% 94% 1% 94% 92% 1% 86% 88% 4% 
1 2 95% 93% 89% 
2 2 95% 94% 89% 
3 2 95% 94% 89% 
4 2 94% 95% 0% 91% 93% 1% 91% 89% 1% 
1 3 95% 94% 87% 
2 3 94% 93% 84% 
3 3 94% 90% 83% 
4 3 96% 95% 1% 93% 92% 2% 75% 82% 5% 
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Figure 56 shows the effect of water stress on the number of leaves retained per stem. 
Although the data were variable, it can be seen from the histogram that water stress 
increased the rate of leaf senescence. Fennel leaves senesce at the end of the growing 
season but water stress causes the plant to shed its leaves more quickly. 

Figure 56. 
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The pressure/volume curves obtained using the unsaturated salt solution technique are 
presented in Figures 57 to 62. The values lacked precision but the curves showed 
approximately the predicted pattern. Much of the variation from the expected curve can 
be explained by some values varying widely from the basic curve. The measurements 
were repeated using larger samples, and more replication. From the original curves it 
appeared that the straight line section of the curves began at -2MPa. In the second 
replication only points in the region -2 to -4.5MPa were used These graphs are 
presented in Figures 63 to 68. 

Since the graphs produced by the unsaturated salt solution technique were too variable to 
provide the required information regarding tissue osmotic pressure, the pressure bomb 
method (Chapter 2, Section 14, General Materials and Methods) was used to produce a 
further set of curves which are presented in Figures 69 to 74 

Discussion: 

Observation of the plants during the first few days of the experiment showed the leaves of 
the plants in the high water stress were wilting prior to watering. However, as the 
experiment progressed, the plants adjusted to the treatment and were able to maintain 
turgor. The young buds (stage 1) also showed some signs of wilting but the more mature 
flowers did not. 
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Figures 57 to 62 are pressure volume curves generated using the unsaturated salt solution 
technique. 
They refer to samples of either flowers or leaves of plants from low, medium and high water 
stress treatments 
NB. the scale of the x-axes is variable in order to show detail of each graph. 
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Figures 63 to 68 are the straight line sections of pressure volume curves for fennel leaves and flowers 
generated using the unsaturated salt solution technique, for plants subjected to low, medium or high 
water stress. NB. the scale of the x-axes is variable in order to show detail of each graph. 
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Figure 69. 
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Figure 71. 
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Figure 73. 
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These preliminary results suggest that fennel tissues may show osmotic adjustment in 
response to water stress. The soft nature of fennel leaves means that they are difficult to 
work with and although careful consideration was given to the methods used, the results 
are not conclusive. The results did not show differences in the osmotic potential between 
flowers and fruits but this may be because the methods were too insensitive to detect 
such differences. 

The unsaturated salt solution technique was used to prepare the pressure volume curves 
because the soft nature of fennel tissue does not readily lend itself to use with a pressure 
bomb. However it was not possible to perfect this method in the time frame of the 
experiment. Steps were taken to overcome potential problems with the technique but 

these were not sufficient to produce acceptable curves. The correlation coefficients were 

expected to be low since the lines are almost horizontal however the values obtained are 

too small. 

Condensation on the surfaces of the leaf samples is known from the literature (Livingston 

and De Jong, 1991) to be a cause of error and measures were taken to avoid this. These 

included carrying out all procedures in a 5°C room to avoid fluctuating temperatures. No 

obvious condensation formed. 

It is possible that the inconsistent results were brought about by the small amount of 
material used. Perhaps the unavoidable errors in weighing were too large compared with 
the size of the changes in water content of the samples. Small samples were used in 
order to obtain uniform material but in future the benefits from using small samples of 

uniform material should be compared with the disadvantages of errors due to the small 

scale. 

In theory, because the volume of the salt solution is large compared to the size of the leaf 

sample, the water potential of the leaf sample should adjust to the water potential of the 

salt solution. Filter paper was used to line the outer tubes to increase the surface area of 

the salt solution in order to decrease the time required for the solution to reach 
equilibrium. The holes drilled in the inner vials were large and very little of the wall of the 

inner vial remained intact. There should have been good circulation of air within the vials 

but perhaps this was not sufficient. Perhaps the leaf segments were too close together 

and did not equilibrate with the salt solution. 

The individual samples were not rehydrated at the commencement of the experiment in 
order to avoid errors due to moisture being retained on the sample surface. A fully 
hydrated weight was calculated for each sample using extra samples collected at the 
same time. This extra step may have increased the experimental error. A further 
improvement to the experimental technique may have been to store the plants in the dark 
and to remove each one in turn for sampling. Sampling took up to three hours and during 
this time plant RWC may have altered, giving variation between pairs of samples. The 
fully hydrated weight calculated would then be inaccurate. 
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Although small samples were used, the amount of plant tissue required overall was 
considerable. Each point used three replicates of approximately 0.1 Sg of flowers and 
0.08g of leaves (fresh weight) giving a total of 2.7g of flowers and 1.4g of leaves for the 
straight line portions of the curves or 6.75g flowers and 3.6g leaves for the entire curves. 
This requires the use of several umbellules and a large portion of one leaf or a small 
portion of more than one leaf. Several outer umbellules from one umbel were used and 
the outer portions of several (usually three) leaves. The samples were taken so that each 
point incorporated some tissue from each source. Errors may have been introduced 
through tissue variability. Although seedlings and not clones were used and variation 
between plants is expected, each curve was produced from only one plant and the error 
due to plant variability will appear between and not within curves. 

A further source of error may have been the long (18 hours) equilibration time. Although it 
was not apparent, the plant material may have begun to decompose during this time. 
Other steps in which error may have been introduced were the transfers of material to and 
from the incubation vials. Despite prior organisation of the equipment these steps took 
considerable lengths of time, often up to 3 hours 

If the method is to be used in the future these potential errors should be considered and 
the method refined to reduce them The technique should be particularly suited to soft 
tissues such as those of fennel for which the pressure bomb technique does not produce 
accurate results. 

The curves produced by the pressure bomb were produced late in the season, eight 
weeks after the commencement of the experiment. These were produced when the salt 
solution technique was unable to give accurate results. Unlike the unsaturated salt 
solution method where small leaf segments and individual flowers were used, this method 
used an intact terminal leaf segment consisting of about four filaments and a whole 
umbellule. As expected the biggest problem with the pressure bomb technique was 
crushing of the material and for this reason the curves are not thought to be accurate. All 
the samples were significantly bruised by the procedure. A further problem occurred with 
the umbellules where water extruding from the pith disguised the water droplet expressed 
from the xylem. 

The osmotic potential of a tissue is given by the reciprocal of they-intercept of the straight 
line portion of the pressure volume curves. Differences in osmotic potential between 
flowers and leaves were not detectable. However, there is some indication that the 
osmotic potential of both flowers and leaves increases with water stress, as expected. 
This should be taken only as a preliminary result and further work undertaken to support 
the hypothesis. 

Another method may have been more suitable, e.g. one in which the tissue is frozen, 
thawed and macerated and the osmotic potential of the sap is measured directly· from the 
tissue. Alternatively the sap may be collected onto a piece of filter paper and the osmotic 
pressure measured with a psychrometer. These methods are described in detail by 
Turn er (1981 ). 
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Section 8: Profile of Water U5e in the Field. 

Water use in a field situation was examined to assess the depth to which fennel roots 
can extract water from the soil. The relationship between the roots of a plant and the 
water table is one of the factors posed by Meinzer (1927) as defining a phreatophyte. 

Materials and Methods: 

The crop planted for the density trial described in Chapter 4, Section 8 was used in this 
experiment . A neutron probe was used to measure the water content of the soil beneath 

four plots. These were one plot each of 4 and 100 plants/m2 and two of 25 plants/m2. 

Sample holes 1.2m deep were drilled into each plot. 

The soil type in the area was strongly duplex and consisted of a sandy top soil of variable 

deptH but generally in the range 10 - 20cm, over a yellow clay. 

Results and Discussion: 

The results are presented as graphs (Figures 75 to 78) showing the difference between 
consecutive measurements for each soil depth. A straight line through zero represents 
no water use at that depth. Those values above zero represent refilling of the profile and 
those below zero represent evapotranspiration. 

As expected the largest fluctuations in soil moisture occur in the top 20cm of soil. Some 

of this can be accounted for by evaporation from the sandy, surface soil. 

Although water use decreases With depth into the soil profile, water is being used from the 
whole profile tested. The plants are able to draw water from the 80 - 1 OOcm depth range. 

It was expected that the higher the plant density , the higher would be the water usage 

however the reverse was true with the lowest density ( 4 plants/m2) using the greatest 

amount of water. Incomplete canopy closure and evaporation from the soil surface would 
account for some of the extra water usage at this density. However most was q.ttributed 

to the greater leaf area associated with the lower densities. Plants at the higher densities 

(50 ahd 100 plants/m2) dropped most of their leaves. The umbels and stems do have 

stomata and photosynthesise so would be transpiring water, however the density of 
stomata is greater on the leaves than on the stems and umbels. It is expected that further 
research would show that transpiration rates are greater at lower densities. 

The measurements do not show the relationship between fennel roots and the water table 
since the saturated zone was lower than the test holes. However the results do show that 
fennel is able to extract water from depth. 
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Section 9: Summary. 

It appears from these trials that percentage fruit set is not affected by water stress. 
However, fruit set is always low in the glasshouse and this evidence my be misleading if 
extrapolated to the field. 

Fennel appears to have the ability to undertake osmotic adjustment as a means of 
drought tolerance. The methods were not conclusive but osmotic adjustment was 
indicated. This is supported by the observation that fennel plants become "drought 
hardened" and following an acclimatisation period, they cease to wilt at medium to high 
levels of water stress. 

Evidence to support the hypothesis that fennel is a phreatophyte was obtained by 
measuring the soil water use profiles of fennel in the field. It was found that fennel was 
tapping water at a depth of 1.2m. This was the deepest point measured and it is probable 
that the plants were actually drawing on water deeper than this. 
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Chapter 7 

A Possible Bacterial Disease. 



Section 1 : A Possible Bacterial Disease of Fennel. 

Introduction: 

A serious difficulty encountered throughout this research program was the poor 
development of flowers under glasshouse conditions. Indications were that it was a 
bacterial disease. 

Although not directly related to fruit set, the work undertaken in relation to this problem is 
reported since the disease is a cause of variability in most of the glasshouse trials. It may 
also be a significant factor affecting yields in commercial crops. 

Results: 

a) Description of the Symptoms: 

Two stages of the crop were affected and there may be two separate diseases, however, 
there are similarities between the symptoms. In both growth stages, the symptoms did not 
appear on all plants but randomly throughout the crop, with no obvious connection 
between the plants. They were never concentrated on one bench or in one area; healthy 
and diseased plants occurred side by side. 

On juvenile plants, the symptoms appeared as a blackening of the emerging leaf. 
Examination of the rotting buds revealed a small, clear, water-soaked region between the 
black, necrotic tip tissue and the healthy tissue of the leaf. Once the leaf emerged, the 
tissue dried out and the disease was arrested. The fully expanded leaf appeared healthy 
but with a blackened tip at the end of each filament. 

Symptoms on mature flowering stems included areas of thickening within the stem. 
Occasionally these developed into lesions from which sap was exuded. 

The symptom of most consequence to both this project and to potential commercial yield, 
was the abortion of the flower buds. Necrotic buds, very similar to those with potato 
myriad damage (refer to Plates 29 and 30), were present in the glasshouse but with no 
sign of myriads present and no sign of probing holes where they had been feeding. Aphis 
and mites continually infected plants but these were found on plants both with and without 
the symptoms. 

Often the plants would appear healthy until the buds emerged misshapen or the umbels 
developed with pedicels but no flowers. Other buds, initially appearing healthy, developed 
a purple staining on their ovaries which increased as the bud matured. Some of these 
flowers would set seed but many would abort and abscise. The purple colouration 
commenced at either the junction of the ovary and the petals or the ovary and the pedicel. 
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Plate 29. 
Necrotic umbel potentially caused by a bacterial disease. 

Plate 30. 
Plant showing blackened leaf tips and necrotic umbels. 

PAGE206 



Purple staining was also present on the stems. It appeared that flowers which were paler 
yellow in colour were more likely to develop the purpling. The diseased plants were less 
vigorous than the healthy plants. 

Although stressed or insect attacked plants were more likely to develop the symptoms 
than other plants this was not an absolute link. The disease was not related to aphid or 
two-spotted mite attack, the two most common pests in the glasshouse. Plants both with 
and without mites or aphis developed the symptoms. Plants in the final water stress trial 
did not develop any of these symptoms. Feeding with four times the normal strength of 
Hoagland's solution did not preclude the disease and not all the plants succumbed as 
would be expected if poor nutrition was the problem. 

It was suggested that a fungal or bacterial pathogen was the cause. Material was taken 
and dissected but produced no evidence of a fungal disease. Hyphae were not detected 
1n either the necrotic tissue or the surrounding healthy tissue, leading to the hypothesis 
that the pathogen was bacterial. 

Similar symptoms were often seen in the field and often occurred in the same place in the 
field season after season. Although this may have been due to myriad damage it could 
also be due to a persistent disease. 

b) Possible pathogens: 

Several diseases of fennel have been reported in the literature and the symptoms 
described were compared with those observed on the glasshouse plants 

Phomopsis toeniculi causes fennel stem necrosis (Evidente etal., 1994). No signs of 
fungal disease were observed when diseased tissues were dissected under a 
microscope. There were no fungal hyphae present in the tissue. 

Koike (1994) found Sclerotinia minor infecting fennel plants in California. The $ymptoms 
associated with this disease included chlorosis of the stem and leaves, wilting and 
collapse of the older foliage and necrosis of lower stems and crowns. These symptoms 
did not conform to those described above. Nor were black sclerotia found in the diseased 
tissues as reported by Koike (1994). 

Assuming that the disease is bacterial, it is likely to belong to one of three genera; 
Pseudomonas, Xanthomonas or Erwinia. The least likely of these is Erwinia since there 
is no smell associated with the disease. At this early stage of investigation it is speculated 
that the disease is caused by a species of Pseudomonas. Several species of this genera 
are known to infect plants of the Umbelliferae, but the three most commonly reported are 
P. cichorii, P. marginalis and P. syringae. 
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Many authors have isolated Pseudomonas and Erwinia together from diseased plants. 
Varvaro and Babelegot (1989) isolated Erwinia carotovora subspecies carotovora and a 
fluorescent, pectolytic pseudomonad from fennel with soft rot symptoms. Bacterial 
colonies on the leaves and heads of carrots grown in polytunnels were found to be mainly 
Erwinia herbicola and Pseudomonas spp. (Cole et al., 1990). 

Bacterial soft rot of carrots is caused by either Pseudomonas spp. or Erwinia carotovora 
subsp carotovora or both and it is difficult to differentiate between the sympto~s of the 
two (Choi etal., 1989). Of 30 isolates from infected roots, 16 were Erwinia and of the 14 
Pseudomonas, four were fluorescent; three of these being Pseudomonas marginalis pv 
marginalis and the other Pseudomonas cichorii (Choi et al., 1989). 

Pseudomonas cichorii was isolated and identified from diseased celery (Umbelliferae) in 
Taiwan. High relative humidities were essential for the development of the disease. The 
pathogen survived for short periods in the soil and was isolated from the leaf surfaces of 
other weed and vegetables in the area (Su et al., 1990). 

A disease isolated from Chinese cabbage grown in vinyl greenhouses was prick 
inoculated onto carrot and found to induce rot. The disease was caused by Pseudomonas 

marginalis pv marginalis. The disease begins as elliptical lesions and develops into a soft 
rot under moist conditions (Choi and Han, 1989). Pseudomonas marginalis pv. 
marginalis also causes severe soft rot of Chicory. Fennel was also shown to be 
susceptible (Babelegot et al., 1989). 

Pseudomonas syringae was isolated from greenhouse grown fennel in California. The 
disease was also pathogenic to celery. The symptoms began as water-soaked regions on 
the centres and tips of the filiform leaves. These regions rapidly became necrotic. 
Microscopic examination of these lesions revealed bacterial streaming The bacterium 
was fluorescent on King's B medium (Koike et al. 1993). 

Pseudomonas synngae strains were isolated from field grown cilantro (Coriander 

sativum ) in Southern California. The crop was sprinkler irrigated. These strains were 
non-fluorescent, gram-negative rods with polar flagella. They produced similar symptoms 
when spray inoculated onto leaves of parsley and cilantro (Cooksey et al., 1991 ). 

There is no record of the third possibility, Xanthomonas, infecting fennel, but it does infect 
carrots. A bacterial blight of carrot was identified as Xanthomonas campestris pv carotae 
(Reifschneider etal., 1984). 

c) Steps Towards Diagnosis: 

A sample taken from the water-soaked region of a necrotic bud of a juvenile plant was 
observed under a microscope. Motile bacteria were seen streaming from the cut edge of 
this sample. Bacteria from a similar sample were cultured on PCA (plate count agar) and 
a Pseudomonas selective agar. The colonies grown were mostly of gram negative rods, 
although a few colonies of gram positive rods were present. 
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Samples were cultured from both glasshouse and field plants. Since Xanthomonas was 
suspected, the samples were cultured onto a Xanthomonas diagnostic agar as described 
by Dye (1980). Many colonies were produced but the most common colony isolated from 
the field samples was a white colony which turned bright yellow after about four to five 
days. No colonies were initially yellow, which suggests that none was Xanthomonas. The 
samples were taken aseptically, but were taken on the same day so external 
contamination cannot be completely ruled out. 

Pseudomonas viridif/ava which causes a bacterial blight of sweet onions, was isolated 
from necrotic streaks and oval, water-soaked regions on the upper surface of the onion 
leaves, from rotted areas at the base of leaves and from discoloured inner scales of the 
bulbs (Gitartis et al., 1991 ). Other characteristics for the identification of this bacteria were 
given but an interesting observation was that this is a fluorescent bacterium with white 
colonies which turn yellow with age on King's medium B agar. The colonies isolated from 
field grown fennel were noted to change from white to yellow after a few days. 

Discussion: 

In order to prove that a given organism is causing a given disease, Koch's postulates 
should be completed. This means that, the organism should be isolated and reinoculated 
into an uninfected host. This host must then produce the symptoms of the disease. The 
organism should then be re-isolated, from this second host. Isolation of the pathogen and 
re-infection of another host were attempted, but none of the isolates obtained, produced 
lesions when reinoculated into leaves of healthy plants, in the glasshouse. This does not 
mean that none were pathogenic, as specific environmental conditions and crop ontogeny 
may be required to cause the initial inoculum to develop. However, it is also possible that 
the isolation procedure may have detected only contaminants and failed to locate the 
pathogen. 

No investigation was conducted to determine the possible economic significance of this 
disease but it does appear to be widespread. Under glasshouse conditions it can be 
controlled by spraying· with copper (e.g. copper oxychloride) which could easily be 
incorporated into a field pesticide programme if research shows it to be beneficial. Hand 
or dripper watering, as opposed to overhead sprinklers, helped to control the symptoms 
on the young plants but not on the older, flowering plants. 

At this stage nothing conclusive can be said about the disease observed. It may or may 
not be a bacterial disease but given that in commercial fields the plants showing the 
symptoms can be abundant, future work should be undertaken. 
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Chapter 8 

General Discussion. 



Section 1: Introduction. 

At the commencement of this research the general hypothesis was that the cause of poor 
fruit set in fennel was a failure in the pollination process. A review of the literature showed 
fennel to be a promiscuous plant with adaptations to pollination by many insects and even 
by wind. It is unlikely that the absence of any one specialised vector, would cause poor 
fruit set. 

Section 2: Pollinating Agents. 

A brief study of fennel flower morphology attempted to determine whether any floral 
features specifically adapted to pollination by bees are present on fennel flowers. For 
example, many bee pollinated flowers have nectar guides which direct the foraging bees 
to the floral rewards. 

UV photography, both in the laboratory and using filters under natural sunlight, did not 
detect nectar guides on fennel flowers. This is in agreement with Bell (1971) who found no 
differences between visible light and UV light illuminated stylopodium and petals in any 
Umbelliferae tested Fennel was not specifically mentioned as part of the UV study but 
was presumably examined since it is discussed elsewhere in the paper. 

Although nectar guides were not found in the perianth or the stylopodium, the current 
study found that fennel nectar is more visible when illuminated with UV light. This 
suggests that fennel nectar may be more visible to bees than to the human eye. The 
photographic studies suggested that the difference between the nectar coated 
stylopodium and the petals is accentuated when UV light comprises part of the visible 
spectrum. Flowers with nectar present may therefore be more conspicuous to a bee and 
a nectar producing umbel may appear as a series of dots (stylopodia) surrounded by 
annular rings (petals). Once the petals have fallen the umbel would appear as a mass of 
nectar, until the nectar flow ceased. 

There is no evidence in the literature indicating that bees can see nectar. Studies have 
usually shown that bees are attracted by perianth colour and by fragrance. Further 
studies using bees under controlled conditions are required to determine whether bees 
are able to see and respond to the sight of nectar. Such a study would be complicated by 
fragrance factors. 

A second possibility is that the nectar was not reflecting UV light but was fluorescing. No 
test was conducted to determine which wavelengths were emanating from the nectar. 
Qualification of this requires the collection of a large amount of nectar (in the order of two 
to three millilitres) and its observation under UV light, through a UV opaque filter. If the 
nectar is reflecting UV light it should not be visible through such a filter. If it does reflect UV 
light it should be visible through a filter which transmits UV but not visible light. Since the 
amount of UV transmitted would be unlikely to be detected by eye, photography using 
black and white film would be the best method of observation. 
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Many factors influence the foraging behaviour of bees and their effectiveness as 
pollinators. These should be considered when planning the location and management of 
a crop. Pollen gathering bees are generally considered more efficient pollinators than 
nectar gatherers. However, since fennel is protandrous, nectar gatherers will visit a 
percentage of umbels with no pollen but with inner receptive flowers, and these bees will 
also be important pollinators of fennel 

Using landmarks, a bee tends to return consistently to a small area of a crop. Crops 
should be organised to contain as few landmarks as possible, thereby gaining maximum 
coverage of the crop. If fennel behaves in the same manner as Meadowfoam (a species 
with which it has many features in common), fruit set will be proportional to the number of 
bee visits (Jahns and Jolliff, 1990). Fewer landmarks may mean better overall fruit set and 
less variability in fruit set over the whole crop. 

In Tasmania, hives in commercial crops tend to be localised in one area of the crop. This 
may be counter-productive to good pollination since bees prefer to remain close to the 
hive (Free, 1970). Although this is disadvantageous to the beekeeper, hives should be 
evenly distributed throughout the crop 

The prevailing weather conditions are important determinants of the effectiveness of 
foraging bees as pollinators (Free, 1970, Jahns and Jolliff, 1990; Kevan and Baker, 1983: 
Norberg et al., 1993). Although windy weather deters bees, it should increase both direct 
wind pollination and indirect pollination by causing movement of the canopy. This 
releases pollen and also causes the flowers to brush against one another. Windy sites 
may therefore be suitable for fennel. 

