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ABSTRACT

To study the effects of root temperature on growth and develop
ment of strawberry (Fragaria x ananassa Duch. ), plants of the June- 
bearing cultivar 'Hapil' were grown in an NFT hydroponic system at 
different solution temperatures: 10.2’C, 14. l’C, 18.7"C and 23.0’C in
1986 and 15. 2’C, 19. 9*C, 24. 8‘C and 29. 4’C in 1987. Results show that
anthesis of the primary flowers in the first inflorescence was 
accelerated with higher root temperatures but relatively low 
temperatures speeded up anthesis of *the lower rank flowers. Fruit 
weight decreases significantly with position on the infructescence 
and this pattern was not affected by root temperature. Effects of 
both external and internal factors on fruit size are discussed. The 
largest fruits were produced from plants with root temperatures 
around 15’C, and these plants also produced the highest yield per 
plant.

Progressive increases in root temperature resulted in increased 
vegetative growth, particularly leaf area, petiole length and numbers 
of stolon and runner plants. The latter were also produced earlier at 
higher root temperatures. Higher root temperatures resulted in 
greater total dry weight per plant.

Sequential growth analysis has been carried out on leaf area 
expansion, petiole elongation, extension of the primary 'stolon 
chains' and fruit size increments at different positions on the 
inf ructescence.

Different photoperiods were also introduced in one experiment 
and results of this and the root temperature effects form the basis 
of a dynamic model of integrated strawberry plant growth and develop
ment. The performance of the model was tested and evaluated in 1988.
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1.1 Introduction

The cultivated strawberry (Fragaria X Ananassa Duch. ) is one of 
the most important of soft fruits in the world today. Taxonomically 
it belongs to the genus Fragaria. which is, in turn, a member of the 
family Rosaceae. The modern cultivated strawberry varieties are 
almost all octopioids (2n = 56), and derive from hybrids between two 
octoploid species F. virginiana. from eastern North America with its 
small aromatic fruit and F. chiloensis. from the western coast of 
North and South America with its large fruit (Darrow, 1966, Evans, 
1977).

Both vegetative and reproductive growth are sensitive to minute 
changes of environment, especially day length and temperature. 
Increases in photoperiod, temperature, chilling and nutrition lead to 
increased plant size, leaf area, petiole and inflorescence length, 
and induce stolon formation if thresholds are surpassed (Guttridge, 
1985). The intensive and extensive studies on the responses of straw
berry plants to various environmental variables such as photoperiod 
and temperature make it possible to classify the modern large-fruited 
strawberry cultivars into Junebearers and everbearers although they 
are genetically different in make-up (Powers, 1954 and Galletta et 
al. , 1981). Junebearers are sometimes called summer croppers or
single croppers and they are thought of as facultative short-day 
and/or cool-requiring strawberries, with flower bud formation at 16°C 
under photoperiod of less than 10 hrs (Darrow and Waldo, 1934; 
Darrow, 1936; Borthwick and Parker, 1952). Nonetheless, due to inter
action of photoperiod and temperature, reproductive growth could be 
induced under day lengths longer than 12 hours provided that the 
temperature is lower than 16 *C (Greve, 1936; Hartmann.* 1947 a, b; 
Schilletter and Richey, 1930b; Arney, 1956d; Went, 1957; Heide, 1977; 
Durner et al. , 1984). Everbearers, which are also known as
perpetuals, 'day-neutrals' or multiple croppers (Nicoll, 1984; Nicoll 
and Galletta, 1987; Durner et al. , 1984), are conceived as long-day
strawberries since they initiate flower buds when day-lengths exceed 
12 hours (Darrow and Waldo, 1934) and flowering is promoted by longer 
day-lengths and night breaks in comparison with shorter-day con-



10.

ditions (Downs and Piringer, 1955; Durner et al. , 1984; Braun and 
Render, 1985). However, everbearers, in general, can undergo floral 
initiation under both long-day and short-day conditions (Guttridge, 
1969c; Dennis et al. , 1970; Smeets, 1980a) and irrespective of tem
peratures from 14*C to 26’C under 16 hours of day length (Smeets, 
1982). F. virginiana glaiica. a sub-species from Utah area of the 
U. S. A. , has been used as a parent to produce the more recent day- 
neutrals such as cv. Hecker and cv.Brighton (Bringhurst and Voth, 
1981).

In Junebearers, the regulation of vegetative and reproductive 
growth may well be linked by a growth-promoting or flower-inhibiting 
transmissible stimulus produced in the leaves under long-days 
(Hartmann^ 1947a; Guttridge, 1959a, b; Thompson and Guttridge, 1960; 
Guttridge and Thompson, 1963; Vince-Prue and Guttridge, 1973; Vince- 
Prue et al. , 1976). Therefore the vegetative and the reproductive 
growth are considered antagonistic under a given day length (Jahn and 
Dana, 1966). In everbearers, both the vegetative and the reproductive 
growth phases are not temperally separated by different photoperiod 
cues as in Junebearers although the duration of stolon production is 
variable depending upon the cultivars (Nicoll and Galletta, 1987).

1.2 Morphological characters of strawberry plant components

The cultivated strawberry is a herbaceous perennial, producing 
leaves at close intervals on a very short stem, forming flowers at 
the terminal position on the stem apex, and roots at the base of the 
stem. The very unextended stem structure is called a crown. Under 
appropriate conditions, the axillary buds in the axils of the leaves 
may develop into stolons with rapid elongation of the first two 
internodes or branch crowns without apparent elongation of the inter
nodes. Therefore a typical strawberry plant consists of roots, 
crowns, leaves, inflorescences and stolons at maturity (Fig. 1. 1A).



11.

Fig.1.1 Morphological Characters of Strawberry
A. Mature Strawberry Plant
B. A Symmetrical Strawberry Inflorescence
C. A Stolon With One Runner Plant
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1. 1. 1. Roots

Strawberry roots are classified into large, perennial and 
adventitious, and lateral fibrous ones (White, 1927; Mann, 1930). The 
former arise from the vegetative crowns and the latter originate from 
the former. It has been shown that the anatomical structure of the 
adventitious roots is considerably different from that of the fibrous 
roots (White, 1927).

The cyclical root growth pattern was described by Mann and Ball 
(1926, 1927). In spring, strawberry plants experience a considerable
growth of lateral fibrous roots. During the period from March until 
midsummer, there is little root growth, but a vigorous growth of 
leaves, inflorescences and fruits. After fruiting is over in autumn, 
the root growth is slow for a short while with the commencement of 
new branch crown formation, then the main adventitious roots produce 
vigorously till mid-October, which was considered one of the 
functions of strawberry plant dormancy during period of low temper
ature and short daylength by Wilhelm and Nelson (1980). These new 
main roots derive from the old crowns above the old roots and from 
the base of the new branch crowns, the new main adventitious roots 
provide the place where the lateral roots are formed the next spring 
after the dormant season. The roots of a strawberry plant derived 
from a runner plant are entirely adventitious. When the runner plants 
are severed and transplanted or pegged down in the field, the lateral 
fibrous roots will be formed on the main adventitious roots.

1. 2. 2. Crowns

A crown of strawberry plants is a very unextended short stem, 
bearing leaves at the nodes and axillary buds in the axils of each 
leaves. In the vegetative growth stage, the terminal meristem con
tinues to produce new leaves and buds, and to elongate very slowly as 
new nodes are added (Dana, 1980). The axillary buds subtended by the 
leaves can develop into either stolons or branch crowns depending 
upon the environmental conditions or manipulation of plant growth and 
development on purpose. When conditions are unfavourable for differ
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entiation of axillary buds into stolons, they develop into leafy 
shoots called branch crowns. Consequently, there is no essential mor
phological difference between stolons, which are lateral in origin 
from mother plants, and branch crowns, which are unextended branches 
on the mother plant (Guttridge, 1955). Similarly, branch crowns are 
morphologically identical with the main crowns and the runner plants 
on the stolon (Mann, 1930). According to Guttridge (1955), branch 
crowns appear to develop in two stages - firstly, the axillary buds 
change from producing stolon initials to forming branch crown 
initials, then the branch crown initials develop sufficiently to 
become independent branch crowns. Initially, the crown is a short 
fusiform body. By apical growth, it may become cylindrical and 
eventually differentiate into two divisions. The underground portion 
is surrounded with adventitious roots; the above ground portion is 
covered with leaves. The bases of these leaves are closely imbricated 
and provided with three distinctive vascular strands each. The 
stipules are well developed and foliaceous. As these leaves senesce, 
the bases turn into dry and blackened scales.

1.2.3. Stolons and runner plants

A stolon is a very much elongated diageotropic stem (Fig. 
1. 1C). Its structure is highly adapted for carrying the large amount 
of water and nutrients required for the complete establishment of the 
stolon system composed of the lengthy internodes and runner plants. 
The diageotropism may result from stolons being too weak anatomically 
to support themselves in an erect position or the consequence of an 
active tropism (White, 1927). As a specialized branch originated from 
the axillary bud, the stolon differs from a branch crown principally 
in extensive elongation of the first two internodes of the former. 
Microscopically, Guttridge (1955) noted that the first internode of a 
developing stolon bud is longer than that of a developing branch bud. 
The young stolon emerges from the sheathing stipules of its sub
tending leaf as it unfolds and expands. Growth of the first two 
internodes is rapid with leaf initials and stem apex being carried 
forward at the top. The initials at the first and second nodes form 
rudimentary leaves with prominent stipules and vestigial laminae or
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none (Robertson and Wood, 1954b). The first runner plant is produced 
immediately beyond the second node. Root initials develop at the base 
of the second node, usually coming all round the circumference of the 
stolon and growing downwards. The axillary bud at the first node of 
the primary stolon may remain dormant or it may itself form a secon
dary stolon which is usually much smaller than the primary one if the 
apical dominance is disturbed or exogenous growth substances are 
applied (Reynolds, 1987). The axillary bud at the first node of the 
first runner plant at the second node is markedly different from the 
later formed axillary buds. This bud is well placed to receive water 
and nutrients, and develops very rapidly. It is this bud that 
continues the original stolon growth. Thus, it is a new stolon, not 
the original stolon. In everbearing strawberry, the bud in the rudi
mentary leaf of the runner plants is likely to be a flower bud. That 
is why flowers are easily found on the runner plants in the ever- 
bearers (Darrow, 1966). Free translocation of both assimilates and 
water may take place in either directions along the stolon between 
the mother plant and runner plants for quite a long time in the open.

Anatomically, although the xylem is extensive in both the 
stolons and the crowns, that of the stolon is made of large, open and 
true vessels arranged in parallel bundles which make it possible that 
large quantities of water and nutrients necessary for maintenance of 
the stolon system move longitudinally and freely (White, 1927). In 
the crown, the whole vascular cylinder is composed of a network of 
short and anastomosing bundles to provide an efficient means of rapid 
transfer of water and solutes across the crown. Furthermore, these 
bundles themselves, instead of being made up of large vessels, are 
composed of short tracheids provided with numerous large lateral and 
terminal pores which further increase the efficiency of cross and 
longitudinal transfer as well of water and nutrients. Such a crown 
structure makes it possible for plants having had most of their roots 
cut off or destroyed by fungi to support all the leaves, stolons and 
other parts uniformly with water and nutrients. In general, under the 
favourable conditions of stolon formation, stolons are produced con
tinuously from the axillary buds in the axils of new leaves and in 
succession as the leaves develop. The more rapidly the plant grows,
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the more stolons are produced. Their size and length are determined 
by the growing conditions and varietal characteristics (Morrow, 1937; 
Loomis, 1937; Kramer and Stoyan, 1986).

1. 2. 4. Leaves

Strawberry leaves are mainly trifoliate with a fairly long 
petiole to support the three leaflets to an optimal spatial position 
for light interception. In some strawberry cultivars, however, apart 
from these three leaflets one or a pair of lateral leaflets is 
present proximal to the crown, making the leaf unequally impari- 
pinnate. these two lateral leaflets are much smaller than the tri
foliate leaflets, but may contribute to up to 12% of the total leaf 
area (Strik and Proctor, 1983).

Each leaf on the crown subtends an axillary bud in the axil 
comprising a growing apex and one or more initials with the latter 
varying in number in relation to the position of the bud on the crown 
axis. Within the enclosing sheath of the stipules of the last emerged 
leaf enclosed are 5 or 6 developing leaf buds (Guttridge, 1955; Dana, 
1980). This number and the length of leaves at emergence are 
remarkably constant throughout the year as a result of particular 
balance between initiation rate and growth rate of the leaf 
primordia, and similar responses of both to seasonal conditions. 
However, Arney (1953b, 1955a, b) noted that there is tendency for the
number to rise by one in winter and to fall by one in spring with 
cv. Royal Sovereign because the leaf primordia rarely emerge in 
winter and leaf emergence outpaces leaf initiation during the period 
of spring. The arrangement of leaves around the crown axis is 2/5 
spiral with every sixth leaf directly over the first, that is, the 
angular divergence between successive leaves is approximately 137’ 
(Arney, 1953b) to ensure maximum light use.

Arney (1953a) found a plastochron interval (time elapse between 
the emergence of successive leaves) to be 8-10 days with cv. Royal 
Sovereign during June, July and August in the open, but Abbott 
(1968) reported 7-8 days under glasshouse conditions. Jahn and Dana



16.

(1970b) recorded a plastochron interval of 10-12 days for cv. 
Sparkle , cv. Catskill and cv. Dunlap cultivars grown at 22#C in 
the glasshouse.

The rate of leaf emergence is temperature-sensitive and tends 
to be more rapid in early spring than during the main part of the 
growing season. The cool temperatures in autumn slow down and 
eventually stop new leaf emergence in winter. After examining nine 
varieties in the field, Darrow (1930) found that day temperatures of 
18-25°C are the range within which leaf production is at the maximum 
rate. Arney (1953a) noticed that mean air temperatures below 5*C stop 
the emergence of new leaves almost completely with cv. Royal 
Sovereign .

Ontogenetically, the growth of a whole leaf is thought to be 
composed of two different phases (Arney, 1953b). The first phase is 
considered from leaf initiation until emergence of the leaf. The leaf 
elongation growth mainly takes place within the leaf bud and shows an 
exponential response to time course, characteristic of cell division. 
The second phase is considered as the time from leaf emergence to 
reach of the maturity of the leaf. The leaf elongation growth is 
rapid accompanying unfolding and expansion of the leaf, and presents 
a close straight line relationship with time elapse until the 
elongation to slow down, characteristic of cell expansion lasting 
about 20 days. In contrast, Abbott (1966, 1968) reported that the 
rapid expansion of strawberry leaf area after emergence is brought 
about by both cell division and cell expansion. The final leaf size 
is primarily determined by the rate of cell division and duration of 
cell expansion which predominantly controls the second stage of leaf 
growth.

1.2.5. Inflorescences

The inflorescence of a strawberry plant terminates a crown axis 
whether it is a main or branch crown. While the inflorescence is 
developing, the vegetative growth continues through extension crowns
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developing from the uppermost axillary buds (Guttridge, 1952; 
Robertson and Wood, 1954a).

1.2.5.1. Components of an inflorescence

The strawberry inflorescence is of dichotomous type (Fig. 
1.IB). The peduncle and pedicels are continuations of the original 
stem and its branches. At each node of the inflorescence, a bract 
replaces the leaf as on the vegetative stem, while the bud in the 
axil of each bract develops into a branch of the inflorescence. The 
bract at the first node is greater than at the second one, the latter 
greater than at the third node, and so on. Typically, the primary 
axis and other branches have three internodes - a long one, a very 
short one and another long one (Darrow, 1929). However, Jahn and Dana 
(1970a) noticed the usual absence of the very short internode between 
the bracts. The flower that terminates the main axis is known as 
primary; those terminating the branches from the main axis are 
referred to as secondary; those terminating the branches from the 
secondary axes are called tertiary flowers, and so forth. In 
consequence, a typical inflorescence should consist of one primary, 
two secondary, four tertiary, eight quarternary or 16 quinary flowers 
theoretically. In practice, the strawberry dichasial cymes vary from 
varieties and between individuals greatly in size and branching 
ability (Anderson and Guttridge, 1982). Potentially, the dichasial 
cymes are unlimited in size. However, in reality, inflorescences are 
limited mainly by premature termination of bud development or failure 
of buds to form at all at quarternary or quinary positions.

1.2.5.2. Diversity of the strawberry inflorescence

The strawberry inflorescences are normally dichasial cymes. 
Nevertheless, the two branches of the same ranks above primary are 
not always equal either in number of flowers borne on each or in the 
time of flowering. The pedicel of a primary flower is generally 
inserted a short distance from the joint of two secondary branches 
and on the smaller of the two. The flower on the larger secondary 
branch usually opens directly after the primary flower and before
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that on the smaller branch (Valleau, 1918). Flowering dates of the
four tertiary and eight quarternary flowers are also in a diverse
order. Robertson and Wood (1954a) distinguished three basical com
ponent units of various strawberry inflorescences. They are: (1) the
terminal primary axis with only one primary flower; (2) simple 
branches with from one to three flowers; (3) complex branches with 
more than three, but hardly ever above seven flowers. Practically the
same basical structure inflorescence shows diverse combinations of
numbers of the last two branch types with further varied flower 
numbers of each branches. As a result, inflorescences of widely 
different size with respect to branch numbers of the same rank and 
flower numbers could be found amongst differing varieties, even 
within a same genotype (Darrow, 1929; Robertson and Wood, 1954a).

In an inflorescence, the primary axis and other branches 
usually have three internodes - a long one, a very short one and 
another long one, but irregularities exist from variety to variety, 
which results in the characteristics of specific cultivars. When 
'varieties have shorter and fewer internodes on each flower axis, the 
inflorescence is characterised by basal branching, otherwise by high 
branching (Darrow, 1929). Generally speaking, secondary fruits borne 
on basal branches are larger than those produced on high branches. 
Even the basal-branching inflorescences may have secondary or 
sometimes tertiary berries as large as primary ones.

1. 2. 5. 3. Components of a single strawberry flower

Strawberry flowers are hypogynous and typically pentamerous 
with regard to all component members except the pistils which are 
arranged in a spiral pattern upon the receptacle surface. The 
perianth consists of three whorls of members - the outer five 
epicalyx lobes alternating with five sepals and opposite to five 
white petals (Valleau, 1918). Within a typical flower, the stamens 
are arranged in multiples of 5 and with three whorls. The outer one 
is composed of 10 parapetalous stamens with long filaments, located 
at either side of the base of each petal. The second whorl consists 
of five antipetalous stamens with shorter filaments than those of
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both outer and inner whorls, located opposte the petals and inside 
the parapetalous whorl. The third whorl consists of five antisepalous 
stamens located inside the other two whorls. Variations in stamen 
number from the above arrangement are due to the addition or loss of 
one or more stamens from the antipetalous and/or antisepalous whorls, 
resulting in stamens from 20 to 35 normally (Dana, 1980).

1.2.5. 4. Fertility of pistils of strawberry flowers

Three types of strawberry flowers have been recorded both in 
wild and in cultivated strawberry plants. They are referred to as 
pistillate, hermaphrodite and staminate. Pistillate flowers tend to 
set all themselves, but staminates set none. The fertility of herma
phrodite flowers is varied (Valleau, 1918; Guttridge and Turnbull, 
1975; Guttridge and Anderson, 1976; Guttridge et al. , 1980; Gilbert
and Breen, 1986). It has been shown that primary flowers are more 
likely to prove fertile than are later flowers, while secondary, 
tertiary, quarternary, or quinary if there are any, are less and less 
fertile respectively. Later-formed inflorescences were reported to 
show greater sterility than those formed earlier in ' cv. Dunlap' 
strawberry (Darrow, 1927, 1937). Ruef and Richey (1925) reported that 
sterility with later-rooted runner plants is greater than that with 
earlier-rooted runner plants. Both Valleau (1918, 1923) and Darrow
(1927) suggest that the sterility of hermaphrodite flowers tends to 
be associated with presence of the stamens because all or commonly 
all pistillate flowers set fruits, or that the sterility results from 
the dioeciousness which is associated with high chromosome numbers of 
the octoploid plants (Longley, 1926).

1.2.5.5. Initiation of strawberry inflorescences

In the open, initiation of inflorescences with Junebearers 
usually takes place when daylength is getting shorter, and 
temperature getting cooler in autumn (Waldo, 1930a; Schilletter and 
Richey, 1930b; Schilletter, 1932; Guttridge, 1952, 1955; Robertson
and Wood, 1954a; Arney, 1956d; Mason, 1966). However, initiation of 
inflorescences with everbearers occurs both during summer and during
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autumn conditions (Waldo, 1930b; Robertson, 1955). The flower 
initiation, which is associated with the physiological and anatomical 
changes occurring at the meristem upon receipt of the floral 
stimulus, is first indicated by broadening and flattening of the apex 
(Jahn and Dana, 1970a; Durner and Poling, 1985). Floral differen
tiation occurs from initiation through anthesis. Each single flower 
develops centripetally, the sepals appearing first followed by the 
petals, stamens and pistils (Waldo, 1930a; Guttridge, 1952; Jahn and 
Dana, 1970a).

1.2.6. Strawberry 'fruit*

The fertilized ovules on the receptacle surface develop into 
achenes. Each of the small achenes is botanically a true fruit, while 
the edible structure, as it is called a strawberry 'fruit1, is an 
enlarged fleshy receptacle upon which the many individual achenes are 
borne. Naturally, ovule fertilization is the most important factor in 
the control of receptacle development. After fertilization, hormones 
are produced rapidly, and the tissue around the fertilized ovule 
starts swelling with assimilates being accumulated in the growing 
receptacle (Nitsch, 1950). In an inflorescence, fruits from primary 
to quarternary positions are progressively smaller, with primary 
fruit being the largest (Valleau, 1918; Webb et al. , 1974̂ ; Forney and 
Breen, 1985a). The size of individual fruits is determined by both 
the number of achenes per' fruit and receptacle expansion measured in 
achenes/cms. Webb et al (1973) recorded 314, 166, 114 and 95 achenes
per fruit for primary, secondary, tertiary and quarternary fruits 
respectively with cv. Cambridge Favourite . Furney and Breen (1985a) 
reported 7, 14 and 19 achenes/cm2 for primary, secondary and tertiary
fruits with cv. Brighton respectively. The form and shape of a 
strawberry fruit is determined by uniformity of fertilization of the 
ovules on the receptacle surface and extent of receptacle expansion. 
Nitsch (1950) obtained a variety of forms and shapes of strawberry 
fruits with cv. Marshall through removal of achenes from the 
receptacle.
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1.3. Growth relations of strawberry plants

At maturity a typical strawberry plant is composed of roots, 
crown<s), leaves, stolons and runner plants, and reproductive organs 
such as inflorescences and developing fruits. As a whole, the growth 
and development of each component is related to each other. Growth 
relations in strawberry plants can be grouped into those between 
vegetative parameters, those between reproductive parameters and 
those between the two.

1.3.1. Growth relations between vegetative parameters

Vegetative parameters can be considered as those that consti
tute the vegetative components of a plant and those that serve to 
describe and measure characteristics of these vegetative component 
parts.

1. 3. 1.1. Growth relations between the vegetative components

Roots are one of the important vegetative components involved 
in absorption of water and mineral nutrients, anchoring plants, 
storing and synthesizing some essential materials (White, 1927; Mann, 
1930). The intimate connexion of the secondary tissues of roots and 
crowns from which the roots are originated is a distinctive and 
physiologically important structural feature of a mature strawberry 
plant (Mann, 1930). Furthermore, crowns provide the sites where the 
adventitious roots are formed at appropriate times during the growing 
season (Mann and Ball, 1926, 1927; White, 1927; Mann, 1930). Hanson
(1931) suggested that there is likely to be a correlation between top 
and root system growth and development, varieties with poor top 
development usually having poor to fair root systems and those with 
excellent top development usually having fair to good root systems. 
In both Junebearers and everbearers, Nicoll (1984) reported that root 
dry weight is positively correlated with crown dry weight, but not 
with crown numbers despite more sites being available for root 
initiation in multiple-crowned plants. Very recently, Chandler et al. 
(1988) reported that severe root pruning (50%, 70% and 78%) resulted
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in plant death in the glasshouse-grown cv. Allstar strawberry 
plants.

Branch crowns and stolons can both develop from the axillary 
buds subtended by leaves, depending upon the interaction of indi
vidual genotypes and environmental conditions. Besides the compe
tition for the original sites, branch crowns and stolons are competi
tive for both nutrients and water supply. Hence plants with stolons 
removed form more crowns and produce much greater leaf area than do 
plants with stolons intact (Denisen, 1953). Bjurman (1974) noted that 
both stolon and runner plant formation is inversely proportional to 
production of branch crowns in 1 cv. Redgauntlet' and ' cv. Kristina'. 
Furthermore, stolon removal can stimulate further stolon production 
(Waldo, 1935), indicating that the existing stolons suppress ini
tiation of new stolons.

It could be supposed that leaf growth bears a similar relation
ship to stolon formation and/or branch crown production because the 
latter do not produce their own root systems at first. Therefore 
young growing leaves usually have competition from both stolon and 
branch crown proliferation for mineral nutrients, water and photo- 
synthate requirements. For example, stolon production on parent 
plants of cv. Howard 17 resulted in a reduction in leaf size by 
about 50% in comparison with that on parent plants with stolons 
removed (Darrow, 1930). The similar response is also observed by Jahn 
and Dana (1970b) in cv. Dunlap , cv. Sparkle and cv. Catskill . 
Arney (1953a), however, reported that stolon production does not 
alter the rate of leaf formation with cv. Royal Sovereign , but 
formation of branch crowns causes a small reduction in the rate of 
leaf production per crown. The relationship between successive leaves 
on the crown axis is illustrated by Arney (1956a, b) that removal of 
young leaves accelerates the growth of apex and next leaf initiation, 
implying that young leaves inhibit the growth of leaf initials and 
apex in strawberry plants. It is said that the inhibition is 
attributed to a considerable production of auxin which is 
characteristic of expansion of the young leaves.
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1.3.1.2. Vegetative growth and some plant characteristics

Characteristics, either attribute or continuous, introduced to 
describe the whole plant or some vegetative components bear both 
qualitative and quantitative relationships with vegetative growth to 
a greater or lesser extent. The formation of stolons is positively 
correlated with plant vigour (Darrow, 1929). Jahn and Dana (1970b, c) 
reported that the growth of older and heavier initial runner plants 
is characterised by more leaf production, larger leaf size, more 
stolons and stronger root systems than that of younger and lighter 
initial runner plants. On the other hand, Arney (1954) noticed that 
plants above 15 months old produced smaller leaves than did younger 
plants in cv. Royal Sovereign . Jahn and Dana also reported that the 
diameters of crown and crown bud, and the number of leaf primordia 
are all positively correlated with one another in three cultivars. It 
is further revealed that the crown diameter of initial runner plants 
is positively correlated with number of leaves emerged and leaf 
initials per branch crown both in cv. Cambridge Favourite and cv. 
Cambridge Vigour and that plant height and number of primary stolons 
per plant increase with increasing runner plant size in cv.
Cambridge Favourite in the year of planting (Mason, 1987). A similar 
relationship was also observed before by Guttridge and Anderson 
(1973) in cv. Crusader and by Mason and Rath (1980) in cv.
Cambridge Favourite . The presence of this relationship indicates 
that stored materials in'the initial plants play a very important 
role in the subsequent growth and development (Jurik, 1983).

1.3.2. Growth relations between reproductive parameters

Reproductive parameters can be thought of as those of which 
inflorescences are made and those that are introduced to describe the 
physical appearance of various reproductive components. According to 
Guttridge and Anderson (1973), Bjurman (1975), Mason (1980), and 
Mason and Rath (1980), the amount of strawberry fruit harvested from 
a plant can be defined as the result of multicative effects of four 
yield components, that is, (1) number of crowns which can be induced 
for flower initiation, (2) number of inflorescences per crown, (3)
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number of flowers per inflorescence which can develop into berries 
and <4> mean berry weight. As can be seen, the last three yield com
ponents are all involved in reproductive growth.

1.3.2.1. Fruit yield per plant in relation to reproductive yield 
components

Since strawberry fruit yield per plant can be treated as a 
function of number of inflorescences per plant, number of berries per 
inflorescence and individual mean berry size (Guttridge and Anderson, 
1981; Webb et al, 1974a, b; Bjurman, 1975), the improvement of any 
one, or all these yield components should contribute to a yield 
increase per plant. During the course of growth and development of a 
plant, these yield components operate in sequences which have been 
described by Abbott et al (1970). Although low yield is associated 
with small berry size, it is known that high yield is more dependent 
upon the number of berries (Childs, 1936; Lacey, 1973; Strik and 
Proctor, 1988). Guttridge and Anderson (1973) observed that the 
strawberry yield with cv. Crusader is positively correlated with 
both number of inflorescences and number of berries, which has also 
been reported by Bedard et al (1971) in a breeding programme and by 
Brooks and Sargent (1976) in cv. Redgauntlet and cv. Glasa .

1.3.2. 2. Growth relations between the reproductive components.

In spite of the fact that strawberry yield is positively 
correlated with all of the individual yield components, the relations 
between these various components can be competitive, that is, 
positive changes in one component may be followed by negative changes 
in other components. In general, the number of berries is directly 
proportional to the number of flowers if pollination is not limiting. 
The number of flowers per inflorescence is negatively correlated with 
number of inflorescences per plant. So is mean berry weight with 
number of berries per inflorescence due to competition for 
photosynthates and other essential materials (Guttridge and Mason, 
1966; Bjurman, 1975; Mason, 1980; Mason and Rath, 1980). The effect 
of fruiting on the subsequent reproductive growth is restricting.
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Waldo (1935) reported that both partial and continual flower removal 
stimulates production of more flowers in cv. Progresive . Forney and 
Breen (1985b) noted that fruiting inhibits production of new in
florescences in cv. Brighton .

1.3.2. 3. Fruit size in relation to physical characteristics of in
florescence structure.

Variation in fruit size is very noticeable both between geno
types and within a given cultivar. Mean berry weight was reported to 
be 16.4, 13.4, 13.0 and 9.8 grams for cv. Redgauntlet , cv. Senga
Sengaria', cv. Zephyr and ' cv. Kristina- respectively for two con
secutive years over six different localities (Bjurman, 1974), indi
cating that berry size is likely to be an inherited character. Within 
a genotype, berry size variation can be brought about by various 
factors. Went (1957) observed that single fruit weight decreases with 
increased daytime temperatures. Thompson (1971) reported that high 
temperatures and low light intensities cause small berries, and high 
light intensities and lower temperatures are favourable for producing 
large berries. Of all the other factors, the characteristics of 
inflorescence architecture should be the most responsible for berry 
size variation within a given cultivar. Because of the branching 
habit of strawberry inflorescences, a typical inflorescence should 
have one primary flower, two secondary, four tertiary, eight 
quarternary flowers and so on. As a rule, the primary fruit is in
variably bigger than secondary berries and the latter are larger than 
tertiary ones, and so on. Primary fruits ripen first which is why 
berries are usually larger at the beginning of harvest season than 
those of later harvests due to more and more inferior positional 
fruits in the later harvests (Waldo, 1935; Childs, 1936). Webb (1973) 
reported that maximum berry weight is related to diameter and length 
of both peduncles and pedicels. Primary fruit is in a position of 
advantage over other rank berries in two aspects - firstly its con
ducting systems are better developed than those of the others, being 
thicker and shorter in total. It also reaches ripeness before the 
others, showing apical dominance. Accordingly vigorous plants of 
varieties with short peduncles produce relatively larger berries than
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those of varieties with long peduncles (Darrow, 1929). Relationships 
between fruit size and the components of a flower were first 
described by Valleau (1918), being displayed that fruit size 
increases with increasing number of the components of a flower. The 
removal of a calyx from a flower has an adverse effect upon berry 
size, but removal of petals does not affect development of the 
receptacle in any way (Bajaj and Collin, 1968).

Within an inflorescence, the larger the primary fruit, the more 
rapid is the relative decline in size of individual fruits of 
inferior positions (Valleau, 1918; Moore et al, 1970; Sachs and 
Izsak, 1973). However, Sherman and Janick (1966) reported that the 
relative decrease in size of individual fruits from primary to 
quaternary ranks was similar in over 30 cultivars. It was found that 
the weight of a single primary, the combined weight of two secondary 
and four tertiary fruits were equal on plants with only one 
inflorescence left. Similar corresponding results have been presented 
by Lis and Antoszewski (1982) in cv. Talisman using isotope studies 
and by Forney and Breen (1985a) in cv. Brighton . In cv. Fresno 
and cv. Tioga , Sachs and Izsak (1973) showed that removal of 
primary, secondary or even tertiary fruits brings about an increase 
in weight of fruits in inferior positions respectively, but removal 
of fruits at lower ranks does not seem to increase weight of fruit at 
superior ranks, which is in line with the results obtained by Janick 
and Eggert (1968). This indicates that a form of apical dorminance 
exists within the inflorescence which was indirectly proved by 
Antoszewski and Dzieciol (1973) showing that the older fruits 
accumulated more assimilates than did younger fruits. Interestingly, 
removal of primary and secondary flowers at anthesis does not affect 
the number of flowers at tertiary and quaternary ranks significantly 
in comparison with control plants, indicating that the number of 
flowers is not influenced through competition for assimilates amongst 
different rank flowers (Anderson and Guttridge, 1982).
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1.3.2.4. Fruit size in relation to number of achenes and their 
separation on the receptacle surface

Achenes are true botanic fruits developed from fertilized 
ovules. Normal growth and development of the receptacle depends upon 
successful pollination and effective fertilization of all the ovules 
on the receptacle surface.

1.3.2.4.1. The role of achenes in the enlargement of the receptacle

When berries of various sizes are directly compared, it is 
generally accepted that berry size can be treated as a function of 
both total achene number and their distribution on the surface of the 
receptacle. It has been shown that no growth of the receptacle could 
occur if all of the ovules were not fertilized and that further 
development of a receptacle after anthesis occurred only around the 
fertilized ovules if not all were fertilized in cv. Marshall 
(Nitsch, 1950). It was also observed that absence of carpels on the 
receptacle surface resulted in cease of enlargement of receptacles 
with cv. Talisman and cv. Redgauntlet (Thompson, 1963, 1964).
Bajaj and Collin (1968) obtained a similar response of receptacle 
growth to achene removal with cv. Sparkle in vitro, showing that 
when flowers with only one fertilized ovule were cultured,
receptacles developed only around the fertilized ovule, whereas if 
all ovules were removed,- growth of the receptacles completely 
stopped. Further investigations indicated that removal of achenes 
both at anthesis and several days after pollination prevented 
receptacle enlargement immediately in cv. Rabunda (Tafazoli and 
Vince Prue, 1979), cv. Ozarkbeauty (Mudge et al 1981), cv.
Talisman (Lis and Antoszewski, 1982) and cv. Our Own (Archbold and 
Dennis, 1984). Therefore it can be seen that fertilization of the 
ovules and presence of effective achenes are essential for enlarge
ment and continuous growth of the receptacles. Experiments have shown 
that in flowers where the carpels are removed, the receptacles can be 
induced more or less to full development by exogenous application of 
only auxin-like substances (Nitsch, 1950; Thompson, 1963, 1964, 1967,
1969; Bajaj and Collin, 1968; Tafazoli and Vince-Prue, 1979; Mudge et
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al, 1981; Lis and Antoszewski, 1982; Archbold and Dennis, 1984; 
Southwick and Poovaiah, 1987; Darnell et al, 1987; Darnell and 
Martin, 1987a, b). Zielinski and Garren (1952) reported that appli
cation of beta-naphoxyacetic acid to the receptacles some time after 
pollination gave a significant increase in fruit size with 'cv. 
Marshall' . So it is well-established that the role of achenes is to 
supply auxin-like substances to the receptacle to stimulate the 
accumulation of assimilates translocated in the phloem system (Lis 
and Antoszewski, 1982). Within tissues of each achene - embryo,
endosperm and nucAsaS , endosperm is identified as a source of 
growth-promoting substances which stimulate receptacle growth 
(Thompson, 1963). However, Given et al. (1988) found that the 
declining auxin concentration in the achenes of strawberry fruit as 
they mature may modulate the rate of the fruit ripening.

1.3.2.4.2. Fruit size in relation to achene number and achene 
spacing

As early as 1918, Valleau (1918) showed variation of achene 
number between different fruit positions within an inflorescence, 
with the number of achenes decreasing from superior to inferior fruit 
positions. In accord with this observation, both Janick and Eggert 
(1968), and Webb and White (1971) showed a consistent decrease in 
number of achenes with increasing fruit ranks in a few cultivars. It 
was Nitsch (1950), however, who first pointed out that the berry size 
is approximately proportional to the number of fertilized ovules. 
This relationship was also achieved by Moore (1964) in cv. Sure 
crop and by Eaton and Chen (1969) both in cv. North West and in 
cv. Siletz . Further investigations reveal that the weight of a 
well-formed berry is highly correlated not only with total number of 
achenes but also with the achene spacings expressed as achenes/cm2 
(Abbott and Webb, 1970; Abbott et al. , 1970; Webb, 1972; Webb et al. ,
1974a,b; Wenzel and Smith, 1974). Accordingly, for each given value 
of achene spacing, there is a linear relationship between the berry 
weight and total achenes within a genotype. It was Abbott and Webb 
(1970) who first derived this relationship and expressed it as a 
following formula:
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(Total number of achenes -C) *F 
Fresh weight of a ripe berry (g) = ________________________________

number of achenes per cm2

where ' C* is the mean constant of regression lines and 'F* the mean 
value for achene spacing * slope. Biologically, ' C' represents a 
numerical adjustment probably due to the non-spherical shape of 
berries and 1F' the weight in grams per unit of area of tissue which 
forms the berry. They both may be variety-specific under normal con
ditions (Webb et al, 1978). The total number of achenes is likely to
be characteristic of cultivars and usually determined after emergence

3|t>
of flowers and fertilization of the ovules (Webb et al, 1974^. Number 
of achenes per cm2 is not related to actual fruit size and is a 
quantitative expression for receptacle development during the 
fruiting period. Thus it can be used for comparing degrees of 
receptacle development under differential conditions (Webb et al, 
1973).

1.3.3. Growth relations between vegetative and reproductive 
paramet ers

Like many other plants, strawberry plants undergo both 
vegetative and reproductive growth. The vegetative growth can be con
fined to the emergence and growth of roots, leaves, branch crowns, 
stolons and runner plants. The reproductive growth can be defined as 
the induction, initiation and differentiation of inflorescences, and 
subsequent flowering and fruiting. Junebearers experience flower 
initiation and differentiation in autumn and/or early mild winter, 
and express flowering and fruiting next spring without any further 
flower initiation during summer. Everbearers initiate and differen
tiate flowers both in warm summers and cool autumns, followed by 
flowering and fruiting through the spring and the whole of the 
summer. Good vegetative growth is associated with a good yield of 
fruits unless the vegetative growth is excessive before and/or after 
the start of reproductive growth. Nevertheless, vegetative growth is 
generally antagonistic to reproductive growth at the time when both 
are vigorous (Bedard et al. 1971).



30 .

1.3.3.1. Leaves and reproductive growth

Leaves provide almost all the energy for growth and development 
of the whole plant through photosynthesis even though photosynthesis 
can take place within the inflorescence as it has green structure 
presumably. It has been pointed out that the vegetative parameters 
that correlate with the reproductive components fall roughly into two 
groups - those associated with the number of fruits and those related 
to fruit size (Lacey, 1973). Leaf number has been found to correlate 
highly with fruit number at any time of the year, but with fruit size 
only during the fruiting season. In eight varieties Sproat et al 
(1935) showed that flower number and fruit yields are directly pro
portional to the number of leaves per plant in the previous autumn. 
Based upon this relationship, it is suggested that any means such as 
fertilization, irrigation and cultivation that can promote larger 
leaf area development in autumn should improve the fruit yield next 
summer. A similar increase of fruit yield brought about by better 
leaf number has been observed by Hartman (1947a) in cv. Missionary 
and Janick and Eggert (1968) in cv. Sure crop .

It has also been shown that the intentional removal of expanded 
leaves, leads to reduced reproductive growth. For instance, severe 
defoliation of two-thirds of the expanded leaves with cv. Cambridge 
Vigour reduced the number of berries of all rank positions 
remarkably (Abbott and Best, 1969). A similar response has been 
reported in everbearers such as cv. Ostara and cv. Rabunda 
(Anderson and Guttridge, 1982). In contrast, it has been reported 
that in varieties such as cv. Talisman' and cv. Redgauntlet with a 
weak photoperiodic control of inflorescence induction, defoliation in 
August in the open frequently increased the final level of inflores
cence initiation, although removal of the expanded leaves failed to 
do so in such varieties as cv. Cambridge Favourite and cv. Royal 
Sovereign with a strong photoperiodic control of inflorescence in
duction (Mason, 1966; Guttridge and Mason, 1966). Mason (1967a, b) 
confirmed that with cv. Talisman and cv. Redgauntlet , the 
greatest increase in inflorescence initiation occurred when leaves 
were removed during the period from early- to mid-August because
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leaves could exercise a flower-inhibiting effect (Guttridge, 1959a, 
b; Thompson and Guttridge, 1960). The optimum leaf number of initial 
runner plants relating to the yield of first year planting at trans
planting without chilling has been studied by Albregts and Howard
(1985). It varies with varieties. For example, the optimum leaf 
number for cv. Dover , cv. Florida-belle , cv. Pajaro has been
found to be 4.0, 4.0 and more than 5.0 respectively.

1. 3. 3. 2. Flower removal and vegetative growth

Strawberry fruits are strong sinks for assimilate accumulation. 
It is known that fruit dry matter increase is much greater than that 
of any other strawberry plant component (forney and Breen, 1986b; 
Olsen et al, 1985). The depression of vegetative growth due to 
fruiting is also well-known. Jahn and Dana (1966) found that fruiting 
reduced leaf size, total leaf area, and delayed the emergence of new 
leaves and stolons. This antagonism between vegetative and repro
ductive growth had also been presented by Arney (1954, 1955b) in : cv.
Royal Sovereign-, by Benott (1972) in cv. Redgauntlet and by Webb 
and White (1973) in several cultivars. On the other hand, removal of 
flowers brings about a beneficial effect on vegetative growth. Back 
in 1926, Mann and Ball (1926, 1927) observed that the removal of 
flowers at an early stage could lead to the stimulation of vegetative 
growth in spring and maintain a greater vigour compared with plants 
during 'exhausting period' of flowering and fruiting. Deflowered 
plants are able to continue to grow vigorously, retain their lateral 
roots in a functional condition for a longer period and develop new 
leaves and young stolons at an earlier date than plants bearing 
fruits. Later investigations more or less agree with this description 
(Waldo, 1935; Robertson and Wood, 1954b; Scott and Marth, 1953). Very 
recent observations also reveal that both partially and completely 
deflowered plants have greater leaf, crown, root and stolon pro
duction than do the fruiting plants in both Junebearers and ever- 
bearers, the latter in particular (Schaffer et al, 1985, 1986a,b;
Forney and Breen, 1985b).
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1.3. 3. 3. 'Plant size' and reproductive growth

'Plant size' refers to plant height and width, plant age, 
initial plant weight, crown characteristics such as number, diameters 
and weight, and so on. Crown number per plant is taken as one of the 
yield components (Guttridge and Anderson, 1973). Increasing crown 
numbers per plant, which in turn can then be induced to initiate 
flowers, should enhance the fruit yield per plant. Abbott (1968) 
stated that the potential fruit yield for each plant is determined by 
its branch crown numbers, before the start of flower initiation in 
particular. It has also been emphasized by Lacey (1973), Guttridge 
and Anderson (1973), Hancock et al (1984a) and Abdullah (1986) that 
strawberry fruit yield is positively correlated with branch crown 
numbers. In parallel with crown numbers, the fruit weight of each 
plant is positively correlated with both the crown weight (Sherman 
and Janick, 1966) and crown diameter (Mason and Rath, 1980).

Both initial plant weight and age have a strong effect on the 
subsequent reproductive growth. Davis (1922) showed that runner 
plants formed in the early part of the growing season were likely to 
be ones which gave the largest number of flowers and bore the 
heaviest fruit yield per plant in cv. Parsons . Ten years later, 
in cv. Blackmore , cv. Klondike and cv. Missionary , Morrow and 
Beaumont (1932) reported that the average number of flowers and 
berries on each plant increased with increasing plant age. However, 
single fruit weight showed a general decrease as the plant age 
increased, indicating berry size is inversely proportional to the 
number of berries per plant. A similar response of reproductive 
growth to initial plant weight had been reported by Jahn and Dana 
(1970b, c), and Webb and White (1971, 1973) in several cultivars.
Very recently, it has been reported that both inflorescence initi
ation and number of potential cropping inflorescences are highly 
related to the runner plant size measured either as crown diameter or 
as initial dry weight in the first year cropping (Mason, 1987).

The effect of position of runner plants on the stolon, on 
reproductive growth was first reported by Schilleffer and Richey
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(1930a). The conclusion is that runner plants near to the mother 
plant produce more flowers than those further away. On the contrary, 
Leshem and Koller (1964) found that the median runner plants of cv. 
Lassen explanted from the mother plant just prior to the time of 
their flower initiation yielded significantly more than either proxi
mal or distal ones.

Plant height and width or the product of both have been found 
to be directly correlated with fruit yield per plant during the 
flowering period (Mason, 1980; Guttridge and Anderson, 1981). 
However, summer fruit yield and its components in both Junebearers 
and everbearers were reported to be negatively correlated with plant 
volume and other vegetative components such as petiole length, 
average leaf area and runnering (Nicoll, 1984; Nicoll and Galletta, 
1987). In most cases, it is accepted that vigorous plants in autumn 
initiate more infloresences per plant (Pickett, 1918; Sproat et al, 
1935; Morrow and Darrow, 1940; Jahn and Dana, 1970c), but Way and 
White (1968) noted that treatments such as heavy nitrogen application 
which increased plant vigour of cv. Cambridge Rearguard during 
spring suppressed inflorescence production.

1. 3. 3. 4. Approaches to maximum strawberry yield

Commercially, the highest possible yield of class I fruit is 
the objective of the grower. Although strawberry fruits themselves 
are the products of reproductive growth, they are the result of both 
interrelated processes - vegetative and reproductive growth. While 
the ultimate yield components are number of berries and average berry 
weight, they are both initiated and modified through a range of 
separate stages of growth and development of the whole plant. It is 
well known that each phase has its own part to play and that the 
maximum fruit yield can be obtained only through the best coordi
nation of all these phases. The whole yield-forming process has been 
divided into six stages (Webb et al, 1974), so that specific 
approaches can be employed to improve any one process towards the 
highest yield. These six stages are: (1) vegetative proliferation
which determines the maximum number of flowering crowns; (2) inflor-
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escence initiation which determines the maximum number of inflor
escences per crown; (3) flower formation which influences the maximum 
number of open flowers per inflorescence; (4) production of ovules on 
the receptacle determining the highest total number of ovules per 
flower; (5) flower emergence and fertilization of ovules effecting 
the optimum efficiency of fertilization of the ovules and (6) 
receptacle development and ripening which determines the maximum 
level of receptacle tissue development per achene. Consequently the 
achievement of a maximum strawberry fruit yield is an ever-lasting 
procedure throughout the plant growing period. Approaches to a maxi
mum strawberry yield can be thought of as any possible means which 
contributes to the optimization of all the variables which are 
influenced by each stage.

1.4. Responses of Junebearers and everbearers to temperature

Temperature is the single most important factor in controlling 
plant distribution on a world-wide and/or on a small ecological scale 
because plants are unable to regulate their temperature effectively. 
Whether measured as dry weight increase or in other ways, plant 
growth is slow at temperatures close to 0°C and increases rapidly 
with temperatures up to a maximum which is commonly about 20'C-35°C 
for mesophillic plants (Sutcliffe, 1977). Bey ond this range, the 
rate of plant growth begins to level out and then declines until a 
temperature is reached at which growth stops. At higher temperatures 
than this, plant death takes place. The wild strawberry species 
possess a geographically wide distribution. Amongst them, F. vesca, 
assumed to be the basic diploid (2X = 14) species, has the widest 
distribution, while the hexaploid F. Moschata the most limited 
distribution (Darrow, 1966). The parents of modern cultivated straw
berries also display an extremely wide adaptation due to their 
mechanisms to cope with various stressful environmental factors such 
as light and temperature (Hancock and Bringhurst, 1979; O'Neil et al, 
1981). However, due to the sensitivity of cultivated strawberry 
plants to extremely cold and high temperatures, some varieties do
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suffer from cold winter injury and high temperature damage (Anderson 
and Guttridge, 1970; Zurawicz, 1978; Garren, 1980; Abdullah, 1986).

1.4.1. Responses of Junebearers and everbearers to chilling
temperature

Under shortening days and lowering temperatures in autumn, both 
Junebearers and everbearers will go into a dormant state so as to 
protect themselves from severe cold weather in winter (Darrow, 1936, 
1966). Dormant plants of Junebearers are characterized by short 
petioles, small leaves, production of branch crowns and continuous 
flower initiation as suitable apices become available, and increased 
dry weight of root and crowns (Roodenberg, 1936; Guttridge, 1958; 
Wilhelm and Nelson, 1980). To break the dormancy, a certain amount of 
chilling is required. Only then are the dormant plants able to resume 
normal growth, producing well-elongated petioles, large leaves, 
stolons and delaying floral induction, but increasing floral 
differentiation (Guttridge, 1958; Bringhurst and Voth, 1960;
Porlingis and Boynton, 1961; Guttridge and Mason, 1963; Piringer and 
Scott, 1964; Braun and Render, 1985; Durner et al, 1986; Durner and 
Poling, 1987). Bailey and Rossi (1965 a, b, c) reported that with 
Catskill petiole length was positively correlated with field 
chilling hours below 7.2°C under glasshouse of 16 hrs daylength at 
night/day temperatures of 12. 8*C/15.6*C and 18.3*C/21. 1 °C and of 8 
hrs daylength at 12.8°C/15. 6°C. Of 8 varieties - cv. Sequoia , cv. 
Tioga , cv. Fresno , cv. Torry , cv. Aliso , cv. Alinas: , ' cv.
Shasta and cv. Lassen , Voth and Bringhurst (1970) found that 
plants held for chilling at -2. 2"C for 30 days yielded significantly 
less than those treated for 15 days or without chilling, but were 
more vigorous vegetatively. It has been shown that, as long as the 
plants are dormant, forcing at about 15 *C under long day 
illumination, they result in a short growth habit with horizontal 
inflorescences, protruding beyond the leaves (Kronenberg and 
Wassenaar, 1972). Large differences were discovered between plants 
chilled at -l'C for 9 months and non-chilled plants of ' cv. Fresno 
and cv. Tioga when grown in the open. Prechilled plants developed
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up to 40 crowns per plant during 7 months' growth, while non-chilled 
plants only 3-4 crowns at most (Avigdori-Avidov et al, 1977).

The range of temperatures for effective chilling is variety- 
specific. Usually a cold-storage temperature from -4.5*C to 2. 2*C is 
effective enough for chilling (Anderson, 1982). Bailey and Rossi 
(1965a) found that temperatures up to 7.0*C still had chilling 
effects in ' cv. Catskill'. Takai (1970) reported that a temperature 
of 9. 5*C had chilling effects although it was less effective than 
temperatures between O’C and 6.5*C. The highest chilling temperature 
reported is 10*C with cv. Glasa and cv. Tioga (Kronenberg et al, 
195$. Varietal variation in chilling requirement has also been noted 
(Piringer and Scott, 1964; Voth and Bringhurst, 1970; Albregts and 
Howard, 1974). For example, cv. Sequoia required a small amount of 
chilling whilst cv. Fresno had a relatively high requirement and 
did not respond to a short period of chilling. ' cv. Tioga' was 
immediate, (Voth and Bringhurst, 1970).

The mechanisms of chilling effects have been investigated by 
Guttridge (1970) and Avigdori-Avidov et al (1977). With cv.
Redgauntlet , cv. Talisman and cv. Cambridge Favourite , it has 
been shown that exogenous gibberellic acid could partially replace 
the endogneous stimuli in petioles which were generated by chilling 
effects, indicating that chilling may stimulate endogenous 
gibberellin production (Guttridge, 1970). Similarly it was found that 
applications of GA3 could replace the effects of two months chilling 
in terms of petiole length, leaf area, stolon production and inhibi
tion of flower formation with cv. Fresno and cv. Tioga (Avidori- 
Avidov et al, 1977). However, an analysis of gibberellin-like sub
stances in the crown tissues showed that they were extremely low 
after 2 or 4 months chilling, but much higher levels of gibberellin- 
like substances were detected in the sprouting plants due to 6 or 8 
months chilling in the cold store. Therefore the rise of gibberellin- 
like activity occurred mainly during the post-chilling period, and 
the processes happening during the chilling period were considered to 
ensure a high potential biosynthesis of gibberellin-like substances 
which come into action mainly after termination of chilling.
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Compared with Junebearers, considerably less specific work has 
been done of chilling effects on everbearers. Normally in spring 
growth is potentially vegetative and in autumn potentially repro
ductive in both Junebearers and everbearers due to the post-chilling 
and dormant physiological state respectively (Guttridge, 1958).
Therefore everbearers exhibit a clearly defined post-chilling phase 
in spring in which flower initiation fails to take place, causing a 
break in fruit production in summer (Waldo, 1930b; Robertson, 1955), 
as in Junebearers, chilling inhibits subsequent floral induction. 
Investigation has shown that chilling induces stolon formation, but 
can be replaced by high temperature 26 °C, and delays flower
initiation in everbearers - cv. Revada , cv. Rabunda and cv. 
Ostara (Smeets, 1982). Further it has been pointed out that effects 
of chilling upon stolon formation in everbearers are different from 
those in Junebearers (Braun and Render, 1985). Stolons develop from 
axillary meristems after satisfying the cold requirement in June
bearers, whereas stolons of everbearers originate from axillary meri
stems initiated prior to chilling and not from the subsequent meri
stems during short daylengths.

1.4.2. Responses of Junebearers to temperature in general

Responses of Junebearers to temperature in combination with 
photoperiod have been well documented in terms of floral induction. 
Although Junebearers are considered as obligate short-day plants, the 
critical daylength for floral evocation can be modified by temper
ature (Darrow and Waldo, 1934; Darrow, 1936; Borthwick and Parker, 
1952; Went, 1957; Heide, 1977). When temperatures are relatively low, 
floral induction can take place under relatively longer daylengths, 
and vice versa. In the case of cv. Marshall strawberry plants, they 
have a typical short-day response for flower formation at temper
atures above 10*C (Went, 1957), but when grown at 10°C or 6*C under 
continuous light they produce flowers without interruption. Further
more, temperature also acts as an important factor to fluctuate the 
number of short-day cycles required for induction of reproductive 
growth in Junebearers. Again with cv. Marshall , it was found that 
floral induction was most rapid at 17°C, requiring 9 cycles, but at
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both higher and lower than 17 *C, more cycles were needed, say, 12 at
14 *C and 20 *C, 16 at 23*C and more than 16 at 10*C individually.
Moreover temperature interacts with light intensity to control the 
flower formation in Junebearers. Went (1957) reported that light 
intensity of 8.6 Klux during 16 hrs of artificial light completely 
inhibited inflorescence initiation at 14*C and 17*C in cv. 
Marshall . 12.9 Klux had the similar effects at 14*C. However, 
12.9 Klux could not completely suppress flower initiation at 10°C,
indicating that the lower the temperature, the higher the light
intensity should be to inhibit inflorescence initiation.

Earliness of flower anthesis and fruit development caused by 
high temperature has been observed in Junebearers (Hartman, 1947a; 
Iyer and Smeets, 1966, Went, 1957; Abdullah, 1986). It has been 
reported that plants of cv. Hapil flowered earlier at 20/15*C by 35
days compared with at 15/10’C, berries ripened earlier by 15 days at
20/15’C in relation to 15/10°C. Went (1957) noted that ripening of 
berries was strongly influenced by night temperatures with cv. 
Marshall . The optimal fruit growth condition was considered at 17*C 
during the day and at 12‘C during the night.

Investigations on responses of stolon production to temperature 
reveal that, in general, high temperatures are promotive to stolon 
formation, acting in a way like long photoperiods (Darrow, 1936; 
Smeets and Kronenberg, 1955; Smeets, 1955, 1956). Interestingly, it
has been found that plants of cv. Deutsch Evern could only produce 
stolons at temperatures higher than 17“C under relatively long 
photoperiods, e. g., 14 hrs (Smeets and Kronenberg, 1955; Smeets,
1956). Further, the duration of stolon formation is longer at higher 
than at lower temperatures (Darrow, 1936). At a common day
temperature of 23*C, Dennis et al (1970) found that a night 
temperature of 15°C gave higher stolon production than did a night 
temperature of 20’C with cv. Frontenac , while cv. Catskill was 
not affected by these two night temperatures. Under short days (9 
hrs). Durner et al (1984) observed that plants of both Junebearers - 
cv. Redchief and cv. Guardian did not produce any stolons at 
18/14'C and 22/18'C, but produced stolons at 26/22*C and 30/26’C. In
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F. vesca, Chabot and Chabot (1978) reported that stolon production 
was highest at 35/15’C in terms of numbers, but greatest at 30/20’C 
with respect to dry weight.

Everbearers usually initiate reproductive growth irrespective 
of temperatures when other factors are not limiting (Smeets, 1980a, 
1982; Durner et al, 1984). Since everbearers are poor stolon pro
ducers, more attention has been paid to effects of temperature on 
reproductive growth. Dennis et al (1970) noted that neither 23/15X 
nor 23/20’C affected stolon production significantly with cv. 
Geneva . Duration of stolon formation has been reported (Smeets, 
1980a) much longer at higher (20*C and 26’C) than at low temperatures 
(14°C), with more stolons being produced from 14*C to 26'C in cv. 
Revada and cv. Rabunda , suggesting that the response of stolon 
production in everbearers is akin to that in Junebearers (Darrow, 
1936).

Berry size with cv. Tristar became quite small when both the 
soil and air temperatures after flowering were high, but became 
larger in the cooler weather of late summer and autumn (Draper et al, 
1981). The rate of flowering was reported dependent upon temperature 
in combination with daylength in cv. Revada and cv. Rabunda 
(Smeets, 1980a). At 8 hrs, the flowering rate was most rapid at 20*C, 
but was not significantly different between 14°C and 26*C. At 16 hrs, 
the flowering rate was more rapid at both 20*C and 26’C than at 14'C. 
At 24 hrs, the flowering rate was more rapid at 26*C than at 20*C, 
and at 20°C more rapid than at 14°C. Thus, as the daylength 
increases, higher temperatures are required to maintain a rapid 
flowering rate with everbearers.

1.4. 3. Responses of Junebearers and everbearers to root temperature

Roots, as major vegetative organs supply water, minerals and 
other substances essential for plant growth and development. The 
young and fine roots and especially the root hairs, function most 
effectively in nutrient and water uptake (Gardner et al, 1985). They 
are also the most vulnerable to external influences such as root
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temperature. In the case of barley, it has been shown that the 
average number of root hairs that developed per root segment in 24 
hrs was 34.8, 16.4 and 17.4 at 26*C, 18*C and 15 °C respectively 
(McElgunn and Harrison, 1969). The average rate of root hair
elongation was 0.072, 0.079 and 0.083 mm per hour at 15 *C, 18’C and
26'C whilst the average lifespan of a root hair was 55, 45 and 40
hours.

The responses of plant growth and physiological processes to 
root temperature for various species were reviewed by Cooper (1973). 
The dry weight gain of the whole plant or individual plant components 
follows a general response in most cases. This response can be de
lineated as 4 types of reaction: (1) the response below the optimum
temperature may be sigmoidal in an upward trend; (2) the response in 
the supra-optimal range may also be sigmoidal but in a downward 
trend; (3) the change in dry weight with unit change in root 
temperature above the optimum is steeper than below the optimum; (4) 
there is an optimum range of root temperatures over which temperature 
change has a relatively small effect upon dry weight change. Possible 
explanations for these responses involve root temperature affecting 
one or more processes of synthesis of growth substances, absorption 
and translocation of various substances, and structural changes of 
roots themselves. It has been widely accepted that the top growth of 
tomato either in the nutrient film technique or in the soil was pro
moted by root zone warming (Maher, 1980; Moorby, 1980; Moorby and 
Grave, 1980; Orchard, 1980; Gosselin and Trudel, 1983a, b). Root zone 
warming was also found promotive to the top growth with Petunia 
(Merrit and Kohl, 1982), Lilium longiflorum Thumb (Wang and Roberts, 
1983) and Muskmelon (Dunlap, 1966). However, root dry weight was 
usually found to be inversely proportional to root temperature rise.

Practically responses of strawberry plants to root temperature 
have been considered by soil temperature modification with mulches 
and direct root zone heating. In Junebearers, it has been reported 
that soil mulches with clear polyethylene gives significant changes 
in earliness of flowering, fruiting and stolon formation compared 
with no mulches (Voth and Bringhurst, 1961; Cannel et al, 1961;
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Anderson and Guttridge, 1978). Further it has been shown that soil 
mulches of translucent polyethylene are more effective than black 
polyethylene in raising the soil temperature. Mulched plants were 
larger than unmulched ones due to increases in soil temperature and 
moisture retention (Anderson and Guttridge, 1978). Later Renquist and 
Breen (1980) and Renquist et al (1982 b, c, d) reported the effects 
of soil mulches on the plants of cv. Olympus . They showed that the 
soil temperature at 7.5 cm depth averaged 4*C warmer with black 
polyethylene than without mulch during hot days, with the greatest 
difference being during the night and the least in the afternoon. Due 
to the soil temperature increase, plants with mulches gave a total 
27% and 14% more leaves than those without mulch in the first and 
second year respectively. Although the mulch did not signi-ficantly 
affect root dry weight, it greatly increased the top/root ratio. For 
the reproductive growth, the mulch increased flower number by 12% and 
3%, and fruit number by 10% and 12% per plant for the first and 
second year respectively. Yields of cv. Sparkle strawberry were 
also reported to be substantially increased by the regular use of 
mulches (sawdust or autumn-seed oats) for winter protection (Collins, 
1966b).

Responses of Junebearers to direct root zone warming were first 
reported by Gray (1941) in nine cultivars. Leaves wilted and roots 
failed to continue normal growth in hydroponics at a root solution 
temperature of 38 *C. However, plants in soil at a temperature of 38°C 
functioned normally. Examination showed that roots from 38°C were 
devoid of root hairs and transpiration was slightly higher at 38’C 
than at 29 8C. Then, Roberts and Kenworthy (1956) reported that as 
root temperatures were raised from 7°C to 18°C with 3 different 
strengths of Hoagland's standard nutrient solution, there was a pro
gressive significant increase in the dry weight of aerial plant parts 
such as leaves, petioles, crowns and runners, but no further signi
ficant change with an additional increase in root temperature to 
24’C, indicating that the optimal root, temperature for aerial 
vegetative growth was between 18*C-24°C with cv. Robinson . However, 
as root temperatures were increased, the root dry weight was reduced 
gradually as in the case of the full strength solution, 6.65, 6.40,
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6.01 and 6.00 g/plant had been found at 7*C, 13*C, 18’C and 24*C
respectively. Morphologically, at relatively low root temperatures, 
roots were white, translucent and unbranched; at higher root temper
atures, roots tended to be more slender and profusely branched and at 
the higher root temperatures of 24*C, roots were finer, more fibrous 
and less extensive than at lower root temperatures. With respect to 
the nutrient element composition of the aerial plant parts during the 
vegetative stage, of eight elements determined, K was the only one 
which was significantly affected by root temperature changes, with K 
being higher at high than at low root temperatures. Nutrient elements 
followed the similar response in the roots as in the aerial parts. 
Further, Proebsting (1957) observed that vegetative growth was 
maximal at 24*C and flower production was limited only at both 13*C 
and 7°C with both cv. Shasta and cv. Lassen . The root dry weight, 
top/root ratio, composition of K, P and N in leaves, and N and P in 
roots showed similar responses as described by Robert and Kenworthy 
(1956). In contrast, K concentration in roots was sharply reduced at 
low root temperatures in cv. shasta and cv. Lassen . Sato and 
Hiraoka (1971) also reported that direct soil heating promoted plant 
growth with cv. Fukuba from 15-23°C, but the single fruit weight
was decreased. Later Sato (1972) himself reported that the high soil 
root temperature 23 °C reduced flower production and delayed 
quaternary flower anthesis compared with 18’C and 13°C with cv. 
Fukuba again. Lenz (1979) found that transpiration was greatest at 
root temperatures 20-28eC and the dry weight of both leaves and roots 
were maximal in the neighbourhood of root temperature 24°C with young 
cv. Senga Sengana plants. After studying the responses of 'cv. 

Aliso' plants to various ratios of N0.3“/NH/t‘*' at nutrient solution 
temperatures 10 °C, 179C, 259C and 32'C, Ganmore-Neumann and Kafkafi
(1983) found that the maximal growth on a total dry weight basis was 
at root temperature 259C in 3. 5/3.5 of N03y/NHdH‘. At 10oC, 
difficulties were noted in flower setting due to difficulties in
opening the anthers. In contrast to the results of Roberts and
Kenworthy (1956) and Proebsting (1957), the distribution and 
concentration of nutrient elements in various plant parts were 
affected by both root temperatures and nitrogen forms (Ganmore-
Neumann and Kafkafi, 1985). In the case of potassium (K), Magnesium



43.

(Mg) and Calcium (Ca), increasing root temperatures greatly reduced 
the concentration of K and Mg in roots from both N forms, while it 
increased Ca concentration only from N03~ form. However, increases in 
root temperature led to increases of K and decreases of Ca in leaves 
of either N03~-grown or NHA~-grown plants, but Mg was not affected by 
root temperature.