Transfer of pollen within and between umbels may be by direct contact of adjacent umbels 
and umbellules as the branches move in the wind. Wild fennel umbels are smaller and the 
flowers are closer together within the umbel than the current commercial strains in 
Tasmania. As a result, self pollination within the umbels of wild fennel is probably more 
common than in commercial varieties. No literature was found on this subject and the 
theory was not tested in this experimental programme. 

Rain also deters bees and perhaps the timing of irrigation is important as it also may deter 
the bees. Irrigation during the time of peak bee activity from 11 am to 2pm should be 
avoided. 

Giudici (1991) hypothesised that in some situations fennel nectar became so 
concentrated that the bees were deterred from collecting it and only returned to the crop 
after the nectar was diluted by irrigation. Foraging requires a balance between energy 
expended and energy obtained. Honeybees do not respond to nectar with a sugar 
concentration less than 10% because they must carry too much weight as water, for 
amount of energy obtained. Insects, including bees, also reject nectar which is too highly 
concentrated (Corbett et al., 1979a). Nectar, with a sugar concentration above 50-60% is 
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rejected because it becomes too viscous (Kevan and Baker, 1983). Nectar concentration 
is highly correlated with ambient relative humidity (Corbett et al., 1979a). Fennel nectar is 
exposed and not buffered against concentration due to evaporation as is reported for 
other species where the nectar is concealed inside the corolla (Corbett et al., 1979a; 
Corbett et al., 1979b). 

A balance between pollen (protein) and nectar (sugar) is required. If the nectar is very 
concentrated it is possible that bees may need to spend a greater proportion of their time 
foraging for pollen. As a fennel flower matures, the pollen source decreases while the 
nectar source increases. This may encourage bees to forage elsewhere for pollen to 
maintain their sugar/protein balance. 

Fennel produces some male sterile plants as do most of the Umbell1ferae. These have 
appeared in increasing numbers within the commercial strains. It is possible that the crop, 
which can be more than 30% male sterile, does not produce sufficient pollen to attract 
bees. The nectar build up on fennel may thus be explained through its non-removal by the 
insects This is supported by the build up of nectar seen in insect-proof glasshouses. 
Roadside fennel, where insects are usually abundant, does not have this. 

Another possible explanation for the return of bees to the crop following irrigation, is that 
the nectar or another flower part contains a compound repellent to bees which is removed 
by irrigation This hypothesis is unlikely as fennel is a promiscuous plant and under 
natural selection would not develop traits which would repel a potential pollinator. If this 
situation exists, it is likely to have been brought about indirectly as a result of breeding. 

A further finding of the work by Giudici (1991) was that when bees were absent from a 
fennel crop, other insects assumed the role of pollinators. These other insects were 
mainly species of the order Diptera. 

In theory fennel would appear to be adapted to pollination by butterflies but these are 
seldom observed rn crops. The reason for the scarcity of butterflies may be the lack of a 
suitable food source for the immature stages. In addition, spraying to kill thrips and aphids 
etc. may deter adults and kill immature stages of butterflies. Future consideration should 
be given to ways in which these potential pollinators (which do not have the restricted 
range of the socially organised bees) could be increased. Defoliation of 50% of the leaf 
area does not decrease the oil yield from the umbels (Peterson, 1990), giving the potential 
for a pollinator whose immature stages feed upon the fennel foliage. 

A further possible explanation for the absence of large numbers of butterflies in fennel 
crops may be the amino acid composition of fennel nectar. Pollen is high in protein and 
contains essential amino acids. Nectar contains some amino acids (Willmer, 1980; Kevan 
and Baker, 1983). Most flowers pollinated by specialised insects, which do not also 
consume pollen or another protein source, contain more amino acids than those 
pollinated by bees and non-specialised flies which do take pollen (Kevan and Baker, 
1983). The amino acid content of fennel pollen is not known but may not suitable for 
butterflies. 
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In the field, flocks of small birds are often seen in the fennel crops. Whether these are 
feeding on the nectar or seeds or just passing through is debatable. However, by 
disturbing the crop they may act as indirect pollen vectors causing pollen to be transferred 
from one umbel to another. Other animals such as rabbits and native hens may also be 
casual pollinating agents. In the glasshouse, moving the plants releases a shower of 
pollen and nectar, illustrating that it is quite possible for pollination to occur in this manner. 
It is hypothesised that the pollen may even be transported in the nectar droplets. 

Bumble bees are efficient pollinators depositing 3% of pollen collected onto receptive 
stigmas of compatible recipients when foraging Polemonium viscosum (Galen and 
Stanton, 1989). Although previously absent from Tasmania, populations of bumble bees 
have recently been discovered in this state. Bumble bees are significant pollinators of 
fennel in Europe and may become significant pollinators of Tasmanian fennel in the 
future. 

Although possible ecological problems associated with the pollination of fennel have been 
highlighted, the possibility that pollination is unnecessary was also considered. F·ruits may 
be retained through parthenocarpic seed set or fruit set without seed development, 
through the prevention of abscission zone formation. It was hypothesised that exogenous 
hormone application can be used to prevent the abscission of unpollinated fruits. The 
prevention of fruit abscission in unpollinated fennel has the potential to increase the oil 
yield since the oil is produced in the ovary wall and not in the endosperm. Ex-embryonate 
seeds do occur in fennel when the embryo is removed by a phytophagous insect. 
However, although these mericarps are retained by the plant, fruit set has already 
occurred before the embryo and/or endosperm is destroyed. 

Section 3: Exogenous Hormones and the Prevention of Fruit Abscission. 

Both auxin and GA can induce parthenocarpic fruit set, but it is probably the ratio of these 
which is actually important. Auxin is also a potent abscission retarder. There is no record 
of parthenocarpy in fennel but unpublished reports by Menary (1989) and Roberts (1990) 
indicated that auxin and GA may increase fruit set. 

The application of plant hormones can have an effect on male sterility Auxin has been 
shown to favour carpel development while GA3 favours stamen development (Torrey, 

1967). In coriander ( Coriandrum sativum ), plant growth regulators both altered the 
number of flowers within an umbel and altered the ratios of male, female and perfect 
flowers (Palevitch, 1985). In the experiments conducted in this study, the plant hormones 
were applied at anthesis of the secondaries. It is believed that at this stage of 
physiological development the number of male sterile flowers produced would not have 
been affected by the exogenous hormone applications. 
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GA.a plus auxin were shown to decrease the rate of leaf senescence but the increased leaf 

longevity did not result in increased seed and oil yields. This is in agreement with 
Peterson (1990) whose study concluded that the fennel floral canopy is self-sufficient with 
respect to photosynthate. 

Treatment with auxin plus GA delayed the maturity of the fruit but despite the longer 
maturation time, oil yield was not increased and the anethole content of the oil was 
unaffected. 

The hormone treatments did not provide any increase in yield. Increasing the seed and oil 
yields of one umbel order decreases the yields of others and the overall yield is constant. 
The application of exogenous hormone reduced the differences in the strength of the 
sinks. In both carrots and fennel, assimilate sink strength decreases with increasing 
umbel order. This means that the seeds from higher orders are smaller. In carrots the 
removal of competitive sinks did not affect seed numbers but seed size was increased. 

Recent work by Lowenberg (1994) on floral herbivory of Sanicula arctopoides (family 
Umbelliferae) agrees with these observations Lowenberg found that removal of 
secondary umbels resulted in decreased seed abortion rates in later developing umbels 
while removal of tertiary umbels resulted in decreased abortion rates in both earlier and 
later developing umbels. The results suggested that delayed abortion of developing 
seeds may be common in secondary umbels. 

One explanation often offered for the production of flowers that do not set seed is that they 
increase the frequency of bee visits. The theory is that bees are attracted to the larger 
flower mass. Robertson (1995) gives evidence contrary to this theory following a study of 
Myosotis and Mimu/us. It was found for these species that bee visitation rates per flower 
were constant across all display sizes. Large displays received more visits but more 
flowers per display were visited on the larger displays resulting in the same visitation rate 
per flower. A more satisfactory explanation for the production of more flowers than can 
normally be supported is that the plant is prepared for the production of greater numbers 
of seeds in years with highly favourable seasons. 

Fruit are stronger sinks for assimilate than flowers (Ho, 1992). Since the outer flowers set 
fruit before the inner flowers, the pollinated outer flowers may be expected to be stronger 
sinks than the unpollinated inner flowers. However, in the umbellule examined by time 
lapse photography, all flowers were unpollinated and yet the the chronologically younger 
inner flowers became physiologically older than the outer flowers. The outer flowers were 
initiated first (Peterson, 1990) and reached anthesis earlier, however they remained 
viable for longer. This suggests that these flowers are stronger sinks for assimilate. 
Autoradiography should be used to study the sources/sinks relationships within a fennel 
umbel. Perhaps fennel produces more flowers than it can support under normal 
circumstances but under ideal conditions, these inner flowers can produce seed. 
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The results of these trials were not sufficiently promising for the study to pursue the 
analysis of endogenous hormone balances in fennel via radio-immuno assay or to 
warrant further field trials on the application of exogenous hormone. However they lead to 
the suggestion that intra-specific competition between modules within the canopy is 
limiting fruit set in commercial crops. 

Section 4: Planting Density. 

The optimum plant density for fennel is 10-12 plants/m2 (Desmarest, 1978; Hart, 1987). 

This is supported by the results of this experimental programme. Self-thinning took place 

between 50 and 100 stems/m2, resulting in the crop reaching a maximum stand biomass. 

As with carrots (Noland et al., 1988), there were some stems present which did not flower 
and although these stems are competing for resources they do not contribute to yield. 

The Bleasdale (1966) and the Holliday (1960) models of the yield-density relationships 
were in agreement as to the nature of the relationship for the yield parameters measured. 
However since the Holliday model gives less biased estimates of its parameters; this is the 
preferred model (Gillis and Ratkowsky, 1978). The Holliday model was able to account for 
more than 95% of the variation in the data and to adequately describe the experimental 
results. The· predicted values generated using the model strongly agreed with the 
measured values. 

Both the Bleasdale (1966) and the Holliday (1960) models are based on yield per plant. 
The relationship between total dry weight per plant and yield is an asymptotic function. 
Increasing the planting density beyond a certain point brings about a fixed weight of stem 
per plant. The total dry weight per unit area increases, since the number of stems at this 
fixed weight increases. This was shown by the analysis of variance of the data from the 
density trial The total dry weight per unit area must eventually become asymptotic as self 
thinning commences and there is no further increase in the number of stems per unit area 
despite an increase in sowing rate. 

Increasing plant density decreased the percentage dry matter i.e. increased the moisture 
content of the plant material on a whole plant basis. This is believed to be due to the 
increase in the proportion of stem to other above ground material. The stems contain a 
moist pith and by increasing the proportional amount of this material in the total biomass it 
appears that the water content of the plant material has increased. This increased 
moisture content is not associated with the maturity of the crop, especially since the lower 

density plots e.g. 4 plants/m2 have more higher order umbels which are younger and 

therefore should have the higher moisture content and lower percentage dry matter. 

The fresh weight yield of the umbels takes into account not only numbers of umbels but 
also umbel size. The fresh weight of the primaries increased with increasing plant density, 
while the fresh weight of the tertiaries decreased. The fresh weight of the secondaries 

increased with increasing plant density to a peak at 25 plants/m2 and then fell. The total 
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fresh weight of umbels remained constant, indicating compensatory growth. The size of 
the umbels as given by the number of rays falls with increasing density. The peak in fresh 
weight yield of secondaries is a combination of increasing umbel number and decreasing 
umbel size as indicated by the number of rays. 

Seed and oil yields per plant, as functions of plant density, are parabolic, indicating that if 
the optimum density is exceeded, the seed and oil yields per plant will decrease. The 
economic optimum planting density may not be the same as the optimum plant density for 
plant growth. On a commercial basis, optimum yield per unit area and not yield per plant is 
required. This optimum yield must also take into account economic criteria and is 
therefore not necessarily the maximum yield per unit area. The density trial conducted in 
this study showed that on a per unit area basis, these measurements of yield were 

unaffected by density. At very low densities (e.g. 4 plants/m2) canopy closure does not 

occur but as density rises fennel produces compensatory growth to fill the available area. 
On an area basis the total dry weight, seed yield and oil yield relationships with plant 
density are asymptotic functions. 

Average seed weight for both primaries and secondaries decreases to a minimum with 

increasing density from 4 plants/m2 to 25 plants/m2. It then rises again with increasing 

density. The trend in the tertiaries is not clear. Perhaps the first decline is related to 
increasing competition from other sinks as umbel number per unit area increases with 
density. However the size of the umbels is decreasing and may account for the following 
increase in average seed weight. 

Oil yield is also influenced by density and is directly proportional to the fresh weight of the 
umbels. The oil yield of the primaries increased with increasing density since the fresh 
weight of primaries increased. The oil yield of tertiaries decreased with increasing density 
because the fresh weight of tertiaries decreased The total oil yield appeared to peak at 

12 plants/m2, as expected from previous density trials but the result was not significant 

indicating compensatory growth. 

In a cropping situation competition between plants is affected not only by the planting 
density but also by the rectangularity of the crop spacing. A square planting arraogement 
generally gives the highest yields. The optimum density for fennel is between 12 and 25 

plants/m2. Currently they are sown with an inter-row spacing of 0.8m at a density of 10-12 

plants/m2 (Hart, 1987). This means an intra-row spacing of 20 - 25cm and a squareness 

index of 0.25 - 0.31. Yields could potentially be improved by modifying the crop layout to 
give a squareness index closer to 1. Crops sown in rows 30cm apart and with an intra-row 

spacing of 30cm, i.e. a square design will have a plant density of -11 plants/m2. 

Unpublished data from a plant density, row spacing trial (Menary, 1987) found that the 

highest yields of oil per unit area were achieved using a plant density of 1 O plant~/m2 and 

an inter-row spacing of 0.4m, with a squareness index of 0.8. This trial did not include a 
treatment with a squareness index of 1 for this density. 
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Since fennel is grown as a broad acre crop and does not require beds for harvesting or 
other cultural practices there should be no difficulty in sowing it in a square arrangement. 
This suggestion has not been specifically tested experimentally, and trials should be 
carried out before the recommendation is put into commercial practice. 

Planting density has been shown to affect the number of lateral branches produced by 
carrots and to therefore affect the number of umbels of higher orders (Noland et al .. 
1988). This also occurs in fennel. Increasing density decreases the number of umbels of 
higher orders, although the primaries and secondaries produce pollen over a longer time, 
in agreement with Gray (1983a) for carrots. Towards the end of the season an imbalance 
develops between the number of receptive and pollen producing umbels. This 
experiment would have benefited from more measurements later in the season. 

The number of primaries and secondaries increased with increasing density but the 
number of tertiary umbels fell. The total number of umbels remained constant indicating 
compensatory growth at low densities. The alteration of the proportion of umbels in each 
order, combined with protandry, lead to the hypothesis that as commercial fennel crops 
matured they were becoming too dense and failing to produce sufficient higher umbel 
orders to pollinate the lower orders. Synchrony between stigma receptive and bee activity 
is very important, as was demonstrated in the poor pollination of meadow foam, a species 
with many similarities to fennel. The density trial was used to test the hypothesis. 

Commercial plantings of fennel at 12 plants/m2 give rise to stem densities approaching 

100 stems/m2 by the third season. This is equivalent to the highest density in the field trial. 

Most stems produce a primary umbel with only one or two secondaries; an occasional 
stem produces one or two tertiaries. Higher order umbels are either absent or reduced in 
number causing a shortage of pollen when the inner umbellules have receptive stigmas 
i.e. there is competition for pollen among remaining receptive stigmas. At this stage the 
pollen load of the crop is low and the bees visit less frequently 

The strength of this hypothesis relies upon the fact that fennel is protandrous. The time 
lapse photography study was in agreement with Sundararaj (1963) and Bell (1971) who 
showed fennel umbels to be strongly protandrous. The study showed some overlap 
between the production of pollen and stigma receptivity within an umbel but this overlap 
was insufficient to allow the pollination of the inner umbellules by flowers from within the 
umbel. Even though some anthers still clung to the flowers at the early receptive stage 
(stage 3a) these had dehisced at least three days prior to this stage and would not contain 
viable pollen. The literature suggests that fennel pollen remains viable for a few hours 
only. This study showed that some pollen may actually remain viable for one to two days 
but this is still not sufficient for the flowers to be self pollinating. For fruit set to occur, 
pollen must be available simultaneously with stigma receptivity. It was hypothesised that 
at high planting densities when umbel number per plant is low there would be less overlap 
between pollen production and stigma receptivity than at low planting densities when the 
umbel number per plant is high. 
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Bell (1971) suggested that the stylopodium may serve as a pollen reservoir in strongly 
protandrous species (e.g. Foeniculum and Burleurum ), where the stigmas do not 
develop until well after the anthers are shed. The developing stigma grows up from or 
through the stylopodium and through any remaining nectar film which Bell (1971) 
suggested may contain viable pollen. This is highly unlikely since fennel stigmas do not 
become receptive until at least two days after anthesis while the pollen remains viable for 
only 24 hours. 

Protandry is a mechanism to prevent self-pollination. However fennel umbels mature 
centripetally, the outside flowers of the umbel maturing before the inside flowers. Pollen 
production progresses in a wave from the outside inwards, followed by a wave of stigma 
receptivity. These waves overlap so that the inside flowers are producing pollen while the 
outside flowers have receptive stigmas. Therefore some self-pollination does occur. Self
pollination is also enhanced by the fact that the maturity of the umbel orders is also in 
waves. The primary umbel matures first, followed by the secondary and then the 
tertiary etc. Pollen is transferred from the outer flowers of the secondary to the inner 
flowers of the primaries etc. 

Seed set is significantly greater on outer umbellules than on inner umbellules for all umbel 
orders and at all planting densities. Seed set on both the primary and secondary umbels 

is greater at 4 plants/m2 than at higher densities. Increasing planting density above 

12 plants/m 2 does not appear to influence seed set on umbels of these orders. The 

tertiaries however set significantly more seed at the three lower densities than at the 
higher. This supports the hypothesis that the higher densities do not produce enough 
pollen. It also suggests that plants at higher densities, where competition is greater, do 
not have adequate resources to support these tertiary umbels and that they are produced 
merely as a pollen source for the pollination of the secondary umbels. 

The pollination ecology of fennel is probably the most important factor involved in the poor 
fruit set of fennel in Tasmanian commercial fields. Commercial crops tend to have very 
high planting densities which restrict the production of higher order umbels and in turn 
reduce the overlap between pollen production and stigma receptivity. It is hypothesised 
that reducing the planting density will result in higher percentage fruit set but this must 
take into account economic returns per unit area. 

Models of competition for nutrients and light have shown that a plant is affected, not only 
by the size and distance of its immediate neighbours, but also by other more distant 
neighbours. Edge effects occur because the plants on the outer boundary of the crop are 
at a lower plant density than those within. The edge plants therefore produce higher 
yields. In fennel these edge plants may produce more higher order umbels. Small 
experimental plots always seem to produce higher yields per unit area than commercial 
crops. Perhaps this is due to the greater perimeter to area ratio of the small experimental 
plots. 
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A potentially better alternative to the current commercial sowing design may be to plant 
fennel in beds separated by uncropped pathways. Plants on the edges of these beds will 
produce more of the higher order umbels which can then act as pollinators for the 
remainder of the crop. This should also produce a more uniform crop since the bulk of the 
crop will only be producing primaries and secondaries. However economic criteria must 
also be considered and it may be that incomplete fruit set on many plants produces a 
better return than complete fruit set on fewer plants. 

It was hypothesised that the removal of strips of plants from a commercial crop would 
reduce the density of the crop in some areas, increasing the edge effects and producing 
areas of low plant density for the production of pollen to increase fruit set. It is envisaged 
that the best strategy for commercial fennel crops would be to plant dense populations to 
produce a uniform crop for the purposes of easy harvesting but to clear strips through the 
crop to act as sources of pollen. This hypothesis was tested by the transect trial. 

The transect trial failed to show the expected edge effect. Umbel number was not 
influenced by distance into the crop, but fluctuations in umbel number perhaps showed 
the effect of bed spacings. There was no relationship between umbel number and seed 
set. Cutting paths through a crop did not allow for increased umbel number or increased 
pollen production. 

This may have been due to the plastic growth of the plants. The trial was conducted in a 
mature commercial crop. Past competition may have had a lasting effect, reducing the 
edge effects on the laneway. A better result may have been achieved if the crop was sown 
in beds with wide inter-bed spacings. In future trials it will be necessary for the lanes to be 
left at sowing rather than randomly introduced during the life of the crop. 

To better test the hypothesis that the mistiming of pollen production was causing 
incomplete fruit set in commercial fennel crops an experiment was conducted whereby 
tertiary umbels were hand-pollinated in addition to being pollinated naturally. The 
supplementary pollination failed to produce any increase in fruit set. Although this was 
evidence against the general hypothesis, the hypothesis was not completely rejected for 
the following reason. 

Section 5: Factors Affecting Pollen Viability. 

The field pollinations were conducted using pollen, from glasshouse grown plants, 
collected using the water collection method described by Griffin (1982) who used the 
method satisfactorily with eucalypts. A sub-sample of this pollen was tested using nitro
tetrazolium blue (NBT) and found to be at least 75% viable. However this stain tests for 
respiratory activity and not necessarily for the ability of the grains to germinate. 
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Pollen germination in vitro is a better test for pollen viability. Most successful artificial 
media for pollen germination are based on a sugar energy source, (usually sucrose) and 
boron. Calcium is also important and has been shown to overcome the pollen population 
effect. Several media were tested for their ability to induce fennel pollen germination. 
Fennel has a wet stigma and compounds within this mucilage are likely to be involved in 
triggering pollen germination. Tri-nucleate pollen tends to be shori-lived, have a high 
respiration rate, require an external nutrient source for germination and can be very 
difficult to germinate in artificial media. Fennel pollen is tri-nucleate and no successful 
medium was found. 

The water collection method may have disturbed the pollen recognition systems on the 
stigmatic surf ace. When pollen is placed in a solution it releases chemical moieties to that 
solution (Stanley, 1973). It may be that chemicals involved in the recognition reactions 
were removed from the pollen and the stigmas were not able to recognise the pollen. For 
example Roggen (1974) found that washed Brassica pollen lost its self-incompatibility, 
presumably by removing chemical moieties from the exine which were involved in the 
recognition response. 

Because it is tri-nucleate, fennel pollen is predicted to germinate quickly and pollen tube 
growth to be rapid. It is predicted that the time between pollination and fertilisation is in the 
range 16 minutes to 12 hours, and probably towards the bottom of this range (Owens, 
1992). 

Studies of pollinated stigmas using fluorescence microscopy were used to determine 
pollen germination rates in situ. These were impaired by the lack of pollen germination but 
when the grains did germinate they appeared to do so quickly. No data can be given for 
the rate of tube growth. Pollen tubes can be difficult to see e.g. in Acacia retinodes they 
were difficult to see entering the embryo sac because they did not stain with decolourised 
aniline blue (Kenrick et al., 1984) but this was not likely the cause of the failure in the 
fennel experiments. Fennel tubes fluoresce well but the grains did not show signs of 
germination. 

This raised questions about pollen viability and the extent of male sterility. Male sterile 
plants are quite common in the seedline mix used (i.e. C26/C27). These can be 
recognised by the fact that the anthers are dark orange, unlike the usual bright yellow. 
They are shrunken and shrivelled compared with the normal plump, round, healthy 
anthers. These male sterile anthers contain only a small number of pollen grains, many of 
which are misshapen. As well as these male sterile plants, it was found that many plants in 
the glasshouse produced pollen which appeared normal but when stained were found to 
contain no protoplasm, i.e. the grains had aborted. Given unfavourable conditions in the 
field, poor pollen viability may be a factor in poor fruit set since this leads to greater 
competition for pollen 
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Field samples collected shortly after anthesis found that pollen in the field has a high level 
of viability when tested with NBT and under normal conditions non-viable pollen does not 
appear to be a factor in poor fruit set. However pollen viability under glasshouse 
conditions was often extremely low at anthesis. 

The growth conditions of the glasshouse may have caused the low pollen viability. Abbott 
et al. (1991) showed that the fungicides chlorothalonil, cupric hydroxide and mancozeb 
reduced pollen germination and reduced the rate of pollen tube growth for muskmelon 
( Cucumis melo ) . Both mancozeb and copper sprays are used in the glasshouse where 
the fennel trials were accommodated. 

Evidence was sought as to the level of viability of pollen in the field and the length of time 
pollen remained viable under natural conditions. An attempt was made to define the 
environmental conditions which are detrimental to pollen viability The literature suggests 
that these would be combinations of high temperature and humidity. 

Humidity seems to be the most important factor in reducing fennel pollen viability. When 
stored dry at 30°C for 72 hours the percentage viability remained high (75%). As the 
humidity was increased, temperature became more important. At moderate relative 
humidity, viability was maintained at low temperatures but began to fall as the 
temperature was increased. In a water saturated atmosphere, pollen viability was 
reduced at 10°C after only one hour storage and after 72 hours the viability was zero. At 
30°C in a water saturated atmosphere, pollen viability was zero after one hour. 

Fennel pollen appears to be adapted to tolerate high temperatures provided the 
atmosphere is dry. This is typical of the conditions associated with summer in the 
Mediterranean, when fennel flowers are at anthesis. Rain or irrigation during anthesis of 
fennel could therefore significantly reduce pollen viability and perhaps cause a reduction 
in successful pollination. It is suggested that irrigation of Tasmanian crops during anthesis 
be avoided where possible. Irrigation should be applied early in the morning so that the 
crop canopy may dry out before the main time of anthesis (11 am to 2pm). This is also the 
main time of bee activity. 

Pollen of water stressed White Clover ( Trifolium repens ) plants lost viability more rapidly 
than pollen from well watered plants (Turner, 1993). There are no data to assess the 
effect of water stress on the viability of fennel pollen. Water stress experiments were 
conducted in the glasshouse but pollen viability was always poor. 
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Section 6: Self-incompatibility and/or Female Infertility. 

Protandry is generally associated with the prevention of self-pollination by wind However 
in fennel self pollination still occurs. It is generally considered that fennel shows no other 
form of self-incompatibility. However hand pollinations in the glasshouse were often 
ineffective and self incompatibility was considered as a reason for poor fruit set. In 
particular, late-acting incompatibility such as abortion of the fruits due to rejection of the 
zygote as described by Seavey (1986) was considered. 

Conditions before and after pollination can affect self-incompatibility. For example, in self
pollinated apples, in styles developing at 15°C the leading pollen tube was significantly 
longer than those grown in higher temperatures, irrespective of temperature after 
pollination (Raff et al., 1984). Style length varied with temperature during flower 
development. Pollen developed at lower temperatures grew significantly further down the 
style than pollen grown at high temperatures. Development temperature al~o affected 
pollen germination. Low temperatures before flowering inhibits the self incompatibility 
response in Golden Delicious apples . The effect of pre-flowering treatment is not affected 
by high temperatures after pollination. Post-pollination temperature did not affect the self 
incompatibility response however there was a tendency for higher temperatures after 
pollination to give increased tube penetration into the style. Perhaps there is an 
environmentally controlled self-incompatibility response in fennel. 

Tri-nucleate pollen is generally associated with sporophytic self-incompatibility and the 
incompatibility response takes place at germination or early in tube growth. Extra-cellular 
enzymes on the pollen grain surface are often involved in the incompatibility response. 

Fennel has a wet stigma and compounds within this mucilage are likely to be triggers for 
pollen germination Wet stigmas are generally associated with gametophytic self
incompatibility. However, wet stigmas are generally associated with bi-nucleate pollen 
and dry stigmas with tn-nucleate pollen. The interaction may therefore be between self
incompatibility and stigma type, self-incompatibility and pollen nuclear type or both. 
Alternatively, there may be another, as yet unidentified, linking factor. Fennel, as for other 
Umbelliferae, is of the wet stigma type but has tri-nucleate pollen and its potential self
incompatibility response is uncertain. In all trials conducted, fennel has been found to be 
self-fertile but artificial pollination has been found to improve yield. 

Gupta (1964) gives evidence for post zygotic incompatibility in the form of a high 
frequency of arrested pro-embryos in shrunken ovaries with abortive ovules. Generally 
these were associated with pollen grains on the stigma. 

The inner flowers may have female sterility as opposed to incompatibility, e.g. female 
sterility due to a lack of stigma secretions as in some female sterile lines in the genera 
Viola, Viburnum and Fuchsia (Heslop-Harrison and Shivanna, 1977) 
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Callose is deposited in the transmitting tissue of the avocado style after passage of the 
pollen tube. It is suggested that the callose was deposited on the wall of the papilla cell as 
a result of incompatible pollination and blocked the penetration of the stigma by the pollen 
tube. This was also suggested as the mechanism of female sterility in the male phase 
avocado flower (Sedgley, 1977). Callose plugs were not observed in fennel stigmas. 

Even self fertile plants can benefit from pollination by insects. Fennel is self-fertile but 
protandrous. The inner flowers may set fewer seeds because nectar gatherers have less 
pollen on their bodies. Fennel does not require cross pollination but this may improve fruit 
set. 

The lines of fennel which are grown commercially are the product of selective breeding 
programmes. These programmes have produced fennel umbels with longer rays than the 
wild types. They are not as tightly packed as the wild types and have more "holes". There 
is therefore less chance for direct contact between the inner and outer umbellules and 
perhaps less chance of self-pollination without insect pollination. 

Lowenberg (1994) gives evidence for late abortion of fruits from secondary umbels of 
Sanicula arctopoides (Umbelliferae). Three weeks after pollination, dissected fruits of 
Sanicula arctopoides showed substantial resources had already been committed to the 
fruits of the secondary umbels in the form of large amounts of endosperm. However some 
of these fruits had begun to abort because the endosperm had begun to shrivel and pull 
away from the seed coat. Mericarps dissected six weeks after pollination revealed 
additional abortion. This abortion could be reduced by the removal of tertiary umbels at 
the receptive stage, two weeks after the pollination of the secondaries. This indicates that 
the fruits on the secondary umbels are aborting two weeks after successful pollination. 

The hypothesis of self-incompatibility in fennel was rejected because fruit set is generally 
better on the outer whorls as opposed to the inner whorls and the outer whorls of 
umbellules are the ones most likely to be self-pollinated. It is suggested instead that a 
combination of poor pollen viability and competition between photosynthate sinks is 
responsible for the less than full fruit set. The arrested pro-embryos described by Gupta, 
(1964) may perhaps be explained by the presence of pollen on the stigma initiating 
embryo sac activity which is arrested when the egg cell is not fertilised due to pollen not 
germinating. 

Since the above work produced no precise clues as to the cause of incomplete fruit set in 
fennel, further investigation was made for other factors likely to influence this event. 
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Section 7: Light Intensity. 

Fennel evolved in the Mediterranean, under clear, bright skies. It is therefore expected to 
be a heliophyte and to show adaptations to high light intensities but possibly not to tolerate 
shade. This hypothesis was supported by the observation that wild stands of fennel in 
Tasmania are found in open wastelands, on clear, open roadsides and by railway lines. 
They do not occur under trees or in shaded places. 

Adaptations to light intensity include modifications to the anatomy and morphology of the 
leaves, including the density thickness (lamina fresh weight divided by the leaf area), the 
thickness of the palisade layer, the size and distribution of the chloroplasts and the size 
and distribution of the stomata. Plants adapt to high light intensities by increasing leaf 
surface to volume ratio e.g. Betula pendu/a (Oquist et al., 1982). Fennel leaves are 
filiform . It is hypothesised that they have a palisade layer around their circumference. 
They hang vertically and thus achieve a moderate light intensity from all sides rather than 
being horizontal and having a high light intensity on top and a low light intensity on 
underneath. Filiform leaves have a larger surface area to volume ratio than flat leaves. 

It was hypothesised that reduced light penetration into the canopy may be a factor in 
reducing the number of umbels per stem in dense crops. The effect of shade on the 
production of umbels by fennel was tested in a glasshouse trial in which plants were given 
a constant pot size and equal amount of space on the bench. Reducing the incident light 
did not reduce the number of umbels forming unless the light was reduced sufficiently to 
prevent flowering. 

The study showed that light intensity post initiation does not affect the number of umbels 
produced by a fennel plant. This does not rule out pre-initiation shading as a determinant 
of umbel number. The size of the vegetative plant may have an important influence on 
reproductive development. Umbel initiation is basipetal, beginning with the primary 
umbel, then the secondaries, tertiaries etc. (Peterson, 1990). Low light intensity, pre
initiation, may affect umbel number by reducing the resources available for umbel 
initiation. 

The height of the flowering canopy above the ground is not influenced by light intensity, 
neither is the total height of the canopy nor the canopy depth, unless the plants are 
prevented from flowering. 

The penetration of light through the fennel canopy will affect the need for fennel leaves to 
adapt to shade. Light interception efficiency is defined as the light interception for a given 
leaf area index (Board and Harville, 1992). However leaf area index is very hard to 
calculate for fennel and although it would have been useful, light interception efficiency 
was not used. 
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For all the planting densities measured, the primary umbels were receiving approximately 
80% or greater of the incident light. This is higher than the light received by all the shading 
treatments applied in the glasshouse trial. At best the flowering canopy intercepts 
approximately 50% of the light which is equivalent to the lowest shading treatment applied. 
The fennel flowering canopy is very open, allowing good penetration of light and the 
umbels should not be affected by low light levels even in dense stands. 

The vegetative canopy absorbs light, such that 20 - 30% of the incident light penetrating 

the floral canopy, reaches ground level. At 4 plants/m2 the value is higher due to 

incomplete canopy closure. Levels of 20 - 30% are equivalent to or slightly lower than the 
medium shading treatment in the above experiments. Although competition for light 
exists, at the densities tested it is unlikely that light intensity was low enough to significantly 
affect flower number in the post initiation phase. Density affects the height and depth of 
the canopy with increasing density increasing the height of the canopy and reducing the 
depth from the highest umbel to the lowest. This is because, at high planting densities, the 
higher order umbels do not develop. 

The fennel canopy was inefficient with respect to light absorption and, at all planting 
densities tested in the field, light penetration to the ground exceeded the treatment values 
from the shading trial in the glasshouse. An open canopy allows less light to be absorbed 
and decreases the chance of light, in excess of that which can be used in photosynthesis , 
being absorbed The open canopy is thus an adaptation to a high light environment, e.g. 
the Mediterranean region. 

Adaptations to high light intensity may include a high maximum rate of net photosynthesis 
and a high level of compounds associated with the Xanthophyll cycle. Fennel has been 
shown to have a high light saturation point. IRGA work has shown that fennel has a high 
light saturation point compared to other crops. Peterson, (1990) found fennel to have a 

light saturation point of 900µEm-2s-1. The plants studied in this experiment had light 

saturation points up to 2000µEm-2s-1. 

Fennel has evolved without selective pressures favouring adaptation to shade and does 
not show physiological adaptations to shading. When grown in a dense crop situation, 
light intensity may be reduced and fennel plants may need to adapt to these more shaded 
conditions. Such adaptations are characteristic of sciophytes and include a lower light 
compensation point at which net photosynthesis is zero. 

The light compensation point for fennel as determined by Peterson (1990) was less than 

SOµEm-2s-1. The values for the dark respiration rate and the maximum rate of net 

photosynthesis obtained in this study are not comparable with those obtained by 
Peterson, because in the latter case units of fresh weight of leaf rather than units of leaf 
area were used This is understandable given the difficulty in calculating leaf area for 
fennel. The values obtained in this study were in units of leaf area and, although variable, 
were intermediate between literature values for heliophytes and sciophytes. 
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In these experiments, the light response curves were not significantly affected by growth 
under shaded conditions. Fennel appears to be an obligate heliophyte since its light 
response curves did not show acclimatisation to light. It can tolerate some level of shade 
but cannot adjust its photosynthetic abilities. 

Umbels of fennel have been found to be virtually independent of the vegetative canopy as 
far as photosynthesis and photosynthate is concerned. The open canopy allows light 
penetration to all the umbels. Therefore, although competition for light probably exists 
within the canopy, it is not likely to be limiting to growth. Light penetration is great enough 
that the vegetative canopy receives relatively high light levels. This may be due in part to 
the fact that the leaves senesce as reproductive development continues, allowing even 
greater penetration of light to ground level. The open canopy is a morphological 
adaptation to avoid self-shading. Fennel would be a poor competitor for light with other 
more shade tolerant plants. 

Section 8: Water stress. 

A further significant factor in the Mediterranean climate is the hot, dry summer which is 
characterised by drought. Generally plants in this environment are dormant during the 
summer and flowering takes place during the spring. Fennel is an apparently mesophyllic 
plant which does not avoid this dry period by dormancy but maintains active growth. Nor 
does fennel have the characteristic sclerophyllous nature of plants which tolerate drought. 
Its soft, fern-like leaves suggest rather an adaptation to a moist environment. It is normal 
for plants growing in this area to display at least some xerophytic characteristics, 
consequently it is believed that fennel is a phreatophyte. 

Phreatophytes typically establish themselves where the ground water table is relatively 
high. Their most distinctive characteristic is their deep root system which is necessary for 
them to reach the underground water. 

Fennel is known to have a long tap root and very large root system. Neutron probe 
experiments found that commercially grown fennel at Glenleith was drawing water from a 
depth of 1.2m (Menary, 1987). A neutron probe was used to study the relationship 
between water use by fennel at various depths in the soil and plant density. Fennel plants 
in the trial documented in Chapter 6, Section 8, were found to be obtaining most of their 
water requirements from the first 40-60cm of soil, however there was some water usage 
at 100cm. 

Water utilisation was not as deep as expected, probably since the soil type of this 
experiment was not ideal for these measurements. The soil was strongly duplex in nature 
with a sandy upper layer and an underlying clay not conducive to deep root penetration. 
Fennel prefers a deep fertile soil e.g. deep alluvial soil of a river flood plain. In its native 
environment it tends to be found in coastal situations around river estuaries (Smith, 1978), 
consequently this site was not ideal for the study of fennel root/soil water relations. 
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No relationship with the water table was detected but the saturated zone was below the 
depth which could be measured. The neutron probe measured soil moisture content to a 
depth of 1 m, but the fennel was probably using water below this point. A further problem 
with the heavy clay subsoil was the difficulty in re-wetting it during summer using irrigation. 
Water may not have penetrated to this level. 

Phreatophytes are adapted to draw on the phreatic (free, underground) water and hence 
have a dependable, sustainable water source, even though rainfall is low. Because this 
water is so dependable, phreatophytes are not adapted to conserving water and may use 
up to four times as much water as a typical mesophytic plant. 

Other characteristics which allow such plants to cope with above ground water stress 
include both diurnal and seasonal osmotic adjustment. Osmotic adjustment allows turgor 
to be maintained at low water contents and gives plants the ability to withstand water 
stress while allowing their stomata to remain open and photosynthesis to continue. It was 
hypothesised that increasing water stress would cause increasing osmotic potential in 
fennel leaves. 

Preliminary work on moisture stress in fennel supported the hypothesis. The stomata of 
fennel appear to be very slow to react to moisture stress; the stomata remain at least 
partially open and the plants continue transpiring even after the plant has reached a stage 
of severe wilt. After a period of adaptation, despite RWC being reduced to values as low 
as 82%, fennel in the glasshouse was able to maintain turgor and continue flowering. 
Leaves on these plants did senesce earlier than on unstressed plants but although the 
numbers of leaves were reduced by water stress they did not all abscise. 

Stomata which are unresponsive to water stress allow photosynthesis to continue 
throughout the day and osmotic adjustment allows turgor to be maintained. Having a 
deep root system allows greater exploration of the soil even if the water table cannot be 
reached and therefore fennel is able to replenish its lost water reserves during the night. 
This system would allow it to compete to advantage with other plants which must close 
their stomata to conserve water at the expense of photosynthesis. 

No differences could be detected in osmotic potentials of the fennel leaves from the water 
stress treatments and at this stage it is not possible to tell whether or not osmotic 
adjustment is absent or present or simply undetectable by this method. The techniques 
used were not adequate to produce reliable pressure volume curves but the preliminary 
trials indicated that the osmotic potential of the plant tissues was increased by water 
stress. No differences were detected between the flowers and the leaves. Flowers and 
leaves from the same treatment appeared to have the same osmotic potentials but the 
techniques may not have been sensitive enough to detect differences if they were 
present. At this stage it is still hypothesised that fennel is in fact able to tolerate water 
stress by osmotic adjustment, and is thus able to maintain turgor at low RWC. 
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It appears that water stress during flowering does not significantly affect flowering and fruit 
set. Fennel appears to be able to segregate water stress in its above ground parts so that 
the leaves senesce while the flowers are maintained. Although no data are given 
(because seed set is so unreliable in the glasshouse) fennel flowers appear to be able to 
set seed even when their roots are subjected to very high water stresses. 

In recent trials undertaken by Buntain and Chung (1994), irrigation of fennel increased the 
yield of both umbels and oil. Irrigation during late flowering when the secondary umbels 
were at anthesis was especially effective. Irrigation at this time explained more than 80% 
of the yield improvement of full irrigation. Irrigation improved both seed number and seed 
size. It was thought that this was due to better pollination/fertilisation. In the light of the 
current study on competition this may be due not to fertilisation as such but due to the 
prevention of late abortion of seed from the secondary umbels. 

Water stress affects oil accumulation but not fruit set. Fennel has a high water usage but 

does not tolerate water logged soil and probably uses the capillary fringe of the water 
table, where aeration is still adequate. 

The filiform nature of fennel leaves gives a much greater surface area to volume ratio than 
an undivided leaf of the same area. It is postulated that this is a means of cooling. Fennel 
is able to transpire large quantities of water, while absorbing less light than if it had 
undivided leaves. It absorbs less light because it does not have a flat leaf blade at right 
angles to the incident light. The filaments of its leaves can hang vertically, parallel to the 

incoming light. Absorbing less light reduces the heat load and the high transpiration rates 
can be used as an evaporative cooling mechanism. The Mediterranean Basin has high 
summer temperatures and this may be an adaptation for heat avoidance. IRGA work has 
shown that fennel is able to photosynthesise effectively at 40°C and has an optimum 

range of 25°C to 35°C. 

It is suggested that if fennel is grown in a situation where its roots can reach the water 
table, it may not require irrigation, even in summer. However if it cannot reach the water 

table, irrigation will need to be frequent. This was in part supported by the fa.et that a 

small trial plot grown close to a river, where the water table was approximately 2m from 

the surf ace, received no irrigation and yet showed no signs of water stress. 

Section 9: Bacterial Disease. 

The work undertaken in relation to the potential bacterial disease was a preliminary study 
only. Since the problem appears to occur in the field as well as in the glasshouse it is likely 

to have commercial significance. 
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Chapter 9 

Conclusions 
and 

Further Research. 



Fennel was shown to be highly adapted to a promiscuous pollination regime. Being 
protandrous, it requires cross pollination, and has many features which make it attractive 
to a wide variety of insect pollinators. It is also able to be pollinated by wind, although this 
method of pollination is less effective. Although no nectar guides were found , it is possible 
that fennel nectar is visible to bees. 

Part of the failure by fennel to set 100% of its fruit, can be attributed to high plant density in 
commercial crops. At these densities, inter-plant competition leads to a decrease in the 
production of higher order umbels. This reduces pollen production towards the end of the 
season and the later developing umbels must compete for the limited pollen supply. 

The competition for pollen may be exacerbated by male sterility and low pollen viability. 
Fennel pollen was shown to rapidly lose viability, especially under humid conditions 
Although field grown pollen was shown by cytological staining, to be viable, only poor 
pollen germination was detected in controlled, in viva pollinations. Clarification of the 
environmental factors which reduce pollen viability in the glasshouse may have 
implications for pollen viability in the field. Since competition for pollen is one possible 
cause for reduced fruit set, removal of any factor which decreases pollen viability has the 
potential to improve fruit set Water stress and relative humidity are two factors which 
warrant further investigation. 

Planting fennel in beds, with adequate inter-bed spaces to create edge effects, for the 
production of higher order umbels, may improve the ratio of pollen producing flowers to 
receptive stigmas later in the season. The trial designed to test this concept, did not 
produce an edge effect and no conclusions can be drawn with regard to this hypothesis. 

A further effect of plant density is expressed by the yield density relationship. This was 
shown to be parabolic, indicating that once a critical density is reached, any increase in 
density will lead to a decrease in yield. It implies that modules within the canopy are 
competing for limited resources. It is hypothesised that the inner flowers are weaker sinks 
for assimilate than the outer flowers and are preferentially abscised when resources are 
inadequate for the plant to maintain all its flowers. The use of a square planting design 
has the potential to give an immediate increase in yields to growers. This may even allow 
the production of more tertiary umbels, by reducing inter-plant competition. 

Fennel is drought tolerant and its deep root system allows it access to water deep in the 
soil profile. Field grown fennel was shown to be drawing water from in excess of 1 m deep. 
Glasshouse fennel was able to withstand soil water potentials of less than -1.5MPa. Plants 
subjected to these soil water tensions showed leaf abscission but the flowers. remained 
functional. It was not possible to show conclusively whether or not osmotic adjustment 
was a factor in enabling the plants to withstand such high water stresses. 
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Fennel appears to be an obligate heliophyte and as such will not adapt to shaded 
conditions. However, it has an open canopy which allows light to penetrate to all levels of 
the canopy. It is not efficient with respect to the absorption of light and in cloudy temperate 
regions where light intensity can be low, light may be a limiting factor to crop yield. 