A specific study on responses of everbearers to direct root 
zone heating cannot be found in the literature. However responses of 
everbearers to soil mulch treatments have been reported as in 
Junebearers (Anderson and Guttridge, 1978; Anderson, 1984). For 
example, with cv. Ostara and cv. Rabunda it was shown that total 
number of berries and total berry weight (g) per plant from July to 
September were 49, 73, 143 and 493, 644, 1117 for non-mulched, black 
polyethylene and translucent polyethylene mulches respectively due to 
increased plant size, and advanced flowering and fruting (Anderson 
and Guttridge, 1978).



SECTION 2

MATERIALS AND METHODS
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2. 1 Introduction

Materials and Methods which are common to all the experiments 
carried out will be described here, but some other specific methods 
relevant to data collection and calculation will be dealt with 
individually.

2.2 C u L t / v a r

Only one strawberry cultivar was used in this study. The 
cultivar was named as 1 Hapil' which belonged to the Junebearers.

'Hapil' was raised at Grand Manil, Gembloux, Belgium. It was 
introduced to the U. K. several years ago, and is now under commercial 
cultivation. The plant is vigorous and upright with its fruits nicely 
displayed. Its large plants give good yields of large, conical and 
bright red fruits (Woodward, 1980; Turner and Muir, 1985). The plant 
does not produce any stolons under constant daylength of 10 hrs 
regardless of the day/night temperatures from 10-30°C (Abdullah,
1986). The average 50% pick date falls on the sixth of June in the 
U. K. (ADAS, Edward Vinson Ltd., 1986). It crops well on light soils 
and under dry conditions, but is susceptible to Verticillium wilt, 
red spider mites and some races of red core (Lovelidge, 1984a); 
Simpson and Beech, 1987).

2.3 Glasshouse conditions

All the experiments were conducted under glasshouse conditions. 
The cubicle aerial temperature was automatically heated when the 
minimum temperature was just below 15°C. The maximum cubicle air 
temperature was set at 20°C. However, the ventilation was not 
automatically controlled, and was manually operated when the cubicle 
air temperature was too high in summer. The daily maximum and minimum 
cubicle air temperatures. 1.5 meters above the floor, were recorded 
for each experiment.
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2. 4 Plant growing system - N. F. T.

The nutrient film technique (N. F. T. ) is a specialized form of 
soilless culture developed at the Glasshouse Crops Research Institute 
(GCRI), Littlehampton, England in the late 1960s (Grave, 1983). The 
basic principle of N.F. T. is that of recirculating a shallow stream 
of nutrient solution over the bare roots of growing plants to provide 
adequate water, nutrients and aeration (Cooper, 1975). The plants are 
usually grown in a parallel series of sloping gullies covered with 
polyethylene sheets. The nutrient solution is pumped to the upper end 
of the gullies and flows around plant roots until it reaches a 
catchment pipe that returns the solution by gravity to a tank sited 
below the gullies. The nutrient solution in the catchment tank is 
regularly monitored for electrical conductivity - CF and pH. So water 
and salts or stock solution are replenished manually or automatically 
when necessary (Cooper, 1979; Grave, 1983). One of the advantages 
with N. F. T. is the ease with which root temperature can be 
manipulated to the requirements of individual crops. To make use of 
this advantage, various experiments have been carried out to study 
the effects of root temperature upon the tomato plants (Orchard, 
1980; Moorby and Grave, 1980; Maher, 1980). Similarly, different 
'root temperatures' were created by manipulation of the nutrient 
solution to investigate responses to them of strawberry plants in 
this study.

2. 4. 1 Nutrient solution

The types of nutrient solution used in N. F. T. cropping can be 
varied depending on the different crops. Cooper's standard solution 
(Cooper, 1979) has been recommended for tomatoes by ADAS and in GCRI 
Bulletin No. 5. 'Solufeed' (ICI) is another alternative for such 
crops as tomatoes, cucumbers, peppers, aubergines, strawberries and 
carnations on rock wool or in the N. F. T. system. Libsol-R and Libsol- 
S have been manufactured for N. F. T. culture, too (Interlates Ltd). 
Experimentally Hoagland*s standard nutrient solution was once used to 
obtain the insight into the effects of root temperature upon straw
berries by Roberts and Kenworthy (1956) and to study the effects of
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growth substances on strawberry growth by Waithaka and Dana (1978) 
and Waithaka et al. , (1978). Varley and Burrage (1981) successfully
developed a nutrient solution for producing lettuce in the N. F. T. 
system. This new nutrient solution, called the Wye solution, has been 
subsequently adopted for growing strawberry plants in the N. F. T. 
system by Abdullah (1986) and Reynolds (1987). This solution is 
associated with several advantages. Firstly it was formulated with a 
strong consideration of the local tap water calcium content which is 
relatively high (100-150 ppm). Next, the solution was developed so 
that ions could be added in a ratio similar to that in which they are 
taken up by the plants, thus maintaining a stable composition over a 
considerable time. Further, it is also convenient to monitor the 
electrical conductivity using an N. F. T. meter which was originally 
developed by Burrage at Wye College to adjust the nutrient status 
throughout the growing period. Consequently, the Wye solution was 
used in preference to other alternatives. The formulation of the Wye 
stock solution is listed in the following table:

Vive Solution

Solution A
Compounds Formulae Kg/200L

Potassium nitrate KN03 16. 59
Magnesium nitrate Mg(N03)2. 6H20 6. 54
Potassium dihydrogen

orthophosphate KHsP0* 4. 14
Potassium sulphate K2S0* 7. 33
Iron Chelate FeEDTA 0. 800
Librel BMX Chelate Mix - 1. 176

Solution B
Calcium nitrate Ca(N03)2 3% solution

In practice, solution A and solution B are applied at a ratio 
of 1: 1 (v/v). pH correction can be accomplished using a 5% con
centration of nitric acid. For the normal growth of strawberry 
plants, the CF is maintained within 25-30 (2.5-3. 0 millimhos) by



48.

addition of the stock solution when it is below or of the tap water 
when it is above this range. pH value is kept within 5. 5-6.5. The 
nutrient solution for different treatments was changed simultaneously 
when necessary.

2.4.2 'Root temperature* control and monitoring

Differentially-designed 'root temperatures' were obtained 
through heating when they were higher than 15*C and cooling when they 
were lower than 20°C, the nutrient solution in the catchment tanks 
with heaters and refrigerating units connected to the coolers respec
tively. Both the heaters and the refrigerating units were submerged 
in the solution and automatically controlled by thermostat for each 
given 'root temperature'. Polystyrene with suitable holes for the 
plants was embedded into the plastic channels to prevent the heat 
loss from relatively high 'root temperatures' and the heat gain into 
relatively low 'root temperatures'. As a result, stable 'root temper
atures' were maintained with the catchment tanks being also 
surrounded and covered by polystyrene sheets.

The temperature <°C) was measured by the thermocouples which 
are composed of two pieces of dissimilar metals - copper and con- 
stantan in contact. As the point of contact is heated or cooled, the
electrical potential between the two metals changes. The output
changes of the copper-constantan thermocouples with the reference
junction kept at 0°C are given below when the contact temperature
varies (Jones, 1983):

Temperature (°C) -20 -10 0 10 20 30 40 50
Output (pv) -757 -383 0 391 789 1196 1611 2035

Since the change in potential is proportional to the changes in 
temperatures, a thermocouple can be calibrated to measure the temper
ature (Burrage, and Varley, 1985; Janick, 1986). In this special 
study, the calibration was completed using a constant temperature 
bath held above the ambient temperature at 40"C. So the reference 
temperature was also kept at 40*C with a thermostatically-controlled
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temperature bath. The conversion of the potential voltage change to 
temperature reading was through a sixteen-channel analog to digital 
converter with the help of 3D-Digital Design and Development 
amplifier. The different temperature readings of various treatments 
were displayed on the screen of the Commodore Pet Computer Model 4032 
so as to be compared with the readings measured using a thermometer 
when necessary, and recorded onto magnetic tape with a specific 
program written by Jan Varley at Wye College in Basic Language. The 
thermocouples were set to give a scan every half minute, each 
thermocouple being scanned 120 times per hour for each temperature 
recording. Consequently, there were 24 readings recorded a day. For 
each treatment, the thermocouples were replicated twice. As soon as a 
tape ran out, another clear tape was replaced and the one with 
temperatures recorded was printed out using the data processor. Then 
the average daily 'root temperatures' were derived from 24 readings 
of two replicates individually.

The thermocouple is widely used due to its precision and 
availability in many forms. In this special project, the thermocouple 
cables were purchased from the TC Limited, Uxbridge of England. Then 
they were manually shaped into the right dimension and the ready 
state for temperature monitoring.

2.4.3 Other accessory facilities

Plastic channels were used with 91 litre plastic catchment 
tanks for the nutrient solutions. EHEIM Model 1023 pumps were 
employed to circulate the nutrient solution from the catchment tanks 
to the headpipes fixed with rubber tubes for each replicate, flowing 
into the plastic channels, passing the root systems to the catchment 
funnels with rubber hoses fitted leading to the catchment tanks. 
Practically the nutrient solution flow rate was maintained at 0.7-1.0 
litre/min. for each replicate. Rock wool cubes (5x5x4 cm) were used 
to root the plants and the rooted plants were placed into the holes 
15 cm apart in the polystyrene slabs along the plastic channels 25-30 
cm apart. This kept the root systems moist. Rock wool is inert with a
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pore volume of 97% and containing no plant nutrients (Bunt, 1976; 
Morris, 1984).

2.5 Plant health maintenance

Plants were kept free from pests and diseases by regular appli
cations of pesticides and fungicides. For some pests such as red 
spider mite and white fly, biological control was used as an alter
native. The chemicals which were most often used and their appli
cation rates are as follows:

Names of pests and diseases Trade name Rate

Red spider mite 
White fly

Aphids
Aphids + thrips

Sciarid Fly 
Caterpillar 
Grey Mould

Mildew

Plictran
Permethrin

Pirimor
Murphy nico
tine shreds

Diazinon
Ambush (C)
Benlate or 
Roval

Nimrod

1.0 g/L
Ultra Low Vol.
Using 'Turbair' Machine
0.5 g/L

Fumigation
1.0 g/L 
0. 9 ml/L

1.0 g/L 
4 ml/L

All were applied when problems became obvious,

2. 6 Design of experiment

All the experiments were set up as randomized block designs for 
statistical analysis with three replications of each treatment. Due 
to size variations of initial plant materials, plants with uniform 
sizes were sorted out by visual assessment, and were arranged in the 
same block.
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2.7 Measurements of plant volume and single leaf area 

2.7.1 Plant Volume

Measurements of plant volume were made according to the formula 
given by Talboys et al (1960), assuming that a strawberry plant is 
essentially dome-shaped. They used this to assess the responses of 
different cultivars to Verticillium wilt. The same approach was also 
used by Abdullah (1986) and by Reynolds (1987). The formula is 
expressed as:

v _ JIH (3S* + 4H2)
24

where JT = 3. 14159. . .
H = height of the plant measured from the crown base to the 

highest trifoliate leaf (cm)

S = spread of the plant measured as the maximum diameter of 
the plant (cm)

V = plant volume (cm3)

2.7.2 Estimation of single trifoliate leaf area

Experimentally, various methods have been tried to measure 
strawberry leaf area. Total leaf area had been estimated by com
paring the total leaf weight to the weight of leaf disks of known 
area (Chabot et al, 1979; Jurik et al. , 1979, 1982; Olsen et al. , 
1985). This method, however, is inappropriate for non-destructive 
measurement of leaf area on the plants. Therefore linear measurements 
were used to estimate the total or single leaf area. These measure
ments, of either the terminal (central) or all 3 leaflet (s) of the 
trifoliate leaf were regressed with corresponding actual leaf area 
(Darrow, 1932; Guttridge, 1959a; Jahn and Dana, 1960; Renquist et 
al. , 1982a; Jurik et al. , 1982; Choma et al. , 1982; . Rudolph et al. ,
1984; Strik and Proctor, 1985). Since strawberry leaves of different 
genotypes have different regression coefficients when similar
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relationships were studied (Strik and Proctor, 1985), the single leaf 
area measurement of ' Hapil' was used and a specific formula derived. 
At the end of the first experiment, different sizes and ages of 
leaves from 'root temperatures': 10.2*0, 14. 1*C, 18.7*C and 23.O'C
were selected and the leaflet length and width of all three leaflets, 
and the corresponding leaf blade area, single trifoliate leaf fresh 
and dry weight were accurately determined using a ruler, Delta T leaf 
area machine and analytical balance respectively. After running 
multiple and simple linear regressions, the estimated equations for 
the area of a single trifoliate leaf, fresh weight and dry weight are 
described as follows:

A = 0.345 + 0.768 L, W, + 0.754 L3W2 + 0.925 L3W3 with R2 = 0. 986* 
(SE=0. 0134) (SE=0. 00412) (SE=0. 00318) (SE=0. 00217) 

n = 65. Here L-,, L:->, L3 and W-,, W2, W3 are the lengths and widths of 
left, right and central leaflets respectively; A is the single 
trifoliate leaf area (cm2).

FW = -0.02665 + 0. 02148A with R2 = 0.974* n = 65 
(SE=0.0275)(SE=0.000442)

Here A is the single trifoliate leaf area (cm2); FW is the single 
trifoliate leaf fresh weight (g).

DW = -0.06892 + 0. 006686A with R2 = 0.817* n = 65 
(SE=0.0249) (SE=0.000399)

Here A is the single trifoliate leaf area (cm2); DW is the single 
trifoliate leaf dry weight (g).

Also, 12 young leaves which had just emerged were taken from 
different 'root temperatures' and their petiole length and leaf blade 
area were precisely determined individually after being dissected 
from the crowns. The measured values were expressed as 1.04 +_ 0.026 
for petiole length (cm) and 4.58 +_ 0.127 for single trifoliate leaf 
area (cm2) at emergence.
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2.8 Main data collection

2.8.1 Effective Leaf area per plant

The intact effective leaf area per plant was referred to as the 
leaf area of all the green leaves on each plant sampled at any 
particular measuring occasion, excluding the leaves lost due to 
death. The effective leaf area per plant was obtained through the 
summation of all the individual leaf areas estimated using the 
previous regression equation. Measurements of the effective leaf area 
were performed periodically with five plants in every replicate of 
each root temperature.

2.8.2 Cumulative leaf production per plant on the main crown

Firstly, the date on which each successive leaf emerged from 
the main crown was recorded by frequent examination of five randomly- 
chosen plants in all replicates of various treatments throughout the 
entire experimental period. Then the cumulative number of leaves on 
the main shoot was worked out weekly. A leaf was considered to have 
emerged when its laminae were clear of the next older leaf on the 
main shoot tip (Arney, 1953a; Guttridge, 1955; Abbott, 1965). Arney 
(1953a) defined the strawberry plastochron as the time interval 
between the formation of successive leaf primordia on the apex or 
between the emergence of 'consecutive leaves from the crown buds, 
which was actually called the phyllochron by Dale and Milthorpe 
(1983). The phyllochron has also been found more sensitive to 
external stresses such as water deficits by Milford et al. , 
(1985a, b,c) in sugar beet. The period between the emergence of 
successive leaves was taken as a measure of the rate of leaf 
production in the case of this project.

2.8.3 Cumulative 'dead' leaves per plant on the main crown

Similar to the recording of cumulative leaf .production per 
plant on the main crown, the date on which an individual leaf was 
considered 'dead' was recorded while the date of leaf emergence was
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being examined. Then, the cumulative number of 'dead' leaves on the 
main crown was calculated at an interval of 7 days. According to 
Jurik et al (1979), the physiological death of a strawberry leaf 
appeared to be signalled by a characteristic sequence of colour 
changes at different growth irradiances. At high light levels (678 + 
10 jjlEM-;2S~ 1) , senescing leaves first turned yellowish green, then 
yellow, bright red and finally became brown and dry. At low light 
levels (64 + 2 ), the green leaves faded into the final brown
colour without the distinctive yellow or red stage. Frequently, parts 
of a leaf senesced at different rates as indicated by the pattern of 
colour change. Thus this complexity of leaf colour change creates 
difficulties in determining the time of individual leaf death. The 
criterion for deciding the time of leaf death in this project was 
that a leaf was defined as 'dead' when two-thirds or more of the leaf 
area lost the general green colour.

2.8.4 Petiole length

Individual petiole length was measured as the distance from the 
junction of the petiole and stipules to the junction of the petiole 
and trifoliate leaf (Guttridge, 1959a; Guttridge and Thompson, 1959, 
1963; Kender et al. , 1971; Heide, 1977; Choma et al. , 1984). Total
petiole length for each plant on any measuring date, was the 
summation of individual petioles, and the average petiole length was 
the division of the total.petiole length by total number of petioles. 
Data for both average single petiole and total petiole lengths 
submitted to statistical analyses were the means of five randomly- 
chosen plants for each replicate of individual treatment.

2.8.5 Stolon production per plant

Stolons, which are also known as runners by other workers, can 
be subdivided into primary, secondary and tertiary ones. Primary 
stolons are those developing directly from the mother plants 
(Robertson and Wood, 1954b). Secondary stolons are those formed from 
the axillary bud of the first node of primary stolons and tertiary 
stolons are derived from the axillary bud of the first node of
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secondary stolons (Reynolds, 1987). However, Waithaka and Dana 
(1978a) called the stolons arising in the first node of primary 
stolons branch stolons and secondary stolons, those originating from 
runner plants of primary stolons. Tertiary stolons were described as 
those from the runner plants of the branch stolons. Ail these are 
collectively called stolon series or 'stolon chains'. In this study 
stolon production was concerned only with the number of primary 
stolons produced per plant. When a stolon tip was visible (0.2- 
0.5 cm), it was counted as a stolon. Counts of primary stolons were 
made periodically from the onset of stolon formation until termi
nation of the experiment. Meanwhile already-formed stolons were 
marked in serial order using garden twist-ties.

2. 8. 6 Runner plants produced per plant

Runner plants which are sometimes called daughter plants, young 
plants, plantlets or even 'runners' by strawberry researchers, are 
formed on both primary and secondary stolons. When a young plant at 
the stolon tip had the first true trifoliate leaf visible, it was 
recorded as a runner plant. Counts of runner' plants were made perio
dically from the onset of production to the termination of the 
experiment.

2.8.7 Runner plant leaf number per plant

Since the stolons were maintained intact with the parent plants 
throughout the entire experimental period, leaves on the whole plant 
were divided into crown leaves and runner plant leaves. Usually each 
individual runner plant had a rudimentary or scale leaf, but the 
counts of runner plant leaves consisted of the only fully expanded 
true trifoliate leaves. Data used for statistical analyses of 
stolons, runner plants and runner plant leaves per plant were based 
on means of 10 plants which produced stolons.
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2.8.7 Branch crown production per plant

Branch crowns are synonymous with secondary crowns, side crowns 
or lateral shoots in contrast to the main shoot. A branch crown was 
recorded when the first small leaf blade from an axillary bud was 
fully extended or when it was discernible when the first leaf was a 
laminate due to its large and sheathing stipule. 10 plants were 
randomly chosen from each replicate for individual treatment to 
derive the mean number of branch crowns produced per plant.

2.8.8 Lengths of primary stolons

Primary stolon lengths were recorded as the length from the 
crown base to their tips. Measurement of single primary stolons 
commenced as soon as the primary stolon shoot was bout 0. 2-0.5 cm 
long, and the subsequent measurements were made every fifth day until 
the end of the experiment. In the root temperature experiment with 
'Hapil' in 1986, the cumulative lengths of the first three primary 
stolons of 10 randomly-selected plants from each replicate of 
different treatments were measured. In the case of the lowest root 
temperature the first one or the two primary stolons were measured. 
In the 1987 root temperature experiment with 'Hapil', the lengths of 
the consecutive primary stolons of 6 randomly-chosen plants from each 
replicate of various treatments were recorded. Total stolon length 
per plant, based on means of ten plants, was the summation of 
individual stolon length of all stolons in the 1987 root temperature 
experiment with 'Hapil'. The average single stolon length on a plant 
was obtained by dividing the total stolon length by total stolon 
number.

2.8.9 Inflorescence production per plant

Inflorescences or flower trusses or clusters are dichotomous in 
branching, with one primary flower, two secondary and four tertiary 
flowers and so forth. However, diversity of inflorescence types is 
fairly common from one variety to another. 'Hapil' formed the 
inflorescence similar to the typical inflorescence structure. An
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inflorescence was recorded if it had the potential to develop into a 
typical inflorescence with a dichotomous branching pattern. Counts 
were made on 10 randomly-chosen plants from every replicate of each 
treatment at an interval of 7 days.

2.8.10 Time of anthesis of different positional flowers

The dates on which flowers opened were recorded for each flower 
position, i.e., primary, secondary, tertiary or quaternary flowers in 
the first inflorescence produced after planting. Each flower was 
labelled as it opened. The average date of primary flower anthesis 
was calculated from 10 randomly-chosen plants out of 12. Anthesis of 
the remaining flowers was expressed as totals of each type as they 
did not reach anthesis simultaneously. The days from planting to 
primary flower anthesis, from primary flower anthesis to secondary, 
tertiary and quaternary flower analyses were calculated.

2.8.11 Period from flower anthesis to fruit colour change for each 
fruit position

The dates on which fruit colour started to change from green to 
whitish pink accompanied by softening of the fruit were recorded for 
individual fruits at different fruit positions. The weighted mean 
dates of fruit colour change at different positions were then 
calculated, together with the days from anthesis to turn of fruit 
colour.

2.8.12 Period from anthesis to fruit ripeness for each fruit 
position

Fruits were considered ripe and harvested as soon as the 
receptacle surface was fully red in colour and shiny. The periods 
between anthesis and optimum ripeness were calculated as in 2.8. 11.
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2.8.13 Number of flowers per plant at different flower positions

Counts were made of primary, secondary, tertiary and quater
nary flowers on the intact inflorescences respectively. No flowers 
were produced at subsequent positions. The average for each position 
was determined and the total obtained for each inflorescence and for 
each plant.

2.8.14 Number of fruits per plant at different fruit positions

This was carried out in a similar way to flower numbers.

2.8.15 Fruit yield per plant at different fruit positions

Primary, secondary, tertiary and quaternary fruits were placed 
into separate punnets when harvested, they were weighed individually. 
The fruit yield per plant at different fruit positions was averaged 
within the plants for determination of fruit numbers. The mean single 
fruit weight at each fruit position was calculated as was the total 
fruit yield per inflorescence.

2.8.16 Measurements of cumulative fruit lengths and diameters at 
different fruit positions.

Fruit length and diameter have been used to describe the 
dynamic changes in size of individual fruits during growth and 
development ever since (Crane and Baker, 1953; Darrow, 1966; Forney 
and Breen, 1985a; Archbold and Dennis, 1985; Stutte and Darnell,
1987). In the 1987 root temperature experiment, measurements of the 
maximum fruit diameters (seeing Archbold and Dennis, 1985) and fruit 
lengths - the distance from the receptacle base to the receptacle tip 
were made on the intact plants every third day, starting from 3 days 
after flower anthesis, using a vernier caliper, followed by hand 
pollination using a fine camel-hair brush until 24th day after flower 
anthesis. Every fruit at each fruit position for ten plants from 
every replicate of each treatment was used for these measurements.
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The mean fruit diameter and length for each position in each 
replicate were calculated.

2.8.17 Achene density (achenes/cmi2) on the receptacle surface

Achene spacing was first shown to be correlated with berry 
weight, and used to assess the degree of fruit development by Abbott 
and Webb (1970). Achenes per cm2 were counted on the receptacle 
surface of primary, secondary and tertiary fruits respectively, using 
a square hole of 1 cm2 cut in graph paper against the receptacle 
surface. Each fruit was divided into three sections with the section 
near the fruit cap being upper section, next the middle section and 
finally the lower section. Therefore achene density was determined 
within each section of the same fruit with 5 counts being made of 
individual sections. Fruits randomly chosen for achene spacing 
determination were more than 5 for primary, more than 12 for secon
dary and more than 20 for tertiary fruits from each replicate of each 
treatment.

2.8.18 Determination of dry weight and final leaf area

By the end of each experiment, 4-5 plants were randomly sampled 
from each replicate of each treatment to determine the dry weights of 
various plant components such as roots, crown leaf blades, 'stolon 
chains' and 'stem'. 'Stem' includes the crowns and the petioles. 
After each plant part was dried in the oven set at 80-85*C for 2-3 
days, they were weighed separately on an electronic balance. When dry 
weights of fresh fruits were determined, they were wrapped in a piece 
of aluminium foil of known weight so as not to spoil the oven. The 
measurement of final leaf area per plant was done with a Delta T area 
measurement system from Delta-T Devices Ltd., Burwell, Cambridge, 
England.

2.9 Data Analysis

Statistical packages such as 'Genstat', ' SAS' and 'Agstats' 
were used to run various data analyses. Analysis of variance was
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first applied to indicate whether or not treatments had significant 
effects using F-test at P = 0.05 level. After significant effects of 
treatments had been determined, multiple comparisons were made to 
separate the means of different treatments using the least signi
ficant difference (LSD) at P = 0.05 level for all parameters in all 
experiments. Coefficient of variation (CV) was presented for every 
parameter. The formulae for calculation of F, LSD and CV are listed 
as follows:

„ ,.n MS treatment , . * . . ..F or VR = _____________ where MS treatment is the mean
MS resid.

squares for treatments, MS resid. the mean squares of residual or 
experimental error.

LSD = T 0.05, n xJ  resid. where • n» is the number of

degrees of freedom for experimental error, ' r' the number of 
replicates of the treatment, 'T 0.05, n' the value from T table at 
the degrees of freedom of ' n' under P = 0. 05 level.

CV = 

treatments.

JMS resid. x 100 where 'x' is the grand mean of all

Both linear and non-linear regression analyses were employed 
for the estimation of parameters in corresponding equations with time 
being the independent variable. For linear regression analysis, the 
correlation c'oefficient-R or the percentage variance accounted for by 
the model -Rs was presented and tested at P = 0.05 level. For non
linear regression analysis, functionally and parametrically similar 
models were compared and assessed biologically and statistically 
respectively. The formula for determination of R2, which is the 
proportion of the sum of squares of a dependent variable 'accounted 
for' (Chanter, 1981) is given as follows: .

SSRR2 = _____ where 'SSR is the sum of squares due to regression
SSD
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and 'SSD* is the sum of squares of the dependent variable (Gomez and
Gomez, 1984). One of the merits in analysis of covariance (Steel and
Torrie, 1981) was taken to test the homogeneity of regression co
efficients when various simple linear lines are compared to study the 
effects of root temperature upon the extension rate of primary 
stolons and the growth rate of both fruit lengths and fruit diameters 
at different fruit positions. The procedure and significance for
testing the homogeneity of regression coefficients of two or more 
simple linear regression lines are described by Gomez and Gomez
(1984). For the calculation of the simple linear correlation
coefficient, the formula is

In regression equations, any parameters marked by a '** are signi
ficant at p = 0.05, otherwise not.

R I xy



SECTION 3
EFFECTS OF ROOT ENVIRONMENT TEMPERATURE 

ON STRAWBERRY 1 CV. HAPIL’
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3. Effects of root environment temperature on strawberry ' cv. Hapil*

Two individual experiments are reported here where a different 
range of root temperatures were used in 1986 and 1987.

3.1 Responses of 'Hapil' plants to root temperatures of 10.2*C,
14. 1*C, 18.7’C and 23. O’C in 1986

3. 1. 1 Introduction and Objectives

Vegetative and reproductive responses of strawberry plants to 
general environmental factors such as aerial temperature and 
photoperiod have been well studied. Some work has also been done to 
investigate the effects of root temperatures on growth in either soil 
or nutrient solution growing media. Most of these studies were 
observations and involved nutritional aspects. Little effort has been 
made to quantify responses of individual plant components which can 
then be integrated to describe the whole plant growth in relation to 
different root temperatures. The objectives of this study are 
therefore: (1) to investigate the performance of the whole plant with 
respect to various plant components, (2) to quantify some growth pro
cesses such as primary stolon development.

3.1.2 Initial Status of Planting Materials

Certified cold-stored single crown plants were purchased from 
W. H. Cragg (Strawberries) Ltd., Brooker Farm, Romney Marsh, Kent, 
England, and washed free of soil using running water. Prior to trans
planting them into the NFT on 27 March, 1986 plants were carefully 
trimmed individually so that the undesirable plants could be rejected 
and uniformity of the desirable plants obtained with only leaf buds 
intact. Averaged from 15 plants, the initial fresh and dry weights 
per plant were recorded as follows:
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Root
FW (g) 

4. 82±0. 14
DW (g)

1.09±0.06
Top
Total

2. 50±0. 16
7. 32±0. 29

0.55±0.08
1. 64±0. 14

3. 1. 3 Results

3.1. 3. 1 Vegetative parameters

The general appearance of the plants was strongly affected by 
root temperature. Leaf buds started growth earlier at higher root
temperatures and these also resulted in earlier fibrous root branch
formation than did the low root temperatures. Dark green leaves could 
be found more often at 10.2°C and 14. 1*C than at 18. 7°C and 23. 0*C.

3. 1.3. 1. 1 Plant height (cm)

Plant height was described as the mean value of the longest
petiole length of 10 plants from each replicate of each treatment 
when it was submitted to AN0VA. The plant height measured during the 
first 70 days after transplanting at an interval of 10 days is 
presented in Fig. 3. 1. It can be seen that on the tenth day after 
planting, plant height was significantly reduced at 10.2°C, but not 
significantly affected within the range of 14. 1°C, 18.7'C and 23.0°C.
On the second measuring'-occasion, both 10. 2°C and 14. 1"C stunted 
plant height in comparison with 23.0°C, with plant height development 
being most hindered at 10. 2°C. From the thirtieth day onwards after 
planting, plant height was consistently (p < 0.05) the shortest at
10. 2°C, second shortest at 14. 1*C, while not significantly different 
between 18.7°C and 23.0°C.

3.1.3. 1.2 Effective green leaf number per plant on the crowns

The effective green leaf number was defined as the mean 
expanded green leaves per plant (of 10 plants) from each replicate of 
various treatments when analysed by ANOVA. The weekly green leaf 
number per plant is presented in Fig. 3. 2. From the beginning of the
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Days after planting

Fig.3.1 The dynamic responses of plant height to root
temperatures of l<d.2°C {•---•),14.1'°C (o— — c)
1 18.7°C {*-----X) and 23.0°C (A--------J O .  Vertical
bars represent L.S.D at p=0.05 level.

o ------------ 1-------- — i----------- 1 i r~0 .20 40 60 80 100
Days from planting

Fig.3.2 The dynamic responses of green leaves per plant
to root temperatures of 10.2°C (•----•ijlA.l'^C
(o----c),18.7~C (x--- x) and 23.0°C U -- -X) . Ver
tical bars represent L.S.D at p=0.05 level.
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measurement, 23.0’C resulted in more green leaves than 10.2°C. From 
14 to 56 days after planting, the green leaf number remained greatest 
at 23. 0’C, but smallest at 10.2’C (p < 0.05). Starting from the 
sixty-third day onwards the number of green leaves was significantly 
increased with increasing root temperature from 10.2’C to 23.0*C 
respectively (p < 0.05). Ontogenetically, within each treatment,
generally it kept increasing, but eventually began to drop off or 
showed no obvious increment for a couple of weeks or so. Further it 
can be seen that it dropped off earlier at 23.0*C than at other root 
temperatures. After that, it started to increase consistently again.

3. 1. 3. 1. 3 Total effective leaf area (cm2) per plant

The total effective leaf area, referred to as the active green 
leaf area on each measuring occasion, including leaves both on the 
parent plants and on the runner plants during the runnering period, 
was measured on seven consecutive occasions at 10 day intervals. The 
general pattern of leaf area development with time is presented in 
Fig. 3.3. It can be seen that the effective leaf area curves for the 
higher temperatures are more upcurving, whilst for 10..2’C the curve 
is less upcurving. The AN0VA and comparison of means indicated that 
the effective leaf area per plant at 23. 0 ’C was consistently and 
significantly larger than that at other three root temperatures 
respectively throughout these 70 days, being 3 and 6 times as large 
as at 14.l’C and at 10.2’C respectively. The plants at 18.7’C had the 
second largest effective leaf area per plant, having nearly twice and 
4 times as much as that at 14. 1’C and 10.2’C respectively.

3. 1. 3. 1. 4 Cumulative leaf production on the main crown

The cumulative number of leaves during the entire experimental 
period is presented in Fig. 3.4. The ANOVA showed that significant 
differences occurred within different root temperatures (p < 0.05) 
and a comparison of means using LSD indicated that the cumulative 
number of leaves produced was consistently the largest at 23.0*C and 
the smallest at 10.2’C throughout the experiment. Furthermore, it can



Fig.3.3 The dynamic responses of total green leaf area^per^ 
plant to root temperatures of 10.2~C (• *},14;1°C
(o— .— o},18.7°C (x---x> and 23.0°C It--- -A)- Vertical
bars represent L.S.D at p=0.®5 level.