A disease, possibly caused by a bacteria of either the genus Xanthomonas or 
Pseudomonas was found in both glasshouse and field grown plants. This is potentially 
controllable by copper compounds which can be applied in conjunction with other 
pesticides already in use. The effect of this disease from a commercial perspective was 
not studied. 
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Appendices. 



Appendix 1 : Viability of Field Collected Pollen. 

Average viability of pollen collected from the field shortly after anthesis. The majority of anthers dehisce 
between 11 am and 2pm with most dehiscing after midday. 

Summary table 
Protoplasm stain Protoplasm stain N1tro Tetra-zohum Blue. 

Date Time No. average v1ab1hty average v1ab1hty 
18/1 /94 14:44 1 88% ± 7% 19% ± 28% 

1 91% ± 10% 
15:00 2 78% ± 11 % 6% ± 10% 

2 78% ± 13% 
15:10 3 92% ± 8% 6% ± 9% 

3 97% ± 5% 
15:23 4 85% ± 8% 4% ± 10% 

4 84% ± 12% 
15:41 5 77% ± 13% 15% ± 17% 

5 92% ± 7% 
15:52 6 88% ± 11% 11%±11% 

6 93% ± 6% 
19/1 /94 15:29 7 95% ± 6% 0% ± 0% 

7 0% ± 0% 
8 87% ± 19% 80% ± 12% 
9 92% ± 11% 85% ± 10% 

20/1/94 15:42 10 86% ± 9% 83% ± 9% 
10 83% ± 7% 

15:50 11 87%±11% 76% ± 11% 
15:59 12 79% ± 6% 69% ± 8% 

12 69% ± 8% 
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Appendix 2: ANOVA tables for Field Trial on Supplementary Hand-pollination of Tertiary Umbels. 

The model consisted of randomised complete blocks with treatments (PU) being either hand pollination 

(P) or no hand pollination (U). There are 12 blocks (REP) each consisting of 2 tertiary umbels from the 

same secondary stem One of each pair was assigned to each treatment. Fruit set (FSET) was 

measured on each umbel. Statistical analysis was carried out using "SAS" and the resultant ANOVA 

tables are presented below An arcsin transformation was not necessary because the data were not 

spread across the full range of proportions A plot of the standardised residuals did not indicate that any 

transformation was warranted. 

Sum of Mean 
Source DF Squares Square F Value Pr>F 
Model 12 6 58974512 0.54914543 19.31 0.0001 
Error 262 7 45094319 0.02843871 
Corrected total 274 14. 04068831 

A-Square C.V. Root MSE FSET Mean 
0 469332 51.34932 0 168638 0.328413 

Dependent Variable. FSET 
Source DF Type Ill SS Mean Square FValue Pr>F 
REP 11 6.57372610 0 59761146 21 01 0.0001 
PU 1 0.01399415 0 01399415 049 04836 

Level of -------------FSET-------------
PU N Mean SD 
p 140 0 32091828 0 22351861 
u 135 0.33618527 0.22986288 

PU FSET Pr>ITI Ho 
LMEAN LSMEAN1 =LSMEAN2 

p 0 32059343 0.4836 
u 0.33492428 

A paired T-Test was also conducted The results of this test agree with the ANOVA test that hand 

poll1nat1on had no effect on seed set The test 1s one-tailed since the hypothesis 1s that pollination 

improves fruit set. 

Mean 

Varrance 

Observations 

Hypothesis 

df 
t stat 

p (T <=t) one tailed 

t crrt1cal 

p (T <=t) two tailed 

t crrt1cal 

pollinated 

20.91667 
134.2652 

12 
0 
11 

-0.04712 
0.481632 
1.795884 
0.963265 
2.200986 

unpollmated 

21 
136.9091 

12 
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Appendix 3: Experimentai Layouts for Exogenous hormone experiments 

Layout of Experiment 1. Uni Farm., plot name:! eg lrJ =column D, row F 
treatment 3 = treatment 3 

FF EF OF CF BF AF 
3 4 5 2 1 6 
FE EE DE CE BE AE treatments 
1 2 4 6 3 5 1) 1 00 ppm 13 -naphthoxyacetic acid 

FD ED DD CD BD AD 2) 1 00 ppm p -chlorophenoxyacetic acid 
6 1 3 4 5 2 3) 1 00 ppm a -naphthalene acetic acid 
FC EC DC cc BC K. 
4 3+1 2 5 6 , 4) 100 ppm 13-naphthoxyacetic acid + 50 ppm GA3 

FB EB DB CB BB AB 5) 1 00 ppm 13 -naphthoxyacetic acid + 1 00 ppm GA 
2 5 6 , 4 4 6) control 
FA EA DA CA BA M 
5 6 , 3 2 3 

Notes: 

1) EC treated as a missing block since sprayed twice by mistake. 

2) AA and AB switched during spraying therefore unfortunately deviates from a true Latin Square 

design. 

Layout of experiment 2. Glenle1th. 

A B c * D 
Q R s T 
CONTROL lOOPPM GA3 2SPPM GA3 SOPPM GA3 

1 OOPPM B-NAA 1 OOPPM B-NAA 1 OOPPM B-NAA 
E F G H 
u v w x 
2SPPM GA3 SOPPM GA3 1 OOPPM GA3 CONTROL 
1 OOPPM B-NAA 1 OOPPM B-NAA 1 OOPPM B-NAA 
I J K L 
y z AA BB 
lOOPPM GA3 CONTROL SOPPM GA3 2SPPM GA3 
1 OOPPM B-NAA 1 OOPPM B-NAA 1 OOPPM B-NAA 
M * N 0 p * 
cc DD EE FF 
SOPPM GA3 2SPPM GA3 CONTROL lOOPPM GA3 
1 OOPPM B-NAA 1 OOPPM B-NAA 1 OOPPM B-NAA 

Notes: 

1) Due to compensatory growth it was not noticed at the commencement of the experiment that 

plants were missing from some of the above plots. These plots are marked by an " * " on the 

above diagram. 

2) A to P refer to the first harvest and the final harvest 

Q to FF refer to the second harvest. 
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Appendix 4: Results of first exogenous honnone trial. 

Key to treatments: summary: weight umbels per 300 stems (g) 
1 100 ppm f:l-naphthoxyacetic acid treat primary secondary tertiary 
2 - 100 ppm p-chlorophenoxyacetic acid 1 349.7 
3 - 100 ppm a-naphthalene acetic acid 2 383.9 

4 - 100 ppm f:l-naphthoxyacetic acid + 50 ppm GA3 3 365.4 

5 - 100 ppm f:l-naphthoxyacetic acid+ 100 ppm GA3 6 351.3 

6 - control 4 254.3 
5 237.4 

Summary of ANOVA: Latin Square. 

Dependent Variable: P (weight of seeds from primary umbels) 
Sum of Mean 

Source DF Squares Square 
Model 15 206043.1646 13736.211 O 
Error 19 85957.7668 4524.0930 
Corrected Total 34 292000.9314 

A-Square C.V. RootMSE Mean 
0.705625 20.85809 67.26138 322.4714 

Source DF Type Ill SS Mean Square 
COL 5 90746.0219 18149 2044 
ROW 5 2799.9698 559.9940 
TREAT 5 106521.1568 21304.2314 

Dependent Variable: S (weight of seeds from secondary umbels) 
Sum of Mean 

Source DF Squares Square 
Model 15 344068.0069 22937.8671 
Error 19 140488.6491 7394.1394 
Corrected Total 34 484556.6560 

A-Square C.V. RootMSE Mean 
0.710068 22.19190 85.98918 387.4800 

Source DF Type Ill SS Mean Square 
COL 5 201679.7938 40335.9588 
ROW 5 12008.2776 2401.6555 
TREAT 5 122543. 6609 24508.7322 

Dependent Variable: T (weight oi seeds from "tertiary umbels) 
Sum of Mean 

Source DF Squares Square 
Model 15 10938.35069 729.22338 
Error 19 4123.11217 217.00590 
Corrected Total 34 15061.46286 

A-Square C.V. RootMSE Mean 
0.726248 32.36593 14.73112 45.51429 

Source DF Type Ill SS Mean Square 
COL 5 6145.649458 1229.129892 
ROW 5 1493.554896 298.710979 
TREAT 5 3434.231562 686.846312 

452.7 
446.6 
431.7 

384.0 

311.4 
305.9 

FValue 
3.04 

FValue 
4.01 
0.12 
4.71 

FValue 
3.10 

FValue 
5.46 
0.32 
3.31 

FValue 
3.36 

FValue 
5.66 
1.38 
3.17 

45.8 
36.5 
60.0 

31.8 

46.0 
55.5 

total 
848.2 
867.0 
857.1 

767.1 

611.7 
598.8 

Pr>F 
0.0121 

Pr>F 
0.0118 
0.9853 
0.0058 

Pr>F 
0.0109 

Pr>F 
0.0028 
0.8918 
0.0255 

Pr>F 
0.0071 

Pr>F 
0.0023 
0.2770 
0.0303 
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Appendix 4: Results of first exogenous hormone trial. 

Dependent Variable: TOTAL (weight of seeds from all umbels) 
Sum of Mean 

Source OF Squares Square 
Model 15 1092774.236 72851.616 

FValue 
3.02 

Error 19 458023.303 24106.490 
Corrected Total 34 1550797 .539 

Source 
COL 
ROW 
TREAT 

A-Square 
0.704653 

OF 
5 
5 
5 

C.V. 
20.55191 

Type Ill SS 
636034.8028 
6529 0702 
421267 .8689 

RootMSE 
155.2626 

Mean Square 
127206.9606 
1305.8140 
84253.5738 

Mean 
755.4657 

FValue 
5.28 
0.05 
3.50 

Least squares means for weight of seeds from umbels per 300 stems. 

treatment 
1 
2 
3 
4 
5 
6 

treatment 
1 
2 
3 
4 
5 
6 

treatment 
1 
2 
3 
4 
5 
6 

treatment 
1 
2 
3 
4 
5 
6 

primaries 
LS MEAN 

349.733333 
383.916667 
368.259873 
257.434713 
237.366667 
351.333333 

secondaries 
LSMEAN 

452.716667 
446.616667 
423.085881 
311.839066 
305.850000 
383.950000 

tertiaries 
LS MEAN 

45.7833333 
36.4500000 
62.3343949 
43.777385 
55.5333333 
31.7833333 

total 
LS MEAN 

848.233333 
866.983333 
853.680149 
613.051168 
598.750000 
767.066667 

i~ 
1 
2 
3 
4 
5 
6 

i~ 
1 
2 
3 
4 
5 
6 

i~ 
1 
2 
3 
4 
5 
6 

i~ 
1 
2 
3 
4 
5 
6 

Pr> rn HO: LSMEAN(i)=LSMEANO) 
1 2 3 4 

0.3897 
0.6686 
0.0304 
0.0093 
0.9676 

0.7173 
0.0046 
0.0013 
0.4119 

0.0224 
0.0063 
0.6956 

0.6168 
0.0279 

Pr> rn HO: LSMEAN(i)=LSMEANO) 
1 2 3 4 

0.9035 
0.5928 
0.0116 
0.0081 
0.1821 

0.6706 
0.0151 
0.0106 
0.2221 

0.0659 
0.0444 
0.4812 

0.9067 
0.1690 

Pr> rn HO: LSMEAN(i)=LSMEANO) 
1 2 3 4 

0.2862 
0.0921 
0.8189 
0.2659 
0.1162 

0.0121 
0.4069 
0.0370 
0.5896 

0.0727 
0.4750 
0.0040 

0.1895 
0.1811 

Pr> ITI HO: LSMEAN(i)=LSMEANO) 
1 2 3 4 

0.8365 
0.9564 
0.0182 
0.0119 
0.3766 

0.8938 
0.0117 
0.0075 
0.2789 

0.0305 
0.0179 
0.3895 

0.8769 
0.1071 

5 

0.0085 

5 

0.1322 

5 

0.0116 

5 

0.0759 

Pr> F 
0.0124 

Pr> F 
0.0033 
0.9978 
0.0208 

6 

6 

6 

6 

page253 



Appendix 5: % dry matter content as a measure of fruit maturity from second exogenous hormone trial 

% DM at harvest. 
harvest 1. harvest 2. NB. ANOVA carried out on proportional data 

ppm GA 1 0 20 30 1 0 20 30 not on percentages. 
0 47% 35% 37% 71% 38% 25% No transformation was required. 
25 70% 41% 35% 69% 41% 30% 

so 45% 36% 31% 68% 33% 26% 

100 47% 39% 33% 69% 44% 28% 

Harvest 1. 
Summary of ANOVA. 

Dependent Variable: P (proportional dry matter of primaries) 

Sum of Mean 
Source DF Squares Square F Value Pr>F 
Model 9 0.26410625 0.02934514 2.87 0.1061 
Error 6 0.06133750 0.01022292 
Corrected Total 15 0.32544375 

R-Square C.V. RootMSE PMean 
0.811527 19.51429 0.101108 0.518125 

Source DF Type Ill SS Mean Square F Value Pr>F 
COL 3 0.04371875 0.01457292 1.43 0.3249 
ROW 3 0.05231875 0.01743958 1.71 0.2643 
TREAT 3 0.16806875 0.05602292 5.48 0.0374 

Dependent Variable: S (proportional dry matter of secondaries) 

Sum of Mean 
Source DF Squares Square F Value Pr>F 
Model 9 0.02972500 0.00330278 1.10 0.4720 
Error 6 0.01805000 0.00300833 
Corrected Total 15 0.04777500 

R-Square c.v. RootMSE SMean 
0 622187 14.57761 0.054848 0.376250 

Source DF Type Ill SS Mean Square F Value Pr>F 
COL 3 0.01342500 0.00447500 1.49 0.3100 
ROW 3 0.00782500 0.00260833 0.87 0.5079 
TREAT 3 0.00847500 0.00282500 0.94 0.4782 

Dependent Variable: T (proportional dry matter of tertiaries) 

Sum of Mean 
Source DF Squares Square F Value Pr>F 
Model 9 0.02006667 0.00222963 0.60 0.7652 
Error 5 0.01873333 0.00374667 
Corrected Total 14 0.03880000 

R-Square CV RootMSE TMean 
0.517182 18.00295 0.061210 0.340000 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00206667 0.00068889 0.18 0.9030 
ROW 3 0.00967222 0.00322407 0.86 0.5189 
TREAT 3 0.00781667 0.00260556 0.70 0.5935 
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Appendix 5: % dry matter content as a measure of fruit maturity from second exogenous hormone trial 

Harvest2. 
Summary of ANOVA 

Dependent Variable: P (proportional dry matter of primaries) 

Sum of Mean 
Source DF Squares Square FValue Pr> F 
Model 9 0.12430625 0.01381181 0.64 0.7390 
Error 6 0.12993750 0.02165625 
Corrected Total 15 0.25424375 

A-Square C.V. RootMSE P Mean 
0.488925 21.26983 0.147161 0.691875 

Source DF Type Ill SS Mean Square FValue Pr> F 
COL 3 0.03561875 0.01187292 0.55 0.6675 
ROW 3 0.08661875 0.02887292 1.33 0.3486 
TREAT 3 0.00206875 0.00068958 0.03 0.9916 

Dependent Variable: S (proportional dry matter of secondaries) 

Sum of Mean 
Source DF Squares Square FValue Pr> F 
Model 9 0.03997500 0.00444167 1.53 0.3110 
Error 6 0.01740000 0.00290000 
Corrected Total 15 0.05737500 

A-Square c.v. RootMSE SMean 
0.696732 13.76400 0.053852 0.391250 

Source DF Type Ill SS Mean Square FValue Pr> F 
COL 3 0.00862500 0.00287500 0.99 0.4580 
ROW 3 0.00572500 0.00190833 0.66 0.6070 
TREAT 3 0.02562500 0.00854167 2.95 0.1206 

Dependent Variable: T (proportional dry matter of tertiaries) 
Sum of Mean 

Source DF Squares Square FValue Pr>F 
Model 9 0.00982500 0.00109167 1.96 0.2137 
Error 6 0.00335000 0.00055833 
Corrected Total 15 0.01317500 

A-Square C.V. RootMSE TMean 
0.745731 8.711181 0.023629 0.271250 

Source DF Type Ill SS Mean Square FValue Pr> F 
COL 3 0.00462500 0.00154167 2.76 0.1340 
ROW 3 0.00047500 0.00015833 0.28 0.8358 
TREAT 3 0.00472500 0.00157500 2.82 0.1294 
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Appendix 6: Leaf number from second exogenous hormone trials. 

treatment mean SD 
control 0.39 0.42 

25 ppm GA3 4.42 1.98 
50ppmGA3 5.47 1.18 

100 oom GA3 6.05 1.65 

Summary of ANOVA. 

Dependent Variable: LEAF (mean number of leaves per stem) 

Sum of Mean 
Source DF Squares Square 
Model 9 99.36807500 11.04089722 
Error 6 3.53570000 0.58928333 
COrrected Total 15 102.90377500 

A-Square C.V. Root MSE 
0.965641 18.80914 0.767648 

Source DF Type Ill SS Mean Square 
COL 3 3.12812500 1.04270833 
ROW 3 18 01512500 6.00504167 
TREAT 3 78.22482500 26.07 494167 

Least squares means tor leaf numb~. 

FValue 
18.74 

LEAF Mean 
4.081250 

FValue 
i.77 
10.19 
44.25 

TREAT LEAF Pr> iTi HO: LSMEAN(i)=LSMEANO) 
LS MEAN i~ 2 3 

0 0.38750000 i 
25 4.42000000 2 0.0003 
50 5.46750000 3 0.0001 0.1019 
100 6.05000000 4 0.0001 0.0239 0.3245 

Pr> F 
0.0010 

Pr> F 
0.2527 
0.0090 
0.0002 

4 
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Appendix 7. Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

Effect of treatments on fruit colour scores for each harvest. 

Treatment means for fruit colour scores. 

harvest 1 primaries green blue blue/yellow -dry dry 
control 0.027S 0.1200 0.3SOO 0.277S 0.22SO 

2S ppmGA 3 + B - NOA 0.002S 0.1900 0.41 SO 0.242S Q. l SOO 
SO ppmGA 3 + B - NOA 0.002S 0.132S 0.4600 0.1800 0.222S 

100 ppm GA 3 + B - NOA 0.0400 0.18SO 0.4800 0.187S 0.102S 

harvest 1 secondaries green blue blue/yellow -dry dry 
control 0.1700 o.soso 0.2SOO 0.06SO 0.007S 

2S ppmGA 3 + ~ - NOA 0.087S 0.692S O. l 77S 0.0400 0.0000 
SO ppmGA 3 + B - NOA 0.0200 0.742S 0. 167 s 0.0600 o.ooso 

100 ppm GA 3 + B - NOA 0.1200 0.682S 0.1 sso 0.037S 0.0000 

harvest 1 tertiaries green blue blue/yellow -dry dry 
control 0.482S 0.497S 0.01 SO 0.0000 0.002S 

2S ppmGA 3 + ~ - NOA 0.622S 0.377S 0.0000 0.0000 0.0000 
SO ppmGA 3 + B - NOA 0.447S O.S3SO 0.007S 0.007S 0.0000 

100 ppm GA 3 + ~ - NOA 0.612S 0.387S 0.002S 0.0000 0.0000 

harvest 2 primaries green blue blue/yellow -dry dry 
control 0.0000 0.002S 0.107S 0.1 S2S 0.73SO 

2S ppmGA 3 + B - NOA 0.0000 0.007S 0.1 OOO 0.0600 0.83SO 
SO ppmGA 3 + B - NOA 0.002S 0.01 so 0.0900 0.162S 0.732S 

100 ppm GA 3 + ~ - NOA 0.002S 0.0400 0.14SO 0.2000 0.6100 

harvest 2 secondaries green blue blue/yellow -dry dry 
control 0.0000 0.1800 0.497S 0.192S 0.1300 

2S ppmGA 3 + B - NOA 0.002S 0.2000 0.6100 0.1 oso 0.08SO 
SO ppmGA 3 + B - NOA 0.002S 0.21 SO 0.61SO 0.09SO 0.072S 

100 ppm GA 3 + B - NOA 0.0l 2S 0.3600 0.49SO 0.09SO 0.0400 

harvest 2 tertiaries green blue blue/yellow -dry dry 
control 0.002S 0.7SOO 0.187 s 0.03SO 0.0200 

2S ppmGA 3 + B - NOA 0.007S 0.8300 0.142S 0.01 so 0.002S 
SO ppmGA 3 + ~ - NOA 0.0300 0.8000 0.142S 0.01 so 0.012S 

100 ppm GA 3 + B - NOA 0.0800 0.86SO O.OS7S 0.0000 0.0000 

NB. -drv is the abbreviation for beainrnng to drv. 