Fig.3.4 The dynamic responses of cumulative number of leaves 
on the main crown to root temperatures of 10 2-C
r  ^  *iA-J:TC o).18.7-C cx----50 and 23.0-C 'lA- - -A) - Vertical bars represent L.S.D at p=0.0S level
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be seen that from the sixth observation onwards, it was increased 
significantly with progressive increases in root temperature.

3.1.3.1.5 Cumulative number of 'dead* leaves on the main crown

The dynamic pattern of the cumulative number of 'dead' leaves 
over the entire experiment is tabulated in Table 3. 1. It can be seen 
that the earliest date for the first dead leaf to be recorded was 
associated with 23.0°C, followed by 18. 7‘C, 14. 1*C and then 10. 2'C, 
in other words, the leaf longevity was shortest at 23.0*C and longest 
at 10.2°C. Further, the cumulative number of 'dead' leaves was always 
greatest at 23.0°C and smallest at 10.2°C (p < 0.05) during the 
experimental period. It, however, fluctuated between 14. 1“C and 
18.7°C during most of the experiment with significant differences 
occurring only near the end of the experiment.

3. 1.3. 1.6 Total number of crowns per plant at the end of the ex
periment.

Number of both the main and the branch crowns was counted at 
the end of the experiment and the mean of 15 plants calculated. From 
Table 3.2 it can be seen that very few branch crowns were formed, 
only at 14. 1°C, 18. 7°C and 23.0#C, i. e. 0.24, 0.44, and 0.53 per 
plant respectively. Nevertheless, both 23.0*C and 18.7*C resulted in 
more crowns per plant than did 14. 10 C, and the latter more than 
10. 2*C (p < 0. 05).
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T a b l e  3. 1 C u m u l a t i v e  number of d e a d  l e a v e s  o n  t h e  m a i n  c r o w n  in

r e l a t i o n  to root t e m p e r a t u r e s  of 10.2'C, 14. 1*C, 18. 7*C
a n d  23. 0*C.

Days from Planting oCMor—4 14.1*C 18.7 *C 23.0°C C. V(%)
29 0. 0b 0. 0b 0. 0b 0. 13a 173. 21
36 0. 07b 0. 07b 0. 13b 0. 33a 44. 44
43 0. 07b 0. 07b 0. 60a 0. 67a 16. 50
50 0. 07b 0.27b 0.93a 1. 47a 42. 25
57 0. 07c 0. 53c 1. 67b 2. 33a 28. 55
64 0. 40c 1. 40b 2. 27a 2. 93a 24. 39
71 1. 00c 2. 27b 2.93ab 3. 13a 17. 61
78 1. 47c 2. 40b 3. 27a 3. 40a 9. 88
85 1. 67d 2. 73c 3. 33b 3. 87a 8. 52
92 1. 93d 3. 20c 3. 73b 4. 47a 6.86

♦Mean separation by LSD at p = 0. 05 level
Means followed by the same letter within each row are not
significantly different.

Table 3.2 Effects of different root temperatures on the total 
number of crowns per plant at the end of the experiment.

Root Temp. 10.2*C 14. 1°C 18.7°C 23. 0°C c.v (%)
Total crowns/ 1.00c 1.24b 1.44a 1.53a 6.91
plant
♦Mean separation by LSD at p = 0.05 level. Means followed by the same 
letter are not significantly different.

3.1.3.1.7 Cumulative number of primary stolons per plant

By the end of the experiment, the proportion of the plants 
which produced stolons was 33%, 93%, 100% and 100% averaged from 
three replicates of 15 plants at 10. 2*C, 14. 1°C, 18. 7*C and 23.0°C 
respectively. The days needed for the first stolon emergence after
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planting were 60, 43, 35 and 30 at 10.2*C, 14.l'C, 18.7*C and 23.0°C
respectively. The dynamic responses of cumulative primary stolon 
production to various root temperatures are shown in Fig. 3.5. It can 
be seen that plants at higher root temperatures formed significantly 
more stolons per plant throughout most of the stolon production
period. The total cumulative number of primary stolons per plant 
increased very slowly at 10.2*C ontogenetically, especially in the 
early stages, being about one-third and one quarter as many as those 
at 18.7°C and 23.O’C respectively.

3.1.3.1.8 Cumulative number of runner plants per plant

The dynamic responses of cumulative runner plant production per 
plant to various root temperatures are compared in Table 3. 3. It
shows that as early as 55 days after planting, the plants at 18.7'C 
and 23.0°C started to produce runner plants, whereas those at 14.1’C 
and 10.2’C did not start to form any runner plants until one week and 
five weeks later, respectively. From 62 days after planting onwards, 
the cumulative runner plant production was shown to be significantly 
affected by root temperature, with runner plants being increased with 
higher root temperatures.

3.1.3.1.9 Cumulative number of runner plant leaves per plant

The dynamic responses to different root temperatures of
cumulative number of runner plant leaves from the onset of runner 
plant production are also illustrated in Table 3.3. It can be seen 
that the trend was generally similar to that of cumulative runner
plant production, with plants at 23.0‘C producing the most runner 
plant leaves and 10.2°c the least, there being nearly eight times as 
many at 23.0°C as at 10.2°C.



71.

The dynamic responses of primary stolon production
to root temperatures of 10.2°c (•----•),14.r°C {o_o)
,18.70C {* y) and 23.0C,C (Jc--- Ji) . Vertical bars
represent L.S.D at p=0.05 level.

Fig.3.6 The effects of root temperature on production of dry 
matter of different plant components and the whole 
plant. Bars followed by the same letter within each • 
attribute are not significantly different at p=0.05.
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Table 3.3 Production of both cumulative runner plants and cumulative
runner plant leaves per plant in relation to root 
temperatures

10,2*0 14,1*0 18,7'C 23,0*C c .v  (X)

Days R.Plant R,P,Leaf R,Plant R.P,Leaf R,Plant R,P,Leaf R,Plant R,P ,Leaf R,Plant R .P .Lsaf
after
plan
ting

55 0,00b 0,000b 0,33b 0,67b 1,33a 2,67a 1,57a 3,45a 42,40 43,87

52 0,00c 0,00c 1,08b 2,50b 1,46b 3,67b 2,22a 5,82a 24,20 26,71

69 0,67d l,17d 1,55c 3,93c 2,37b 6,08b 3,73a 10,05a 18,58 17,56

76 0,67c 1,44c 2,32b 5,73b 3,25b 8,81b 5,21a 14,83a 21,66 20,75

83 1 ,22d 2,56d 3,14c 9,31c 4,65b 14,13b 7,57a 23,32a 16,98 17,09

90 l,44d 4,56d 5,12c 15,06c 7,22b 22,01b 9,96a 32,91a 14,22 15,92

i l ,  R, Plant = runner plant R.P, Leaf = runner plant leaf

2, Mean separation by LSO at p = 0,05 level

3, Means of respective parameters followed by the same letter within each row are not 

s ign if ican t ly  different,

3.3.3. 1. 10 Dry matter production of plant components per plant at 
termination of the experiment.

The effects of root temperature on the final total dry matter 
production of the whole plant and partitioning to individual plant 
components such as root, 'stolon chains' and 'stem' including crowns, 
petioles and leaf laminae are shown in Fig. 3.6. The highest 'stem' 
dry weight was obtained from 23.0°C. It was not significantly 
influenced by temperatures of 14. O’C and 18.7°C, but was
significantly reduced at 10.2°C (p < 0.05). With respect to 'stolon 
chains', plants contributed significantly more dry matter to 'stolon 
chains' with increased root temperatures from 10.2*C to 23.0°C 
respectively. In terms of roots, root dry matter was not signifi
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cantly modified by root temperatures from 14.1‘C to 23.0'C, but that 
at 10. 2“C was significantly reduced (p < 0.05). Significantly higher 
total dry matter was obtained from higher root temperatures, with 
23.0°C giving more than 5 times and twice as much as 10. 2°C and 
14. 1’C respectively. To look at the response of proportion of each 
component in the total dry matter, the 'stem' was the largest 
component at 10.2°C, being about 61% of the total dry matter pro
duction. At 14.1*C, both the 'stem' and 'stolon chains' were more or 
less equal, being 44.61% and 41. 12% of the total dry matter 
production respectively. At both 18.7°C and 23.0*C, the proportion of 
the total dry matter tended to shift from 'stem' to 'stolon chains', 
with the latter being 55.90% and 64.03% of the total dry matter 
production respectively.

3.1.3.2 Reproductive parameters

Generally, plants at higher root temperatures flowered earlier 
than did those at lower ones. Earliness of fruit harvest was similar 
to that of flowering. All plants in each treatment produced one or 
more inflorescences in the early part of the experiment and none 
later. Quaternary flowers were the highest rank of flowers recorded.

3.1.3.2.1 Earliness of flower antheses

The days elapsed from planting to anthesis of the first primary 
flowers; from primary flower anthesis to anthesis of lower ranked 
flowers were used to estimate the effects of differential root 
temperatures on the earliness of flowering. The results are presented 
in Table 3. 4. It can be seen that primary flower anthesis was 
significantly enhanced with increasing root temperature, the number 
of days from planting to the first primary flower anthesis being 
about 2 weeks earlier at 23.0°C than at 10. 2°C. However, the time 
required from primary flower anthesis to subsequent respective rank 
flower antheses, was inversely proportional to the root temperatures. 
Plants at 23.0’C produced significantly less flowers of secondaries, 
tertiaries and quaternaries respectively within a given time than
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plants at 10.2’C and 14. 1"C. Differences between 10. 2*C and 14. l’C 
were not significant.

Table 3.4 Effects of root temperature on earliness of flower 
anthesis

10.2‘C 14. l’C 18.7*C 23. 0’C c. v (%)
Days from planting
to P. F. anthesis 36. 3a 29. 3b 26. 0c 20. 7d 5. 78

Days from P. F. 
anthesis to S. F. 
anthesis 3. 9a 4. la 4. 8ab 5. 8b 12. 35

Days from P. F. 
anthesis to T. F. 
anthesis 8. 8a 8. 7a 10. 4a 12. 2c 5. 70
Days from P. F. 
anthesis to Q. F.
anthesis 13. 9a 14. 3a 18. lb 18. 6b 6. 12

*1. P. F, = primary flowers, S. F. = secondary flowers, T. F. =
Tertiary flowers, QF = Quaternary flowers.

2. Mean separation by LSD at p = 0.05. Means followed by the 
same letter within each row are not significantly different.

3.1.3.2.2 Earliness of fruit harvest

The number of days from planting to harvest of the primary 
fruits was recorded as a measure of the influence of root temperature 
on the earliness of fruit harvest. The pattern of the results was 
similar to that of flower anthesis. The days from planting to harvest 
were 61.3, 55.0, 51.7 and 47.3 at 10. 2’C, 14. l’C, 18. 7’C and 23.0’C
respectively, being significantly different from one another at p = 
0. 05 level with LSD = 1. 91 and c. v = 1. 82%.

3. 1. 1. 2. 3 Number of inflorescences produced per plant

The mean number of inflorescences produced per plant was 1. 1,
1.1, 1.2 and 1.1 at 10. 2’C, 14. l’C, 18. 7*C and 23. 0’C respectively,
with no significant difference.
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The total number of flowers and number of various ranked 
flowers per inflorescence at 4 different root temperatures are shown 
in Table 3.5. Although the total flower number per inflorescence was 
far from that of a typical inflorescence, with 15 flowers up to the 
quaternary position in total, plants formed relatively more complete 
inflorescences at lower than at higher root temperatures. 23. 0°C gave 
significantly fewer flowers (p < 0.05) per inflorescence compared 
with 10.2’C and 14.1*C, the latter two temperatures giving similar 
total flowers per inflorescence. Root temperature had no significant 
effects on primary, tertiary and quaternary flowers per 
inflorescence, but did affect secondary flower formation at 23.0‘C.

3. 1.3.2.4 T o tal n u m b e r  of f l o w e r s  a nd n u m b e r  of v a r i o u s  r a n k e d
f l owers per i n f l o r e s c e n c e

Table 3.5 Effects of root temperature on total number of flowers
and fruits and number of both flowers and fruits by
rank per inflorescence

10.2’C 14. 1*C 18. 7*C 23.0"C c. v(%)
Total flowers 7. 5a 7. 5a 6. 9ab 6. 2b 8. 3b
Total fruits 5. 0a 6. 2a 5. 6a 5. 0a 12. 6
Primary flowers 1. 0a 1. 0a 1. 0a 1. 0a 0. 00
Primary fruits 1. 0a 0. 97a 0. 83b 0. 93a 3. 90
Secondary flowers 1. 8ab 1. 9a 1. 8ab 1. 7b 5. 90
Secondary fruits 1. 53a 1. 87a 1. 77a 1. 60a 10. 46
Tertiary flowers 3. 0a 3. 2a 2. 8a 2. 6a 10. 07
Tertiary fruits 2. 07a 2. 57a 2. 60a 2. 20a 18. 54
Quaternary flowers 1. 6a 1. 4a 1. 2a 0. 9a 32. 10
Quaternary fruits 0. 30a 0. 77a 0. 40a 0. 53a 59. 63

*1. Mean separation by LSD at p = 0.05 level
2. Means followed by the same letter within each row are not signi

ficantly different.
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The total number of fruits and number of various ranked fruits
per inflorescence were presented in Table 3.5. Root temperature did
not modify the total fruit number and ranked fruit number to a
significant extent except primary fruit. 18.7°C resulted in signi
ficantly fewer primary fruits per inflorescence.

3.1. 3. 2. 6 Fruit set of all flowers and those within ranks.

The overall mean fruit set percentage and that of rank flowers 
are both shown in Table 3.6. It shows that various root temperatures 
did not significantly affect fruit set of secondary and tertiary
flowers. However, the fruit set of primary and quaternary flowers was 
shown to be influenced by different treatments, with 18. 7*C and 
10.2’C resulting in significantly low sets respectively. With regard 
to the overall mean fruit set of the 4 rank flowers, fruit set 
percentage was significantly reduced at 10.2*C (p < 0.05).

Table 3.6 Effects of different root temperatures on fruit set
percentage on the basis of overall mean and mean per rank.

3. 1.3.2.5 T o t a l  n u m b e r  of fruits a n d  n u m b e r  of v a r i o u s  ran k e d

f r u i t s  p e r  inflorescence.

10.2‘C 14. rc 18.7'C 23.0°C c. V

Primary position (%) 100.0a 96. 7a 83. 3b 93. 3a 3. 99
Secondary position (%) 89. 0a 98. 0a 96. 3a 96. 5a 9. 74
Tertiary position (%) 69. 0a 80. 0a 93. 0a 96. 0a 16. 43
Quaternary position (%> 18. 7b 54. 4ab 34. 4ab 61. 8a 44. 6
Overall mean fruit set (%)67. 0b 82. 0a 81. 7a 86. 0a 8. 58

*1. Mean separation by LSD at p = 0.05 level
2. Means followed by the same letter within each row are not signi

ficantly different.
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3.1.3.2.7 Root temperature effects on fruit yield 

3.1.3.2.7a Total fruit weight per inflorescence

The mean fruit weight per inflorescence was 31.24 g, 48.1 g, 
44.19 g and 36.02 g at 10.2*0, 14.1*0, 18.7*0 and 23.O’C respec
tively, with LSD = 8. 1 at p = 0.05 and c. v = 13.20%. A comparison of 
means shows that 14. 1°C resulted in the highest total fruit yield per 
inflorescence. Between 23.0*0 and 10.2*0, only marginal difference 
was found in fruit weight per inflorescence.

3.1.3.2.7b Fruit weight per inf lorescence at different fruit ranks.

Data were subjected to an analysis of 4 x 4 factorial design of 
fruit yield per inflorescence at each of four fruit positions on 
plants from four different root temperatures so that interaction of 
fruit position with root temperature could be assessed. The result is 
shown in Table 3.7. Firstly, regardless of the effects of root 
temperature, fruit yield was significantly higher (p < 0.05) at
secondary than at primary, tertiary and quaternary fruit positions, 
indicating that a greater proportion of the total fruit yield per 
inflorescence is accounted for by secondary fruits. The fruit weight 
from both primary and tertiary positions per inflorescence was more 
or less similar, with quaternary fruit weight being the lightest, 
indicating quaternary fruit plays a minor role in total fruit yield 
per inflorescence. Irrespective of the effects of fruit positions, 
the mean fruit yield at each fruit position was significantly higher 
at both 14.1*0 and 18.7*C than at 10.2*C and 23.0“C. If the interplay 
of fruit position with root temperature is taken into account, the 
primary fruit position produced a significantly higher yield at 
14.1*0 than at 23.0*0. Yield of secondary fruits was increased at 
14.1*0 and 18.7*0 compared with 10.2*0 and 23.0*0. Tertiary fruit 
yield was reduced at 10.2*0, but was similar at 14.1*0, 18.7*0 and
23.0*0. At 10.2*0, total fruit yield per inflorescence was mainly 
composed of primary and secondary fruits, at 14.1*0 and 23.0*0 
including tertiary fruits, but at 18.7*0 mainly composed of secondary 
and tertiary fruits.
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Table 3.7 Effects of root temperature and fruit position on fruit 
yield (g) per inflorescence of different ranked fruits.

10. 2°C 14. r c 18.7°C 23. 0‘C Overall
means

Primary fruits 12.02bcd 12.87bc 10. 61cde 9.17de 11. 17b
Secondary fruits 11. 02cd 17. 71a 17. 68a 12.97bc 14. 85a
Tertiary fruits 7. 57e 14. 77ab 14. 80ab 11.86bcd 12.25b
Quaternary fruits 0. 63f 2. 83f 1. lOf 2. 02f 1. 65c

Overall means 7. 81b 12. 05a 11. 05a 9.01b c. v=18. 31%

*1. Mean separation by LSD at p = 0. 05 level 
2. Means followed by the same letter amongst the combinations of 

fruit ranks and root temperatures and within both the row and 
the column of overall means are not significantly different.

3.1.3.2.7c Individual fruit weights at different fruit positions

Similar to fruit weight per inflorescence at different fruit 
positions, weights of individual fruits from various fruit positions 
from four root temperatures were subjected to a 4 x 4 factorial 
design analysis such that interaction of fruit position with root 
temperature could be estimated. The result indicates that, irrespec
tive of the effects of root temperature, individual fruit weight was 
heaviest for primary fruits progressing to lightest for quaternary 
fruits ( < 0.05). (Table 3.8). Furthermore, regardless of the effects 
of individual fruit positions, the overall mean individual fruit 
weight was significantly greater at both 14.leC and 18.7*C than at 
10.2’C and 23.0’C, with non-significant differences between 14. I’C 
and 18.7*C and between 10.2*C and 23.0°C. Moreover, the interaction 
of fruit position with root temperature indicates that the individual 
primary fruit weight was significantly reduced at 23.0'C, but only 
slightly influenced at the other three temperatures. Secondary fruit 
weight was adversely affected at 10.2°C although it was only 
marginally different from that at 23.04C. However, the outcome 
suggested that individual fruit weight at both tertiary and
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quaternary positions did not fluctuate significantly because of the 
root temperatures used, implying that individual fruit weight at 
fruit positions higher than secondary ranks is not sensitive to root 
temperature. Finally, it can be seen that the relative reduction in 
individual fruit weight from superior to inferior positions varied 
with temperature. Firstly, the relatively larger primary fruits did 
not actually result in relatively smaller subsequent fruits, which 
can be seen between 23.0‘C and 14.1°C (Table 3.8). Then, at 14. 1*C 
and 18.7°C, individual fruit weight declined significantly from 
superior to inferior fruit positions, while at 10. 2“C, the individual 
secondary fruit weight was similar to the tertiary fruit weight and 
the latter was similar to the quaternary fruit weight (p > 0.05). At 
23.O’C, even the primary fruit weight was not significantly different 
from the secondary fruit weight (Table 3.8).

Table 3.8 Effects of root temperature and fruit position on 
individual fruit weight (g).

10. 2 °C 14. l'C 18. 7°C 23.0°C Overall
means

Primary fruits 12. 02a 13. 29a 12.59a 9. 81b 11.93a
Secondary fruits 6. 62cd 9. 49b 10.04b 8.14bc 8. 57b
Tertiary fruits 3.68de 5. 71d 5. 73d 5. 41d 5. 13c
Quaternary fruits 2. 38e 3. 45e 2. 72e 3.67de 3. 06d

Overall means 6. 17b 7. 98a 7. 77a 6. 75b c. v=16. 24%

*1. Mean separation by LSD at p = 0.05 level 
2. Means followed by the same letter amongst the combinations of 

fruit positions with root temperatures and within both the row 
and the column of the overall means are not significantly 
different.
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The total weight of misshapen fruits per inflorescence was 
3.33 g, 2.17 g, 1.49 g and 1.30 g at 10. 2°C, 14. 1°C, 18. 7’C and 
23.0*C respectively. Mean separation by LSD = 1. 17 at p = 0.05 showed 
that 10.2°C resulted in a significant increase in total misshapen 
fruit weight in comparison with 14. 1°C, 18.7*C and 23.0’C
respectively.

3.1.3.2.9 Total number of misshapen fruits and number of misshapen 
fruits at different fruit positions per inflorescence

Root temperature did not have a great effect on the number of 
misshapen fruits at primary, secondary and quaternary fruit 
positions, but 10.2’C resulted in significantly more misshapen fruits 
at the tertiary fruit position and total deformed fruits per 
inflorescence compared with the other three root temperatures (Table 

) 3.9).

3.1.3.3 Effects of root temperature on the extension of primary 
stolon length

The first two primary stolons produced per plant at 10.2’C and 
the first three primary stolons produced at 14. 1°C, 18.7*C and 

) 23.0’C, were labelled as SI (first primary stolon), S2 (second
primary stolon) and S3 (third primary stolon). Their lengths were 
measured every fifth day after emergence until the termination of the 
experiment. The mean cumulative length of each stolon was regressed 
on the corresponding cumulative days as a simple linear relationship. 
The effects of root temperature were analysed on the extension of 
individual primary stolon length by using analysis of covariance for 
the homogeneity test of the absolute growth rate, viz. , the increase 
of the primary stolon length per day, since the absolute growth rate 
is the slope of the regression equation at various root temperatures.

3.1.3. 2.8 T o tal m i s s h a p e n  fruit weight (g) per i n f l o r e s c e n c e
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Table 3.9 Effect of root temperature on total number of misshapen 
fruits and number of misshapen fruits at various fruit 
positions per inflorescence.

10.2°C 14.1*C 18.7°C 23. 0*C n <

Total misshapen fruits 1. 34a 0. 65b 0. 56b 0. 50b 27. 82
Primary fruits 0. 10a 0. 21a 0. 18a 0. 21a 57. 10
Secondary fruits 0. 31a 0. 10a 0. 10a 0. 13a 66. 78
Tertiary fruits 0. 71a 0. 15b 0. 12b 0. 06b 33. 50
Quaternary fruits 0. 20a 0. 19a 0. 16a 0. 10a 85. 90

*1. Mean separation carried out by LSD at p = 0.05 level.
2. Means followed by the same letter within each row are not signi

ficantly different.

3. 1.3.3. 1 Effects of root temperature on the extension of SI and S2 
at 10.2#C, and SI, S2 and S3 at 14. l'C, 18. 7'C and 23.0#C.

The analysis of covariance is presented in Table 3. 10. It shows
that the absolute growth rate of SI at 10. 2°C was less than at
14. 1*C, 18.7°C and 23.0°C respectively (p < 0.05). 23.0*C gave the
highest absolute growth rate of SI, which was significantly higher 
than that at 14. l’C. The absolute growth rate of S2 at 10. 2"C was
again significantly lower than that at 14. l'C, 18.7°C and 23.0°C, but
there was no significant difference between the latter three 
temperatures. Plants at 10. 2°C did not form any third stolons (S3), 
but the third primary stolons at 14.1*0, 18.7°C and 23.0eC extended
with a more or less similar absolute growth rate.

3.1.3.3.2 Growth relationships among different-ordered primary 
stolons within a plant at a specific root temperature

Assuming that there should be a certain relationship between 
various primary stolons in extension within a plant under specific 
growing conditions, data of various-ordered primary.stolon lengths on
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Table 3. 10 Analysis of covariance showing the effects of 
various root temperatures on the extension of 
individual primary stolons from emergence ex
pressed as absolute growth rate (cm/day).

Stolon order parameters 10.2°C 14. 1*C 18.7*C 23. 0°C

SI a -3.164 -0.299 0. 576 0. 601
b 2.246*c 2.766*b 2.818*ab 2.877*a
R 0.9979* 0.9995* 0.9996* 0.9996*

(n=9) (n=l1) (n=12) (n=12)

S2 a -2.780 -2.130 i ►—» t\> Co o 1. 210
b 2.248*b 2.860*a 2.824*a 2.818*a
R 0.9965* 0.9977* 0.9994* 0.9994*

<n=7> (n=7>

1
/*N4
rHIICV (n=l1)

S3 a -0.640 -0. 600 0. 530
b 2.806*a 2. 870*a 2.900*a
R 0. 9985* 0.9989* 0.9995*

Cn=7) (n=10) (n=10)

*1. Parameters ' a' and 1b' are the intercept and the slope in the
simple linear model of SL = a + b (D) where ' SL' is the
cumulative stolon length and * D' the number of days after
emergence of a specific primary stolon.

2. The estimated 'a' values are not significantly different from 
zero and nor are they from one another within each row of the 
stolon order at p = 0.05 by T-test.

3. The estimated ' b' values with a star symbol are significantly 
different from zero by T-test at p = 0.05.

4. Within each row of the stolon order, any values of ' b' followed 
by the same letter are not significantly different at p = 0.05 
by T-test.

5. ' R' is the correlation coefficient and any 'R* which is marked 
with a star is significant at p = 0.05.

6. *n' is the number of data points for estimation of 'a' and 1 b' 
in each case.
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the same plant versus the corresponding cumulative number of days 
were subjected to an analysis of covariance so that homogeneity tests 
for the slopes of different stolon lines could be performed. The 
result of the analysis of covariance at each root temperature is 
shown in Table 3. 11. Since the slope of each line is the absolute 
growth rate with a unit of increase in centimetre per day, it can be 
seen that the absolute growth rate was not significantly different 
among the first two or the first three primary stolons produced 
within the same plant. This suggests that the increase in stolon 
length per day is not antagonistic between stolons, at least among 
the first three primary stolons for the duration of the experiment.
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Table 3. 11 Growth relationships among different-ordered
primary stolons within a plant in relation to the 
absolute growth rate (cm/day) using analysis of 
covariance at each root temperature.

Stolon orders

* 1.

temperature parameters SI S2 S3
a 0. 601 1. 210 0. 530

23. O X b 2.877*a 2.818*a 2.900*a
R 0.9996* 0.9994* 0.9995

<n=12> <n=ll> (n=10)
a 0. 576 -1. 280 -0.600

18. 7 X b 2.818*a 2.824*a 2.870*a
R 0.9996* 0.9994* 0.9989*

(n=12> (n=l1) ov
HIIC

a -0.299 0COcvi1 -0.640
14. I X b 2.766*a 2.860*a 2.806*a

R 0.9995* 0.9977* 0.9985*
(n=l1) (n=7) (n=7)

a -3.164 -2.780
10. 2 X b 2.246*a 2.248*a

R 0.9979* 0.9965*
<n=9) (n=7)

'a', ' b' , ' R' and ’ n' have the same meaning as in the
3. 10.
All the estimated a'

4.

values are not significantly different 
from zero and neither are they from one another within each row 
of the treatment by T-test at p = 0.05.
All the estimated ' b' values with a star mark are significantly 
different from zero by T-test at p = 0.05 and within each row 
of the treatment, any ‘ b' followed by the same letter are not 
significantly different by T-test at p = 0.05 level.
Values of 'R' marked with ' *' are significant at p = 0.05.
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3.2 Responses of 'Hapil' plants to root temperatures of 15.2*0, 
19. 9*C, 24. 8*C and 29. 4*C in 1987.

3.2.1 Introduction and Objectives

'Hapil' plants with root temperatures of 10. 2*C, 14.1*C, 18.7*C
and 23.0°C in 1986 showed that better vegetative growth and develop
ment were associated with higher root temperatures as well as the 
earliness of primary flower production. Fruit production, however, 
was better at a relatively low root temperature such as 14.1*C when 
measured either as total fruit yield per inflorescence or as individ
ual fruit weight. The objectives of this experiment were:

1. To verify data on the general responses of 1Hapil' plants to a 
range of root temperatures;

2. To investigate how these plants would respond to a higher root 
temperature of approximately 30*C;

3. To provide more detailed information on the mechanisms by which 
vegetative and generative growth are affected by different root 
temperatures;

4. To obtain an insight into how the four root temperatures affect 
the dynamic growth of individual leaves, fruits at different 
fruit positions and successive individual primary stolons.

3.2.2 Initial status of planting materials

Cold-stored single crown plants were obtained from the same 
source as in 1986 and then treated in the same way as in the previous 
experiment prior to arranging them into the NFT system on 30 April 
1987. Averaged by 10 similar plants, the initial fresh and dry 
weights per plant were recorded as follows:

FW (g) DW (g)

Root 3.82 (0.21) 0.73 (0.04)
Top
Total

1.50 (0.09) 0.23 (0.03)
5.32 (0.31) 0. 96 (0. 11)



Further dissection of 5 plants with the aid of a binocular microscope 
showed that flower buds already existed within the crown leaf buds.

3. 2. 3 Results

3.2. 3.1 Vegetative parameters

Generally plants became established earlier and started growth 
much more rapidly at the higher root temperatures. Earlier and more 
fibrous roots coming out of the adventitious roots and light green 
leaves were more associated with the higher root temperatures. Plants 
at 19.9*C showed symptoms of red core (Phvtophthora fragariae) on 22 
June 1987, which was later confirmed by ADAS.

3.2.3.1.1 Plant Volume (cm3)

Responses of plant volume to root temperature in Fig. 3. 7 
revealed that by the tenth day from planting, 29.4°C resulted in the 
greatest plant volume. There was no significant difference between 
19.9*0 and 24.8*C. From the 20th day till the 40th day from planting, 
increases in plant volume were significantly accelerated with 
increases in root temperature from 15.2’C to 29. 4*C. Afterwards, no 
significant difference could be found between the effects of 
adjoining treatments. However, it was highly reduced at 19.9*0 
(p < 0.05).

3.2.3.1.2 Effective green leaf number per plant on the crowns

The effective green leaf number per plant on the crowns counted 
every 10 days is highlighted in Fig. 3.8. Over the period from 
planting until the onset of wilting leaves at 19.9*C, the effects of 
the different root temperatures were characteristic of three groups:

(1) 29.3*C gave the most green leaves per plant;
(2) both 19.9*C and 24.8*C gave the second greatest number of 

green leaves and
(3) 15.2*C giving the fewest green leaves per plant.
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Fig.3.7 The dynanic responses of plant volune to root
temperatures of lS-Z^C {•----•),19.9°'C (o— •—o)
24.8-C (*---*) and 29.4~C Vertical bars
represent L.S.D at p=0.05 level.
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.3.8 The dynamic responses of green leaf number on 
the crown plant to root temperatures of 15.2
(»--- •) . 19.9e,C {O---o),2A.8”C (X--- *) and 29.4°C
(J r---J.)» Vertical bars represent L.S.D at p=0.05I

Fig.3.9 The dynanic responses of cumulative number of 
leaves on the main crown to root temperatures
of 15.2~C (•---■ ) , 19. 9*"C (O---o),24.8~C (X---X)
and 29.A°C (Jk---A). Vertical bars represent L.S.Dat p=0.05 level.



Afterwards, due to the disturbance with plants at 19. 9*C, the pattern 
was diversified with a non-significant difference between 15.2’C and 
19. 9*C, but with significantly more green leaves at 24. 8'C than at 
19. 9’C. Ontogenetically, the number of green leaves at each 
temperature generally continued to rise, but the increase was the 
slowest between 30-40 days from planting at 29.4’C and between 40-60 
days from planting at 15.2’C, 19.9°C and 24.8°C. Plants at 15.2’C 
even showed a decrease of green leaves over this period. That was due 
to competition from fruit production and commencement of leaf death.

3.2.3.1.3 Cumulative leaf production on the main crown.

The dynamic increase in cumulative number of leaves on the main 
crown at each temperature is shown in Fig. 3. 9. It indicates that 
from the second week from planting, the leaf appearance rate at 
15.2’C was significantly slower in comparison with 19.9’C, 24.8*C and 
29.4*C <p < 0.05). Subsequently the cumulative number of leaves on 
the main crown was generally consistently greater with progressively 
higher root temperatures. The difference between 15.2*C and 19.9*C 
was not significant, probably due to the red core incidence at 
19. 9’C.

3.2.3. 1.4 Cumulative number of dead leaves on the main crown.