Summary of A NOVA 

HARVEST 1: primaries 
Dependent Variable: green 

Sum of Mean 
Source OF Squares Square F Value Pr> F 
Model 9 0.01365625 0.00151736 2.86 0.1072 
Error 6 0 00318750 0 00053125 
Corrected Total 15 0 01684375 

A-Square C.V. Root MSE Mean 
0 810761 127.1661 0.023049 0 018125 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00731875 0.00243958 4.59 0.0537 
ROW 3 0.00211875 0.00070625 1 33 03496 
TREAT 3 0 00421875 0.00140625 265 0.1432 
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Appendix 7 Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

Dependent Variable: blue 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0 09220625 0.01024514 2.18 0.1769 
Error 6 0 02813750 0.00468958 
Corrected Total 15 0 12034375 

A-Square CV RootMSE Mean 
0.766191 43 65293 0 068481 0.156875 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.04876875 0.01625625 3.47 0.0912 
ROW 3 0 02806875 0 00935625 200 02163 
TREAT 3 0 01536875 0.00512292 1 09 0.4217 

Dependent Variable: blue.with yellow stripes 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0.10107500 0.01123056 047 0.8488 
Error 6 0 14210000 0.02368333 
Corrected Total 15 0.24317500 

A-Square CV Root MSE Mean 
0 415647 36 10414 0.153894 0 426250 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 03372500 0 01124167 047 0 7113 
ROW 3 0 02747500 0 00915833 0.39 0 7669 
TREAT 3 0 03987500 0.01329167 0 56 06600 

Dependent Variable: beginning to dry (-dry) 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0 08215625 0.00912847 0 68 0 7093 
Error 6 0 08028750 0 01338125 
Corrected Total 15 0 16244375 

A-Square CV Root MSE Mean 
0 505752 52 13627 0 115677 0 221875 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 02676875 0 00892292 067 '0.6025 
ROW 3 0 02956875 0 00985625 074 0.5674 
TREAT 3 0 02581875 0.00860625 064 0.6149 
Dependent Variable: dry 

Sum of Mean 
Source OF Squares Square F Value Pr> F 
Model 9 0.11080000 0.01231111 274 0.1167 
Error 6 0 02700000 0 00450000 
Corrected Total 15 0 13780000 

A-Square CV. RootMSE Mean 
0 804064 38.33259 0.067082 0.175000 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 05365000 0.01788333 3.97 0.0710 
ROW 3 0 01460000 0 00486667 1.08 04254 
TREAT 3 0.04255000 0.01418333 3.15 01076 
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Appendix 7· Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

HARVEST 1: secondaries. 
Dependent Variable: green 

Sum of Mean 
Source OF Squares Square F Value Pr> F 
Model 9 0 25115625 0.02790625 1.41 0 3501 
Error 6 0 11913750 0.01985625 
Corrected Total 15 0.37029375 

R-Square CV Root MSE Mean 
0 678262 141 7984 0.140912 0.099375 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 17611875 0.05870625 2.96 0 1198 
ROW 3 0 02761875 0.00920625 0 46 0 7181 
TREAT 3 004741875 0.01580625 0.80 0 5394 

Dependent Variable: blue 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0.31515625 0 03501736 677 0.0152 
Error 6 0 03103750 0 00517292 
Corrected Total 15 0 34619375 

R-Square CV RootMSE Mean 
0 910346 10.97014 0 071923 0 655625 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 14461875 0 04820625 9 32 0 0112 
ROW 3 0 04126875 0.01375625 2 66 0 1422 
TREAT 3 0 12926875 0.04308958 833 0 0147 

Dependent Variable: blue with yellow stripes 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0 05345000 0.00593889 072 0 6822 
Error 6 0 04925000 0 00820833 
Corrected Total 15 0 10270000 

R-Square CV Root MSE Mean 
0 520448 48 31992 0 090600 0 187500 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 02845000 0.00948333 1 16 04009 
ROW 3 0 00315000 0 00105000 013 0 9401 
TREAT 3 0 02185000 0 00728333 089 0.4994 

Dependent Variable: beginning to dry (-dry) 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0.01115625 0.00123958 0.68 0 7108 
Error 6 0 01093750 0 00182292 
Corrected Total 15 0 02209375 

R-Square C.V. Root MSE Mean 
0.504950 84.33704 0 042696 0.05062 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00771875 0.00257292 1 41 0.3283 
ROW 3 0 00111875 0.00037292 0.20 0 8896 
TREAT 3 0.00231875 0.00077292 0.42 0.7429 
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Appendix 7: Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

Dependent Variable: dry 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0.00025625 0.00002847 1.95 0.2142 
Error 6 0.00008750 0.00001458 
Corrected Total 15 0.00034375 

R-Square CV Root MSE Mean 
0.745455 122.2020 0.003819 0.003125 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00001875 0.00000625 0.43 07400 
ROW 3 0 00006875 0 00002292 1.57 0 2914 
TREAT 3 0 00016875 0.00005625 3 86 0 0750 

Least squares means analysis. 

blue Pr> ITI HO: LSMEAN(i)=LSMEAN(J) 
treatment LS MEAN I~ 1 2 3 4 

0 0.50500000 1 
25 0.69250000 2 0 0102 
50 0.74250000 3 00034 03635 
100 0 68250000 4 0.0130 0 8506 0.2827 

HARVEST 1: tertiaries. 
Dependent Variable: green 

Sum of Mean 
Source DF Squares Square F Value Pr> F 
Model 9 0.41257500 0.04584167 083 0.6170 
Error 6 0.33240000 0.05540000 
Corrected Total 15 0 74497500 

R-Square C.V Root MSE Mean 
0 553811 43 48675 0 235372 0 541250 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 29102500 0.09700833 1 75 02560 
ROW 3 0 02587500 0 00862500 016 09223 
TREAT 3 0 09567500 003189167 058 0 6518 

Dependent Variable: blue 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0 35340625 0.03926736 073 0.6779 
Error 6 0 32268750 0 05378125 
Corrected Total 15 0.67609375 

R-Square CV Root MSE Mean 
0 522718 51 60675 0.231908 0.449375 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 25726875 0.08575625 1 59 0.2865 
ROW 3 0 02156875 0 00718958 0.13 0 9364 
TREAT 3 0.07456875 0.02485625 0.46 07190 

Dependent Variable: blue/yellow 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0.00177500 0.00019722 1.48 03266 
Error 6 0.00080000 0.00013333 
Corrected Total 15 0.00257500 
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Appendix 7: Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

A-Square CV Root MSE Mean 
0.689320 184 7521 0.011547 0.006250 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00052500 0.00017500 1.31 03542 
ROW 3 0 00072500 0 00024167 1.81 0 2451 
TREAT 3 0.00052500 0.00017500 1.31 03542 

Dependent Variable: -dry 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 9 0.00050625 0.00005625 1.00 0 5201 
Error 6 0 00033750 0 00005625 
Corrected Total 15 0.00084375 

A-Square CV Root MSE Mean 
0 600000 400.0000 0 007500 0 001875 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00016875 0.00005625 1 00 0.4547 
ROW 3 0 00016875 0 00005625 1 00 0.4547 
TREAT 3 0.00016875 0 00005625 1.00 04547 
Dependent Variable: dry 

Sum of Mean 
Source DF Squares Square F Value Pr> F 
Model 9 0.00005625 0.00000625 1 00 0.5201 
Error 6 0 00003750 0 00000625 
Corrected Total 15 0 00009375 

A-Square C.V Root MSE Mean 
0 600000 400 0000 0 002500 0 000625 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 00001875 0.00000625 1 00 0.4547 
ROW 3 0 00001875 0 00000625 1 00 0 4547 
TREAT 3 0 00001875 0.00000625 1 00 04547 

HARVEST 2: primaries 
Summary of A NOVA 
Dependent Variable: green 

Sum of Mean 
Source DF Squares Square F Value Pr> F 
Model 9 0.00012500 0.00001389 1 67 02749 
Error 6 0 00005000 0 00000833 
Corrected Total 15 0.00017500 

A-Square CV Root MSE Mean 
0 714286 230.9401 0.002887 0 001250 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00007500 0.00002500 3 00 0 1170 
ROW 3 0 00002500 0 00000833 1 00 0.4547 
TREAT 3 0 00002500 0.00000833 1 00 04547 

Dependent Variable: blue 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0.00937500 0.00104167 2.23 01703 
Error 6 0 00280000 0.00046667 
Corrected Total 15 0 01217500 
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Appendix 7: Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

A-Square C.V. Root MSE Mean 
0.770021 132.9383 0.021602 0.016250 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00572500 0 00190833 4.09 00672 
ROW 3 0 00032500 0 00010833 023 0 8709 
TREAT 3 0 00332500 0 00110833 2.37 0.1690 

Dependent Variable: blue with yelow stripes 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0.02755625 0.00306181 625 0 0185 
Error 6 0 00293750 0.00048958 
Corrected Total 15 0.03049375 

A-Square CV Root MSE Mean 
0 903669 20 00138 0 022127 0 110625 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.01176875 0.00392292 8.01 0 0161 
ROW 3 0 00886875 0 00295625 6 04 0 0304 
TREAT 3 0.00691875 0.00230625 4 71 0.0510 

Dependent Variable: -dry 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0 06567500 0 00729722 1 64 0 2816 
Error 6 0 02670000 0 00445000 
Corrected Total 15 0 09237500 

A-Square CV Root MSE Mean 
0 710961 46 40579 0 066708 0.143750 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.01832500 0 00610833 1 37 03382 
ROW 3 0 00492500 0 00164167 0 37 0 7786 
TREAT 3 0 04242500 0.01414167 318 0 1061 
Dependent Variable: dry 

Sum of Mean 
Source DF Squares Square F Value Pr> F 
Model 9 0 21175625 0 02352847 3 98 0 0534 
Error 6 0 03548750 0 00591458 
Corrected Total 15 0.24724375 

A-Square CV RootMSE Mean 
0 856468 10.56224 0 076906 0 728125 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 09816875 0.03272292 553 0.0366 
ROW 3 0 01181875 0 00393958 0 67 0 6028 
TREAT 3 0 10176875 0 03392292 5 74 0.0339 

Least squares means analysis. 
dry Pr> ITI Ho· LSMEAN(i)=LSMEAN(J) 

treatment LSMEAN I~ 1 2 3 4 
0 0.73500000 1 
25 0 83500000 2 0.1156 
50 0.73250000 3 0.9648 01084 
100 0.61000000 4 0.0612 0.0061 0 0652 
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Appendix 7- Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

HARVEST 2: secondaries. 
Dependent Variable: green 

Sum of Mean 
Source OF Squares Square F Value Pr> F 
Model 9 0 00140625 0.00015625 0.95 05470 
Error 6 0 00098750 0 00016458 
Corrected Total 15 0.00239375 

R-Square CV. Root MSE Mean 
0.587467 293.2344 0.012829 0.004375 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 00061875 0.00020625 1.25 0.3710 
ROW 3 0 00041875 0 00013958 0.85 0 5161 
TREAT 3 0 00036875 0.00012292 075 05625 

Dependent Variable: blue 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0 16662500 0 01851389 5 51 0 0251 
Error 6 0 02015000 0 00335833 
Corrected Total 15 0 18677500 

R-Square CV Root MSE Mean 
0.892116 24 27272 0.057951 0 238750 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 05802500 0.01934167 5.76 0.0336 
ROW 3 0 02772500 0 00924167 275 0 1347 
TREAT 3 0 08087500 0 02695833 803 0 0160 

Dependent Variable: blue with yellow stripes 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0.12930625 0.01436736 1 88 0 2281 
Error 6 0 04588750 0 00764792 
Corrected Total 15 0 17519375 

R-Square CV Root MSE Mean 
0 738076 15.77495 0.087452 0 554375 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 05961875 0 01987292 2.60 0'1475 
ROW 3 0 01556875 0 00518958 0 68 0 5964 
TREAT 3 0 05411875 0 01803958 236 0.1708 

Dependent Variable: ---Ory 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0 06235625 0.00692847 287 01062 
Error 6 0 01448750 0 00241458 
Corrected Total 15 0 07684375 

R-Square CV Root MSE Mean 
0 811468 40.31870 0 049138 0.121875 

Source OF Type Ill SS Mean Square FValue Pr> F 
COL 3 0.01921875 0 00640625 2.65 0.1427 
ROW 3 0 01626875 0.00542292 225 01834 
TREAT 3 0 02686875 0 00895625 3.71 00807 
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Appendix 7: Fruit Colour as an estimate of fruit maturity from second exogenous hormone trial 

Dependent Variable: dry 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0 05810625 0.00645625 19.99 0 0008 
Error 6 0 00193750 0.00032292 
Corrected Total 15 0.06004375 

A-Square CV Root MSE Mean 
0 967732 21 94795 0.017970 0 081875 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.02946875 0.00982292 30.42 0.0005 
ROW 3 0 01196875 0 00398958 12 35 0 0056 
TREAT 3 0 01666875 0.00555625 17 21 0 0024 

Least squares means. 

blue Pr> ITI HO· LSMEAN(1)=LSMEAN(J) 
treatment LSMEAN I~ 1 2 3 4 

0 0.18000000 1 
25 0 20000000 2 0 6428 
50 0 21500000 3 0.4258 0.7269 
100 0 36000000 4 0 0046 00079 0 0122 

dry Pr> ITI Ho· LSMEAN(l)=LSMEAN(J) 
treatment LS MEAN I~ 1 2 3 4 

0 0 13000000 1 
25 0 08500000 2 0 0122 
50 0.07250000 3 0.0040 0.3632 
100 0 04000000 4 00004 0 0122 0 0430 

HARVEST 2: tertiaries 
Dependent Variable: green 

Sum of Mean 
Source OF Squares Square F Value Pr> F 
Model 9 0.04305000 0 00478333 1 44 03393 
Error 6 0 01995000 0 00332500 
Corrected Total 15 0 06300000 

R-Square C.V RootMSE Mean 
0.683333 192.2094 0 057663 0 030000 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.01785000 0 00595000 1.79 0 2491 
ROW 3 0 01015000 0 00338333 1 02 04482 
TREAT 3 0.01505000 0 00501667 1.51 03052 

Dependent Variable: blue 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 0 18242500 0.02026944 2.20 0.1751 
Error 6 0 05535000 0 00922500 
Corrected Total 15 0 23777500 

A-Square CV RootMSE Mean 
0 767217 11 83937 0 096047 0 811250 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.02362500 0 00787500 0 85 0.5137 
ROW 3 0 13032500 0.04344167 4 71 0.0510 
TREAT 3 0 02847500 0.00949167 1.03 0.4441 
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Appendix 7: Fruit Colour as an estimate of fruit maturity from second exogenol:JS hormone trial 

Dependent Variable: blue with yellow stripes 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0.10460000 0 01162222 2.85 0.1079 
Error 6 0 02450000 0.00408333 
Corrected Total 15 0.12910000 

R-Square CV Root MSE Mean 
0.810225 48.22714 0 063901 0.132500 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.03405000 0.01135000 2.78 0 1325 
ROW 3 0 03515000 0 01171667 2 87 0 1259 
TREAT 3 0.03540000 0.01180000 2.89 01244 

Dependent Variable: -dry 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0.00702500 0.00078056 4.07 0 0507 
Error 6 0.00115000 0 00019167 
Corrected Total 15 0 00817500 

R-Square C.V. Root MSE Mean 
0 859327 85 19614 0 013844 0.016250 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0 00202500 0 00067500 3 52 00886 
ROW 3 0 00252500 0 00084167 4 39 0 0586 
TREAT 3 0.00247500 0.00082500 4.30 0.0609 
Dependent Variable: dry 

Sum of Mean 
Source DF Squares Square F Value Pr> F 
Model 9 0.00392500 0.00043611 4.03 0 0521 
Error 6 0 00065000 0 00010833 
Corrected Total 15 0 00457500 

R-Square CV RootMSE Mean 
0 857923 118.9523 0 010408 0.008750 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.00122500 0 00040833 3.77 00783 
ROW 3 0 00167500 0 00055833 5.15 00425 
TREAT 3 0.00102500 0.00034167 3.15 01075 
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Appendix 8: Seed and oil yields per 100 Stems from second exogenous hormone triat. 

I :;e:~es~e~~ilt (g) of umheis from 1uu stems. 
pnmaries secondaries tertia..ies 

control 397.5000 772.5000 156 5500 
25 ppmGA3 + f3 -NOA 377.5000 732.5000 260.0000 
50 ppmGA3 + f3 -NOA 483.7500 912.5000 2887500 

100 ppmGA3 + f3 -NOA 461.2500 648.7500 208.7500 

Oil Yield (g) 
primaries secondaries tertiaries 

control 5.4423 10.6331 2.4070 
25 ppmGA3 + f3 -NOA 5.4976 7.8980 4.6093 
50 ppmGA3 + f3 -NOA 6.2879 9.1966 47698 

100 ppmGA3 + f3 -NOA 5.4050 8.2313 43023 

% anethole content of oil 
primanes secondaries tertianes 

control 61.7500 63.6667 74.0000 
25 ppmGA3 + f3 -NOA 63.0000 56.2500 55.7500 
50 ppmGA3 + f3 -NOA 65.7500 59.7500 61.7500 

100 ppmGA3 + f3 -NOA 61.2500 60.7500 55.5000 

% oil yield on fresh weight basis 
pnmanes secondaries tertiaries 

control 1.3900 14100 1.7100 
25 ppmGA3 + p -NOA 1.5025 i.2350 2.0025 
50 ppmGA3 + f3 -NOA 1.2700 1.1725 1.8900 

100 ppmGA3 + f3 -NOA 1.1750 1.3200 2.1425 

Harvest2. 
Fresh weight of umbels from 100 stems. 

primaries secondaries tertiaries 
control 360.0000 710.0000 178.3333 

25 ppmGA3 + f3 -NOA 221.2500 502.5000 126.6667 
50 ppmGA3 + f3 -NOA 268.7500 516.2500 163.7500 

100 ppmGA3 + f3 -NOA 217.5000 358.3333 82.5000 

Oil Yield (g) 
primaries secondaries tertiaries 

control 9.5043 11.5949 3.1107 
.25 ppmGA3 + f3 -NOA 7.2666 103337 23976 
50 ppmGA3 + p -NOA 7.1137 7.3814 2.7513 

100 ppmGA3 + f3 -NOA 6.5627 6.9729 2.0216 

% anethole content of oil 
primaries secondaries tertianes 

control 73.6667 68.3333 69.0000 
25 ppmGA3 + p -NOA 69.5000 66.0000 68.3333 
50 ppmGA3 + f3 -NOA 69.5000 66.2500 67.7500 

100 ppmGA3 + f3 -NOA 69.7500 62.7500 65.6667 

% oil yield on fresh weight basis 
primaries secondaries tertiaries 

control 2.6533 1.7333 1.9367 
25 ppmGA3 + f3 -NOA 3.1733 2.3033 2.2533 
50 ppmGA3 + f3 -NOA 2.4567 1.5075 1.9400 

100 ppmGA3 + f3 -NOA 3.0875 1.9367 2.4250 
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Appendix 8: Seed and oil yields per 1 od Stems from second exogenous hormone trial. 

Harvest 1: Summary of ANOVA table$. 

Dependent Variable: FW1 (fresh weight primaries) 
Sum of Mean 

Source DF Squares Square 
Model 9 75512.5 8390.27778 
Error 6 159237 .50000 26539.58333 
Corrected Total 15 234750.00000 

A-Square C.V. RootMSE 
0.321672 37.88599 162.9097 

Source OF Type iii SS Mean Square 
COL 3 25437.50000 8479.16667 
ROW 3 19362.50000 6454.16667 
TREAT 3 30712.50000 10237.50000 

Dependent Variable:FW2 (fresh weight s~cmdaries} 
Sum of Mean 

Source DF Squares Square 
Model 9 637451.5625 70827.9514 
Error 6 1733584.3750 288930.7292 
Corrected T otai 15 2371035.9375 

R-Square C.V. RootMSE 
0.268849 70.12119 537.5228 

Source DF Type Ill SS Mean Square 
COL 3 123729.6875 41243.2292 
ROW 3 368229.6875 1227 43.2292 
TREAT 3 1454921875 48497.3958 

Dependent Variable: FW3 (fresh weight tertiaries} 
Sum of Mean 

Source DF Squares Square 
Model 9 131007.1225 14556.3469 
Error 6 289089.9150 48181.6525 
Corrected Total 15 420097.0375 

A-Square C.V. RootMSE 
0.311850 96.05741 ""',.. ~,...,...,... 

t:.n:t.OU.Jt!. 

Source DF Type iii SS Mean Square 
COL 3 34106.20750 11368. 73583 
ROW 3 56144.20750 18714.73583-
TREAT 3 40756. 70750 13585.56917 

Dependent Variable: OIL 1 (oil yield from primaries) 

Source 
Model 
Error 
Corrected Total 

A-Square 
0.248353 

Source 
COL 
ROW 
TREAT 

OF 
3 
3 
3 

DF 
9 
6 
15 

C.V. 

Surn oi 
Squares 
9.51401789 
28. 79438672 
38.30840461 

38.71663 

Type Ill SS 
2.50986875 
4.87189172 
2.13225743 

Mean 
Square 
1.05711310 
4.79906445 

RootMSE 
2.190677 

Mean Square 
0.83662292 
1.62396391 
0.71075248 

FValue Pr>F 
0.32 0.9408 

Mean 
430.0000 

FVaiue Pf>F 
0.32 0.8115 
0.24 0.8634 
0.39 0.7676 

FValue Pr>F 
0.25 0.9705 

Mean 
766.5625 

FValue Pr>F 
0.14 0.9306 
0.42 0.7424 
0.17 0.9143 

FValue Pr> F 
0.30 0.9474 

Mean 
228.5125 

FValue Pr> F 
0.24 0.8663 
0.39 0.7658 
0.28 0.8369 

FValue 
0.22 

Mean 
5.658231 

FValue Pr> F 
0.17 0.9100 
0.34 0.7988 
0.15 0.9272 

Pr>F 
0.9784 
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Appendix 8: Seed and oil yields per 100 Stems from second exogenous hormone trial. 

Dependent Variable: OIL2 (oil yield from secondaries) 

Surn of Mean 
Source OF Squares Square FValue Pr> F 
Model 9 33.39054468 3.71006052 0.21 0.9821 
Error 6 107.53681610 17.92280268 
Corrected Total 15 140.92736078 

R-Square C.V. RootMSE Mean 
0.236934 47.09286 4.233533 8.989756 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 1.32446974 0.44148991 0.02 0.9942 
ROW 3 14.02380354 4.67460118 0.26 0.8513 
TREAT 3 18.04227140 6.01409047 0.34 0.8007 

Dependent Variable: OIL3 (oil yield from tertiaries) 
Sum of M~an 

Source OF Squares Square F Value Pr > F 
Model 9 35.18304651 3.90922739 0.40 0.8959 
Error 6 58.79535838 9.79922640 
Corrected Total 15 93.97840489 

R-Square c.v. RootMSE Mean 
0.374374 77.82916 3.130372 4.022106 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 6.37652733 2.12550911 0.22 0.8813 
ROW 3 14.44287991 4.81429330 0.49 0.7011 
TREAT 3 14.36363927 4.78787976 0.49 0.7028 

Dependent Variable: AN1 (percentage anethole from primaries) 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 9 490.5625000 54.5069444 0.25 0.9690 
Error 6 1312.3750000 218.7291667 
Corrected Total 15 1802.9375000 

R-Square c.v. RootMSE Mean 
0.272091 23.49870 14.78950 62.93750 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 281.1875000 93.7291667 0.43 0.7401 
ROW 3 160.6875000 53.5625000 0.24 0.8622 
TREAT 3 48.6875000 16.2291667 0.07 0.9717 

Dependent Variable: AN2 (percentage anethole from secondaries) 
Sum of Mean 

Source OF Squares Square F Value Pr > F 
Model 9 374.9000000 41.6555556 1.06 0.5030 
Error 5 196.8333333 39.3666667 
Corrected Total 14 571.7333333 

R-Square c.v. RootMSE Mean 
0.655725 10.48043 6.274286 59.86667 

Source OF Type Ill SS Mean Square F Value Pr> F 
COL 3 57.2222222 19.0740741 0.48 0.7076 
ROW 3 168.2222222 56.0740741 1.42 0.3396 
TREAT 3 69.1666667 23.0555556 0.59 0.6501 
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Appendix 8: Seed and oil yields per 100 Stems from second exogenous hormone trial. 

Dependent Variable: AN3 (percentage anethole from tertiaries) 

Sum of Mean 
Source DF Squares Square FValue Pr> F 
Model 9 1246.933333 138.548148 0.68 0.7102 
Error 5 1018.000000 203.600000 
Corrected Total 14 2264.933333 

A-Square c.v. RootMSE Mean 
0.550539 23.41715 14.26885 60.93333 

Source DF Type Iii SS Mean Square F Value Pr> F 
COL 3 157.8888889 52.6296296 0.26 0.8526 
ROW 3 254.8888889 84.9629630 0.42 0.7486 
TREAT 3 540.2222222 180.0740741 0.88 0.5091 

Dependent Variable: YLD1 (proportional 011 yield from primaries) 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 9 0.43180625 0.04797847 2.24 0.1694 
Error 6 0.12858750 0.02143125 
Corrected Total 15 0.56039375 

A-Square c.v. RootMSE Mean 
0.770541 10.97099 0.146394 1.334375 

Source DF Type Ill SS Mean Square FValue Pr> F 
COL 3 0.16206875 0.05402292 2.52 0.1545 
ROW 3 0.02611875 0.00870625 0.41 0.7543 
TREAT 3 0.24361875 0.08120625 3.79 0.0776 

Dependent Variable: YLD2 (proportional oil yield from secondaries) 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 0.51370625 0.05707847 0.48 0.8466 
Error 6 0.71708750 0.11951458 
Corrected Total 15 1.23079375 

A-Square c.v. RootMSE Mean 
0.417378 26.91650 0.345709 1.284375 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 0.12611875 0.04203958 0.35 0.7899 
ROW 3 0.25956875 0.08652292 0.72 0.5736 
TREAT 3 0.12801875 0.04267292 0.36 0.7864 

Dependent Variable: YLD3 (proportional oil yield from tertiaries) 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 2.00552500 0.22283611 0. 76 0.6576 
Error 6 1. 75485000 0.29247500 
Corrected Total 15 3. 76037500 

A-Square CV. Root MSE Mean 
0.533331 27.93077 0.540810 1.936250 

Source DF Type Ill SS Mean Square FValue Pr> F 
COL 3 0.87147500 0.29049167 0.99 0.4573 
ROW 3 0.73302500 0.24434167 0.84 0.5217 
TREAT 3 0.40102500 0.13367500 0.46 0.7221 
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Appendix 8: Seed and oil yields per 100 Stems from second exogenous hormone triai. 

Harvest 2: Summary of ANOVA tables. 

Dependent Variable: FW1 (fresh weight primaries) 
Sum of Mean 

Source OF Squares Square FValue Pr>F 
Model 9 69605.83333 7733.98148 0.73 0.6816 
Error 5 53237.50000 10647.50000 
Corrected Total 14 122843.33333 

A-Square C.V. RootMSE Mean 
0.566623 39.58570 103.1867 260.6667 

Source DF Type Iii SS Mean Square FValue Pr>F 
COL 3 8268.05556 2756.01852 0.26 0.8524 
ROW 3 18359. 72222 6119.90741 0.57 0.6560 
TREAT 3 46668.05556 15556.01852 1.46 0.3310 

Dependent Variable:FW2 {fresh weight secondaries) 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 9 431093.7500 47899.3056 0.34 0.9168 
Error 4 561256.2500 140314.0625 
Corrected Total '13 992350.0000 

A-Square C.V. RootMSE Mean 
0.434417 72.03561 374.5852 520.0000 

Source DF Type Ill SS Mean Square FValue Pr> F 
COL 3 107307.5000 35769.1667 0.25 0.8547 
ROW 3 104628.1250 34876.0417 0.25 0.8590 
TREAT 3 242661.4583 80887.1528 0.58 0.6605 

Dependent Variable: FW3 {fresh weight tertiaiies) 
Sum of Mean 

Source DF Squares Square FValue Pr>F 
Model 9 54354. 16667 6039.35185 0.34 0.8946 
Error 2 35266. 75000 17634.37500 
Corrected Total 11 89622. 91667 

A-Square C.V. RootMSE Mean 
0.606476 91.84633 132.7945 144.5833 

Source OF Type Ill SS Mean Square FValue Pr>F 
COL 3 13368.39286 4462.79762 0.25 0.8557 
ROW 3 30443.40278 10147.80093 0.58 0.6847 
TREAT 3 39310.06944 13103.35648 0.74 0.6173 

Dependent Variable: OIL 1 {oil yield from primaries) 
Sum of Mean 

Source OF Squares Square FValue Pr>F 
Model 9 37.14804779 4.12756087 0.32 0.9190 
Error 3 38.59446473 12.86482158 
Corrected Total 12 75.74251252 

A-Square C.V. RootMSE Mean 
0.490452 47.62583 3.566756 7.531115 

Source DF Type Ill SS Mean Square FValue Pr>F 
COL 3 7.40283013 2.46761004 0.19 0.8958 
ROW 3 12.70610093 4.23536698 0.33 0.8071 
TREAT 3 17.84016208 5.94672069 0.46 07287 
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Appendix 8: Seed and oil yields per 100 Stems from second exogenous hormone trial. 

Dependent Variable: OIL2 (oil yield from secondaries) 
Sumoi Mean 

Source DF Squares Square FValue Pr> F 
Model 9 121.1606687 13.4622965 0.51 0.8079 
Error 3 78.7737567 26.2579189 
Corrected Total 12 199.9344254 

A-Square c.v. RootMSE Mean 
0.606002 57.31323 5.124248 8.940777 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 33.37595882 11.12531961 0.42 0.7505 
ROW 3 35.40769710 11.80256570 0.45 0.7358 
TREAT 3 46.85406941 15.61802314 0.59 0.6600 

Dependent Variable: OIL3 (oil yield from tertiaries) 
Sum of iv'iean 

Source DF Squares Square FValue Pr> F 
Model a 9.23680225 1.15460028 0.21 0.9374 
Error 1 5.39791350 5.39791350 
Corrected Total 9 14.63471575 

A-Square c.v. RootMSE iviean 
0.631157 89.11626 2.323341 2.607090 

Source DF Type Ill SS Mean Square FValue Pr> F 
COL 2 3.07928453 1.53964226 0.29 0.7980 
ROW 3 4.92411173 1.64137058 0.30 0.8326 
TREAT 3 4.07474626 1.35824875 0.25 0.8598 

Dependent Variable: AN1 (percentage anethole from primaries) 
Sum of Mean 

Source DF Squares Square F Vaiue Pr> F 
Modei 9 159.1000000 17.6777778 2.90 0.1269 
Error 5 30.5000000 6.1000000 
Corrected Total 14 189.6000000 

A-Square C.V. RootMSE Mean 
0.839135 3.508264 2.469818 70.40000 

Souice DF Type Ill SS Mean Square F Value Pr> F 
COL 3 93. 72222222 31.24074074 5a12 0.0552 
ROW 3 28. 72222222 9.57407407 1.57 0.3072 
TREAT 3 14.38888889 4.79629630 0.79 0.5509 

Dependent Variable: AN2 (percentage anethole from secondaries) 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 9 152.3333333 16.92~"'259 1.13 0.4720 
Error 5 75.0000000 15.0000000 
Corrected Total 14 227.3333333 

A-Square c.v. RootMSE Mean 
0.670088 5.897944 3.872983 65.6666 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 3 87 .55555556 29.18518519 1.95 0.2406 
ROW 3 12. 72222222 4.24074074 0.28 0.8363 
TREAT 3 38.50000000 12.83333333 0.86 0.5210 

page 271 



Appendix 8: Seed and oil yields per 100 Stems from second exogenous hormone trial. 

Dependent Variable: AN3 (percentage anethole from tertiaries) 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 9 131.0192308 14.5576923 5.64 0.0910 
Error 3 7 7500000 2.5833333 
Corrected Total 12 138.7692308 

A-Square c.v. RootMSE Mean 
0.944152 2.374384 1.607275 67.69231 

Source DF Type HI SS Mean Square F Value Pr> F 
COL 3 70.54545455 23.51515152 9.10 0.0513 
ROiN 3 40.19871795 13.39957265 5.19 0.1048 
TREAT 3 6.62179487 2.20726496 0.85 0.5499 

Dependent Variable: YLD1 (proportional oil yield from primaries) 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 9 3.78736923 0.42081880 1.17 0.5016 
Error 3 1.07960000 0.35986667 
Corrected Total 12 4.86696923 

A-Square c.v RootMSE Mean 
0.778178 20.96386 0.599889 2.861538 

Source DF Type HI SS Mean Square FValue Pr> F 
COL 3 1.33280000 0.44426667 1.23 0.4333 
ROW 3 1.81568718 0.60522906 1.68 0.3399 
TREAT 3 0.98990000 0.32996667 0.92 0.5276 

Dependent Variable: YLD2 (proportional oil yield from secondaries) 
Sum of Mean 

Source DF Squares Square F Value Pr > F 
Model 9 2.03936077 0.22659564 1.13 0.5144 
Error 3 0.60047000 0.20015667 
Corrected Total 12 2.63983077 

A-Square C.V. RootMSE Mean 
0.772535 24.28415 0.447389 1.842308 

Source DF Type HI SS Mean Square F Value Pr> F 
COL 3 0.31548385 0.10516128 0.53 0.6948 
ROW 3 0.53304795 0.17768265 0.89 0.5378 
TREAT 3 0.97619528 0.32539843 1.63 0.3497 

Dependent Variable: YLD3 (proportional oil yield from tertiaries) 
Sum of Mean 

Source DF Squares Square F Value Pr > F 
Model a 2.12036333 0.26504792 0.65 0.7516 
Error 1 0.41081667 0.41081667 
Corrected Total 9 2.53120000 

A-Square c.v. RootMSE Mean 
0.837699 30.09154 0.640950 2.130000 

Source DF Type Ill SS Mean Square F Value Pr> F 
COL 2 0.67421364 0.33710682 0.82 0.6153 
ROW 3 0.78662524 0.26220841 0.64 0.7006 
TREAT 3 0.98269762 0.32756587 0.80 0.6557 
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Appendix 9: Harvest 3, second exogenous hormone triai. 

Harvest3. 

control 
25 ppm GA 3 + 13 - NOA 
50 ppm GA 3 + 13 - NOA 

100 ppmGA3 + 13 -NOA 

control 
25 ppm GA 3 + 13 - NOA 
50 ppm GA 3 + 13 - NOA 

100 ppm GA 3 + 13 - NOA 

control 
25 ppmGA3 + 13 -NOA 
50 ppm GA 3 + 13 - NOA 

100 ppm GA 3 + 13 - NOA 

control 
25 ppmGA3 + 13 -NOA 
50 ppmGA3 + 13 -NOA 

100 ppmGA3 + 13 - NOA 

Summary of ANOVA tables. 

Dependent Variable: SEED (yield of seed per plot) 

Yield of Seed per Plot (g) 
mean st. dev. 
3052 304 
1766 838 
2162 250 
1650 708 

Yield of Oil per Plot (g) 
mean st dev 

198 34 
126 44 
135 23 
127 53 

Average Seed Weight (mg) 
mean st dev. 
5.34 0.28 
577 0.39 
5.61 0.28 
5.50 0.38 

Anethole Content of Oil ( % ) 
mean st. dev. 

73 0 
72 0 
72 2 
72 1 

Sum of Mean 
Source DF Squares Square F Vaiue Pr> F 
Medel 9 6286854.250 698539.361 
Error 6 2632035.500 438672.583 
Corrected Total 15 8918889. 750 

A-Square C.V. RootMSE 
0.704692 30.69688 662.3236 

Source DF Type Ill SS Mean Square 
COL 3 792074.750 264024.917 
ROW 3 650320.250 216773.417 
TREAT 3 4844459.250 1614819.750 

Dependent Variable: OIL (yield of oil per plot). 
Sum of Mean 

Source DF Squares Square 
Model 9 21168.25610 2352.02846 
Error 6 12575. 83666 2095.97281 
Corrected Total 15 33744.09296 

A-Square CV. RootMSE 
0.627317 31.27636 45.78180 

Source DF Type Ill SS Mean Square 
COL 3 5763.82726 1921.27575 
ROW 3 878.90961 292.96987 
TREAT 3 14525.51922 4841.83974 

1.59 0.2941 

Mean 
2157.625 

FValue 
0.60 
0.49 
3.68 

FValue 
1.12 

Mean 
146.3783 

FValue 
0.92 
0.14 
2.31 

Pr> F 
0.6372 
0.6994 
0.0818 

Pr> F 
0.4608 

Pr> F 
0.4873 
0.9325 
0.1761 
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Appendix 9: Harvest 3, second exogenous hormone trial. 

Dependent Variable: AVSDWT (average seed weight). 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 9 1.63718106 0.18190901 7.77 0.0107 
Error 6 0.14051187 0.02341865 
Corrected Total 15 1.77769294 

A-Square c.v. RootMSE Mean 
0.920958 2.755308 0.153032 5.554063 

Source DF Type Ill SS Mean Square FValue Pr>F 
COL 3 1.05560019 0.35186673 15.03 0.0034 
ROW 3 0.18262519 0.06087506 2.60 0.1474 
TREAT 3 0.39895569 0.13298523 5.68 0.0347 

Dependent Variable: AN (proportion anethole in oil). 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 9 6.25000000 0.69444444 0.36 0.9169 
Error 6 11. 50000000 1.91666667 
Corrected Total 15 17.75000000 

A-Square C.V. RootMSE Mean 
0.352113 1.919497 1.385537 72.12500 

Source DF Type Ill SS Mean Square FValue Pr>F 
COL 3 2.25000000 0.75000000 0.39 0.7639 
ROW 3 1.25000000 0.41666667 0.22 0.8809 
TREAT 3 2.75000000 0.91666667 0.48 0.7091 

Harvest 3: Least squares means analysis. 

AVSDWT Pr> rn HO: LSMEAN(i)=LSMEANO) 
treatment LS MEAN i~ 1 2 3 4 

0 5.33750000 1 
25 5.77075000 2 0.0071 
50 5.60825000 3 0.0464 0.1839 
100 5.49975000 4 0.1844 0.0463 0.3547 
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Appendix 10: Experimental layouts for inter-plant competition experiments. 

Experiment 1. 

The field was divided into two blocks, each block containing 14 plots. The plots were placed randomly 
within each block. Each plot was randomly allocated one treatment. 

Each plot occupied an area of 1 m2 and was surrounded by guard rows, as set out in the following 
diagram: 

._ .... -r."':".,..,..,..,..,..,..,.,.,..,.,.,..,..,.,..,..,.,.,..,,,.,.,,.,.,.,.~ 

-::-:.::-::·:-t·:.::-::-:.::-:::.::-::·:.::-::-:.::-::·:.\·:·::-::-:.::-::-:.::-:::.::-::-:.::-::-:.::-::·: 

...,..,....,...,.....,....,....,....,....,....,.....,.....,_.,...,....,..,.--..... .. .. . __.. . . . 
::·:.::-::·:.::-::·:.::-::·:.::-::-:.::-::·:-~-::·:-~·::-:.::-:::.::-::·:.::·/.::-::-:.::-::-:.::-::-:.::-::·:· ._ .. . . 

.._. ... . 

.._. . .. . 

.._. .. . . 

.._. ... . 

............... . 

._ ... . 

._ ... . 

._ .. . . 

._ .. . . 

._ ... . 
inter-bed space 0.30cm 

• experimental plants 

(.:-. ..... :· . .-· .. ] guard plants 

..... __.. .. . 
. .. . ___... .. . 
. ... ___. .. . . 

. ... ___. ... . 
beid~· 1" :2m 

. ................... . 

. ... ___.. . .. . 

. ... ___.. ... . 

. .. . ___.. .. . 
. ... ___.. .. . 
. ... _..... .. . 

.... _..... ... 

.. .. ___.. ... 
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Appendix 10: Experimental layouts for inter-plant competition experiments. 

Experiment 2. 

A laneway running at right angles to the rows within the crop was selected as the reference point. 
Each block consisted of four transects at 1 m spacings. These were set out as follows. 
Within each block, plants were sampled every SOcm for the first Sm and then every 1 m, until 10 plants 
were collected per transect. The first plant was selected from the edge of the lane way. 

laneway 

I 
Block 1 

Block 2 

Block 3 

Block 4 

Block 5 

Block 6 

Within each block, plants were sampled every SOcm for the first Sm and then every 1 OOcm, until 1 S 
plants were collected per transect. The first plant was selected from the edge of the laneway . 

• • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • 

• = position of plant sampled . 
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Appendix 11 : Results of density trial, whole plot data. 

ANOVA tables for the variables: 
total fresh weight (kg/plot) TFW NB. DM data converted 
total dry weight (kg/plot) TOW to proportion for use in ANOVA 
percentage dry matter DM Arcsin transformation not required. 

Dependent Variable: TFW 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 24.72479524 4.94495905 37.66 0.0001 
Error 22 2.88897619 0.13131710 
Corrected Total 27 27.61377143 

R-Square C.V. Root MSE Mean 
0.895379 15.27176 0.362377 2.372857 

Source OF Type Ill SS Mean Square F Value Pr>F 
BLOCK 1 0.23405714 0.23405714 1.78 0.1955 
DENSITY 4 24.49073810 6.12268452 46.63 0.0001 

Dependent Variable: TOW 
Sum of Mean 

Source DF Squares Square FValue Pr>F 
Model 5 2.51389095 0.50277819 13.27 0.0001 
Error 22 0.83369476 0.03789522 
Corrected Total 27 3.34758571 

A-Square C.V. Root MSE Mean 
0.750956 21.40878 0.194667 0.909286 

Source DF Type Ill SS Mean Square FValue Pr> F 
BLOCK 1 0.29212857 0.29212857 7.71 0.0110 
DENSITY 4 2.22176238 0.55544060 14.66 0.0001 

Dependent Variable: DM 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 5 0.04730786 0.00946157 9.17 0.0001 
Error 22 0.02270286 0.00103195 
Corrected Total 27 0.07001071 

R-Square C.V. Root MSE Mean 
0.675723 8.169578 0.032124 0.393214 

Source DF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 0.01903214 0.01903214 18.44 0.0003 
DENSITY 4 0.02827571 0.00706893 6.85 0.0010 
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Appendix 11: Results of density trial, whole plot data. 

Least squares means probability analysis. 

DENSITY TFW Pr> ITl HO: LSMEAN(i)=LSMEANO) 
LSMEAN ifj 1 2 3 4 5 

4 1.42000000 1 
12 2.14333333 2 0.0008 
25 2.43000000 3 0.0001 0.2333 
50 3.38500000 4 0 0001 0.0001 0.0012-
100 4.03000000 5 0.0001 0.0001 0.0001 0.0196 

DENSITY TOW Pr> ITI HO: LSMEAN(i)=LSMEANU) 
LSMEAN i/j 1 2 3 4 5 

4 0.60600000 1 
12 0.85333333 2 0.0222 
25 0.96500000 3 0.0050 0.3838 
50 1.23750000 4 0.0001 0.0058 0.0604 
100 1.36750000 5 0.0001 0 0005 0.0079 0.3552 

DENSITY DM Pr> ITl HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN i/j 1 2 3 4 5 

4 0.42700000 1 
12 0.39500000 2 0.0667 
25 0.39500000 3 0.1064 1.0000 
50 0.36000000 4 0.0019 0.1056 0.1376 
100 0.33750000 5 0.0001 0.0111 0.0190 0.3327 
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Appendix 12: Results of density trial, yield of umbels. 

ANOVA tables for the variables: 
number of tertiary umbels - UM3 total weight of primary umbels - FW1 
total number of umbels - TOTUM total weight of secondary umbels - FW2 

total weight of tertiary umbeis - FvV3 
total weight of umbels - FWTOTUM 

Dependent Variable: UM3 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 333041. 7857 66608.3571 5.49 0.0020 
Error 22 267114.9286 12141.5877 
Corrected Total 27 600156.7143 

A-Square C.V. Root MSE Mean 
0.554925 33.21086 110.1889 331.7857 

Source DF Type Iii SS Mean Square F Value Pr> F 
BLOCK 1 78228.5714 78228.5714 6.44 0.0187 
DENSITY 4 254813.2143 63703 3036 5.25 0.0040 

Dependent Variable: TOTUM 
Sum of Mean 

Source DF Squares Square F Value Pr>F 
Model 5 181009.9238 36201 9848 2.54 0.0586 
Error 22 313835.0405 14265.2291 
Corrected Total 27 494844.9643 

A-Square C.V. Root MSE Mean 
0.365791 24.50172 119.4371 487.4643 

Source DF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 100200.8929 100200.8929 7.02 0.0146 
DENSITY 4 80809.0310 20202 2577 1.42 0.2616 

Dependent Variable: F'w"i 
Sum oi Mean 

Source DF Squares Square F Value Pr> F 
Model 5 0.04078613 0.00815723 60.62 0.0001 
Error 22 0.00296030 0.00013456 
Corrected Total 27 0.04374643 

A-Square C.V Root MSE Mean 
0.932331 19.21886 0.011600 0.060357 

Source DF Type Iii SS Mean Square F Value Pr>F 
BLOCK 1 0.00028929 0.00028929 2.15 0.1567 
DENSITY 4 0.04049685 0.01012421 75.24 0.0001 

Dependent Variabie: F'ilf 2 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 0.06678792 0.01335758 4.73 0.0044 
Error 22 0.06207905 0.00282177 
Corrected Total 27 0.12886696 

A-Square C.V. Root MSE Mean 
0.518270 26.82364 0.053120 0.198036 

Source DF Type Ill SS Mean Square FVaiue Pr>F 
BLOCK 1 0.03325804 0.03325804 11.79 0.0024 
DENSITY 4 0.03352988 0.00838247 2.97 0.0420 

Dependent Variable: FW3 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 0.22597292 0.04519458 15.04 0.0001 
Error 22 0.06610119 0.00300460 
Corrected Total 27 0.29207411 

A-Square C.V. Root MSE Mean 
0.773683 31.35441 0.054814 0.174821 
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Appendix 12: Results of density trial, yield of umbels. 