The change in the cumulative number of dead leaves on the main 
crown throughout the entire experiment is analytically presented in 
Table 3.12. The results show that the effects of root temperature 
could be grouped into two: (1) 15.2’C and 19. 9’C which had similar
effects and (2) 24.8’C and 29.4*C which also had similar effects. The 
rate of leaf death, however, was much higher in the latter group 
(p < 0. 05).
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Table 3.12 Cumulative number of 'dead' leaves on the main crown in
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relation to root 
and 29.4*C.

temperatures of 15. 2•C, 19.9“C, 24. 8*C

from planting 15. 2:*c 19.9*C 24. 8*C 29.4"C cv (%)

14 0. 1 b 0. 1 b 0. 5 a 0. 1 b 63. 0
21 0. 2 b 0. 1 b 0. 6 a 0. 2 b 59. 8
28 0. 2 b 0. 2 b 0. 6 a 0. 5 a 53. 4
35 0. 6 b 0. 6 b 1. 3 a 1. 2 a 31. 9
42 1. 0 b 1. 3 b 2. 3 a 2. 2 a 16. 9
49 1. 7 b 1. 9 b 2. 9 a 2. 9 a 11. 1
56 2. 4 b 2.3 b 3. 7 a 3. 6 a 8. 5
63 2. 5 b 2. 3 b 3. 8 a 3. 6 a 10. 0
70 2. 7 b 2. 9 b 4. 4 a 4. 1 a 13. 6
77 3. 0 b 3. 2 b 5. 2 a 4. 6 a 8. 3
83 3. 1 b 3. 3 b 5. 8 a 5. 9 a 4. 7

*:1. Mean separation by LSD at p = 0.05 level.
2. Means followed by the same letter within each row are not signi

ficantly different.

3.2.3.1.5 Cumulative total number of crowns per plant

The cumulative total number of crowns (both parent and newly- 
formed branch crowns) per plant is shown in Table 3.13. It shows that 
on average not all the plants at each of the root temperatures 
produced a new branch crown, although 29.4°C resulted in more plants 
forming a branch crown (1. 6 - 1.0 = 0.6) compared with.l5,2*C, 19.9eC 
and 24. 8°C (0.2, 0.4 and 0.4 respectively). By the end of the experi
ment, the total number of crowns per plant was not significantly 
affected by root temperature, but on some previous occasions, signi
ficantly more total crowns were found on plants with highest root 
temperature compared with lowest.
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Table 3.13 Effects of root temperature on the cumulative total
number of crowns per plant

Days from planting 15.2*C 19.9’C 24. 8-'C 29.4’C cv (%)

10 1. 0 1. 0 1. 0 1. 0
20 1. 0 1. 0 1. 0 1. 0
30 1. 1 b 1. 1 b 1. 3 ab 1. 4 a 10. 63
40 1. 1 b 1. 1 b 1. 3 ab 1.4 a 12. 91
50 1. 1 b 1. 1 b 1. 3 ab 1.4 a 12. 91
60 1.2 a 1. 2 a 1. 3 a 1.4 a 11. 32
70 1.2 b 1.3 b 1. 4 ab 1. 6 a 8. 87
80 1.2 a 1.4 a 1. 4 a 1. 6 a 15. 93

*:Mean separation by LSD at p = 0.05 level and means followed by the
same letter within each row are not significantly different.

3.2. 3. 1.6 Single leaf area in relation to root temperature at 
corresponding leaf positions on the main crown.

Leaf positions were labelled as LI, L2 ... which represented 
the first leaf from the crown leaf bud after planting, the second 
leaf and so on. From each replicate of various treatments, five 
plants were randomly chosen for determination of single leaf area at 
corresponding leaf positions which was considered the final size at 
each measuring time. Results showed that single leaf area was not 
greatly affected by these temperatures until the fifth leaf (Table 
3.14). At L5, 29.4*C gave the largest single leaf area of the four
treatments, with non-significant differences found between 15.2’C, 
19.9’C and 24. 8°C. The trend of L6 was similar to that of L5, but 
29. 4"C and 24. 8*C both gave more or less similar leaf size. At L7, 
single leaf area was not significantly modified by 15. 2*C, 24. 8’C and 
29. 4’C, but was seriously affected at 19.9’C due to red core. From L7 
onwards, single leaf area was not very variable at 24.8 ’C and 29.4*C, 
except that leaf area of Lll was significantly larger at 24. 8*C than 
at 29.4’C.
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Table 3. 14 Responses of single leaf area (cm2) to root temperatures 
of 15.2*C, 19.9*C, 24.8*C and 29.4*C at corresponding
leaf positions on the main crown.

Leaf positions 15.2*C 19. 9°C 24. 8‘C 29.4*C cv (%)

LI 59. 98 a 54. 75 a 51. 15 a 56. 58 a 7. 98
L2 66. 05 a 67. 39 a 68. 47 a 73. 76 a 4. 00
L3 99. 81 a 105. 10 a 91. 01 a 97. 46 a 14. 30
L4 173.75 a 191. 23 a 181.20 a 203. 11 a 14. 20
L5 212.19 b 205. 81 b 212. 05 b 250. 25 a 5. 10
L6 185.17 b 181. 47 b 204. 23 ab 22*.31 a 6. 70
L7 222.86 a 150. 90 b 192.10 ab 215. 47 a 11. 10
L8 212.00 a 186. 00 a 8. 30
L9 229.60 a 190.30 a 8. 60
L10 192.20 a 165. 70 a 5. 00
LI 1 160.97 a 143.71 b 1. 33

*Mean separation by LSD at p = 0.05 level and means followed by the 
same letter within each leaf position are not significantly 
dif f erent.

3.2.3.1.7 Single petiole length in relation to root temperature at 
corresponding leaf positions on the main crown.

When single leaf area was determined, each corresponding 
petiole was also measured in length. Similarly, the effects of 
various root temperatures were compared in Table 3.15. Unlike the 
single leaf area, single petiole length was found to be affected at 
L4, being one phyllochron earlier, with 29.4*C giving the longest 
petiole and 15.2‘C the shortest. Further, at L5, single petiole 
length was also significantly greater at 29.4‘C than at 15.2’C, 
19.9*C and 24. 8*C respectively, but at L6, these temperatures did not 
exert any significant influences in contrast to single leaf area (see 
Table 3.14). Petiole length of L7 was equally elongated at 15.2°C, 
24.8'C and 29.4*0, but badly shortened at 19.9°C because of the red 
core occurrence. From L7 onwards, the responses of single petiole



length were similar to those of single leaf area to 24.8*C and 
29. 4*C.

Table 3. 15 Responses of single petiole length (cm) to root 
temperatures of 15. 2*C, 19.9'C, 24. 8'C and 29. 4*C at
corresponding leaf positions on the main crown.
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Leaf positions 15. 2 °C 19. 9 °C 24. 8 *C 29. 4*C cv(%)

LI 4. 36 a 4. 43 a 4. 40 a 4. 62 a 2. 75
L2 5. 35 a 5. 50 a 5. 57 a 5. 69 a 2.06
L3 7. 05 a 8. 06 a 8. 25 a 9. 33 a 11. 70
L4 11. 74 c 12. 45 be 13. 72 ab 15. 01 a 5. 50
L5 13. 29 b 13. 85 b 14. 89 ab 16. 14 a 6. 40
L6 14. 66 a 13. 53 a 15. 90 a 16. 49 a 7.00
L7 15. 72 a 10. 62 b 15. 19 a 16. 11 a 7. 20
L8 15. 41 a 15. 90 a 6. 60
L9 16. 01 a 15. 88 a 2. 10
L10 15. 74 a 14. 95 a 2. 70
LI 1 15. 90 a 14. 87 b 1.63

*Mean separation by LSD at p = 0.05 level and means followed by the 
same letter within each leaf position are not significantly 
dif f erent.

3.2.3. 1.8 Ratio of single leaf area to single petiole length in 
relation to root temperatures at corresponding leaf 
positions on the main crown.

The ANOVA showed that ratios of single leaf area to single 
petiole length were not sensitive to different root temperatures when 
considering consecutive leaf positions on the main crown (see Table 
3.16). This indicates that this ratio is variety specific and not 
affected by root temperature.



Table 3. 16 Effects of root temperature on the ratios of single leaf 
area to single petiole length at corresponding leaf 
positions on the main crown.
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positions 15.2 *C 19. 9°C 24. 8*C 29. 4*C cv 0

LI 12.11 a 12. 36 a 11. 63 a 12. 24 a 5. 45
L2 12. 35 a 12. 26 a 12.29 a 12. 97 a 3. 90
L3 14. 24 a 13. 03 a 11. 02 a 10. 44 a 2. 20
L4 14. 76 a 15. 29 a 13. 20 a 13. 53 a 9. 50
L5 15. 97 a 14. 89 a 14. 27 a 15. 50 a 4. 00
L6 12.65 a 13. 42 a 12. 84 a 13. 43 a 4. 60
L7 14. 22 a 14. 19 a 12.68 a 13. 39 a 9. 70
L8 13.80 a 11. 68 a 6. 40
L9 14. 35 a 11. 99 a 6. 90
L10 12. 19 a 11. 07 a 2. 70
LI 1 10. 13 a 9. 67 a 2. 89

*:Mean separation by L. S. D. at p = 0.05 level and means followed by 
the same letter within each leaf position are not significantly 
dif f erent.

3.2.3. 1.9 Variation in single leaf area at successive leaf 
positions on the main crown at each root temperature.

Generally, single leaf area increased gradually with the 
increment of leaf positions for the first few leaves, but L4 had a 
large increase, being twice that of L3 (Fig. 3. 10). From L4 to L9 or 
L10 at 24.8°C and 29.4*C, single leaf area was relatively stable even 
though each leaf had a distinctive leaf area of its own in some 
cases. The last three leaves could be considered still active in 
terms of leaf area expansion. Between L9 or L10 and the last three 
leaves, a larger single leaf area occurred compared with the first 
three leaves. However the single leaf area was relatively smaller 
than that between L4 and L9 or L10 at 24.8'C and 29.4’C. 
Ontogenetically single leaf area increased to a largest leaf size at 
a certain position, then decreased gradually at 29.4*C. A similar
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Fig.3.10 Variation in individual leaf area of the 
successive leaves on the main crown at 
root temperatures of 15 . , 19 .9°C, 24.8<=>C
and 29.4°C. Vertical bars represent standard errors.



pattern occurred at 19.9°C, but this was due to red core. However, 
single leaf area produced two peaks of largest leaf size at different 
leaf positions at 15.2‘C and 24. 8*C. After the second largest leaf, 
it declined progressively.

3.2.3.1.10 Variation in single petiole length at successive leaf 
positions on the main crown at each root temperature.

In general, the responses of the first three petioles were 
similar to those of the single leaf area variation, with petiole 
length increasing from lower to higher leaf position (Fig. 3.11). 
Again, there was a sharp rise in single petiole length from L3 to L4. 
Similarly, the last three petioles could be thought of as still 
active in terms of petiole elongation. Unlike the variation of single 
leaf area, that of single petiole length was quite small between the 
fourth and the last three leaf positions, apparently at 29.4*C and 
24. 8*C.

3.2.3.1.11 Total petiole length (cm) per plant with time

The dynamics of total petiole length at different root 
temperatures are shown in Table 3. 17. The total petiole length was 
greatly increased (p < 0.05) with each increase in root temperature 
in the first 30 days from planting. On both the 4th and 5th measuring 
occasions, the highest -was at 29.4*C and the lowest at 15.2*0. 
Subsequently, 29. 4*C continued to have the largest total petiole 
length per plant, 24. 8‘C the second largest, with 19. 9*C and 15.2*0 
producing similar results. Eventually 15.2’C resulted in
significantly greater total petiole length than did 19.9*0 due to the 
infection of red core disease. Ontogenetically, the total petiole 
length continued to increase at all temperatures except 19.9*0 which 
incurred red core in the later stages of growth.
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Fig.3 .11 Variation in individual petiole length of the 
successive leaves on the main crown at root 
temperatures of 15 . 2 - C ,19.9 ~ C , 2 4 . 8 ° C  and 2 9 . 4 - C .  
Vertical bars represent standard errors.



Table 3. 17 Dynamics of total petiole length (TPL) (cm), total 
petiole number (TPN) and average single petiole length 
(ASPL) (cm) per plant to root temperatures of 15.2*C, 
19. 9*C, 24. 8*C and 29. 4‘C.
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Days 15, 2'C 19,9* C 24,8'C 29,4*'C cv(K)
after
plant-
ing, TPL TPN ASPL TPL TPN ASPL TPL TPN ASPL TPL TPN ASPL TPL TPN ASPL

10 4,29a 2,4c 1,80c 6,05c 2,8b 2,29b 6,95b 2,9b 2,37b 10,95a 3,5a 3,16a 1,5 2,6 3,5

20 12,09d 3,9c 3,13d 20,32c 4,8b 4,22c 25,79b 5,3ab 4,89b 35,69a 6,0a 5,96a 8,9 7,9 0,8

30 26,91(1 4,9c 5,52d 40,57c 6,0b 6,70c 51,14b 6,3b 8,11b 66,76a 7,4a 9,01a 11,1 7,8 3,9

40 44,59c 6,1b 7,33c 63,64b 7,3a 8,67b 76,82ab 7, lab 10,78a 91,16a 8,0a 11,40a 10,5 7,3 5,7

50 52,99c 5 ,6d 9,04b 79,35b 7,8a 9,70b 92,53b 7,8a 11,81a 108,4a 8,8a 12,15a 11,6 6,6 6,3

60 61,22c 5 , Id 12,35a 70,19c 6,8c 10,23b 99,92b 8,2b 12,41a 122,38a 9,5a 12,83a 7.5 5,7 2,6

70 75,82c 6,6d 11,55b 71,43c 7,9c 8,97c 123,10b 9,7b 13,17a 158,60al1,4a 13,96a 10,5 9,6 2,6

80 96,88c 8,1c 11,93b 75,66d 8,8c 8,49c 160,68b '11,7b 14,39a 190,48al3,3a 14,38a 5,6 9.7 1,1

*1. Mean separation by L. S. D. at p = 0.05 Level 
2. Means of each similar attribute followed by a different letter 

within each row of the same attribute are significantly 
dif f erent.

3.2.3. 1. 12 Total petiole number per plant with time.

The total petiole number per plant at each root temperature is 
presented in Table 3. 17 with intervals of 10 days. The highest total 
petiole number was maintained at 29.4'C throughout the experiment. 
24.8*0 gave similar total petiole number as 19.9"C in the first 50 
days from planting, but afterwards resulted in significantly more 
than 19.94C. Plants at 19.9*0 produced significantly more total 
petioles per plant than did 15.2*0 over the first 70 days from 
planting, but near the end of the experiment, no significant differ
ences could be detected due to red core.
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3.2.3.1.13 Average single petiole length (cm) with time.

The dynamics of average single petiole length (total petiole 
length divided by total petiole number) are highlighted in Table
3. 17. The results show that the average single petiole length was 
greatly affected by root temperature in the first 30 days from 
planting. Subsequently, both 29.4*C and 24. 8°C resulted in signifi
cantly longer petioles than 15.2*C and 19. 9*C. Furthermore, 15.2'C 
had significantly longer petioles than 19.9’C over the last three 
occasions because of red core.

3. 2. 3. 1.74 Total cumulative number of primary stolons per plant.

The dynamics of total cumulative number of primary stolons from 
both main and branch crowns are shown in Table 3.18. The results show 
that higher temperatures gave an earlier rise to stolon formation. 
Plants at 29.4’C produced the largest number of primary stolons over 
almost all the measuring occasions, with the second largest at 
24.8*C. At 19. 9*C, plants produced significantly more stolons than 
those at 15.2*C during the early part of growth, but non-significant 
differences were found during the later part of the experiment due to 
red core.

3.2.3.1.15 Total cumulative primary stolon length (cm) per plant.

The total cumulative primary stolon length was significantly 
increased at both 29. 4°C and 24. 8*C compared with both 19.9*C and 
15.2*C (Table 3.18) over the entire experimental period. Between 
29.4°C and 24. 8*C, plants possessed significantly longer primary 
stolons at 29. 4*C than at 24. 8*C over the first five occasions, but 
non-significant differences were found over the last three occasions. 
Between 19.9*C and 15.2°C, total primary stolon length was greatly 
reduced at 15.2*C during the very early stages, but was not signifi
cantly affected over the remaining observing occasions due to the in
fluence of red core.



Table 3. 18 Dynamic responses to root temperature of total cumulative 
number of primary stolons (PSN), total cumulative primary 
stolon length (PSL) (cm) and average single primary 
stolon length (SPSL) (cm) per plant.
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Days 15,2*C 19,9'C 24,8*C 29,4''C cv(X)
after
plant-
ing, PSN PSL SPSL PSN PSL SPSL PSN PSL SPSL PSN PSL SPSL PSN PSL SPSL

25 0 .Od 0,0c 0 ,Od 0,26c 0,44bc 1,13c 0,47b 1,05b 2,22b 0,67a 2,60a 3,87a 27,9 27,3 27,7

32 0,35d 0,71d 1,86b 0,67c 8,70c 12,01a 1,37b 19,08b 13,85a 1,84a 26,64a 14,43a 11,7 18,5 18,2

39 0,90d 9, lOdlO, He 1,33c 25,40c 18,07b 1,97b 49,94b 25,55a 2,62a 66,92a 25,75a 8,9 12,6 8,4

46 1,24c 31.59c27.84b 1,53c 48,20c 28,39b 2,63b 105,39b 40,42a 3 ,46al36,82a 39,52a 7,0 12,0 9,1

53 l,76d 64.22c36.59b 2,22c 74,73c 33,11b 3,27b 170,04b 52,72a 4 ,24a224,01 a 52,98a 7,4 7,6 5,0

60 2,09d 100,42c48,13b 2 .95c1113,11c 38,86c 3,77b 226,39b 60,48a 4 ,65a301,01a 64,69a 4,8 11,87' 8,0

67 2,52b 151.48b60.07b 3 .03bl38 ,29b 46,22c 4,47a 326,48a 72,69a 5,22a391,34a 74,78a 12,8 11,1 7,4

74 2,83b 197.78b69.71b 3 ,03bl43,97b 49,77c 5,10a 399,08a 77,18a 6 , 10a497,22a 81,33a 13,4 17,8 6,0

82 3,27c 284,87b86,67a 3 ,38c175,91b 52,67b 5,40b 498,39a 89,99a 7,20a636,20a 88,34a 11.4 20,6 5,7

*1. Mean separation by L. S. D. at p = 0.05 level 
2. Means of each similar attribute followed by a different letter 

are significantly different.

3.2.3.1.16 Average single primary stolon length (cm).

The dynamics of average single primary stolon length (total 
cumulative primary stolon length divided by total cumulative primary 
stolon number) are shown in Table 3.18. In most cases, single primary 
stolon length was significantly greater at both 29.4*C and 24.8°C 
than at both 19.9*0 and 15.2°C, but was highly reduced at 19.9*C on 
the last measuring occasion because of red core. Between 29.4°C and 
24.8*C, the single primary stolon length was similar to each other at 
all the occasions except the first, while between 15.2*0 and 19.9°C, 
it was significantly greater at 19.9°C for the first three
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measurements, but significantly shorter for the rest of the measure
ments because of red core.

3.2.3.1.17 Total runner plants, runner tips, leaves of runner plants 
and crown green leaf area per plant at the end of the 
experiment.

Total runner plants were significantly increased at 29. 4*C and 
24.8*C when compared with both 19.9*C and 15.2*C (Table 3.19). 
However, non-significant differences were found between 29.4*C and 
24.8‘C and between 19.9*C and 15.2°C. The number of runner tips was 
not highly affected by the temperatures used even though plants at 
19.9*C were stressed by the deleterious effects of red core. The 
responses of both runner plant's leaves and crown green leaf area to 
these treatments were similar to those of total runner plants per 
plant.

Table 3.19 Effects of root temperature on total runner plants^runner 
tips, runner plant leaves and crown green leaf area (cm2) 
per plant at the termination of the experiment.

15. 2*C 19. 9*C 24. 8*C 29.4*C c v (%)
Runner plants 4. 6 b 4. 3 b 8. 7 a 10.8 a 3. 66
Runner tips 3. 9 a 2. 7 a 5.8 a 5. 8 a 43. 10
Runner plant leaves 9. 4 b 7.8 b 22. 2 a 26. 3 a 20. 16
Crown leaf area 1065.75 b 950.37 b 1654. 75 a 1753.74 a 11. 03

*1. Mean separation by L. S. D. at p = 0.05 level.
2. Means followed by a different letter within each row are signifi

cantly different.
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3.2.3.1.18 Dry matter production of plant components per plant at 
termination of the experiment.

For the root dry matter production, 24. 8*C and 15.2’C gave 
significantly higher root dry weights than 29. 4’C and 19.9"C (Fig. 
3.12). Concerning ‘stolon chains', 29. 4’C and 24. 8*C significantly 
increased 'stolon chains' dry weight compared with 15.2’C and 19. 9*C. 
As regards 'stem' (crown and crown petioles), plants had more or less 
the same 'stem' dry weight at 29.4*C as at 24. 8’C, but significantly 
higher 'stem' dry weights than at 19.9*C and 15.2’C. The difference 
was only marginal between 15.2°C and 19. 9’C and between 15. 2*C and 
24. 8*C, but was significant between 24. 8*C and 19. 9’C. In regard to 
crown laminae, their dry weights were significantly enhanced with 
increasing root temperature from 19.9’C to 29. 4*C, but not between 
15.2’C and 19.9*C due to the red core occurrence. With respect to the 
total plant dry matter, plants were much heavier at both 29. 4°C and 
24.8’C than at 19.9*C and 15.2’C, but non-significant effects were 
found between 29.4’C and 24.8’C and between 19. 9’C and 15.2’C. In 
considering the proportions of various components of the whole plant, 
both the 'stolon chains' and the crown laminae accounted for most of 
the total dry weight, being 87.98%, 86.74%, 78. 02% and 78. 93% of the 
total dry matter at 29. 4*C, 24.8’C, 19.9*C and 15.2’C respectively.

3.2.3.1.19 Distance between the crown axis and the first runner 
plant and between consecutive runner plants on the rest 
of the stolon.

At the end of the experiment, the distances between the crown 
axis and the first runner plants and between consecutive runner 
plants on the rest of the stolon were measured. Means were derived 
from the number of individual distances of every replicate of each 
treatment. Data were subjected to analysis as a factorial design such 
that the interaction of root temperature with successive runner plant 
distances could be determined. The analytical outcome is presented in 
Table 3.20. It shows that the overall mean distance from the mother 
plant to the first runner was significantly longer at 29.4’C than at 
24.8*C and at 24.8*C than at 15.2’C. The distance of successive
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runner plants was negatively related with increases in number of 
runner plants. Root temperature cannot change this relationship. 
Runner to runner distance was affected by root temperatures even 
though the distance between the crown axis and the first runner was 
not. For example, the distance from R1 to R2 was significantly more 
elongated at 29. 4°C and 24.8*C than at 19. 9*C and 15.2*C.

Table 3.20 Effects of root temperature on the distance (cm) between 
the crown axis and the first runner plant and between 
successive runner plants on the rest of the stolon.

Distance from 15.2 *C 19.9°C 24. 8*C 29. 4’C Overall Means
crown to R1 45. 30 a 45. 48 a 45. 19 a 44. 39 a 45. 10 a
R1 to R2 35.45 de 36. 77 d 39.90 c 41. 64 b 38. 44 b
R2 to R3 32.92 f 33.74 f 34. 42 ef 38. 87 c 34. 99 c

Overall :means 37.90 c 38.66 be 39.84 b 41.87 a cv = 2. 31%

*1. Mean separation by L. S. D. at p = 0.05 level.
2. Means followed by a different letter within the row of overall 

means of various temperatures and within the column of overall 
means of various runner plant's distances are significantly 
dif f erent.

3. Means followed by the same letter among the interaction of 
root temperature with'various runner plant's distances 
are not significantly different.

3.2.3.1.20 Days between stolon appearance and formation of the first 
runner plant and between formation of the adjacent runner 
plants.

Due to the deleterious effects of the red core disease at 
19. 9°C, data analysis was performed only at 15.2*C, 24. 8°C and 
29. 4°C, and presented in Table 3.21. It can be seen that the first 
runner plant formation was delayed on the stolon 1 and stolon 2 at 
15.2*0 compared with 24. 8*C and 29.4*C each, but not on the stolon 3. 
Between 24. 8'C and 29. 4#C, the first runner plant formation was more
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or less at the same time on any one-of the five stolons. It is also 
interesting to note that the time needed between formation of the 
adjacent runner plants were not significantly modified by the temper
atures employed.

3.2.3.1.21 Days between stolon appearance and formation of the first 
true leaf of successive runner plants and between form
ation of consecutive leaves on each individual runner 
plant.

Due to the adverse effects of the red core occurrence at 
19.9’C, data analysis was applied only to 29. 4'C, 24. 8*C and 15.2'C
and presented in Table 3.22. Results show that 15.2*C delayed first 
true leaf formation of the first runner plant on both stolon 1 and 
stolon 2 compared with 29.4*C and 24. 8°C each, whilst there was no 
difference between the two highest temperatures. No significant 
differences occurred for stolons 3, 4 and 5. However, days between
formation of consecutive leaves on every runner plant at all 'stolon 
chains' were similar at different root temperatures.

3.2.3.2 Reproductive parameters

In general, plants were in blossom earlier at higher than at 
lower root temperatures. Higher temperatures also resulted in earlier 
fruit development. Almost all plants produced only one inflorescence 
regardless of the temperature. Any extra inflorescence was removed to 
obtain uniformity both among plants and among different treatments.
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Table 3.21 Effects of the root temperatures on days between stolon 
appearance and formation of the first runner-plant and 
between formation of the adjacent runner plants.

Stolon order Event 15. 2*C 24. 8*C 29. 4 *C c v (%)

S. app. to Rl 22. 0 b 18.3 a 18.7 a 1. 85
Stolon 1 Rl to R2 12. 6 a 14. 3 a 14. 4 a 8. 00

R2 to R3 12. 3 a 12.9 a 13. 9 a 5. 71

S. app. to Rl 22. 8 b 20. 3 a 20. 1 a 4. 25
Stolon 2 Rl to R2 11. 2 a 12. 4 a 12. 9 a 5. 6

R2 to R3 11. 7 a 12. 3 a 13. 1 a 9. 08

S. app. to Rl 20. 1 a 20. 2 a 20. 2 a 4. 61
Stolon 3 Rl to R2 13. 4 a i2. 7 a 12. 3 a 5. 33

R2 to R3 11. 4 a 12. 8 a 4. 05

Stolon 4 S. app. to Rl 19. 2 a 19. 8 a 4. 73
Rl to R2 13. 9 a 12. 2 a 5. 53

Stolon 5 S. app. to Rl 18. 9 a 19. 4 a 4. 06
Rl to R2 12. 9 a 12. 0 a 4. 11

*:1. Mean separation by L. S. D. at p = 0.05 level.
2. Means followed by the same letter within each row are not signi

ficantly different.
3. S. app = stolon appearance; Rl, R2, R3 = First, Second and Third 

runner plant respectively.
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Table 3.22 Effects of the root temperatures on days between stolon 
appearance and formation of the first true leaf of 
successive runner plants and between formation of 
consecutive leaves on each individual runner plant.

Sto lon  Orders Runner p lan t Event 15 ,2 'C 2 4 ,8*C 2 9 ,4*C c , v  (X )
s e r i e s

S, app, to L I 22 ,0  b 18,3 a 18 ,7 a 1,85

R1 LI to 2 8 ,5  a 8 ,0  a 7 ,2  a 7 ,37

L2 to L3 9 ,8  a 9 ,9  a 10 ,2 a 13,45

L3 to L4 10,1 a 10,1 a 12,6 a 10,75

Sto lon 1 s, app, to LI 34 ,6  a 3 1 ,9  a 33,1 a 4 ,63

R2 LI to L2 6 ,6  a 6 ,8  a 6 ,5  a 7 ,99

L2 to L3 10 ,6  a 9 ,6  a 10 ,2 a 9 ,56

L3 to L4 10 ,0  a 9 ,7  a 8 ,73

R3 S, app, to L I 46 ,9  a 45 ,4  a 46 ,4  a 2 ,37

LI to L2 8 ,1 a 7 ,5  a 7 ,3  a 9,91

S, app, to LI 22 ,8  b 2 ,0 3  a 20,1 a 4 ,25

R1 LI to L2 7 ,5  a 7 ,6  a 7.1 a 4 ,52

L2 to L3 9 ,9  a 8 .9  a 9 ,7  a 7 ,46

L3 to L4 11,1 a 13,5 a 16,43

Sto lon 2 s'; app, to L) 34 ,0  a 32 ,7  a 32 ,3  a 2 ,12

R2 L I to L2 7 ,7  a 7 .0  a 7,1 a 3 ,97

L2 to L3 9 ,0  a 9 ,9  a 3 ,52

R3 S, app, to L I  45 ,8  a 45 ,0  a 46,1 a 3 ,05

LI to L2 7 ,0  a 7 ,4  a 5 ,39

Continued
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continued from Table 3.22

Sto lon Order Runner p lan t Event 1 5 ,2*C 2 4 ,8 'C 29 ,4  * C c , v  (2 )

S, app, to L I 20,1 a 20 ,2  a 20 ,2  a 4,61

R1 L I to 12 7 ,5  a 7 ,3  a 6 ,8  a 10,5

L2 to L3 8 ,4  a 9 ,0  a 9 ,0  a 18,31

L3 to L4 9,1  a 12 ,8 a 13,00

Sto lon 3 S, app, to LI 33 ,6  a 3 2 ,9  a 3 2 ,6  a 6 ,00

R2 L I  to L2 7 ,5  a 7 ,4  a 10,03

L2 to 13 8 ,6  a 9 ,5  a 3,61

R3 S, app, to L I 4 3 ,3  a 45 ,0  a 5 ,38

S, app, to LI 19 ,2 a 19 ,8 a 4 ,73

R1 L I  to L2 6 ,6  a 6 ,3  a 4 ,45

Sto lon 4 L2 to 13 9 ,2  a 8,1 a 10,26

R2 S, app, to LI 32 ,3  a 32 ,0  a 1,67

S, app, to LI 18,9 a 19,4 a 4 ,06

Sto lon 5
R1 L I  to L2 7 ,0  a 7,1  a 11,06

R2 S, app, to L i 32 ,4  a 31 ,4  a 2 ,35

*1, Mean se p ara t io n  by L ,S ,D ,  a t  p = 0 ,05  l e v e l ,

2, Means fo l lowed by the same l e t t e r  w ith in  each row are not s i g n i f i c a n t l y  d i f f e r e n t ,

3, L I , , ,  n means the f i r s t ,  second leaves and so on, on each runner p la n t ,
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No plants produced more than 2 inflorescences and quaternary flowers 
were the highest rank flowers formed.

3.2.3.2.1 Earliness of flower anthesis.

Results in Table 3.23 show that 29.4*C accelerated primary 
flower anthesis compared with both 24. 8*C and 19.9’C,' but no signi
ficant effects were found between the latter two. At 15. 2*C, primary 
flower anthesis was greatly delayed compared with the other three 
temperatures. Secondary flowers opened one day earlier at both 29.4’C 
and 24. 8*C than at both 19.9°C and 15.2’C. No significant differences 
occurred with further higher rank flowers.

3.2. 3.2.2 Periods from flower anthesis to turn of fruit colour and 
fruit ripeness.

Periods expressed as days from flower anthesis to turn of fruit 
colour and to fruit ripeness are presented in Table 3.3. It shows

J
that there were no effects of temperature on primary, secondary and 
quaternary fruits, but change of colour of tertiary fruits was 
delayed significantly at 15.2°C compared with 19.9*C, 24. 8°C and
29. 4°C. It can also be seen that root temperature had no significant 
effects on days to fruit ripening at primary and quaternary 
positions, but a longer period (p < 0.05) was required for both 

) secondary and tertiary fruits at 15.24C compared with 19.9*C, 24.8‘C
and 29.4*C each.

3.2.3.2.3 Total number of both flowers and fruits, and individual 
number of flowers and fruits at various positions per 
inflorescence.

Results in Table 3.24 show that root temperature had no 
significant effects on total number of flowers and fruits or indivi
dual numbers of flowers and fruits at various positions on the in
florescence.
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Table 3.23 Effects of root temperature on earliness of flower 
antheses, period from flower anthesis to turn of fruit
colour and to fruit ripeness. (unit : days).

15. 2 °C 19.9°C 24.8 *C 29. 9°C cv (%)
Planting to P. F. A. 23. 1 c 18.8 b 17.6 b 15.6 a 3. 78
P. F. A. to S. F. A. 2. 6 b 2. 6 b 2.0 a 1.8 a 8. 74
P. F. A. to T. F. A. 5. 9 a 6. 2 a 6. 5 a 6.0 a 7. 61
P. F. A. to Q. F. A. 10. 5 a 11. 4 a 12. 1 a 12. 7 a 7. 27

P. F. A. to P. F. C. T. 20. 9 a 20.0 a 20.0 a 20.0 a 2. 47
S. F. A. to S. F. C. T. 22. 4 a 21.0 a 21.4 a 21. 4 a 2. 75
T. F. A. to T. F. C. T. 24.0 b 21. 9 a 22.2 a 22.8 a 1. 45
Q. F. A. to Q. F. C. T. 23.3 a 23. 1 a 22. 9 a 23. 5 a 1. 57

P. F. A. to P. F. R. 24.0 a 22. 9 a 23.0 a 22.9 a 2. 56
S. F. A. to S. F. R. 25. 3 b 23.7 a 24. 2 a 24. 3 a 2. 02
T. F. A. to T. F. R. 26.5 b 24. 7 a 24.8 a 25.2 a 1. 12
Q. F. A. to Q. F. R. 25.8 a 25. 6 a 25. 7 a 26. 1 a 0. 69

*1. Mean separation by L.S.D. at p = 0.05 level and Means followed by 
the same letter are not significantly different.