Source DF Type Ill SS Mean Square F Value Pr>F 
BLOCK 1 0.00425089 0.00425089 1.41 0.2469 
DENSITY 4 0.22172202 0 05543051 18.45 0.0001 

Dependent Variable: FWTOTUM 
Sum of Mean 

Source DF Squares Square F Value Pr>F 
Model 5 0.13948113 0.02789623 2.57 0.0563 
Error 22 0.23897958 0.01086271 
Corrected Total 27 0.37846071 

A-Square C.V. RootMSE Mean 
0.368549 24.05837 0.104224 0.433214 

Source DF Type Ill SS Mean Square F Value Pr>F 
BLOCK 1 0.07000000 0.07000000 6.44 0.0187 
DENSITY 4 0.06948113 0.01737028 1.60 0.2099 

Least squares means analysis. 
DENSITY UM3 Pr> rn HO: LSMEAN(i)=LSMEANO) 

LSMEAN i~ 1 2 3 4 5 
4 385.000000 1 
12 444.000000 2 0.3111 
25 299.750000 3 0.2045 0.0548 
50 212.000000 4 0.0145 0.0036 0.2722 
100 182.250000 5 0.0051 0.0013 0.1458 0.7063 

DENSITY FW1 Pr> ITI HO: LSMEAN(i)=LSMEANU) 
LSMEAN i~ 1 2 3 4 5 

4 0.02050000 1 
12 0.04833333 2 0.0001 
25 0.07000000 3 0.0001 0.0084 
50 0.11625000 4 0.0001 0.0001 0.0001 
100 0.11250000 5 0.0001 0.0001 0.0001 0.6520 

DENSITY FW2 Pr > rn HO: LSMEAN(i)=LSMEAN(j) 
LS MEAN i~ 1 2 3 4 5 

4 0.16050000 1 
12 0.22916667 2 0.0202 
25 0.24750000 3 0.0112 0.5982 
50 0.21875000 4 0.0773 0.7641 0 4522 
100 0.17500000 5 0.6490 0.1284 0.0666 0.2566 

DENSITY FW3 Pr> rn HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN i~ 1 2 3 4 5 

4 0.26750000 1 
12 0.21416667 2 0.0728 
25 0.12375000 3 0.0002 0.0180 
50 0.06750000 4 0.0001 0.0004 0.1608 
100 0.04250000 5 0.0001 0.0001 0.0478 0.5256 
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Appendix 13: Results of density trial, umbel size 

ANOVA tables for the variables: 
number of rays in primary umbel RA Y1 
number of rays m secondary umbel RA Y2 
number of rays in tertiary umbel RA Y3 

Dependent Variable: RAY1 
Sum of Mean 

Source OF Squares Square 
Model 5 17.63794643 3.52758929 
Error 22 64.85312500 2.94786932 
Corrected Total 27 82.49107143 

A-Square c.v. Root MSE 
0.213816 10.57738 1.716936 

Source OF Type Ill SS Mean Square 
BLOCK 1 1.75000000 1.75000000 
DENSITY 4 15.88794643 3 97198661 

Dependent Variable: RAY2 
Sum of Mean 

Source OF Squares Square 
Model 5 26.77187500 5.35437500 
Error 22 177.58526786 8.07205763 
Corrected Total 27 204.35714286 

A-Square C.V. Root MSE 
0.131005 17.14479 2.841137 

Source OF Type Ill SS Mean Square 
BLOCK 1 8.58035714 8.58035714 
DENSITY 4 18.19151786 4.54787946 

Dependent Variable: RAY3 
Sum of Mean 

Source OF Squares Square 
Model 5 171.5532738 34.3106548 
Error 22 112.2569940 5.1025906 
Corrected Total 27 283.8102679 

A-Square c.v. Root MSE 
0.604465 16.72147 2.258891 

Source OF Type Ill SS Mean Square 
BLOCK 1 2.1450893 2.1450893 
DENSITY 4 169.4081845 42.3520461 

Least squares means analysis. 

DENSITY RA Y3 
LS MEAN 

4 15.9250000 
12 14.0833333 
25 13.0000000 
50 12. 1250000 
1 00 8.5000000 

Pr> ITI HO: LSMEAN(i)=LSMEANO) 
i~ 1 2 3 
1 
2 
3 
4 
5 

0.1287 
0.0395 
0.0095 
0.0001 

0.4654 
0.1929 
0.0009 

0.5893 
0.0100 

F Value Pr> F 
1.20 0.3431 

Mean 
16.23214 

F Value Pr> F 
0.59 0.4492 
1.35 0.2841 

F Value Pr> F 
0.66 0.6550 

Mean 
16.57143 

F Value Pr> F 
1.06 0.3137 
0.56 0.6917 

F Value Pr> F 
6.72 0.0006 

Mean 
13.50893 

F Value Pr>F 
0.42 0.5235 

8.30 0.0003 

4 5 

0.0334 
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Appendix 14: Results of density trial, fruit set 

The data for percentage fruit set was analysed as a factorial design with the classes being the density 
treatment, the umbel order and whether the umbellet was an inside or outside umblet. 
ANOVA tables for the variables: 
fruit set primary umbels FRST1 

FRST2 
FRST3 

fruit set secondary umbels 
fruit set tertiary umbels 

Dependent Variable: FRSET1 

Source 
Model 
Error 
Corrected Total 

Source 

A-Square 
0.308541 

BLOCK 
DENSITY 
INOUT 
DENSITYINOUT 

DF 
10 
45 
55 

DF 
1 
4 
1 
4 

Sum of 
Squares 
0.21960548 
0.49214988 
0.71175536 

C.V. 
13.37993 

Type Ill SS 
0.00030179 
0.08651286 
0.12188755 
0.01300333 

Mean 
Square 
0.02196055 
0.01093666 

Root MSE 
0.104579 

Mean Square 
0.00030179 
0.02162821 
0.12188755 
0.00325083 

F Value 
2.01 

F Value 
0.03 
1.98 
11.14 
0.30 

Tests of Hypotheses using the Type Ill MS for DENSITYINOUT as an error term 

Source DF Type Ill SS Mean Square F Value 
DENSITY 4 0.08651286 0.02162821 6.65 
INOUT 1 0.12188755 0.12188755 37 49 

Dependent Variable: FRSET2 
Sum of Mean 

Pr> F 
0.0549 

Mean 
0.781607 

Pr>F 
0.8688 
0.1142 
0.0017 
0.8782 

Pr>F 
0.0468 
0.0036 

Source DF Squares Square FValue Pr>F 
Model 10 1.67547976 0 16754798 10.14 0.0001 
Error 45 0.74327560 0.01651724 
Corrected Total 55 2.41875536 

A-Square C.V. Root MSE Mean 
0.692703 20.21086 0.128519 0.635893 

Source DF Type Ill SS Mean Square FValue Pr>F 
BLOCK 1 0.07071607 0.07071607 4.28 0.0443 
DENSITY 4 0.95478786 0.23869696 14.45 0.0001 
INOUT 1 0.60249837 0.60249837 36.48 0.0001 
DENSITYINOUT 4 0.15403119 0.03850780 2.33 0.0702 

Tests of Hypotheses using the Type Ill MS for DENSITYINOUT as an error term 

Source DF Type Ill SS Mean Square F Value Pr>F 
DENSITY 4 0.95478786 0.23869696 6.20 0 0525 
INOUT 1 0.60249837 0.60249837 15.65 0.0167 
Dependent Variable; FRSET3 

Sum of Mean 
Source DF Squares Square FValue Pr> F 
Model 10 1.06558762 0.10655876 5.12 0.0001 
Error 45 0.93672488 0.02081611 
Corrected Total 55 2.00231250 

A-Square C.V. Root MSE Mean 
0.532178 31.79678 0.144278 0.453750 

Source DF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 0.01230179 0.01230179 0.59 0.4461 
DENSITY 4 0.33201583 0.08300396 3.99 0.0075 
INOUT 1 0.57576590 0.57576590 27.66 0.0001 
DENSITYINOUT 4 0.03262536 0 00815634 0.39 0.8134 

Tests of Hypotheses using the Type Ill MS for DENSITYINOUT as an error term 

Source DF Type Ill SS Mean Square F Value Pr>F 
DENSITY 4 0.33201583 0.08300396 10.18 0.0226 
INOUT 1 0.57576590 0.57576590 70.59 0.0011 
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Appendix 14: Results of density trial, fruit set 

Standard Errors and Probabilities calculated using the Type 111 MS for DENSITYINOUT as an Error term 

DENSITY FRSET1 Pr> ITI HO: LSMEAN(i)=LSMEANU) 
LSMEAN ilj 1 2 3 

4 0.82600000 1 
12 0.74500000 2 0.0177 
25 0.72375000 3 0.0128 0.4600 
50 0.79875000 4 0.3170 0.1078 0.0581 
100 0.76625000 5 0.0664 0.4600 0.2103 

DENSITY FRSET2 Pr> ITI HO: LSMEAN(i)=LSMEANU) 
LSMEAN i/j 1 2 3 

4 0.80600000 1 
12 0.58000000 2 0.0344 
25 0.53250000 3 0.0291 0.6240 
50 0.55750000 4 0.0389 0.8140 0.8114 
100 0.47625000 5 0.0159 0.3112 0.5971 

DENSITY FRSET3 Pr> ITI HO: LSMEAN(i)=LSMEANU) 
LSMEAN i/j 1 

4 0.51150000 1 
12 0.48333333 2 0.4412 
25 0.50375000 3 0.8475 
50 0.31375000 4 0.0064 
100 0.35500000 5 0.0143 

INOUT FRSET1 Pr> rn HO: 
LSMEAN LSMEAN1=LSMEAN2 

in 0.72216667 
out 0.82173333 

INOUT FRSET2 
LSMEAN 

in 0.47976667 
out 0.70113333 

0.0036 

Pr>ITIHO: 
LSMEAN1=LSMEAN2 
0.0167 

INOUT FRSET3 Pr> ITI HO: 
LSMEAN LSMEAN1=LSMEAN2 

in 0.32526667 0.0011 
out 0.54166667 

2 3 

0.6464 
0.0147 0.0136 
0.0358 0.0301 

4 5 

0.3179 

4 5 

0.4542 

4 5 

0.4127 
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Appendix 15: Results of density trial, fruit size. 

ANOVA tables for the variables: 
average fruit weight from primaries (g) AVFRWT1 
average fruit weight from secondaries (g) AVFRWT2 
average fruit weight from tertiaries (g) AVFRWT3 

Dependent Variable: AVFRWT1 

Sum of Mean 
Source DF Squares Square F Value Pr> F 
Model 5 0.00007003 0.00001401 5.82 0.0014 
Error 22 0.00005292 0.00000241 
Corrected Total 27 0.00012295 

A-Square C.V. Root MSE Mean 
0.569575 11.09516 0.001551 0.013979 

Source DF Type Ill SS Mean Square FValue Pr> F 
BLOCK 1 0.00001486 0.00001486 6.18 0.0210 
DENSITY 4 0.00005516 0.00001379 5.73 0.0026 

Dependent Variable: AVFRWT2 

Sum of Mean 
Source DF Squares Square FValue Pr>F 
Model 5 0.00017830 0.00003566 7.86 0.0002 
Error 22 0.00009983 0.00000454 
Corrected Total 27 0.00027813 

A-Square C.V. Root MSE Mean 
0.641052 18.51805 0.002130 0.011504 

Source DF Type Ill SS Mean Square F Value Pr>F 
BLOCK 1 0.00003366 0.00003366 7.42 0.0124 
DENSITY 4 0.00014464 0.00003616 7.97 0.0004 

Dependent Variable: AVFRWT3 

Sum of Mean 
Source DF Squares Square FValue Pr>F 
Model 5 0.00003385 0 00000677 4.10 0.0088 
Error 22 0.00003636 0.00000165 
Corrected Total 27 0 00007020 

A-Square C.V. Root MSE Mean 
0.482118 13.34606 0.001286 0.009632 

Source DF Type Ill SS Mean Square F Value Pr>F 
BLOCK 1 0.00000949 0.00000949 5.74 0.0255 
DENSITY 4 0.00002436 0.00000609 3.68 0.0192 
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Appendix 15: Results of density trial, fruit size. 

Least squares means analysis. 

DENSITY AVSDWT1 Pr> rn HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN i~ 1 2 3 4 5 

4 0.01564000 1 
12 0.01416667 2 0.0794 
25 0.01207500 3 0.0008 0.0485 
50 0.01277500 4 0.0050 0.1784 0.5299 
100 0.01265000 5 0.0036 0.1440 0.6053 0.9103 

DENSITY A VSDWT2 Pr> ITI HO: LSMEAN(i)=LSMEANU) 
LSMEAN i~ 1 2 3 4 5 

4 0.01302000 1 
12 0.01308333 2 0.9546 
25 0.00640000 3 0.0001 0.0001 
50 0.01115000 4 0.1520 0.1737 0.0046 
100 0.01080000 5 0.0920 0.1110 0.0079 0.8184 

DENSITY AVSDWT3 Pr> rn HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN i~ 1 2 3 4 5 

4 0.01029000 1 
12 0.00911667 2 0.0910 
25 0.01095000 3 0.3949 0.0379 
50 0.00805000 4 0.0075 0.2120 0.0042 
100 0.00902500 5 0.1104 0.9130 0.0457 0.2951 
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Appendix 16: Results of density trial, oil yields and anethole content. 

ANOVA tables for the variables: 
oil yield from primaries (g) OY1 
oil yield from secondaries (g) OY2 
oil yield from tertiaries (g) OY3 
total oil yield per plot (g) TOY 
percentage ane~ole of oil from primaries AN1 
percentage anethole of oil from secondanes AN2 
percentage anethole of oil from tertiaries AN3 

NB. arcsin transformation not required. 

Dependent Variable: OY1 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 43.13040957 8.62608191 40.04 0.0001 
Error 22 4.74000828 0.21545492 
Corrected Total 27 47.87041786 

R-Square C.V. Root MSE Mean 
0.900983 21.07119 0.464171 2.202871 

Source DF Type Ill SS Mean Square F Value Pr>F 
BLOCK 1 0.17263721 0.17263721 0.80 0.3804 
DENSITY 4 42.95777236 10.73944309 49.85 0.0001 

Dependent Variable: OY2 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 48.75887924 9.75177585 3.37 0.0207 
Error 22 63.64105253 2.89277512 
Corrected Total 27 112.39993178 

R-Square C.V Root MSE Mean 
0.433798 26.28744 1.700816 6.470071 

Source DF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 20.23578041 20.23578041 7.00 0.0148 
DENSITY 4 28.52309883 7.13077471 2.47 0.0750 

Dependent Variable: OY3 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 148.1065870 29.6213174 14.03 0.0001 
Error 22 46.4449243 2.1111329 
Corrected Total 27 194.5515112 

R-Square C.V. Root MSE Mean 
0.761272 33.15451 1.452974 4.382432 

Source DF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 2.0426583 2.0426583 0.97 0.3360 
DENSITY 4 146.0639287 36.5159822 17.30 0.0001 

Dependent Variable: TOY 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 143.7615320 28.7523064 3.11 0.0284 
Error 22 203.2432198 9.2383282 
Corrected Total 27 347 0047518 

R-Square C.V. RootMSE Mean 
0.414293 23.28131 3.039462 13.05538 

Source DF Type Ill SS Mean Square F Value Pr>F 
BLOCK 1 40.2353245 40.2353245 4.36 0.0487 
DENSITY 4 103.5262075 25.8815519 2.80 0.0509 
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Appendix 16: Results of density trial, oil yields and anethole content. 

Dependent Variable: AN1 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 0.00598963 0.00119793 3.61 0.0164 
Error 21 0.00697333 0.00033206 
Corrected Total 26 0.01296296 

A-Square C.V. Root MSE Mean 
0.462057 2.472414 0.018223 0.737037 

Source OF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 0.00002667 0.00002667 0.08 0.7797 
DENSITY 4 0.00598930 0.00149733 4.51 0.0087 

Dependent Variable: AN2 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 0.00290952 0.00058190 3.60 0.0158 
Error 22 0.00355833 0.00016174 
Corrected Total 27 0.00646786 

A-Square C.V. Root MSE Mean 
0.449844 1.793947 0.012718 0.708929 

Source DF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 0.00017500 0.00017500 1.08 0.3096 
DENSITY 4 0.00273452 0.00068363 4.23 0.0109 

Dependent Variable: AN3 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 0.01075595 0.00215119 6.55 0.0007 
Error 22 0.00722976 0 00032863 
Corrected Total 27 0.01798571 

A-Square C.V RootMSE Mean 
0.598028 2.555815 0.018128 0.709286 

Source DF Type Ill SS Mean Square F Value Pr> F 
BLOCK 1 0.00012857 0.00012857 0.39 0.5381 
DENSITY 4 0.01062738 0.00265685 8.08 0.0004 

Least squares means analysis. 
DENSITY OY1 Pr> ITI HO: LSMEAN(i)=LSMEANU) 

LSMEAN 
4 0.84037000 
12 2.02296667 
25 2.51667500 
50 4.27057500 
100 3.49747500 

DENSITY OY2 
LSMEAN 

4 5.94542000 
12 7.87900000 
25 7.02570000 
50 6.84850000 
100 4.73425000 

DENSITY OY3 
LS MEAN 

4 6.65659000 
12 5.61696667 
25 2.98262500 
50 1.81730000 
10b 0.81017500 

i~ 1 2 3 
1 0.0001 0.0001 
2 0.0001 0.1136 
3 0.0001 0.1136 
4 0.0001 0.0001 0.0001 
5 0.0001 0.0001 0.0068 

Pr > ITI HO: LSMEAN(i)=LSMEANO) 
i~ 1 2 3 
1 0.0385 0.2946 
2 0.0385 0.4453 
3 0.2946 0.4453 
4 0.3792 0.3581 0.8842 
5 0.2415 0.0090 0.0699 

Pr> ITI HO: LSMEAN(i)=LSMEANU) 
i~ 1 2 3 
1 0.1798 0.0003 
2 0.1798 0.0102 
3 0.0003 0.0102 
4 0.0001 0.0005 0.2689 
5 0.0001 0.0001 0.0460 

4 
0.0001 
0.0001 
0.0001 

0.0278 

4 
0.3792 
0.3581 
0.8842 

0.0927 

4 
0.0001 
0.0005 
0.2689 

0.3376 

5 
0.0001 
0.0001 
0.0068 
0.0278 

5 
0.2415 
0.0090 
0.0699 
0.0927 

5 
0.0001 
0.0001 
0.0460 
0.3376 
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Appendix 16: Results of density trial, oil yields and anethole content. 

DENSITY TOY Pr> ITI HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN ilj 1 2 3 4 5 

4 13.4423800 1 0.1994 0.6150 0.7810 0.0228 
12 15.5189333 2 0.1994 0.1413 0.2016 0.0033 
25 12.5250000 3 0.6150 0.1413 0.8500 0.1193 
50 12.9363750 4 0.7810 0.2016 0.8500 0.0837 
100 9.0419000 5 0.0228 0.0033 0.1193 0.0837 

DENSITY AN1 Pr> ITI HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN ilj 1 2 3 4 5 

4 0.75500000 1 0.0099 0.0777 0.0022 0.0112 
12 0.72833333 2 0.0099 0.5769 0.2492 0.7797 
25 0.73500000 3 0.0777 0.5769 0.1302 0.4464 
50 0.71300000 4 0.0022 0.2492 0.1302 0.4000 
100 0.72500000 5 0.0112 0.7797 0.4464 0.4000 

DENSITY AN2 Pr> ITI HO: LSMEAN(i)=LSMEANG) 
LSMEAN ilj 1 2 3 4 5 

4 0.72000000 1 0.0033 0.0067 0.0296 0.5132 
12 0.69833333 2 0.0033 0.9201 0.6168 0.0546 
25 0.69750000 3 0.0067 0.9201 0.5838 0.0645 
50 0.70250000 4 0.0296 0.6168 0.5838 0.1784 
100 0.71500000 5 0.5132 0.0546 0.0645 0.1784 

DENSITY AN3 Pr > ITI HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN ilj 1 2 3 4 5 

4 0.69500000 1 0.8603 0.3612 0.0036 0.0001 
12 0.69666667 2 0.8603 0.4839 0.0093 0.0003 
25 0.70500000 3 0.3612 0.4839 0.0640 0.0031 
50 0.73000000 4 0.0036 0.0093 0.0640 0.1860 
100 0.74750000 5 0.0001 0.0003 0.0031 0.1860 
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Appendix 17: Results of density trial, yield-density relationships. 

ANOVA tables for the variables: 

total dry weight per plot 

total fresh weight of umbels per plot (g) 

total oil yield per plot (g) 

reciprocal of yield per plant 

plant density 

plant density squared 

TOW 

FWTOTUM 

TOY 

RCPYLDPL 

DENSITY 

DENS2 

Data are fitted to the Bleasdale model, (Bleasdale, 1966) or the Holliday model, (Holliday, 1960). 

These are as follows: 

Bleasdale model: ro-0 = a + ~P 
where co = yield per plant 

p = plant density 
and e,a,~ are the constants to be evaluated. 

Holliday model: ro-1 = a + ~p+ yp2 
where co = yield per plant 

p = plant density 
and a,~,y are the constants to be evaluated. 

TOW fitted to the Bleasdale model, (Bleasdale, 1966). 

Non-Linear Least Squares Summary Statistics Dependent Variable RCPYLDPL 

Source OF Sum of Squares Mean Square 
Regression 3 7887.7783732 2629.2594577 
Residual 2 4.6378660 2.3189330 
Uncorrected Total 5 7892.4162392 
(Corrected Total) 4 2765.9740121 

Parameter Estimate Asymptotic Asymptotic 95 % 
Std. Error Confidence Interval 

Lower Upper 
ALPHA 3.253943622 3 .5164889003 -11 .876453170 18.384340413 
BETA 1.849743712 0.8253230173 -1.701373635 5.400861059 
THETA 1.221694371 0.1011657563 0.786408471 1.656980271 

Asymptotic Correlation Matrix 
Corr ALPHA BETA THETA 
----------------------------------------------------------------------------------------------------------
ALPHA 1 -0.808841256 -0.78428095 
BETA -0.808841256 1 0.9980003362 
THETA -0.78428095 0.9980003362 1 

OBS DENSITY RCPYLDPL RPRED RESID 
1 4 6.6007 6.9346 -0.33391 
2 12 14.0630 14.1455 -0.08242 
3 25 25.9067 24.3824 1.52433 
4 50 40.4040 41.8407 -1.43668 
5 100 73.1261 72.7629 0.36324 
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Appendix 17: Results of density trial, yield-density relationships. 

TDW fitted to the Holliday model, (Holliday, 1960). 

Model: MODEL 1 yp2 term included in the model 
Dependent Variable· RCPYLDPL 

Analysis of Variance 
Sum of Mean 

Source DF Squares Square F Value Prob>F 
Model 2 2758.84248 1379.42124 386.852 0.0026 
Error 2 7.13153 3 56576 
CTotal 4 2765.97401 

Root MSE 1.88832 R-square 0.9974 
Dep Mean 32.02013 Adj R-sq 0.9948 
C.V. 5.89730 

Parameter Estimates 

Parameter Standard Tfor HO: 
Variable DF EStimate Error Parameter=O Prob> rn 
INTERCEP 1 4.331177 1.81410951 2.387 0.1396 
DENSITY 1 o.814383 0.10244816 7.949 0.0155 
DENS2 1 -O.d01287 0 00093850 -1.372 0.3038 

OBS DENSITY RCPYLDPL RPRED RESID 
1 4 6.6007 7.5681 -0.96745 
2 12 14.0630 13.9184 0.14465 
3 25 25.9067 23.8862 2.02057 
4 50 40.4040 41.8320 -1.42793 
5 100 73.1261 72.8960 0.23016 

Model: MODEL 1 yp2 term riot included in the model 
Dependent Variable: RCPYLDPL 

Analysis of Variance 
Sum of Mean 

Source DF Squares Square F Value Prob>F 
Model 1 2752.13320 2752.13320 596.526 0.0002 
Error 3 13.84081 4.61360 
CTotal 4 2765.97401 

Root MSE 2 14793 A-square 0.9950 
Dep Mean 32.02013 Adj R-sq 0.9933 
C.V 6.70806 

Parameter Estimates 
Parameter Standard TforHO: 

Variable DF Estimate Error Parameter=O Prob> ITI 
INTERCEP 1 6.124394 1.43069158 4.281 0.0234 
DENSITY 1 0.677899 0.02775558 24.424 0.0002 

OBS DENSITY RCPYLDPL RPRED RESID 
1 4 6.6007 8.8360 -2.23533 
2 12 14.0630 14.2592 -0.19613 
3 25 25.9067 23.0719 2.83487 
4 50 40.4040 40.0193 0.38471 
5 100 73.1261 73.9143 -0.78812 
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Appendix 17: Results of density trial, yield-density relationships. 