2. P. F. A. , S. F. A. , T. F. A. , and Q. F. A. are short for antheses of 
) primary, secondary, tertiary and quaternary flowers respectively,

P. F. C. T. , S. F. C.T. , T. F. C. T. , and Q. F. C. T. , for turn of fruit 
colour of primary, secondary, tertiary and quaternary fruits 
individually, and P. F. R. , S. F. R. , T. F. R. , and Q. F. R. , for ripe
ness of primary, secondary, tertiary and quaternary fruits.
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Table 3.24 Effects of root temperature on total number of flowers 
and fruits and numbers of flowers and fruits at different 
positions per inflorescence.

15. 2‘X 19. 9‘X 24. 8‘X 29. 9'X cv (%>
Total flowers 8. 2 a 8. 5 a 8. 5 a 8. 9 a 11. 37
Total fruits 7. 8 a 8. 5 a 8. 4 a 8. 9 a 11. 40
Primary flowers 1.0 a 1. 0 a 1.0 a 1.0 a
Primary fruits 1.0 a 1. 0 a 1.0 a 1.0 a
Secondary flowers 1.9 a 1. 9 a 2. 0 a 1.9 a 5. 10
Secondary fruits 1.8 a 1. 9 a 2. 0 a 1.9 a 5. 73
Tertiary flowers 3. 3 a 3. 4 a 3. 4 a 3. 7 a 5. 39
Tertiary fruits 3. 1 a 3. 4 a 3. 3 a 3. 6 a 4. 24
Quaternary flowers 1.9 a 2. 3 a 2. 1 a 2. 3 a 40. 69
Quaternary fruits 1.9 a 2. 3 a 2. 1 a 2. 3 a 40. 69

*1. Mean separation by L.S.D. at p = 0. 05 level.

2. Means followed by the same letter within each row are not signi
ficantly different.

3. 2. 3. 2. 4 Quantification of some flower components.

Counts were made of coronal petals, parapetalous, antipetalous 
and antisepalous anthers according to the description of Valleau 
(1918) of every flower of ten inflorescences from each replicate. 
Data analysis is shown in Table 3.25 based on the means averaged by 
the number of each positional flower. It is very interesting that the 
range of root temperatures used did not modify these aspects of 
flower structure, but each of them decreased in number gradually from 
superior to inferior flower positions within an inflorescence.
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Table 3.25 The quantitative effect of root temperature on flower 
parts.

15,2*0 1 9 ,9*C 24 ,8*0 29 ,4*0 cv (X )

Prim ary flower 6 ,5a 6 ,8 a 6 ,7 a 6 ,7 a 2,05

P e ta ls Secondary f lower 6 ,0a 5 ,8 a 5 ,8 a 5 ,9 a 2 ,12

T e r t i a r y  f lower 5 ,1a 5 ,1 a 5 ,2a 5, la 1,69

Quaternary f lower 4 ,9a 5 ,0 a 5 ,0 a 5 ,0 a 2 ,49

Prim ary flower 12,8a 13,4a 12,6a 12,4a 4 ,55

P .P ,  Anthers Secondary f lower 11,2a 11 ,3a 11,1a 11,3a 5 ,44

T e r t i a r y  f lower 10,1a 10 ,0a 10,1a 10,1a 3 ,08

Quaternary f lower 9 ,7a 9 ,9 a 9 ,9 a 10,0a 2 ,70

Prim ary f lower 9 ,0a 9 ,6a 9 ,3a 8 ,7a 10,69

A,P , Anthers Secondary flower 7 ,2a 7 ,3 a 6 ,9 a 7 ,0 a 7,94

T e r t i a r y  f lower 6 ,6a 6 ,4 a 6 ,5a 6, 4a 6 ,03

Quaternary f lower 6 ,4a 6 ,2 a 6 ,4 a 5 ,9 a 4 ,98

Primary f lower 7 ,7a 7 ,6a 7 ,6a 6 ,6 a 9 ,88

A.S , Anthers Secondary f lower 6 ,1a 6 ,0 a 5 ,7a 5 ,9 a 7 ,28

T e r t i a r y  f lower 5 ,7a 5 ,4 a 5 ,3a 5 ,7 a 6 ,03

Quaternary f lower 5 ,2a 5 ,3 a 5 ,2a 5 ,3a 3 ,15

Prim ary f lower 29 ,5a 30 ,6a 29 ,5a 27 ,7a 6 ,72

Tota l  Anthers Secondary f lower 24 ,5a 24 ,6a 23 ,7a 24 ,2a 5 ,94

T e r t i a r y  f lower 22 ,4a 21 ,9a 21 ,9a 22 ,3a 4 ,33

Quaternary f lower 21 ,3a 21 ,4a 21 ,5a 21 ,1a 2 ,09

* 1, Mean se p ara t io n  by LSD a t  p = 0 ,05  le v e l  and means fo l lowed by the same l e t t e r  

are not s i g n i f i c a n t l y  d i f f e r e n t ,

2, P , P , i s  sh o rt  fo r  Parapeta lous ,  ft ,P , fo r  A n t ip e ta lo u s  and A ,S ,  fo r  Antisepa lous ,
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3.2.3.2.5 Responses of fruit yields 

3.2.3.2.5a Total fruit yield per inflorescence
The mean total fruit weight Cg) per inflorescence was 76.12, 

75.58, 72.50 and 64.33 at 15.2"C, 19. 9’C, 24.8’C and 29.4‘C
respectively, with LSD = 6. 18 at p = 0.05 and cv = 4.29%. Thus lower 
temperatures were more suitable for higher total fruit yield per 
inflorescence.

3.2.3.2.5b Weight of fruits at different positions per 
inflorescence

Similar analyses to those of the 1986 experiment in 3.1.3.2.7b 
were carried out and are presented in Table 3.26. Firstly, it shows 
that, irrespective of the effects of root temperature, fruit yield at 
both primary and secondary positions was significantly higher than at 
both tertiary and quaternary positions, and tertiary was greater than 
the quaternary positions. Both primary and secondary fruits made an 
important contribution to total fruit yield within an inflorescence. 
It also shows that if the effects of fruit ranks are discounted, the 
mean fruit weight per fruit position was significantly decreased at 
29.4’C compared with 15. 2*C, 19.9*0 and 24.8’C respectively. The
interaction of root temperature with fruit positions indicates that 
within an inflorescence, primary fruit weight was highest at 15.2*C 
and 19.9*C, but lowest at. 29.4*C (p < 0.05). Secondary fruit weight 
was not affected by 15.2*0, 19.9*C and 24.8’C, but significantly 
decreased at 29.4’C in reference to 15.2’C and 24.8’C. Tertiary fruit 
weight responded in more or less the same way as secondary fruit 
weight, whereas quaternary fruit yield was indifferent to the root 
temperatures used. Further, it reveals that at both 15. 2’C and 
24.8°C, the fruit weight fell significantly from primary to
quaternary fruit position progressively, while at both 19.9’C and 
29.4’C, similar fruit weight was obtained at both primary and secon
dary fruit positions, but significantly heavier than at both tertiary 
and quaternary positions.
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Table 3.26 Effects of root temperature and fruit positions on the 
fruit yield (g) per inflorescence of different 
positional fruits.

15. 2*C 19. 9*C 24. 8*C 29.4*C Overall
means

Primary Fruit 27. 92a 25.59abc 24. 52c 21. 39de 24. 85a
Secondary Fruit 24. 90b 25.21be 27. 05ab 23. 36cd 25.13a
Tertiary Fruit 20. 28e 20.99de 19.17ef 17.68f 19.53b
Quaternary Fruit 3. 03g 3. 79g 2.27g 1.91g 2. 75c

Overall Means 19.03a 18.89a 18.25a 16.08b cv=8.10%

1. Mean separation by LSD at p = 0.05 level
2. Means followed by the same letter amongst the combinations of 

fruit positions with root temperature and within both the row 
and the column of the overall means are not significantly 
dif f erent.

3.2.3.2.5c Single fruit weight at different fruit positions.

A similar analysis to that of fruit weight per inflorescence at 
various fruit ranks was applied to single fruit weight at different 
fruit positions and the result is highlighted in Table 3.27. It shows 
that, irrespective of the^effects of root temperature, single fruit 
weight declined progressively from superior to inferior fruit 
positions (p < 0.05). Furthermore, regardless of the effects of fruit 
positions within an inflorescence, the overall mean single fruit 
weight was heaviest at 15.2*C and smallest at 29.4'C with only 
marginal difference between 19.9*C and 24. 8"C. Moreover the interplay 
of root temperature with fruit positions shows that single primary 
fruit weight was greatly increased at 15.2°C compared with 29.4*0, 
with a non-significant difference between 19.9°C and 24.8“C. Again, 
single secondary fruit weight was significantly reduced at 29. 4*C 
compared with both 15.2*C and 24. 8*C without pronounced differences 
between 15.2"C and 24. 8*C and between 19.9'C and 29. 4’C. Compared 
with both 24.8*C and 29. 4*C, both 15.2'C and 19.9*C gave
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significantly greater tertiary fruit weights, but the difference was 
only minimal between them both. Single quaternary fruit weight was 
not significantly affected by any of these temperatures (p > 0.05). 
Finally, it is interesting to note that at all of these four 
temperatures, single fruit weight descended significantly from 
primary to quaternary positions, implicating that approaches through 
manipulation and control of root temperature between 15.2*0 and 
29.4°C cannot change the effects of fruit position on single fruit 
size variation.

Table 3.27 Effects of root temperature and fruit positions on the
single fruit weight (g) of respective positional fruits.

15. 2 "C 19. 9*C 24. 8*C 29.4*C Overall
means

Primary Fruit 27. 91a 25. 59b 24. 52b 21. 39c 24. 52a
Secondary Fruit 13.64d 13. 19de 13. 52d 12.lOe 13.lib
Tertiary Fruit 6. 70f 6. 25f 5.79g 4. 86g 5. 90c
Quaternary Fruit 1. 51h 1. 73h 1. 25h 0. 83h 1. 23d

Overall Means 12.44a 11. 69b 11. 27b 9. 80c cv=7. 03%

* 1. Mean separation by LSD at p = 0.05 level
2. Means followed by the same letter amongst the combinations of

fruit positions with root temperat ure and within both the row
and the column of the overall means are not signif icantly
dif f erent.

3.3.3.2.6. Effects of fruit set sequences on fruit size at both
secondary and tertiary positions within an inflorescence

Due to the branching habit of strawberry inflorescences, a 
typical inflorescence should have 1 primary, 2 secondary, 4 tertiary 
flowers and so forth. Previous observation showed that flowers at a 
same rank higher than primary flower do not blossom at the same time. 
As a consequence, fruit set sequences therefore result. At the 
secondary position, fruit set one (SI) was considered the first
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)

)

flower in blossom, the other one was fruit set two (S2). Similarly at 
tertiary position, fruit set sequences were graded into tertiary 
fruit set 1 (Tl), fruit set 2 (T2), fruit set 3 CT3) and fruit set 4 
(4). Interactions of fruit set sequences with root temperature was 
assumed such that a factorial analysis could be performed. Results of 
the analysis reveal that single fruit weight declined significantly 
with increasing lateness of fruit set at either secondary or tertiary 
positions (Fig. 3. 13 and Fig. 3.14). Also, there were non-significant 
effects for the interactions of fruit set sequences with root tem
perature at both fruit positions, suggesting that the decline of 
fruit weight due to late fruit set could not be prevented through 
manipulation and control of root temperature.

3.2. 3. 2. 7 The distance between the peduncle base (Ped. B) and the 
pedicel base (P.B>, the pedicel length (P.L), the dis
tance between Ped. B and the Calyx base (C.B), and 
pedicel diamaters of different fruit positions.

By the time of harvesting each individual fruit from ten 
inflorescences for each replicate, the distance between Ped.B and P. B 
and the pedicel length (P.L) were measured and the summation of both 
was taken as the distance from Ped. B to C.B. By the time each fruit 
was weighed, pedicel diameter right next to the C. B was measured
accurately to 0.01 mm using a caliper. Means averaged by the number 
of corresponding fruit positions for each replicate were subjected to 
ANOVA and the analytical results are shown in Table 3.28. This shows 
that the distance did not differ significantly from Ped. B to P. B 
from one another at primary, secondary and tertiary positions, but it 
was significantly greater at 29.4*C than both at 15.2*0 and 24.8*0. 
Similarly, the pedicel length was not modified, either at primary, 
secondary and tertiary fruit positions by these treatments. However, 
at quaternary prositon, the pedicels were noticeably elongated at 
both 29.4*0 and 24.8*0 compared with both 19.9*0 and 15.2*0.
Furthermore, the distance between Ped. B and C. B was not signifi
cantly affected by the temperatures used at both primary and
secondary positions. Significant differences did occur at both 
tertiary and quaternary positions. At the tertiary position, it was
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Fig.3.13 The effects of fruit set sequences on fruit size 
at secondary position. Bars followed by a diff
erent letter are significantly different.

Fig.3.14 The effects of fruit set sequences on fruit size 
at tertiary position. Bars followed by a differ
ent letter are significantly different.
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Table 3.28 Effects of root temperature on the distance between the 
peduncle base (Ped B) and the pedicel base (P.B), the 
pedicel length (PL), the distance between Ped. B and the 
calyx base (C.B), and diameters of pedicels of different 
fruit positions.

15. 2 °C 19. 9 *C 24. 8#C 29. 4'C cv (%)

Primary 5. 08a 5. 75a 5. 09a 6. 10a 12. 79
Ped. B-P. B Secondary 7. 10a 7. 74a 6. 64a 8. 40a 9. 68

(cm) Tertiary 7. 99a 8. 70a 7. 64a 9. 15a 7. 17
Quaternary 8. 43b 8.90ab 8. 35b 9. 61a 4. 98

Primary 2. 95a 2. 80a 2. 83a 2. 91a 14. 36
P. L (cm) Secondary 2. 55a 2. 47a 2. 62a 2. 54a 5. 48

Tertiary 2. 86a 2. 89a 3. 27a 3. 14a 6. 46
- Quaternary 3. 69b 3. 82b 4. 49a 4. 36a 5. 97

Primary 8. 03a 8. 55a 7. 92a 9. 02a 10. 19
Ped, B-C. B Secondary 9. 64a 10.21a 9. 26a 11. 16a 8. 33

(cm) Tertiary 10.87b 11. 59ab 10.91b 12.28a 4. 18
Quaternary 12. lib 12.73b 12.84b 14. 00a 3. 63

Primary 2. 13a 1. 93b 1. 87b 1. 70c 2. 75
Diameters Secondary 1. 61a 1. 55a 1. 46b 1. 31c 2. 29

(mm) Tertiary 1. 29a 1. 28a 1. 21b 1. 15c 2. 24
Quaternary 1. 02a 0. 98a 0. 98a 1. 00a 3. 64

* 1. Mean separation by LSDi at p = 0. 05 level.
2. Means followed by the same letter within each row are not

significantly different.
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prominently lengthened at 29. 4*C with reference to other treatments 
and so was it at quaternary position. Finally, the effects of root 
temperature were found to be significant on pedicel diameters at 
primary, secondary and tertiary, but not at quaternary positions. 
Primary pedicel diameter was the thickest at 15.2’C and the thinnest 
at 29. 4’C (p < 0.05) with 19.9’C and 24. 8*C presenting similar
effects. At both secondary and tertiary positions, both 15.2’C and 
19.9*0 resulted in significantly thicker pedicels than did 24. 8’C and 
29. 4°C.

3.2.3.2.8 Specific fruit weight (g/cm3) and fruit dry matter content 
at primary, secondary and tertiary fruit positions.

The volume of each fruit was measured using the water displace
ment method at a water temperature of around 17 *C in order that 
specific fruit weight could be derived from division of the fruit 
weight by its own volume. The results of both the specific fruit 
weight and percentage dry matter are presented in Table 3.29. It 
shows that the specific fruit weight of both primary and secondary 
fruits was not influenced by these treatments (p < 0.05), but that of 
the tertiary fruit was significantly greater at 29.4’C than at 
15.2*C, 19.9’C and 24. 8’C which had similar specific fruit weights.
None of these temperatures imposed any influential effects on fruit 
dry matter content at both secondary and tertiary positions, but 
primary fruit dry matter -was significantly higher at 29.4°C than at
15. 2’C, 19.9°C and 24.8’C. Further it can be noticed that fruit dry
matter content dropped down from superior to inferior fruit 
positions.

3.2. 3. 2.9 Achene density (achenes/cnr2) on the receptacle surface of 
primary, secondary and tertiary fruits

The interaction of root temperature in combination with 
different fruit positions and locations on the receptacle was assumed 
such that data analysis could be subjected to a factorial analysis of 
4 x 3 x 3 ,  with '4' being for four temperatures, first '3' being for
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Table 3.29 Effects of root temperature on the spec! fic fruit weight 
and percentage dry matter content for fruits at primary, 
secondary and tertiary positions.

15.2aC 19. 9°C 24.8 aC 29.4aC cv <%)

Primary 0.899a 0. 898a 0.891a 0. 897a 0. 45
Specific fruit Secondary 0. 895a 0. 894a 0.893a 0.895a 1. 14
weight (g/cm3) Tertiary 0.896b 0. 899b 0.895b 0.921a 1. 05

Primary 7. 62b 7. 44b 7. 37b 8. 72a 4. 41
Fruit dry Secondary 5. 66a 6. 06a 5. 57a 5. 73a 4. 83
matter (%) Tertiary 5. 13a 5. 12a 5. 22a 5. 36a 2. 12

* 1. Means separation by LSD at p = 0.05 level.
2. Means followed by the same letter within each row are not

significantly different.

three different fruit positions and second '3' being for three 
different locations on the receptacle. Therefore the ‘factors* 
influential in determining achene dispersion were as follows:

3.2.3.2.9a Effects of root temperature on achene density.

Achene density was found significantly greater at 29. 4aC than 
at both 19. 9aC and 24. 8 aC, and significantly less at 15.2aC than at 
both 19.9aC and 24. 8aC (Fig. 3.15); indicating that fruits are more 
expanded at lower root temperatures than at higher ones.

3.2.3.2.9b Effects of fruit position on achene density

Achene density was 12.9, 12.8 and 12.9 for primary, secondary
and tertiary fruits respectively. The ANOVA indicated that the achene 
density was not significantly varied amongst these fruit positions.
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15.2°C 19.9°C 24.8°C 29.4°C

ROOT TEMPERATURE

Fig.3.15 The effects of root temperature on achene density (achenes/cm=). Bars followed by a different letter 
are significantly different at p=0.05 level.

Fig.3.16 The effects of location of the receptacle on achene 
density (achenes/cia2) . Bars followed by a different 
letter are significantly different at p=0.05 level.
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3.2.3. 2.9c Achene density in relation to location on the receptacle.

It was found that achene density was highly related to the area 
on the receptacle on which they occurred. It progressively increased 
from near to the fruit cap to the fruit tip, indicating that within a 
fruit, the upper part is more expanded than the middle and likewise 
the middle is more expanded than the lower part (Fig. 3. 16). This 
could explain why strawberry fruits are tapering either in conic or 
similar shapes.

3. 2. 3. 2. 9d Achene density with respect to the interaction of root 
temperature with fruit position

Results in Table 3.30 show that achene density was similar at 
19.9*C, 24. 8°C and 29.4°C for primary fruits, but was significantly
less at 15.2*C. At the secondary position, again 15. 2 T  was promotive 
of fruit development compared with 19. 9'C and 29. 4'C (p > 0.05), but 
19.9°C, 24.8°C and 29.4*C imposed similar effects on achene density.
At the tertiary position, fruit expansion was seriously retarded by 
29.4*C compared with the other three temperatures. Additionally 
achene density was not significantly varied from superior to inferior 
positions at 15.2’C and 24. 8’C, while it was varied at both 29.4'C 
and 19.9*C (p < 0.05). At 19.9*0, tertiary fruit was better developed 
than both primary and secondary fruits, while at 29.4’C, tertiary 
fruit was poorly expanded compared with secondary fruit (p < 0.05).

3. 2. 3. 2. 9e Achene density with respect to the interaction of root 
temperature with various locations on the receptacle.

The AN0VA showed that the interaction of temperature with 
different locations on the receptacle was non-significant at p = 0.05 
level, indicating the rising trend of achene density from upper to 
lower sections within a fruit cannot be altered through adjustment of 
root temperatures (to see 3.2.3.2.9c), at least from 15. 24C to 
29.4*C.
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Table 3.30 Achene density (achenes/cm2) In relation to the inter
action of root temperature with different fruit position.

15.2*C 19. 9*C 24. 8*C 29.4'C

Primary fruits 11. 7e 13. 4bc 12.9 bed 13. 8ab
Secondary fruits 12.Ide 13.3bc 12.6cde 13.4bc
Tertiary fruits 12.2de 12. Ode 12.9bcd 14. 6a

* Mean separation by LSD at p = 0.05 and means followed by the same 
letter are not significantly different.

Table 3. 31 Achene density (achenes/cm2) in relation to the inter
action of fruit position with various locations on 
the receptacle.

Primary fruits 
Secondary fruits 
Tertiary fruits

Upper section
9. 4g

10. 4f

11. 3e

Middle section
12. 8d 
12. 7d 
12. 9d

Lower section
16. 7a 
15. 6b 
14. 5c

* Mean separation by LSD at p = 0.05 and means followed by the same 
letter are not significantly different.

) 3.2. 3. 2. 9f Achene density with respect to the interaction of fruit
positions with various locations within a fruit.

Results in Table 3.31 show that achene density was signifi
cantly increased from upper to middle and in turn from middle to 
lower sections at all of the fruit positions. Achene density in upper 
section increased from primary to tertiary fruits. Nevertheless, 
achene density in lower section decreased from primary to tertiary 
fruits (p = 0.05). The middle part of the fruit expanded similarly 
from primary to tertiary fruits as the achene density was non- 
significantly different.
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3. 2. 3. 2. 9g Achene density with respect to the interaction of root 
temperature with fruit position and different locations 
on a fruit.

The ANOVA shows that the interaction, of root temperature with 
fruit position and different locations on a fruit was significant at 
p = 0.05 level. The results are presented in Table 3.32, which high
lights the complexity of both the external and the internal factors 
affecting the development of a single fruit through achene density.

3.2.3.2.10 The responses to root temperature of fruit diameters at 
different fruit positions 3 and 24 days after anthesis

Results in Table 3. 33 show that 3 days after anthesis, primary 
fruit diameter was significantly greater at 15.2°C than 19.9°C, 
24. 8°C and 29.4'C respectively, but was only marginally different 
between 19.9°C, 24.8°C and 29. 4*C. Secondary fruit diameter was more 
advanced at both 15. 2*C and 19. 9°C than at both 24. 8'C and 29. 4*C (p 

} < 0.05). The diameter of tertiary fruit was least at 29.4"C and most
at 19.9°C (p < 0.05). Quaternary fruit diameter was not affected by 
the temperatures used. By 24 days after anthesis, fruit diameters at 
primary, secondary and tertiary positions were not significantly 
different from one another, suggesting that the diameters of the 
first three positional fruits have similar potential to develop 
within 24 days from anthesis at any of the root temperatures. 

) Nonetheless the diameter' of quaternary fruit was the greatest at
19.9*0 (p < 0.05), with little difference between 15. 2‘C, 24. 8*C and 
29. 4*C.

3.2.3.2.11 The effects of root temperature on fruit lengths at 
different fruit positions both 3 and 24 days after 
anthesis.

Again the results in Table 3.33 show that the effects on fruit 
lengths were similar to those of fruit diameters at primary, 
secondary and quaternary fruit positions 3 days after anthesis, while 
tertiary fruit length was greater at 19.9*0 than at 15.2*0 and 
24.8*0, and least at 29.4*0 (p < 0.05). By 24 days after anthesis, 
both primary and secondary fruits were not significantly modified by
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Table 3. 32 Achene density (achenes/cm2) in relation to the inter
action of root temperature with fruit position and 
locations on a fruit.

15,2'C 19,9‘C 24,8*C 24'C

u.s n,s L,S U.S M.S L.S u, s U.S L.S U.S M.S L.S

CO CO CO 11,2 15,0 9,5qrs 13,3 17,5a 9,2 rs 12,7 16,7ab 10,1 13,9 17,5a
Unop cdef ghij ijkl pqrs efghi

2" 10,2 11,8 14,3 10,8 13,1 15,9 10,0 12,4 15,3 10,6 13,5 16,0
oprs klano efgh nopq hi jk bed pqrs ijkla beds nopqr fghij abed

3* 10,9 12,1 13,5 10,8 12,1 13,0 11,1 12,9 14,8 12,4 14,7 16,5
anop jklan fghij nopq jk lmn hi jk canop hijk dsfg i jk Isa dsfg abe

L.S, D, = 1,59 c. v = 7,56%

* Mean separat; ion by LSD at p = 0. 05' level and means followed by
the same letter are not significantly different,

U.S. = Upper section, M. S = Middle section, L.S = Lower Section 
1° = primary fruit, 2* = secondary fruit, 3* = tertiary fruit.

)
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Table 3.33 The effects of root temperature on fruit diameter (mm) 
and fruit length (mm) at different fruit positions 3 
(3D)and 24 (24D) days after anthesis.

15.2*C 19.9*C 24. 8°C 29.4*C >u

3D Diameter 8. 4b 7. 2a 6. 8a 6. 9a 2. 9
Primary Length 8. 3b 6. 8a 6. 8a 7. 3a 3. 5

24D Diameter 38. 6a 38. la 38. 6a 36. 7a 2. 8
Length 39. 5a 38. 9a 39. 6a 38. 3a 2. 5

3D Diameter 7. 3b 6. 7b 5. 9a 5. 6a 6. 0
Secondary Length 7. Ob 6. 5b 5. 6a 5. 6a 6. 1

24D Diameter 31. 2a 30. 7a 31. 4a 29. 7a 3. 8
Length 30. 6a 32. 0a 31. 3a 30. 3a 2. 0

3D Diameter 5. 4b 6. 3c 5. Oab 4. 4a 6. 8
Tertiary Length 5. 4b 6. 3c 5. lb 4. 3a 7. 5

24D Diameter 21. 6a 23. 3a 22. 3a 20. 6a 4. 8
Length 23. lb 24. 9c 23. lb 21. 5a 3. 3

3D Diameter 3. 6a 4. la 3. 8a 3. 5a 10. 1
Quaternary Length 3. 7a 4. 2a 3. 8a 3. 5a 9. 1

24D Diameter 10. 2a 11. 8b 10. 2a 9. la 6. 2
Length 11. 9a 13. 7b 12. Oa 10. 7a 6. 4

*'■ Mean separation by LSD at p = 0. 05 level and means f ollowed by a
dif f erent. letter within each row are significantly different .
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the temperatures used, whilst tertiary fruits were longest at 19.9*C 
and shortest at 29. 4*C (p < 0.05). Quaternary fruit length was the 
longest at 19. 9*C 24 days after anthesis.

3.2.3.2.12 The effects on the ratios of diameters to lengths at 
different fruit positions both 3 and 24 days after 
anthesis.

The results in Table 3.34 show that only at the primary fruit 
position, the ratio was significantly different at 29.4’C from that 
at 15.2‘C, 19. 9*C and 24. 8’C respectively. Since 0.92 was slightly
further away from unity at the primary position at 29.4*C, it could 
be said that the length developed more rapidly than the diameter 
during the period from receptacle initiation until the third day 
after anthesis (also see Table 3.33). In general, the results also 
show that in the early stages of fruit development, the diameter was 
more or less similar to the length, but in the later stages, it 
turned out that diameter growth was left behind the length increment, 
resulting in the ratio of diameter to length being less than unity in 
most cases.

Table 3.34 The effects of root temperature on the ratios of 
diameters to lengths at different fruit positions 
both 3 and 24 days after anthesis.

3D

15.2#C 

1. 01b

19. 9°C 

1. 05b

24. 8°C 

1. 00b

29. 4*C 

0. 92a

c. v (,%) 

3. 4Primary
24D 0. 93a 0. 98a 0. 98a 0. 96a 3. 0

3D 1. 05a 1. 04a 1. 05a 1. 00a 4. 8Secondary
24D 1. 02a 0. 96a 1.00a 0. 98a 2. 9

3D 1. Ola 1. 00a 0. 99a 1. 02a 1. 5I ertlary
24D 0. 93a 0. 93a 0. 96a 0. 96a 2. 8

3D 0. 97a 0. 98a 0. 98a 1. 00a 2. 0Quaternary
24D 0. 86a 0. 86a 0. 85a 0. 84a 3. 3

* Mean separation by LSD at p = 0. 05 level and means f ollowed by the
same letter within. each row are not significantly dif f erent.
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3.2. 3.3 The dynamic responses to root temperature of fruit
dimensions (diameters and lengths) of respective positional 
fruits, of successive individual primary stolons and 
individual leaves on the main crown.

3.2.3.3.1 The dynamic responses of fruit diameters at different 
fruit positions.

The cumulative fruit diameters (mm), by sequential measurement 
every 3 days starting from the third day until the 24th day after 
anthesis, was regressed upon the corresponding cumulative days on 
each measuring occasion. The simple linear equation y = a + bx has 
been found to be suitable enough to fit the data obtained, in that 
equation, ' y' can be regarded as the fruit diameter increasing with 
increasing days after anthesis, 'a' the fruit diameter at anthesis, 
being the value corresponding to 1 x' = 0, 1b' the daily increment of 
the fruit diameter, ' x' the corresponding cumulative days after 
anthesis. The analysis of covariance has been employed to describe 
the effects of root temperature on the fruit diameter growth at 
different fruit positions through comparison of both 'a' and 'b' at 
respective root temperature regimes. The results in Table 3.35 
indicate that the temperatures used did not impose any significant 
effects on the absolute growth rate, i.e., the daily increment of the 
fruit diameter at each specific fruit positions. However, the fruit 
diameters at flower anthesis were influenced at both the primary and 
secondary positions, but not at the tertiary and quaternary sites. At 
the primary position, the diameter was significantly greater at 
15.2°C than at both 24.8°C and 29.4*C; at secondary position, it was 
significantly smaller at 29. 4°C than both at 15.2*C and 19.9’C.

3.2.3.3.2 The dynamic responses of fruit lengths at different fruit 
positions

Similarly, data collected of fruit lengths at different fruit 
positions were also subjected to the analysis of covariance with the 
cumulative fruit lengths (mm) being regressed upon the corresponding 
cumulative days after anthesis. The result is highlighted in Table 
3.35. It is interesting to note that the temperatures used did not
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)

)

Table 3.35 The dynamic responses to root temperature of both fruit 
diameters (mm) and fruit lengths (mm) at different fruit 
positions.

15.2 °C 19. 9°C 24. 8°C 29. 4*C

p a 4. 97*B 3.35*AB 2.63*A 2.35*A
R Diameter b 1. 41* A 1. 50*A 1. 55*A 1. 48*A
I R 0.998* 0.997* 0.998* 0. 998*
M
A a 6. 78*A 4. 76*A 3. 85*A 3. 95*A
R Length b 1. 46*A 1. 56*A 1. 61*A 1. 54*A
Y R 0. 986* 0.983* 0.989* 0. 992*

S
E a 5.44*B 4. 94*B 3.58*AB 2.98*A
C Diameter b 1. 05*A 1. 12*A 1. 19*A 1. 15*A
0
N

R 0.994* 0.994* 0.997* 0.998*

D a 6. 32*A 5. 94*A 4.30*A 3.83*A
A Length b 1.03* A 1. 19*A 1. 22*A 1. 20*A
R R 0. 984* 0. 975* 0.984* 0. 985*
Y

T
E
R
T
I

Diameter
a
b
R

4. 88*A 
0.68*A 
0.982*

5. 75*A 
0. 75*A 
0.986*

4. 33*A 
0. 75*A 
0. 987*

3.90*A 
0.72*A 
0. 984*

A a 5. 67*A 6. 71*A 5. 2 6* A 4. 32*A
R Length b 0. 73*A 0. 81*A 0. 78*A 0. 77*A
Y R 0.964* 0.965* 0. 973* 0.972*

Q
U a 5. 01* A 5. 08*A 5. 14*A 4. 95*A
A Diameter b 0. 26*A 0.33*A 0. 2 6*A 0. 22*A
R
T

R 0. 833* 0.916* 0.844* 0. 813*

E a 5.71*A 5. 68*A 5.75*A 5. 48*A
R Length b 0. 32*A 0. 40*A 0.33*A 0. 28*a
N
A
R
Y

R 0. 833* 0.898* 0.822* 0. 804*

*  1. Values for ' a‘ and ' b' marked with ' * '  are significantly diff
erent from zero at p =0.05.

2. Regression coefficient ' R* marked with 1 *' is significant at 
p = 0.05.

3. Values followed by the same letter within each row of both 'a' 
and 'b‘ are not significantly different by T-test.
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impose any significant effects on both the fruit length at flower 
anthesis and the daily increase of the fruit length at all of the 
fruit positions.

3.2.3.3.3 The responses of extension of individual primary stolons.

As was done in 1986 (see 3. 1. 3. 3), measurements of cumulative 
primary stolon length were made of consecutive stolons within a plant 
in a sequential manner at 5 day intervals from emergence to the 
termination of the experiment. The first stolon on the plant was
referred to as SI, the second stolon as S2 and so forth. The effects 
of root temperature on the extension of primary stolons and the 
growth relationship between the individual primary stolons on one 
plant at each specific temperature were analysed. An analysis of
covariance was again used through the homogeneity test of the
absolute growth rate represented by ' b' in the simple linear equation 
of SL = a + b (D) where 'SL' is the cumulative stolon length and ' D‘ 
the number of days after emergence of a specific primary stolon.

3.2.3.3.3. 1 The effects of root temperature on the extension of 
individual primary stolons.

The results in Table 3. 36 show that all the primary stolons of 
various orders had a similar initial stolon length at emergence,
which was not significantly different from zero at p = 0.05 by T-test 
at any of these three temperatures because plants suffered from the 
occurrence of red core at 19. 9*C. The daily increase, viz. , the 
absolute growth rate of stolon length of SI was not significantly 
influenced by these temperatures, while that of S2 was more rapid at 
29.4’C than at both 15.2°C and 24. 8’C (p < 0.05). The absolute growth 
rate of S3 was retarded at 24. 8’C compared with 29. 4'C P < 0.05), but 
that of S4 responded similarly to that of SI. Further, the daily 
increase of stolon length of both S5 and S6 was not significantly 
different between 24. 8*C and 29.4*C.
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Table 3.36 The effects of root temperature on the extension of
individual primary stolons Cb).

Stolon order parameters 15. 2 *C 24. 8*C 29.4*C
a -1. 99 0. 91 1. 17

SI b 2.93*A 3. 01*A 2.93*A
R 0.9993* 0.9988* 0.9979*
n 11 12 12
a -1. 07 1. 05 -0. 08

S2 b 2. 92*B 2.93*B 3.13*A
R 0.9991 0.9991 0.9991
n 9 10 10
a 0. 30 -0. 51 0. 59

S3 b 3. 04*AB 2. 91*B 3. 11*A
R 0.9990* 0.9998* 0.9993*
n 6 9 9

a -0. 17 0. 07 -0. 55
S4 b 3. 15* A 3. 12*A 3. 18* A

R 0.9992* 0.9998* 0.9993*
n 5 6 8

a -0. 03 -0. 41
S5 b 3. 34*A 3.19*A

R 0.9983* 0.9993*
n 5 5

a 1. 52 1. 05
S6 b 3. 15*A 3.18*A

R 0. 9985* 0.9995*
n 5 5

* 1. Values f or 'a' of different; stolons at each temperature are not
significantly different from zero at p = 0. 05 by T-test.

2. Values f or 'b‘ marked with ' are significantly different from
zero at■ P := 0.05 and followed by the same letter within each
row are not significantly different at p = 0.05 by T-test. 

3. Values for the regression coefficient marked with 1 *' are 
significant at p = 0.05 under each corresponding number of 
data points (n).



3.2. 3. 3. 3. 2 The growth relationship between the individual stolons 
on one plant at each specific root temperature.

It can be seen from Table 3.37 that all the stolons had a 
similar initial stolon length at emergence, which was not signi
ficantly different from zero at p = 0.05 by T-test at all of the 
temperatures. Generally, the absolute growth rate of successive 
stolons was independent of one another on one plant. Nonetheless, the 
daily increase of stolon length of SI was relatively small compared 
with that of S2, S3 and S4 respectively at 29.4*C (p < 0.05) and that 
of S5 was relatively great in comparison with that of SI, S2 and S3 
respectively at 24. 8°C.

3.2.3.3.3. 3 A special case to show the growth relationship between 
10 individual primary stolons on one plant at 29.4*C.

From eighteen plants of three replicates at 29.4°C, which were 
selected for the sequential measurements of individual stolon 
lengths, one of these plants was found to have produced 11 primary 
stolons, of which 8 originated from the main crown and 3 from a 
branch crown which was the only one the plant produced. The last 
stolon was not subjected to the analysis of covariance because it was 
formed just 2 days before the termination of the experiment with the 
results being shown in Table 3.38. It could be concluded that even 
though small variation of daily increase of various stolon lengths 
was inevitable, the absolute growth rate was irrespective of stolon 
orders on one plant, at least till the time when the experiment was 
terminated and between these 10 primary stolons by the time when the 
stolon tips of each were still actively growing.
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Table 3. 37 The growth relationship between individual stolons on one 
plant at each specific root temperature in terms of the 
daily increase of primary stolon length (cm/day).

Sto lon  order

Temperatures Para SI S2 S3 S4 S5 S6
meters

a -1 ,9 9 -1 ,07 0 ,239 -0 ,1 7

b 2 , 93*A 2,92*A 3 , 04*A 3 , 15*A

1 5 ,2 ‘ C R 0,9333* 0 ,9931* 0 ,9990* 0 ,9392*

n 11 9 6 5

a 0,91 1,05 -0 ,51 0 ,07 - 0 ,0 3  1,52

b 3 , 01*A 2 , 93*A 2 , 91*A 3 , 12*A8 3 , 34*B 3 , 15*AB

24 ,8*0 R 0,9988* 0 ,9991* 0 ,9996* 0 ,9993* 0,9383* 0,9985

n 12 10 9 6 5 5

a 1, 17 -0 ,08 0 ,53 - 0 ,5 5 -0,41 1,05

b 2 , 93*A 3 , 13*B 3 ,1 1 *B 3 , 18*B 3 , 19*AB 3 , 18*AB

2 3 ,4*C R 0,9379* 0,9991* 0 ,9995* 0 ,9393* 0,9933* 0,9995*

n 12 10 9 8 5 5

* 1, ' a ' ,  ' b 1\  ' R* and 'n ' are  re fe r re d  to in Tab le  3 ,36 ,

2, A l l  the est im ates of 'a '  are not s i g n i f i c a n t l y  d i f f e r e n t  from ;zero and nor are

they from one another1 w ith in each row of the s to lo n  order a t  p = 0 ,05  by T - te s t ,

3, A l l  the est im ates of ' b 1 marked with ' * ' a re  s i g n i f i c a n t l y  d i f f e r e n t  from

zero at p = 0 ,05  and w ith in  each row of the s to lon order , any *b ' fo l lowed

by the «same l e t t e r are  not s i g n i f i c a n t l y d i f f e r e n t a t  p = 0 ,05  by T - te s t ,

4, Values of ' R 1 marked w ith are s i g n i f i c a n t  a t  p =0,05,
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Table 3. 38 The growth relationship between 10 primary stolons on one 
plant in terms of the daily increase of stolon length
(cm/day) with reference to 29. 4*C.

Parameters

Stolon order a b n R

SIM -2. 13 2. 9 9 7* A 12 0. 9987*
S2M -0. 70 3. 031*A 11 0.9987*
S3M -1. 86 3. 15 7* A 9 0.9982*
S4B -3. 62 2. 892*A 9 0.9958*
S5M -2. 07 3. 039*A 9 0.9940*
S6B -2. 88 2. 974*A 8 0.9985*
S7M 1. 48 2. 975* A 7 0.9977*
S8B 0. 50 3. 160*A 6 0.9991*
S9M 0. 27 3. 142* A 6 0.9985*
S10M 1. 38 2. 918*A 5 0.9985*

* 1. Stolons marked with 'M' and ' B' are those produced on the main
crown and the branch crown respectively.

2. All the estimates of 'a' are not significantly different from 
zero at p = 0.05 by T-test.

3. All the estimates of 1b' marked with 1 *' are significantly 
different from zero at p = 0.05 and followed by the same letter 
within the column of 1 b' are not significantly different at
p = 0.05 by T-test.

4. All the values of the regression coefficient ’ R' marked with '*' 
are significant at p = 0.05.
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3.2. 3. 4 Analysis of growth of individual main-crown leaves at 
different root temperatures.

3. 2. 3. 4. 1 Introduction

Processes producing sigmoidal or 'S' shaped growth curves are 
common in biology. Such processes start at some initially fixed point 
and increase their growth rate monotonically to reach an inflection 
point. At this point, the growth rate decreases to approach asympto

tically some final value. The merits of some most-popularly used 
sigmoidal growth models such as Gompertz, Logistic and Richards 
functions have been well elucidated, based upon the statistical 
analyses of some case studies by Ratkowsky (1983). The Richards 
function, first introduced by Richards (1959) and further discussed 
by Richards (1969), and considered as more flexible than and 
generalized sigmoidal growth model of Gompertz, monomolecular and 
autocatalytic models, has been highly appreciated, fully exploited 
and specifically applied to single leaf growth by Causton (1969, 
1970), Causton et al (1978), Venus and Causton (1979 ab), Causton and 
Venus (1981). Since the Richards function is a realistic, although 
empirical, biological model of a growth system which is determinate 
in nature, in plants the individual leaves are likely to show this 
kind of growth pattern. Therefore it has been successively used to 
describe the effects of temperature on the pattern of leaf growth in 
Vicia faba L. (Dennet et al., 1978, 1979 and Auld et al. , 1978), in
Impatiens parviflora (Causton et al. 1978), and in cowpea (Littleton 
et al. 1979a,b). Further application of the Richards function has 
been made to investigate the leaf growth in Lolium temulentum at 
chilling temperatures and to analyse the nitrogen response of leaf 
extension by Thomas (1983, a, b) and Thomas and Stoddart (1984). To 
make use of the Richards function because of its flexibility of 
shape, the effects of root temperature on the individual leaf growth 
of strawberry were analysed.
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3. 2. 3. 4. 2 Data collection

Records were started from the third newly-produced leaf after
planting of 5 randomly-chosen plants from each replicate of each
treatment. Measurements were made of both the single leaf area and
the single petiole length of successive leaves on the main crown. The
linear correlation of dimensions of three leaflets with the real leaf

e .area was used for dtermination of the single leaf area. This was doneA*
every five days for 35 days after emergence so that 8 data points 
were obtained. Both the single leaf area and the single petiole 
length were treated as constant at emergence for all the treatments 
which were 4.58 cm2 and 1.04 cm for the area and the length res
pectively (see 2.7.2) since it was found that the leaf size was not 
significantly modified by such main environmental factors as temper
ature and photoperiod in 'Royal Sovereign' (Arney, 1956a). Data 
fitted to the Richards function were the means of 3 replicates* means 
of 5 plants at each root temperature.

3. 2. 3. 4. 3 The Richards function and the biologically-derived 
relevant parameters.

Following Causton and Venus (1981), the complete and general 
Richards function can be formulated as:

Aa = _____________________ _
[ 1 ± Exp (b-ct) ]1/n

The negative alternative is used when ' n* is negative and vice versa.

3. 2. 3. 4.3. 1 Interpretation of the Richards function

In the Richards function, 'a' can be referred to as the 
attribute with a determinate growth pattern such as an individual 
leaf and a single petiole, which has a corresponding value to the 
value of * t' during the growing period, 't' can be. treated as the 
time independent which starts from a special event such as leaf 
appearance or leaf unfolding and lasts as long as the attribute under 
study is active. 'A' is the parameter relating to the asymptote,
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i.e. , the final or maximum size of the attribute under study. For a 
leaf, it could be the final leaf area for instance. * b* is the para
meter which determines the position of the intercept on the 'a' axis, 
viz., the 'a'-value corresponding to * t1 = o. ' c' is the parameter 
relating the rate at which the response 'a' changes from its 
'initial' value, which is determined by the magnitude of ' b', to its 
'final' value, which is determined by the magnitude of 'A'. ' n' is
the parameter to provide increased flexibility to the model for data 
fitting, i. e. it is introduced to determine the shape of the curve.

3. 2. 3. 4. 3. 2 The biologically relevant parameters derived from the 
Richards function.

The great advantage of the Richards function over other curves 
such as polynomials (Venus and Causton,1979a) is that some parameters 
of the function per se and some derivative parameters can have some 
biological significance. Richards (1959) proposed three different 

 ̂ combinations of the parameters which have biological meaning. The
first one is that of a weighted mean absolute growth rate (AGR) over 
the whole growing period, expressed as Ac/(2n + 4); the second one is 
that of a weighted mean relative growth rate (RGR) over the whole 
growth period, expressed as c/(n + 1) and the last useful parameter 
combination represents the time required for the major portion of 
growth to occur and is usually described as the duration of growth 
(D), expressed as (2n + '4)/c. The other relevant information which 
can be derived from the Richards function has been given by Dennet et 
al (1978) and Causton and Venus (1981), of which are the time for 
maximum growth rate or the point of inflexion on the curve to occur 
(Ti), expressed as b - In (n) and the fraction of the final size at

c
the point of inflexion (ai/A) expressed as 1 . A s  special

(n + 1) 1/n
representatives of the Richards growth model, the logistic or 
autocatalytic and Gompertz growth models have an unalterable fraction 
of the final size at the point of inflexion, which is A/2 and A/e 
respectively(Richards, 1959, 1969; Causton and Venus, 1981 and Hunt,
1982).
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3.2. 3. 4. 4 Application of the Richards function to the analysis of
growth of both the single leaf area and the single 
petiole length at different root temperatures.

3. 2. 3. 4. 4. 1 The choice of the Richards function.

Both the Richards function and its relatives such as the 
logistic, Gompertz and the monomolecular functions, and its rival 
cubic polynomial were tested to fit and describe the data of both the 
single leaf area expansion and the single petiole length elongation. 
It was found that the Richards function was superior to all other 
alternatives in relation to the reduction of the residual sum square. 
One of the comparisons for the functions fitted to the 5th leaf is 
presented in the appendix A table 1. Besides the reduction of the 
residual sum square in case of using the Richards function, it has 
greater flexibility than the logistic, Gompertz and the monomolecular 
functions and provides some biologically relevant parameters which 

 ̂ are essentially independent of the shape of the curve such that com
parisons could be facilitated between sigmoidal growth curves of 
quite different shapes, but the logistic, Gompertz and the mono
molecular are unable to. For the cubic polynomial, even though it 
contains the same number of parameters as the Richards function and 
is more flexible in mathematical structure than the latter (Venus and 
Causton, 1979a), and especially recommended in growth analysis by 

) Hughes and Freeman (1957), it is a totally empirical model without
any biological bases so that it could not provide any biological 
significance in its parameters per se. The Richards function, thus, 
has been preferred to other alternative models to analyse the effects 
of root temperature on both the single leaf area development and the 
single petiole elongation.

3.2. 3.4.4. 2 Estimation of the Richards function parameters

As a non-linear model, the Richards function has the ability to 
model a complete process, to cope with asymptotic trends and to 
incorporate parameters capable of meaningful interpretation, but the 
application of it is coupled with the absence of a well-known statis
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tical theory to guide its interpretation (Ross, 1981) as all 
asymptotic statistics are approximate. The parameters of the Richards 
function and those of the logistic, Gompertz and the monomolecular 
functions were all estimated using a SAS software system (1985). Four 
different iterative methods are provided within the procedure of non
linear regression models by least squares. These are (1) Gauss-Newton 
Method, (2) Marquardt Method, (3) Gradient method and (4) Multi
variate secant method or DUD method. Simply because the DUD method is 
the default, it was employed throughout the estimation of all the 
parameters. The estimated parameters in the Richards function for 
both single leaf area growth and petiole length elongation at 
different temperatures are highlighted in appendix A table 2 and 
appendix A table 3 respectively.

3. 2. 3. 4. 4. 3 The biologically relevant parameters derived from the 
fitted Richards functions for each single leaf are and 
single petiole length at different root temperatures.

The biologically relevant parameters, which are the weighted 
mean relative growth rate (RGR) and the weighted mean absolute growth 
rate (AGR) over the whole growing period, and the duration of growth 
(D) required for the major portion of growth to occur, together with 
the time for the maximum growth rate to take place (Ti) and the 
fraction of the final size at the point of inflexion (ai/A), are 
summarized in Table 3.39 for the single leaf area development and in 
Table 3.40 for the single petiole length elongation.

3.2.3.4.4.3.1 The single leaf area development

From Table 3.39 it can be inferred that:
(1) The weighted mean relative growth rate (RGR) of the single 

leaf area did not vary much across this range of temperatures 
at each leaf position. Neither did it between successive leaf 
positions at each treatment except L3 at 15.2’C and L8 at 
29. 4*C.
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Table 3.39 The biologically relevant parameters derived from the
fitted Ricahrds functions for the single leaf area growth 
at different root temperatures.

Leaf No. Root T. RGR AGR D Ti ai/A LAobs (cm2)

15.2’C 0. 167 5. 224 19. 2 8. 8 0. 464 99.814a
19.9’C 0. 199 6. 503 16. 2 7. 2 0. 463 105. 101a

Leaf 3 24. 8aC 0. 194 5. 328 17. 1 6. 9 0. 447 91. 011a
29. 4 ’C 0. 198 6. 162 15. 8 7. 3 0. 476 97.460a '

15.2*C 0. 207 10. 812 16. 1 9. 0 0. 446 173.752a
19. 9 °C 0. 209 12.677 15. 0 9. 2 0. 474 191.234a

Leaf 4 24. 8°C 0. 214 12.003 15. 0 8. 9 0. 463 181.196a
29.4°C 0. 208 13. 240 15. 3 8. 7 0. 467 203. 105a

15.2eC 0. 223 14. 353 14. 7 9. 3 0. 452 212.192b
19. 9 "C 0. 229 14. 384 14. 3 9. 2 0. 454 205.810b

Leaf 5 24. 8"C 0. 227 14.685 14. 4 9. 1 0. 455 212.049b
29.4°C 0. 221 17.024 14. 7 9. 2 0. 459 250. 250a

15. 2*C 0. 184 10.043 18. 5 9. 6 0. 434 185.171b
19. 9 *C 0. 216 11. 227 16. 2 8. 5 0. 423 181.468b

Leaf 6 24. 8°C 0. 254 14.004 14. 5 8. 1 0. 400 204.226ab
29.4*C 0. 219 14.117 15. 6 8. 8 0. 431 221.314a

15.2 °C 0. 204 13.293 16. 8 8. 2 0. 432 222.864a
19.9'C 0. 185 8. 202 18. 5 8. 7 0. 434 150.903b

Leaf 7 24. 8’C 0. 222 11. 780 16. 2 7. 6 0. 409 192.120ab
29.4°C 0. 215 12.339 17. 5 7. 8 0. 392 215.470a

24. 8"C 0. 231 13.172 16. 1 , 8. 0 0. 400 211. 994a
Leaf 8 29. 4°C 0. 175 9. 982 18. 6 7. 7 0. 456 185.984a

24. 8°C 0. 207 14. 231 16. 2 ' 8. 4 0. 444 229.888a
Leaf 9 29.4*C 0. 192 11. 085 17. 2 8. 7 0. 449 190.337a
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T a b l e  3. 39 continued.

Leaf No. Root T. RGR AGR D Ti ai/A LAobs (cm2)

24. 8 °C 0. 243 12.515 15. 4 6. 8 0. 395 192,162a
Leaf 10 29.4*C 0. 209 10.391 15. 8 7. 6 0. 447 165.690a

24. 8*0 0. 223 10.189 15. 8 6. 9 0. 420 160.965a
Leaf 11 29. 4*C 0. 217 8. 798 16. 3 6. 9 0. 417 143.706b

Leaf 12 29.4*C 0. 216 7. 971 16. 9 6. 6 0. 405 134. 291

* (1) LA obs. is short for the single leaf area observed during the
experiment.

* (2) At each leaf position, the observed simple leaf area which is
followed by the same letter is not significantly different 
between different root temperatures.

* (3) The units for RGR, AGR, D and Ti are 1 cm2/cm2/Day', ' cm2/day',
'Days' and 'Days' respectively.

(2) The weighted mean absolute growth rate (AGR) of the single 
leaf area was variable both between temperatures at each leaf 

) position and between different leaf positions at each specific
temperature. Generally, the AGR was greater at higher than at 
lower temperatures in the first few leaves as in the case of 
L5, the AGR was 14.353, 14.384, 14.685 and 17.024 at 15. 2°C,
19.9°C, 24.8°C and 29.4°C respectively. However at above L8
the AGR became smaller at higher than at lower temperatures as 
in the case of L8 where it was 13.172 and 9.982 at 24.8*C and 
29.4°C each. In addition, the AGR increased with the increase 
of single leaf area. For instance at 29. 4*C, it was 6. 162, 
13.240, 17.024 and 14.117 for the single leaf area of 97.460,
203.105, 250.250 and 221.314 at L3, L4, L5 and L6 respecti
vely. L7 had a very small leaf area due to the small AGR 
caused by the red core disease at 19.9°C.
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(3) The duration of growth (D), like the RGR, was fairly invari
able between various temperatures at each leaf positions 
except L3 and L6 where D was considerably longer at 15.2*C 
compared with either 29.4’C or 24. 8*C. Nevertheless, D was 
erratic with respect to both leaf positions and the single 
leaf area variations at a specific temperature. For example, 
at 29. 4*C, D was 15.8, 15.3, 14.7, 15.6, 17.5 and 18.6 for the 
single leaf area of 97.460, 203.105, 250.250, 221.314, 215.470 
and 185. 984 at L3, L4, L5, L6, L7 and L8 respectively, but D 
was inversely proportional to the single leaf area in most of 
the cases.

(4) The time needed for the point of inflexion on the sigmoidal
growth curve to occur (Ti) was similar between various treat
ments at each leaf position but L3 where the difference in Ti 
between 15.2’C and 24.8*0 was 1.9 days (8. 8-5. 9) being the 
greatest of all the leaf positions. Ti was relatively constant 
from L3 to L7 at both 15.2’C and 19.9°C except L3 where it was 
obviously short at 19. 9*C. However, Ti was quite changeable at 
both 24.8*C and 29.4*C between successive leaves as in the 
case of 24.8°C, Ti was 6.9, 8.9, 9.1, 8.1 and 7.6 for the
single leaf area of 91.011, 181.196, 212.049, 204.226 and
192. 120 at L3, L4, L5, L6 and L7 respectively. ,

(5) The fraction of the final leaf area at the point of inflexion 
(ai/A) was fairly constant not only between various temper
atures at each leaf position but also between different leaf 
positions at a certain temperature, which was less than half 
of the final leaf area.

(6) It should be possible to consider that the final area of a
single leaf is the sum of the 'initial leaf area' and the 
product of AGR and D itself. The results in Table 3. 39 suggest 
that the temperatures affect the final leaf size mainly 
through AGR instead of D. At L5, for example, D was more or 
less the same at various temperatures, but AGR was much 
greater at 29.4°C than at 15.2*C, 19.9*C and 24.8*C res
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pectively, resulting in the final leaf area being signi
ficantly larger at 29. 4*C. In the case of L6, D was longer at 
both 15.2*C and 19. 9#C than at both 24. 8*C and 29. 4*C, but AGR 
was much greater for both the latter, resulting in the final 
leaf size being much larger.

3. 2. 3. 4. 4. 3. 2 The single petiole length elongation.

From Table 3.40, it can be concluded that:

(1) In general, RGR was increased with increasing temperatures
from L3 to L7, although it tended to be slightly higher at 
24. 8°C than at 29. 4°C from L7 to Lll. It seemed that the 
higher RGR was associated with the longer petiole length as in 
the case of 24. 8*C, RGR was 0. 146, 0. 174, 0. 179 and 0. 187 for 
the single petiole length of 8.247, 13.720, 14.893 and 15.897
at L3, L4, L5 and L6 respectively. However, this was not
always the case as again at 24. 8°C, RGR was 0. 187 and 0. 198 
for the single petiole length of both 16.013 and 15.740 at L9 
and L10 each.

(2) On the whole, AGR was higher at higher than at lower root 
temperatures, although again it was higher at 24.8*0 than at 
29.4°C from L6 to Lll. Between various leaf positions at each 
temperature, there was a pronounced increase in AGR from L3 to 
L4 or L5, while AGR was relatively constant from L5 onwards, 
except at 19. 9°C where that of L7 was reduced abruptly due to 
the occurrence of the red core.

(3) D did not quite correlate significantly with root temperature
at each leaf position. For example, D was 17.1, 14.7, 15.6 and
16.7 at 15. 2'C, 19.9’C, 24.8’C and 29.4’C respectively at L6.
Likewise, in D there was no regular relationship with vari
ation of the single petiole length between successive petioles 
at each treatment. For example at 24. 8*C, • D was 18.2, 16.2,
16.5, 15.6 and 14.4 for the single petiole length of 8.247,
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13.720, 14.893, 15.897 and 15.193 at L3, L4, L5, L6 and L7
respectively.

(4) Ti, in general, was shorter at higher than at lower tempera
tures at each leaf position, but it was quite similar between 
24. 8*0 and 29.4*C from L7 to Lll.

(5) ai/A was gradually decreased with increasing temperatures for
most of the cases at each leaf position, but was independent 
of leaf position at each temperature. On the average, ai/A was 
in excess of 50% of the final length, such as 58.34%, 56.54%, 
52.23% and 50.52% at 15. 2#C, 19. 9’C, 24.8#C and 29. 4°C res
pectively (Table 3.41).

(6) Basically, AGR was positively correlated with temperature, and 
in turn positively correlated with RGR in particular. However, 
AGR was negatively related to D, Ti and ai/A respectively.

J

(7) It is reasonable to state that the final length of a single
petiole should be envisaged as summation of the ' initial
petiole length' and the product of AGR and D for that petiole.
Thus once the ' initial' length of the single petiole is 
defined, the final length is a determinant of both AGR and D. 
From Table 3. 40 it could be concluded that the temperatures

) affect the final petiole length only through AGR rather than
D. An example is that although D was much longer at L4 at 
15.2aC, AGR was relatively great at 19.9'C, 24.8°C and 29. 4*C 
such that the final petiole length was significantly greater 
at the latter temperatures.

To make a comparison of Table 3.39 with Table 3. 40 in relation
to D, Ti and ai/A, it can be summarized that both D and Ti for both
the single leaf area development and the single petiole length 
elongation were quite similar at various temperatures, but ai/A 
exceeded 50% of the 'final size’ for the single petiole elongation 
and did not for the single leaf area growth (Table 3.41). Similarly, 
both D and Ti were fairly constant at each leaf position for growth
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Table 3.40 The biologically relevant parameters derived from the
fitted Richards functions for the single petiole length 
elongation at different root temperatures.

Leaf No. Root T. RGR AGR D Ti ai/A PL obs (cm)

15. 2 *C 0. 131 0. 371 19. 0 11. 4 0. 636 7. 047a
19. 9*C 0. 149 0. 467 17. 2 9. 4 0. 610 8. 060a

Leaf 3 24. 8’C 0. 146 0. 450 18. 2 8. 2 0. 579 8.247a
29.4*C 0. 159 0. 543 17. 2 7. 8 0. 560 9.327a

15. 2*C 0. 149 0. 633 18. 5 10. 3 0. 555 11. 740c
19.9°C 0. 174 0. 805 15. 4 9. 1 0. 574 12.454b

Leaf 4 24. 8'C 0. 173 0. 846 16. 2 8. 1 0. 544 13.720ab
29.4°C 0. 195 0. 955 15. 7 6. 5 0. 489 15.013a

15.2*C 0. 170 0. 800 16. 5 10. 5 0. 541 13.287b
19. 9*C 0. 175 0. 883 15. 6 9. 7 0. 560 13.853b

Leaf 5 24. 8'C 0. 179 0. 899 16. 5 8. 1 0. 510 14.893ab
29. 4*C 0. 193 1. 034 15. 5 7. 5 0. 502 16.140a

15. 2*C 0. 165 0. 858 17. 1 10. 0 0. 539 14. 660a
19. 9*C 0. 184 0. 919 14. 7 8. 9 0. 568 13. 527a

Leaf 6 24. 8°C 0. 187 1. 014 15. 6 8. 5 0. 517 15.897a
29. 4 °C 0. 187.. 0. 980 16. 7 7. 5 0. 478 16.487a

15. 2 *C 0. 152 0. 969 16. 2 10. 7 0. 646 15.723a
19. 9*C 0. 157 0. 570 18. 6 8. 1 0. 515 10. 620b

Leaf 7 24. 8 *C 0. 199 1. 048 14. 4 7. 5 0. 529 15. 193a
29. 4*C 0. 187 0. 989 16. 2 7. 3 0. 492 16.113a

24. 8°C 0. 187 0. 947 16. 2 7. 2 0. 493 15.,413a
Leaf 8 29.4 °C 0. 179 0. 922 17. 2 7. 3 0. 483 15.900a

24. 8°C 0. 187 1. 039 15. 4 7. 8 0. 523 16.013a
Leaf 9 29.4 *C 0. 172 0. 931 17. 1 8. 0 0. 514 15.883a



145.

T a b l e  3. 40 continued.

Leaf No. Root T. RGR AGR D Ti ai/A PL obs (cm)

24. 8 ‘C 0. 198 1. 036 15. 2 7. 6 0. 498 15.740a
Leaf 10 29. 4”C 0. 188 0. 958 15. 6 7. 9 0. 514 14. 953a

24. 8’C 0. 210 1. 127 14. 1 6. 5 0. 508 15.897a
Leaf 11 29.4*C 0. 200 0. 992 15. 0 6. 7 0. 502 14. 867b

Leaf 12 29.4’C 0. 200 0. 945 14. 9 6. 8 0. 518 14. 083

* (1) PL obs is short for the single petiole length observed during
the experiment.

* (2) At each leaf position the observed single petiole length
which is followed by the same letter is not significantly 
different between the different root temperatures.

* (3) The units for RGR, AGR, D, Ti are ' cm/cm/day', 'cm/day',
'Days' respectively.

of both the single leaf area and the single petiole length. However, 
ai/A was over half the 'final size' for the single petiole length, 
but under half the 'final size' for the single leaf area (Table 
3. 42).



146.

averaged from the different leaf positions for both 
the single leaf area growth and the single petiole 
elongation.

T a b l e  3.41 T h e  ef f e c t s  of root t e m p e r a t u r e  on D, Ti an d  a i / A

Single Leaf area growth Single petiole elongation

D Ti ai/A D Ti ai/A

15.2*C 17. 1 9.0 0. 4456 17. 5 10. 6 0.5834
19.9"C 16. 0 8. 6 0. 4496 16. 3 9. 0 0. 5654
24. 8'C 15. 6 7. 8 0. 4259 14. 6 7. 6 0.5223
29. 4*C 16. 4 7. 9 0. 4399 16. 1 7. 3 0.5052

Table 3.42 The effects of different leaf positions on D, Ti and ai/A 
averaged from the different root temperatures for both
the single leaf 
elongation.

area growth and the single petiole

Single Leaf area growth Single petiole elongation

Leaf
positions

D Ti ai/A D Ti ai/A

L3 17. 1 7. 6 0.4625 17. 9 9. 2 0.5963
L4 15. 4 9. 0 0.4625 16. 5 8. 5 0. 5405
L5 14. 5 9. 2 0.4550 16. 0 9. 0 0.5283
L6 16. 2 8. 8 0.4220 16. 0 8. 7 0. 5255
L7 17. 3 8. 1 0.4168 16. 4 8. 4 0. 5455
L8 17'. 4 7. 9 0.4280 16. 7 7. 3 0. 4880
L9 16. 7 8. 6 0.4465 16. 3 7. 9 0.5185
L10 15. 4 7. 2 0.4210 15. 4 7. 7 0.5060
LI 1 16. 1 6. 9 0.4185 14. 6 6. 6 0.5050
L12 16. 9 6. 6 0.4050 14. 9 6. 8 0.5180
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3.3 Discussion
3.3.1 Vegetative responses

Results of experiments in 1986 and 1987 demonstrate that root 
temperature is a key factor in influencing several aspects of growth 
and development of cv. Hapil strawberry. Increasing root temper
ature resulted in early formation of new fibrous roots on adven
titious roots, advanced production of new leaves from crown buds and 
leaf expansion. Similarly accelerated growth has also been implicated 
through raising the soil root temperature using polyethylene mulches 
in the early spring (Cannell et al. , 1961; Voth and Bringhurst, 1961)
or directly after planting (Anderson and Guttridge, 1978). In other 
species, rapid root growth and top establishment have been observed 
on the root-zone heated plants such as tomatoes (Maher, 1980; 
Orchard, 1980; Moorby and Grave, 1980; Gossellin and Trudel, 1983a, 
b), and Saintpaulia (Vogetezang, 1988). At the conclusion of each 
experiment, the roots were more slender, profusely-branched and 
fibrous at relatively high root temperatures (20-30*0, whereas those 
at comparatively low root temperatures (10-15*0, were white, trans
lucent, thick and relatively unbranched. Parallel responses have been 
reported in strawberries by Gray (1941), Roberts and Kenworthy 
(1956), and Ganmore-Neumann and Kafkafi (1983).