FWTOTUM fitted to the Bleasdale model, (Bleasdale, 1966). 
Non-Linear Least Squares Summary Statistics Dependent Variable RCPYLDPL 

Source 
Regression 
Residual 
Uncorrected Total 
(Corrected Total) 

Parameter Estimate 

DF 
3 
2 
5 
4 

Sum of Squares 
111137.04027 

7.10133 
111144.14160 
57637.41675 

Asymptotic 
Std. Error 

Mean Square 
37045.68009 

3.55067 

Asymptotic 95 % 
Confidence Interval 
Lower Upper 

ALPHA 
BETA 
THETA 

2. 775419452 
0 670978154 
0. 7 43329848 

0.68217207966 
0.10479685848 
0.02502883221 

-0 .15976235532 
0.22006871089 
0.63563829164 

5. 7106012590 
1 1218875969 
0.8510214044 

Asymptotic Correlation Matrix 

Corr ALPHA BETA THETA 
----------------------------------------------------------------------------------------------------------
ALPHA 1 -0.849229711 -0.824824762 
BETA -0.849229711 1 0.9985745728 
THETA -0.824824 762 0.99857 45728 1 

OBS DENSITY RCPYLDPL RPRED RESID 
1 4 8.919 9.810 -0.89145 
2 12 24.407 24.645 -0.23829 
3 25 56.657 54.572 2.08482 
4 50 124.224 125.583 -1 35925 
5 100 303.030 302.794 0.23627 

FWTOTUM fitted to the Holliday model, (Holliday, 1960). 
Model: MODEL 1 yp2 term included in the model 
Dependent Variable: RCPYLDPL 

Analysis of Variance 
Sum of 

Source 
Model 
Error 
CTotal 

DF Squares 
2 57635.42756 

Mean 
Square 

28817.71378 
1.00766 

FValue 
28598.610 

Prob>F 
0.0001 

2 2.01532 
4 57637.44288 

Root MSE 
Dep Mean 
c.v. 

Parameter Estimates 

Variable DF 
INTERCEP 1 
DENSITY 1 
DENS2 1 

1.00382 
103.44727 

0.97037 

Parameter 
Estimate 

0.643450 
1.931975 
0.010915 

OBS 
1 

DENSITY RCPYLDPL 
8.919 

24.407 
56.657 

124.224 
303.030 

2 
3 
4 
5 

4 
12 
25 
50 

100 

R-square 
Adj R-sq 

Standard 
Error 

0.96437178 
0.05446094 
0.00049890 

1.0000 
0.9999 

TforHO: 
Parameter=O 

0.667 
35.474 
21.879 

RP RED 
8.546 

25.399 
55.765 

124.531 
302.996 

Prob> ITI 
0.5733 
0 0008 
0.0021 

RESID 
0.37262 

-0.99236 
0.89224 

-0.30724 
0.03474 
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Appendix 17: Results of density trial, yield-density relationships. 

Model: MODEL 1 yp2 term not included in the model 
Dependent Variable: RCPYLDPL 

Analysis of Variance 

Source 
Model 
Error 
CTotal 

OF 
1 

Sum of 
Squares 

57153.07536 
484.36752 

57637.44288 

Mean 
Square 

57153.07536 
161.45584 

F Value 
353.986 

Prob>F 
0.0003 

3 
4 

Root MSE 
Dep Mean 
C.V. 

12.70653 
103.44727 

12 28310 

Parameter Estimates 

Variable 
INTERCEP 
DENSITY 

OBS 
1 
2 
3 

Parameter 
DF Estimate 
1 -14.561220 
1 3.089228 

DENSITY 

A-square 
Adj R-sq 

Standard 
Error 
8.46355367 
0.16419388 

0.9916 
0.9888 

Tfor HO: 
Parameter=O 

-1.720 
18.815 

RPRED 
-2.204 
22.510 
62.669 

Prob> ITI 
0.1838 
0.0003 

RESID 
11.1229 

1.8971 
-6.0122 

4 

4 
12 
25 
50 

RCPYLDPL 
8.919 

24.407 
56.657 

124.224 
303.030 

139.900 
294.362 

-15.6766 
5 100 8.6688 

TOY fitted to the Bleasdale model, (Bleasdale, 1966). 
Non-Linear Least Squares Summary Statistics Dependent Variable RCPYLDPL 

Source 
Regression 
Residual 
Uncorrected Total 
(Corrected Total) 

Parameter Estimate 

OF 
3 
2 
5 
4 

Sum of Squares 
141. 78358757 

0.14093740 
141 . 92452497 
77.18559410 

Asymptotic 
Stc:L Error 

Mean Square 
47.26119586 

0.07046870 

ALPHA 
BETA 
THETA 

0.4851260076 
0.0346244397 
0 .5717864123 

0.24532842157 
0.01241446634 
0.10765245414 

Asymptotic 95 % 
Confidence Interval 
Lower 

-0.57044859189 
-0.01879128458 
0.10859019783 

Upper 
1.5407006070 
0.0880401641 
1.0349826267 

Asymptotic Correlation Matrix 

Corr ALPHA BETA THETA 
----------------------------------------------------------------------------------------------------------
ALPHA 1 -0.953330312 -0.924995855 
BETA -0.953330312 1 0.9954711949 
THETA -0.924995855 0.9954711949 1 

OBS DENSITY RCPYLDPL RPRED RESID 
1 4 0.2976 0.4379 -0.14030 
2 12 0.7732 0.8327 -0.05947 
3 25 1.9960 1.6918 0.30418 
4 50 3.8651 4.0224 -0.15735 
5 100 11.0596 11.0389 0.02077 
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Appendix 17: Results of density trial, yield-density relationships. 

TOY fitted to the Holliday model, (Holliday, 1960). 
Model: MODEL 1 yp2 term included in the model 
Dependent Variable: RCPYLDPL 

Analysis of Variance 
Sum of Mean 

Source DF Squares Square F Value Prob>F 
Model 2 77.06921 38.53461 662.204 0.0015 
Error 2 0.11638 0.05819 
CTotal 4 77.18559 

RootMSE 0.24123 R-square 0.9985 
Dep Mean 3.59830 Adj R-sq 0.9970 
c.v. 6.70397 

Parameter Estimates 
Parameter Standard Tfor HO: 

Variable DF Estimate Error Parameter=O Prob> ITI 
INTERCEP 1 0.184266 0.23174841 0.795 0.5099 
DENSITY 1 0.045714 0.01308752 3.493 0.0731 
DENS2 1 0.000628 0.00011989 5.235 0.0346 

OBS DENSITY RCPYLDPL RPRED RESID 
1 4 0.2976 0.3772 -0.07960 
2 12 0.7732 0.8232 -0.04997 
3 25 1.9960 1.7194 0.27659 
4 50 3.8651 4.0392 -0.17411 
5 100 11.0596 11.0325 0.02709 

Model: MODEL 1 yp2 term not included in the model 
Dependent Variable: RCPYLDPL 

Analysis of Variance 

Source 
Model 
Error 
CTotal 

DF 
1 

Sum of 
Squares 
75.47418 

Mean 
Square 

75.47418 
0.57047 

F Value 
132.302 

Prob>F 
0.0014 

3 
4 

RootMSE 
Dep Mean 
C.V. 

Parameter Estimates 

1. 71141 
77.18559 

0.75529 
3.59830 

20.99030 

Parameter 
Variable DF Estimate 
INTERCEP 1 -0.690071 
DENSITY 1 0.112261 

OBS DENSITY RCPYLDPL 
1 4 0.2976 
2 12 0.7732 
3 25 1.9960 
4 50 3.8651 
5 100 11.0596 

R-square 
Adj R-sq 

Standard 
Error 
0.50308611 
0.00975993 

0.9778 
0.9704 

TforHO: 
Parameter=O 

-1.372 
11.502 

RPRED 
-0.2410 
0.6571 
2.1165 
4.9230 

10.5360 

Prob> ITI 
0.2637 
0.0014 

RESID 
0.53859 
0.11619 

-0.12045 
-1.05791 
0.52358 
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Appendix 18: Experimental layout, glasshouse light intensity trial. 

table with frame 

Q Q table 

"rth 

G Q 
Q G 
G G 

arrangement 

of tables 

I I 

I door I 

x 

table with frame 
covered with 
shadecloth 

number treatment 
1 high 
2 low 
3 low 
4 control 
6 medium 
7 control 
8 high 
9 medium 
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Appendix 19: Calibration of Light Trial. 

All measurements were compared with the reading for bench number 4, one of the controls. Data are 

given as meter readings and not converted to joules since the result is to be expressed as a percentage 

reduction in light and not as an absolute value. A meter reading of 1500 is equivalent to 1MJfm2, i.e. a 

meter reading of 1 is equivalent to 6.7kJ/m2· 

Measurements were carried out on two days, 1 week apart. On each day the two solarimeters to be 

used were checked for reliability by placing them side by side and comparing three readings of 5 minutes 

duration each. Since the changes in light intensity due to passing clouds were slow, it was more 

appropriate to take four measurements, each of a short duration rather than one long measurement 

which would have been appropriate under conditions of flickering light. On the first day no correction 

factor was required. On the second day the solarimeter to be used for measuring light intensity on each 

table (the observation tube) gave a lower reading than the solarimeter to be used as the control (control 

tube). Consequently a correction factor was calculated by dividing the average reading of the 

observation tube by the average reading for the control tube. This gave a correction factor of 1.16 and 

for the second day all the observation tube values must be multiplied by this correction factor. 

bench control meter corrected control meter corrected 
number treatment reading reading reading reading reading reading 

7 control 39 38 38 45 43 43 
2 low 37 14 14 38 16 16 
3 low 28 14 14 24 12 12 
9 medium 36 13 13 24 9 9 
6 medium 44 15 15 31 11 11 
8 high 35 9 9 36 7 7 
1 high 11 5 5 11 5 5 

bench control meter corrected control meter corrected 
number reading reading reading reading reading reading 

7 control 54 35 40.6 52 27 31.32 
2 low 56 22 25.52 36 25 29 
3 low 54 36 41.76 37 .27 31.32 
9 medium 55 21 24.36 44 24 27.84 
6 medium 58 49 56.84 57 36 41.76 
8 high 56 16 18.56 34 9 10.44 
1 high 57 19 22.04 36 10 11.6 

bench average average average % incident treatment 
number control corrected light reaching table average 

4 control 1 ()()OJ6 

7 control 47.5 38.23 80% 90"A> 
2 low 41.75 21.13 51% 
3 low 35.75 24.77 69% 60"A> 
6 medium 47.5 31.15 66% 
9 medium 39.75 18.55 47% 56% 
1 high 28.75 10.91 38% 
8 high 40.25 11.25 28% 33% 

These measurements were all taken with the tubes placed directly on the table surface. The 

photosynthetic plants parts are of course above this level. Shadows falling across the tables varied with 

height above the table. Consequently, although the average results show that the treatments in the 

expected range given by the density of the shadecloth it is likely that the theoretical values from the 

shadecloth are more accurate than the measured values. 
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Appendix 20: Results of glasshouse light intensity trial. 

ANOVA tables for the variables: 
number of primaries P 
number of secondaries S 
number of tertiaries T 
height of the primary HT1 
height of the highest umbel HTH 
height of the lowest umbel HTL 
depth of the canopy (i.e. HTH-HTL) CAN 

Mean values for each measurement 

Table treatment p s T 
4 control 1.00 5.17 15.33 
7 control 1.00 6.67 21.00 
2 low 1.00 5.00 19.33 
3 low 1.00 5.67 19.67 
6 medium 1.00 5.83 15.33 
9 medium 1.00 6.67 13.17 
1 high 0.17 0.67 0.83 
8 high 0.67 2.83 3.50 

Dependent Variable: s 
Sum of 

Source DF Squares 
Model 5 15.33333333 
Error 30 43.66666667 
Corrected Total 35 59.00000000 

A-Square C.V. 
0.259887 20.68224 

Source DF Type Ill SS 
TREAT 2 5.16666667 
TABLE(TREAD 3 1 0. 16666667 

HTl HTH HTL CAN 
1428 1842 1112 730 
1332 1707 938 768 
1372 2020 1187 833 
1425 1910 1237 673 
1593 1952 1173 778 
1532 1988 1340 648 
1530 1047 1030 17 
1720 1615 1435 658 

Mean 
Square F Value Pr> F 
3.06666667 2.11 0.0921 
1.45555556 

Root MSE Mean 
1.206464 5.833333 

Mean Square F Value Pr> F 
2.58333333 1.77 0.1869 
3.38888889 2.33 0.0945 

Tests of Hypotheses using the Type Ill MS for T ABLE(TREA D as an error term 

Source DF Type Ill SS Mean Square F Value Pr> F 
TREAT 2 5.16666667 2.58333333 0.76 0.5399 

Dependent Variable: T 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 289.4722222 57.8944444 1.51 0.2155 
Error 30 1148.1666667 38 2722222 
Corrected Total 35 1437 .6388889 

A-Square C.V. Root MSE Mean 
0.201353 35.74837 6.186455 17.30556 

Source DF Type Ill SS Mean Square F Value Pr> F 
TREAT 2 178.7222222 89.3611111 2.33 0.1142 
TABLE(TREAD 3 110. 7500000 36.9166667 0.96 0.4222 

Tests of Hypotheses using the Type Ill MS for T ABLE(TREA D as an error term 

Source DF Type Ill SS Mean Square F Value Pr> F 
TREAT 2 178. 7222222 89.3611111 2.42 0.2366 
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Appendix 20: Results of glasshouse light intensity trial. 

Dependent Variable: HT1 
Sum of Mean 

Source DF Squares Square F Value Pr>F 
Model 5 290347.2222 58069.4444 1.67 0.1727 
Error 30 1044216.6667 34807.2222 
Corrected Total 35 1334563.8889 

A-Square c.v Root MSE HT1 Mean 
0.217560 12.89386 186.5669 1446.944 

Source DF Type Ill SS Mean Square FValue Pr>F 
TREAT 2 242372.2222 121186.1111 3.48 0.0437 
TABLE(TR EA 1) 3 47975.0000 15991.6667 0.46 0.7127 

Tests of Hypotheses using the Type Ill MS forTABLE(TREAl) as an error term 

Source DF Type Ill SS Mean Square FValue Pr> F 
TREAT 2 242372.2222 121186.1111 7.58 0.0672 

Dependent Variable: HTH 
Sum of Mean 

Source DF Squares Square F Value Pr>F 
Model 5 394180.5556 78836.1111 1.72 0.1608 
Error 30 1376183.3333 45872.7778 
Corrected Total 35 1770363.8889 

A-Square C.V. Root MSE HTH Mean 
0.222655 11.25450 214.1793 1903.056 

Source DF Type Ill SS Mean Square FValue Pr>F 
TREAT 2 299172.2222 149586.1111 3.26 0.0523 
T ABLE(TREA 1) 3 95008.3333 31669.4444 0.69 0.5651 

Tests of Hypotheses using the Type Ill MS for T ABLE(TR EAT) as an error term 

Source DF Type Ill SS Mean Square FValue Pr> F 
TREAT 2 299172.2222 149586.1111 4.72 0.1183 

Dependent Variable: HTL 
Sum of Mean 

Source DF Squares Square F Value Pr>F 
Model 5 543122.2222 108624.4444 3.19 0.0200 
Error 30 1022366.6667 34078.8889 
Corrected Total 35 1565488.8889 

A-Square C.V. Root MSE HTL Mean 
0.346935 15.85346 184.6047 1164.444 

Source DF Type Ill SS Mean Square FValue Pr>F 
TREAT 2 362155.5556 181077.7778 5.31 0.0106 
TABLE(TREAl) 3 180966.6667 60322.2222 1.77 0.1741 

Tests of Hypotheses using the Type Ill MS for T ABLE(TREA T) as an error term 

Source DF Type Ill SS Mean Square FValue Pr> F 
TREAT 2 362155.5556 181077.7778 3.00 0.1923 
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Appendix 20: Results of glasshouse light intensity trial. 

Dependent Variable: CAN 
Sum of Mean 

Source DF Squares Square F Value Pr> F 
Model 5 143513.8889 28702.7778 0.86 0.5197 
Error 30 1002316. 6667 33410.5556 
Corrected Total 35 1145830.5556 

R-Square C.V. Root MSE Mean 
0.125249 24.74720 182.7855 738.6111 

Source DF Type Ill SS Mean Square F Value Pr> F 
TREAT 2 11605.5556 5802.7778 0.17 0.8414 
TABLE(TREAT) 3 131908.3333 43969.4444 1.32 0.2875 

Tests of Hypotheses using the Type Ill MS for TABLE(TREAT) as an error term 

Source DF Type Ill SS Mean Square F Value Pr> F 
TREAT 2 11605.55556 5802.77778 0.13 0.8812 

Standard Errors and Probabilities calculated using the Type Ill MS for TABLE(TREAT) 
as an Error term 

TREAT HT1 Pr> rn HO: LSMEAN(i)=LSMEAN(j) 
LSMEAN i~ 1 2 3 

1 1380.00000 1 0.7460 0.0385 
2 1398.33333 2 0.7460 0.0501 
3 1562.50000 3 0.0385 0.0501 

TREAT HTL Pr> !TI HO: LSMEAN(i)=LSMEANU) 
LSMEAN i~ 1 2 3 

1 1025.00000 1 0.1596 0.1040 
2 1211.66667 2 0.1596 0.6840 
3 1256.66667 3 0.1040 0.6840 
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Appendix 21: Significant points of the light response curve. 

ANOVA tables for the variables: 
light saturation point 
maximum rate of net photosynthesis 
light compensation point 
dark respiration rate 
quantum efficiency 

Mean values for each measurement 

LSP 
MRNP 
LCP 
ORR 
QE 

treatment LSP MRNP LCP DRR QE 

mean SD mean SD mean SD mean SD mean SD 
control 1783 379 -1292 376 22.59 4.61 102.36 50.29 -5.01 3.61 
medium 1643 99 -1527 284 4.87 10.76 14.44 34.45 -3.44 0.47 

high 1742 426 -2102 306 21.48 12.19 79.54 23.71 -4.05 0.94 

Dependent Variable: LSP 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 2 31005.55556 15502.77778 0.14 0.8730 
Error 6 669300.00000 111550.00000 
Corrected Total 8 700305.55556 

A-Square C.V. Root MSE Mean 
0.044274 19.38677 333.9910 1722.778 

Source DF Type Ill SS Mean Square FValue Pr> F 
TREAT 2 31005.55556 15502. 77778 0.14 0.8730 

Dependent Variable: MRNP 
Sum of Mean 

Source DF Squares Square FValue Pr> F 
Model 2 1041950.000 520975.000 4.94 0.0539 
Error 6 632300.000 105383.333 
Corrected Total 8 1674250.000 

A-Square c.v Root MSE Mean 
0.622338 -19.79439 324.6280 -1640.000 

Source OF Type Ill SS Mean Square F Value Pr>F 
TREAT 2 1041950.000 520975.000 4.94 0.0539 

Dependent Variable: LCP 
Sum of Mean 

Source OF Squares Square F Value Pr> F 
Model 2 591.3514889 295.6757444 3.11 0.1186 
Error 6 571.2891333 95.2148556 
Corrected Total 8 1162.6406222 

A-Square C.V Root MSE Mean 
0.508628 59.80679 9.757810 16.31556 

Source DF Type Ill SS Mean Square F Value Pr> F 
TREAT 2 591.3514889 295.6757444 3.11 0.1186 
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Appendix 21 : Significant points of the light response curve. 

Dependent Variable: ORR 
Sum of Mean 

Source DF Squares Square FValue Pr>F 
Model 2 12487.66869 6243.83434 4.38 0.0672 
Error 6 8554.95827 1425.82638 
Corrected Total 8 21042.62696 

R-Square c.v. Root MSE Mean 
0.593446 57.69503 37.76012 65.44778 

Source DF Type Ill SS Mean Square FValue Pr>F 
TREAT 2 12487.66869 6243.83434 4.38 0.0672 

Dependent Variable: QE 
Sum of Mean 

Source DF Squares Square FValue Pr>F 
Model 2 3.75860000 1.87930000 0.40 0.6878 
Error 6 28.28960000 4.71493333 
Corrected Total 8 32.04820000 

R-Square C.V Root MSE Mean 
0.117280 -52.11335 2.171390 -4.166667 

Source DF Type Ill SS Mean Square FValue Pr> F 
TREAT 2 3.75860000 1.87930000 0.40 0.6878 

Least squares means analysis. 

TREAT MRNP Pr> rn HO: LSMEAN(i)=LSMEANO) 
LSMEAN i~ 1 3 2 

cont -1291.66667 1 0.0223 0.4094 
med -2101.66667 3 0.0223 0.0731 
high -1526.66667 2 0.4094 0.0731 
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Appendix 22: Experimental layouts for glasshouse water stress trials. 

Layout Water Stress Trial 1993 

guard plants 

27 22 6 12 25 26 24 11 13 
pre recep anthes1s anthes1s pre pre anthes1s anthes1s anthes1s 
low medium h1ah h1ah medium high low high medium 
23 21 1 17 10 19 16 3 14 
pre recep recep anthes1s recep recep pre anthes1s pre 
high medrum low tow hrgh hroh hroh tow medium 

4 2 15 8 20 7 18 5 9 
anthesis recep anthes1s pre recep recep pre pre recep 
medium medium medium low high low low medium low 

rnd1cator rnd1cator indicator 

Layout Water Stress Trial 1994 

.... ,_,_, 
5 12 23 19 11 6 29 9 14 

pre post post pre post post pre pre post 

low hi ah medium h;nh ,,.,.., lnw marl;o,m marl;,,m h;nh 

7 21 28 8 24 36 20 34 30 
post pre pre post post pre pre pre post 

m-.J.,.m 1 ...... .. , ...... hiah mechum hi ah medium hi ah medium block 2 
32 27 2 26 35 18 15 16 17 
pre pre post pre post post pre pre post 

medium h1oh h1oh , ...... 1~ ... .. , ..... 1 ...... ma...l•um 1 ...... 

25 1 31 4 13 10 3 22 33 
pre post pre post post post pre pre post 

low high low medium medium high medium low low 

block 3 
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Appendix 23: Soil moisture tension curves for potting mix used in glasshouse water stress experiments. 

Soil mositure tension curve experiment 1. 

moisture tension curve peat/sand mix 
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Experiment 2 

moisture tension curve pine bark/sand mix 
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