The less white or dark brown roots at higher root temperatures 
may be associated with extensive root death due to reduced oxy
genation of the warmer water solution which could be aggravated by 
too much depth of solution and too little flow in the channel during 
the final stages of the experiment (Burgess, 1984). Moorby and Grave
(1980) report that the thicker roots of tomatoes, grown at root 
temperatures below 16*C, had about 11 layers of cells in the cortex 
and retained the primary root structures with small vessels or 
tracheids. Very branched fine roots grown at 28’C had about 6 layers 
of cells in the cortex and large secondary xylem vessels. Studies on 
the effects of root temperature on the root structures in straw
berries have not yet been undertaken. However, finer roots and more 
profuse branching at relatively high root temperatures lead to a



148.

greater surface area of these roots than those grown at low temper
atures.

Plant height in 1986 and plant volume in 1987 were both closely 
related to root temperature increases. The dynamic responses of both 
parameters at each root temperature were of sigmoidal trend, which 
was more obvious at higher root temperatures (Fig. 3.1 and Fig. 3.7). 
Plant height in 1986 was the longest petiole length. Plant volume in 
1987 was related to plant height and plant canopy spread. Since the 
greatest petiole length should be true to type under certain environ
mental conditions, it is natural that plant height and plant volume 
follow a sigmoidal increase during the active growing period. The 
increased plant height and plant volume at higher root temperatures 
can be ascribed to either of two processes. Firstly, the accelerated 
leaf production rate as petiole length progressively increased with 
leaf position until the maximum petiole length was reached (Fig. 
3.11). Secondly, root temperature directly affecting petiole length 

3 which was markedly increased at L4 and L5 at higher root temperatures
(Table 3. 15).

Total number of leaves, green leaf number, leaf area and total 
petiole length per plant were increased with successive increases in 
root temperature (Fig. 3.2, Fig. 3.3, Fig. 3.4, Fig. 3.8 and Fig. 
3.9). Similarly the total accumulated number of dead leaves was 

) greater at higher root temperatures (Table 3. 1 and Table 3. 12). In
general, the number of leaves per plant at any time is directly 
related to the number of crowns and leaf production rate per crown. 
The more crowns a plant consists of, the greater the number of leaves 
per plant. This has been noted in cv. Hapil (Abdullah, 1986), and 
in tissue-culture propagated plants of 'Tioga' through different sub
cultures (Ebida, 1988). The production of branch crowns, in turn, is 
determined by several internal and external factors or their inter
action. Considering the former, production of branch crowns depends 
upon the source and the type of plants used. Multi-crowned plants 
formed more leaves per plant than single-crowned plants under iden
tical conditions (Abdullah, 1986; Reynolds, 1987). Tissue-culture 
propagated plants are more vegetatively vigorous than conventionally
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propagated plants, so that the former almost always produce more 
lateral crowns (Ebida, 1988). Concerning plant types, everbearers 
produce more side crowns as they are poor producers of stolons, 
whereas Junebearers are poor in branch crown formation since they are 
more prolific in stolon production (Darrow, 1966; Nicoll, 1984; 
Nicoll and Galletta, 1987). External factors include environmental 
factors, rates of nutrition and application of growth regulators. 
Among the environmental factors, light and temperature are the most 
important. Both stolons and branch crowns are derived from the 
axillary buds in the axils of leaves on the crown axes when growing 
conditions are appropriate (Robertson and Wood, 1954b; Guttridge, 
1955). In vigorously growing young plants, most branch crown buds are 
differentiated during the period between cessation of stolon differ
entiation and start of dormancy (Guttridge, 1955). Generally, stolon 
production is a long-day response, but branch crown formation a 
short-day response (Darrow, 1966; Dana, 1980). However, unlike the 
stolon formation, the development of axillary buds into branch crowns 

) depends less on specific requirements of daylength than on quantit
ative relationships between the plant and its environment (Guttridge, 
1955). High temperatures promote stolon formation so that branch 
crown production is comparatively reduced (Smeets, 1955, 1956; Smeets 
and Kronenberg, 1955). Similarly, both application of high rates of 
fertilization and application of growth regulators such as
gibberellin-like substances stimulate stolon production so that side 

) crown multiplication is relatively decreased (Cannell et al. , 1961;
Blatt and Crouse, 1970; Tafazoii and Shaybany, 1978; Breen and 
Martin, 1981; McArthur and Eaton, 1987, 1988; Thompson and Guttridge,
1959; Porlingis and Boynton, 1961; Moore and Scott, 1965; Render et 
al. , 1971; Choma and Himelrick, 1984; Abudllah, 1986). On the other
hand, application of growth regulators which have the opposite 
effects to gibberellin-like substances, such as PP333, CCC and 
morphactin enhanced branch crown formation (Guttridge, 1966; De
Elizalde and Guitman, 1979; Stang and Weis, 1984; Ramina and Tonutti, 
1985; Braun and Garth, 1985; McArthur and Eaton, 1988). Results of 
experiments both in 1986 and in 1987 (Table 3. 2 and Table 3. 13) 
demonstrate that the final branch crown production was generally 
poor, and significantly reduced at 14. 1°C and 10.2*0. It was not



affected at root temperatures ranging from 15. 1 *C to 29.4X, neither 
was it in the experiment at 15. 6 X  and 26. 7*C in 1988 (Appendix B, 
Table 6). The observed poor branch crown formation can be attributed 
to two factors: (1) cv. Hapil is a Junebearer as Junebearing 
cultivars are shy lateral crown formers; (2) Cold-stored plants were 
used and grown under increasing daylength of summer seasons. Cold- 
stored plants are more likely to produce stolons due to chilling 
effects (Guttridge, 1958, 1970) and branch crown formation is a 
short-day response (Dana, 1980). Environmentally, the rate of leaf 
production has been found to be independent of photoperiods from 8 
hrs to 16 hrs at a constant temperature of 24°C (Gosselink and Smith, 
1967; Jahn and Dana, 1966). It has been pointed out that temperature 
is the most limiting factor in controlling the rate of leaf 
production in the open (Darrow, 1930; Arney, 1953a). Darrow (1930) 
reported that leaf production was maximum at about 25 X  during the 
day and Arney (1953a) found that temperatures below 5 X  stopped leaf 
emergence. Both the plastochron (the time interval between the 
formation of successive leaf primordia on the apex) (Arney, 1953a) 
and the phyllochron (the time interval between the emergence of con
secutive leaves on the crown) (Dale and Milthorpe, 1983) can be used 
as indicators for leaf production rate. Arney (1953a) found that the 
plastochron was not greatly different from the phyllochron in straw
berries, so that the term plastochron is used. Based upon the total 
accumulated leaf number produced on the principal crown over the 
whole experimental period at each root temperature, the plastochrons 
in days were 16.5, 12.3, 9.4, 8.2 at 10. 2X, 14. 1”C, 18.7X, 23. O X  
in 1986 and 10.6, 8.8, 6.8, 6.1 at 15. 2X, 19. 9X, 24. 8 X  and 29. 4 X  
in 1987 respectively. Arney (1953a) reported a plastochron of 8-10 
days in cv. Royal Sovereign during June, July and. August in the 
open which corresponds with root temperatures between 15X  and 23X. 
The same variety exhibited plastochrons of 9.3 days and 8. 6days for 
the chilled and dormant plants each at 15-17X under 11 hrs daylength 
(Guttridge, 1958). Guttridge et al. , (1980) point out that outdoors
in England, the strawberry plastochron was about 15-20 days in late 
March and 10 days in May. Since reduced plastochron's were associated 
with the warmer solutions, the final number of leaves on the main 
crown was significantly increased on the plants grown at progres-
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sively higher root temperatures (Fig. 3.4 and Fig. 3.9). This was 
confirmed in the experiment at 15.6*C and 26.7*C in 1988 (Appendix B, 
Table 2). Leaf death is a complex process during which the leaf 
experiences physiological, enzymic and ultrastructural changes. In 
the open, Darrow (1930) reports that the first leaves to die were 
those that overwintered in the expanded mature condition and the next 
were those that were partially developed in the preceding autumn and 
passed the winter in the bud. Leaves produced entirely in the spring 
live longest. Generally, leaves die in the sequence in which they are 
produced on the crown axes. Delayed leaf senescence can be obtained 
with increased availability of nutrients and the inhibition of 
'sinks' such as stolons and fruits, which compete for nutrients 
(McArthur and Eaton, 1987; Roman, 1988). Darrow (1930) recorded the 
longevity of 118 leaves of cv. Howard 17 , ranging from 21 to 77 
days, averaging 56 days. Jurik et al. , (1979) report that the mean
life span in Fragaria Virginiana Duch. , was 51, 62, 74 and 79 days
for the leaves grown at light intensities of 678, 286, 151 and 64 jiE
M"2S_1 respectively. The experiment in 1986 revealed that the average 
functional periods were 61, 55, 46 and 44 days for the leaves grown
at 10.2*C, 14. l’C, 18.7*C and 23.0°C respectively, indicating that
the life expectancy of strawberry leaves is negatively related to 
root temperature. Another indicator for measuring the leaf death rate 
can be defined as the time interval between death of successive 
leaves. Based upon the total accumulated number of dead leaves on the 
main crown over the entire experimental period at each root 
temperature, the estimated time interval in days was 32. 1, 20. 6,
17.6, 15.2 at 10. 2°C, 14. 1*C, 18. 7eC and 23. 0aC in 1986 and 20.9,
12.7, 12.8 at 15.2°C 24. 8aC and 29. 4*0 in 1987. This suggests that a 
shorter time interval results from relatively high root temperatures. 
Thus, significantly more dead leaves were observed at progressively 
increased root temperatures (Table 3. 1 and Table 3. 12). As the branch 
crown production was not significantly affected by root temperatures 
above 14. l'C, the number of green leaves per plant should be the 
difference between the total accumulated leaves produced and the 
total accumulated number of dead leaves on the main crown at nay time 
during the growing period. Hence, the increased green leaf number per 
plant at increased root temperatures above 14. leC must be due to the
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accelerated rate of leaf production (Fig. 3.2 and Fig. 3.8). The 
difference in green leaf number per plant between 14.1#C and 10.2*0 
in 1986 can be ascribed to both more branch crowns produced and 
increased leaf production rate at 14.1*0.

Ontogenetically, the rate of leaf production was high at all 
treatments for the initial 2 or 3 leaves. It became higher at warmer 
root temperatures and was nearly constant at each temperature 
throughout the experimental period (Fig. 3.4 and Fig. 3.9). The 
initial high rate of leaf production was also observed by Guttridge 
(1958) in 'cv. Royal Sovereign' in the first two weeks of his experi
ment with a plastochron of 4.0 days for the chilled plants. This 
initial high rate was probably not related to the rate of leaf 
initiation since leaf initials already existed in the crown bud. The 
number of developing leaves in the main crown buds of preplanting 
materials was determined as 5. 1 ± 0. 1 (n = 10) in the experiment of 
1988. These initiated leaves, especially the first 2 or 3, should be 
less sensitive to different root temperatures, resulting in a common 
initial high rate of leaf production. The leaf initiation was not 
investigated in the experiments of 1986 and 1987, but was studied in 
the experiment at 15.6*0 and 26.7*0 in 1988 with stolons either 
removed or kept intact. By the end of the experiment, the number of 
leaf initials in the main crown buds was determined under a binocular 
microscope x 16 to x 32 with 11 plants for each treatment. Appendix 
B, Table 1, which presents these observations, shows that plants at 
26.7’C had 1.1 more leaf initials than those at 15.6*0. The sum of 
the number of emerged leaves and the number of leaf initials in the 
crown at the end of the experiment, minus the number of leaf initials 
in the crown bud at the start of the experiment should be the number 
of leaves initiated during the experiment. The data showed that 6 
more leaves were initiated on the plants grown at 26.7*0 than at 
15.6*0, indicating that the rate of leaf initiation was dependent on 
root temperature. In general, 5 or 6 developing leaf initials are 
enclosed in the sheath of the stipules of the last emerged leaf 
(Guttridge, 1955; Dana, 1980). However, seasonal • variations were 
noticed by Arney (1953b, 1955a, b) who found that one or two more
were enclosed in winter and one or two fewer in spring. Besides this
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variation, differences may exist between varieties. 7-8 was once 
reported in cv. Climax (Guttridge, 1958), 6-7 in cv. Sparkle
(Jahn and Dana, 1966; Gosselink and Smith, 1967), and 5-6 in ‘ cv. 
Fortune , cv. Geneva and cv. Earlidawn (Braun and Kender, 1985). 
The constant rate of leaf production at each treatment may be due to 
(1) a short period of reproductive growth and poor fruit production 
and (2) effects of stolon production on reducing leaf size instead of 
altering leaf production rate (Darrow, 1930; Arney, 1953a). Dissec
tions of plants in both 1987 and 1988 showed that inflorescences were 
already present and that no inflorescence initiation had taken place 
after completion of the previously initiated inflorescences during 
the experiment. As the strawberry growth habit is symposial, vegeta
tive growth continues from the bud in the axil of the leaf primordium 
directly below the terminal inflorescence. Consequently the contin
uation of vegetative growth, started from the same bud, was not dis
turbed. Further, poor fruit production reduced the depression of 
reproductive growth on vegetative growth (Moore and Scott, 1965; Jahn 

 ̂ and Dana, 1966). During the latter stages of the experiment, stolon
production was continuous and stolons were kept intact. Arney (1953a) 
pointed out that leaf production rate on the parent plant was not 
altered by production of stolons, but was slightly reduced by 
formation of side crowns. Darrow (1930) found that leaf size on the 
parent plant was greatly reduced as a result of stolon formation, 
which was also found in this study. This was accompanied by slight 

) reductions in petiole length, more obvious at 24.8°C and 29.4'C (Fig.
3.10 and Fig. 3.11). Thus, the competition between the mother plant 
and the 'stolon chain' mostly affected leaf size, but not the rate of 
leaf production on the mother plant.

Both the effective leaf area per plant and the accumulated 
total leaf area were significantly increased with progressive 
increases in root temperature (Fig. 3. 3, Appendix A, Table 5 and 
Appendix B, Table 3). This concurs with reports on strawberries by 
Roberts and Kenworthy (1956), Norton and Wittwer (1963), Ganraore- 
Neumann and Kafakafi (1983) and on tomatoes by Moorby and Grave
(1980) and Moorby (1980). Leaf area per plant is the product of the 
number of leaves and the mean single leaf area. Renquist et al. ,
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(1982 b, c) report that plants grown ’through polyethylene mulches 
produced 27% more leaves than those without mulches in ' cv. Olympus'. 
The final leaf size increased as a result of higher root temperature 
and soil moisture conservation. The experiment in 1987 indicated that 
the average leaf size of the first 3 leaves and the leaves between 
the first 3 and the last 3 was not significantly affected by root 
temperatures from 15.2°C to 29. 4°C. (Appendix A, Table 5). This was 
confirmed by the experiment at 15.6°C and 26.7*C in 1988 (Appendix B, 
Table 3). In the experiment of 1986, single leaf area was not deter
mined so that production of large leaf area per plant might be due to 
both increased leaf size and number of leaves produced at 14. 1*C 
compared with 10.2°C. Increased leaf area between 15.2*C and 29. 4'C 
may be more due to a greater number of leaves produced.

Total petiole length, which is the product of the number of 
petioles and average single petiole length, was greatly promoted with 
increasing root temperatures (Table 3. 17 and Appendix B, Table 4). 
Although the average single petiole length of the first 3 petioles 
and that between the first 3 and the last 3 were not significantly 
modified by root temperatures used, that of the total petioles 
produced on the main crown was markedly reduced at 15.2*C compared 
with 24.8°C and 29.4*C (Appendix A, Table 4). The response of petiole 
number to root temperature was similar to that of leaf number. 
Accordingly, the increased total petiole length was attributed to 
both more petioles and greater petiole length at 24. 8°C compared with 
15.2*C, but more to the larger number of petioles at 29. 4*C compared 
with 24. 8°C.

Stolon production is promoted under long-day conditions 
(Darrow, 1936; Durner et al., 1984). Since stolons differentiate from
axillary buds, increasing bud numbers by stimulating leaf production 
should enhance stolon formation when growing conditions are in favour 
of differentiation of stolon axillary buds (Guttridge, 1955). The 
importance of temperature in stolon formation has been stressed by 
Darrow (1930), Smeets and Kronenberg (1955), Smeets (1955, 1956),
Collins and Smith (1970) and O'Carrol and Hennerty (1976). It is 
found that optimum temperatures for stolon formation vary with
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daylength, but fall between 17*C and 23’C at 15 hrs to 17 hrs 
daylength for most cultivars (O'Carrol and Hennerty, 1976). Smeets 
(1955) reported that stolons can be formed from plants in glasshouses 
in winter when plants of cv. Deutsch Evern were placed under long 
days at a constant temperature of 23°C. They were not produced under 
identical conditions at 17*C. Thus, light intensity was introduced as 
another factor to initiate stolon formation (Scott and Zanzi, 1980). 
Other factors such as fertilization, cold-chilling, and application 
of growth regulators have also been found to influence stolon 
production (Tafazoli and Shaybany, 1978; Braun and Kender, 1985; 
Ramina and Tonutti, 1985; McArthur and Eaton, 1987, 1988; Beech et
al. , 1988). In this study, root temperatures have been shown to
strongly influence stolon formation, significantly more stolons being 
produced on plants grown at higher root temperatures (Fig. 3.5 and 
Table 3. 18). The increased stolon number per plant might be ascribed 
to two factors. Firstly, more axillary buds were provided as more 
leaves were produced at higher root temperatures. Next, efficiency of 
the available axillary buds as a whole to be converted into stolons 
was greater at higher root temperatures under similar environmental 
conditions. The 1988 experiment at 15.6°C and 26.7°C demonstrated 
this. (Appendix B Table 5 and Appendix B, Fig. 1). As a promoter of 
stolon formation, gibberellic acid (GA3) should increase the 
efficiency of conversion of axillary buds into stolons when plants 
are grown under identical conditions. Similarly, inhibition of stolon 
formation by paclobutrazol should be through decreasing the con
version efficiency of the axillary buds.

Confirmation is found in the report of Reynolds (1987). Plants 
of cv. Hapil produced equal numbers of stolons under identical root 
temperatures in the glasshouse whether they were treated with GA3 or 
not during the summer season when temperatures and daylengths were 
both promotive for stolon initiation. However, after September, 
plants treated with GA3 formed significantly more stolons due to in
creased efficiency of the available axillary buds to be converted 
into stolon buds.
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Total stolon length per plant was increased at high root 
temperatures (24. 8*C and 29.4*0 compared with low ones (15.2*C and 
19.9*0 (Table 3.18). Total stolon length is the summation of indi
vidual stolon length which, in turn, is the product of its growth 
rate (cm/day) and days after emergence if the continuity of stolon 
growth is not disturbed. Therefore total stolon length should be 
determined by number of stolons produced, growth rate of each stolon 
after emergence and proportions of the available stolons which become 
determinate. Determinate stolons are those on which the axillary bud 
on the last runner plant is replaced by a branch crown, as observed 
in this study. The proportion of determinate stolons was not 
calculated. The growth rates of individual stolons both at different 
root temperatures and among stolons with different orders on the 
crown within a plant were found to be independent in most cases 
except that stolon growth rate was significantly reduced at 10.2“C 
(Table 3.10, Table 3.11, Table 3.36, Table 3.37 and Table 3.38). Con
sequently the increased total stolon length should result from the 

} increased stolon number at high root temperatures, provided that the
growth of all stolons was indeterminate which was usually the case in 
' cv. Hapil'. The axillary bud forming the stolon emerges by rapid 
growth of the first internode, with the leaf initials and stem apex 
being carried forward at the tip. Growth carries on until the first 
node is several centimetres from the mother plant, after which the 
apex is carried further by elongation of the second internode. The 

) initials at the first and second nodes form rudimentary leaves.
Immediately beyond the second node are produced several close 
initials which form the leaf rosette of the first runner plant. The 
axillary bud from the axil of the first leaf on the runner plant 
forms a 'continuation' stolon, extending the 'stolon chain' usually 
growing out before the runner plant has rooted (White, 1927; 
Guttridge, 1955). As a result, the stolon is usually two internodes 
in length. The axillary bud at the first node of the primary stolon 
may remain dormant or if the distal portion of the stolon is damaged, 
it may itself form a stolon. In the case of cv. Hapil , it was ob
served that the axillary bud at the first node usually formed a 
branch stolon which was relatively small. The stolon length of two 
internodes has been reported to be dependent on the growing con-
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ditions and variety (Morrow and Beaumont, 1932, Morrow, 1937; Loomis, 
1937). Morrow (1937) classified the commercial strawberry cultivars 
of that time into short stolon length group such as cv. Premier and 
cv. Dorsett , under 20 cm; medium stolon length group such as cv. 

Blackmore and cv. Fairfax , between 20-30 cm; long stolon length 
group such as cv. Missionary and cv. Klondike , above 30 cm.
Loomis (1937) reported that the length of mature stolons by the end 
of growing seasons, varied from 5.0 to 52.5 cm in several varieties, 
with stolons produced in June being the longest. In this study, 
stolon length was firstly influenced by different root temperatures, 
being the shortest at 15. 2*C, but the longest at 29.4*C (Table 3.20). 
Secondly the stolon length tended to be shorter with increasing 
runner series orders on the 'stolon chain'. Furthermore, the stolon 
length significantly interacted with root temperatures and runner 
series orders on the ' stolon chain'.

Runner plants per plant were greatly increased at high temper
atures compared with low ones in the experiments of both 1986 and 
1987 (Table 3.3 and Table 3. 19). The number of runner plants per 
plant is the summation of runner plants on individual 'stolon 
chains', which is dependent on the stolon length (distance between 
two consecutive runner plants) when the growth of the 'stolon chain' 
is continuous. It is thus determined by the number of 'stolon 
chains', the stolon length and the indeterminate proportions of the 
available 'stolon chains'. As stolon length was positively related to 
root temperatures, the increased runner plants could be attributed to 
increased primary stolon numbers at high root temperatures, providing 
they were not discontinuous in the extension of the 'stolon chain'. 
The number of runner plant leaves per plant is the summation of the 
number of leaves on each runner plant. Thus, runner plant leaves 
should be determined by the number of runner plants and the rate of 
leaf production on the runner plants. Results of the experiment in 
1987 showed that the plastochron was not significantly affected by 
root temperatures from 15.2*C to 29. 4°C on the same rank runner 
plants of various stolon orders (Table 3.22). Accordingly, the in
creased runner plant leaves per plant (Table 3. 3 and Table 3. 19) can
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be attributed to the increased number of runner plants at high root 
temperatures.

An analysis of dry matter production at the end of the 
experiments showed that 'stem' dry weight, crown leaf blade dry 
weight and ’stolon chain' dry weight were all closely related to root 
temperatures (Fig. 3. 6 and Fig. 3. 12). Parallel responses were also 
reported in cv. Robinson by Roberts and Kenworthy (1956). Total dry 
weight (top + root) was significantly increased with progressively 
increasing temperatures till 24. 8*C. No differences were obtained 
between 24.8 and 29.4*0. Several other studies also indicate that 
number of leaves, leaf dry weight and growth of 'stolon chains' are 
maximised with root temperatures around 24*0 (Roberts and Kenworthy, 
1956; Proebsting, 1957; Lenz, 1979; Ganmore-Neumann and Kafkafi, 
1983, 1985). Root dry weight was significantly reduced at 10.2°C in
the 1986 experiment and at 29.4*0 in the 1987 experiment (Fig. 3.6 
and Fig. 3.12). It was not significantly affected by root temper
atures from 14.1*0 to 23.0*0 and from 15.2*0 to 24.8*C in both years, 
indicating that root growth has a wide range of optimum temperatures. 
Roberts and Kenworthy (1956) reported that non-significant differ
ences in root dry weight occurred with root temperatures from 7‘C to 
24*0, but there was a steady decrease in root dry weight with higher 
temperatures. Norton and Wittwer (1963) also reported that growth of 
leaf and 'stolon chains' was greatly reduced by decreasing root 
temperatures from 23.9*0 -to 7.2*0, while root and crown growth was 
reduced just slightly. Renquist et al. , (1982b) reported that poly
ethylene mulches did not affect root dry weight although soil root 
temperatures were raised under mulching. Depression in growth resul
ting from low root temperatures may be associated with.reduct ions of 
uptake and transport of nutrient elements (Norton and Wittwer, 1963), 
or accumulation of reserve carbohydrates both in leaves and roots 
(Roberts and Kenworthy, 1956). However, restriction in growth of 
roots caused by very high root temperatures (29.4*0) may be 
associated with depletion of reserve carbohydrates in roots, which 
has been demonstrated by Ganmore-Neumann and Kafkafi, 1983). The 
ratios of top/root dry weights were positively correlated with root 
temperatures, being 2.75, 6.67, 10.40 and 13.38 at 10.2*0, 14.1*0,
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18. 7*C and 23.0’C in 1986, and 8.10, 8.95, 15.49 and 19.81 at 15. 2*C, 
19.9*C, 24. 8*C and 29.4*C in 1987 respectively. Increased top-root
dry weight ratio was also reported in cv. Shasta and cv. Lassen 
(Proebsting, 1957) and in cv. Olympus (Renquist et al. , 1982 b, c)
with increasing root temperature.

3.3.2 Reproductive Responses

Flower anthesis of the first primary flower was significantly 
hastened with progressively increasing root temperatures in all the 
experiments. (Table 3.4, Table 3.23 and Appendix B, Table 8). 
However, flower opening was delayed significantly at secondary, 
tertiary and quaternary positions (measured as time after primary 
flower anthesis) at high root temperatures in 1986 (Table 3.4). There 
was no significant delay in the 1987 experiments (Table 3.23) where 
the time from primary to secondary flower opening was shorter at high 
root temperatures (24. 8*C and 29.4*0. The difference in responses of 
subsequent flower antheses after the primary flower may be caused by 
different stages of development of the inflorescence present in the 
planting materials. The inflorescence development should be more 
advanced in 1987 since days from planting to the first primary flower 
anthesis were 26.0 at 18. 7*C in 1986, but 17.6 at 19.9*C in 1987. 
Hence, it can be inferred that high root temperatures speed up the 
development of already initiated flowers. Appendix B, Table 8 shows 
that days from inflorescence emergence to primary flower opening were 
significantly shortened at 26.7°C compared with 15.6*C but the higher 
temperatures slowed down the subsequent flower development. The 
lateness of subsequent flowering at higher root temperatures may be 
ascribed to (1) early flower anthesis resulting in early fruit growth 
and (2) vigorously vegetative growth with rapid leaf production and 
early start of stolon formation. Earliness of flowering of
inflorescences initiated in the previous late summer and autumn was 
also obtained by increasing the soil root temperatures with 
polyethylene mulches in the early spring . (Voth and Bringhurst, 1961; 
Cannell et al., 1961; Anderson and Guttridge, 1978). Delayed
flowering at quaternary positions was reported at high soil root 
temperatures by Sato (1972). Earliness of flowering of previously
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initiated inflorescences has also been reported for other treatments 
such as growing plants at relatively high growing temperatures (Iyer 
and Smeets, 1966), under high light intensity (Smeets, 1980b) and 
under long days after being given a reasonable period of chilling 
(Durner and Poling, 1987).

The average number of days from primary anthesis to secondary, 
tertiary and quaternary anthesis was 4.7, 10.0 and 16.2 in 1986, 2.3,
6.2 and 11.7 in 1987, and 2.7, 6.9 and 12.5 in 1988. The results of 
1987 and 1988 were close, but slightly different from those in 1986, 
which was possibly due to the differences in floral development 
stages in the planting materials. Days from primary to secondary and 
tertiary flower anthesis were reported to be 4 and 9 each in cv 
Talisman (Thompson, 1961). Guttridge et al., (1980) observed that 
primary flowers opened 2, 3 and 4 days ahead of the first and second 
secondaries, and the first tertiary, respectively. No workers have 
reported the length of time from primary to quaternary flower 
opening. The days from primary bud appearance to blossom were 9.4 and 
7.9 at 15.6°C and 26.7*C respectively in 1988 (Appendix B, Table 8). 
Jonkers (1958) recorded 20, 15 and 12 days from appearance of flower 
buds to flowering for cv. Climax , cv. Jucunda and cv. Deutsch 
Evern respectively on the plants derived from seeds.

Inflorescence emergence took place only during the early part 
of the experiment, but did not occur thereafter at any root temper
ature. The number of inflorescences produced per plant was not 
related to temperatures used. The early produced inflorescences were 
the development of previously initiated ones, since dissection of 
some plants before planting, both in 1987 and in 1988 showed the 
presence of initiated trusses.. That all plants did not resume inflor
escence formation after production of the initiated inflorescences 
may be due to both the after effects of chilling in the cold-storage 
(Guttridge, 1958) and the increasing photoperiod in the summer 
season. Proebsting (1957) reported that resumption of flower pro
duction was limited to plants grown at root temperature of 7‘,C and 
13'C, under summer conditions, which was thought to be due to either 
root chilling or crown cooling effects. Measurements were not made of
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the crown temperatures by Proebsting, (1957), but they were made in 
1986 in this study. Crown temperatures of 14. 4*C, 15.5*0, 18.9#C and
20.4°C were found at root temperatures of 10. 2*C, 14. 1*C, 18.7*C and
23.0‘C respectively. Junebearing cultivars can start flower 
initiation under long daylength at relatively low temperatures (Went, 
1957; Heide, 1977). Flower induction is mediated by a transmissible 
vegetative growth promoter/flower inhibitor hormone which is produced 
in leaves and acts at the growing regions (Guttridge, 1959 a, b; 
Thompson and Guttridge, 1960). In the case of the root temperature of
10. 2*0 with crown temperature of 14. 4'C, the non-resumption of in
florescence production should be directly related to the exposure of 
leaves to the higher aerial cubicle temperatures under long summer 
days (Appendix D, Table 1).

Due to its branching habit, a strawberry inflorescence is 
potentially unlimited in the number of flowers it can bear (Anderson 
and Guttridge, 1982; Anderson, 1983). A symmetrical inflorescence 
would have one primary, two secondaries, four tertiaries, eight 
quaternaries and so on. However, in reality, inflorescences are 
limited mainly by premature termination of bud development or failure 
of buds to form at all at quaternary or quinary-ranked sites 
(Anderson and Guttridge, 1982). At all root temperatures the highest 
rank opened flowers were found at the quaternary position, with all 
primary sites, almost all secondary sites, most tertiary sites and 
about one-quarter quaternary sites being occupied by opened flowers 
(Table 3.5, Table 3.24 and Appendix B, Table 9). Generally the total 
number of flowers and fruits, and the number of individual positional 
flowers and fruits per inflorescence were not significantly affected 
by root temperatures applied. In 1987 and 1988, flowers were all 
carefully hand-pollinated during the flowering period so that mal
formed fruits were avoided. However, in 1986, flowers were not hand- 
pollinated, leading to malformed fruits and incomplete fruit set. 
(Table 3.6 and Table 3.9). The mean overall fruit set and total mis
shapen fruit yields were both adversely affected at 10.2’C compared 
with other root temperatures. Individually, fruit set was not sensi
tive to these root temperatures at secondary and tertiary sites. 
However, the primary fruit set was reduced at 18.7*C compared with
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the other 3 treatments, the reasons for which are unknown. At 
quaternary positions, fruit set was significantly decreased at 
10.2*C, which has been ascribed to the difficulties in opening of the 
anthers and a small amount of pollen grains in the sporogenic tissue 
(Ganmore-Neumann and Kafkafi, 1983). Fruit set was progressively 
reduced from primary to quaternary positions although primary fruit 
set was relatively low compared with secondary fruit set (Table 3.6).

Strawberry is an auxin-responsive 'fruit'. Achenes attached to 
the surface of the fleshy receptacle are known to supply growth 
substances needed to stimulate receptacle enlargement (Nitsch, 1950; 
Archbold and Dennis, 1984; Southwick and Pooviaiah, 1987). Way (1968) 
reported that unless 40% of the carpels set, the receptacle fails to 
develop satisfactorily and if the set achenes are unevenly 
distributed over the surface of the receptacle, the fruit is likely 
to be misshapen as the stimulus provided by individual achenes is 
fairly local in action. That is to say, where a group of achenes 
fails to develop, the part of the receptacle supporting them receives 
inadequate stimulus to develop fully (Nitsch, 1950). The causes of 
both poor fruit set and malformed fruits in strawberries has been 
discussed by several workers in relation to both external and in
ternal factors (Kronenberg, 1959; Kronenberg et al., 1959; Braak, 
1968; Avigdori-Avidov, 1986). Temperatures during the flowering 
period were considered as an important external factor affecting 
fruit set and malformed, fruits (Thompson, 1971; Zurawicz, 1978; 
Garren, 1980). Poor light intensity is another external factor 
(Smeets, 1976, 1980 a, b, c). Nutritionally, Guttridge et al. , (1980)
suggested that poor fruit set could be a physiological disorder due 
to nutrient deficiency as solution of calcium nitrate, boric acid and 
a mixture of manganese and zinc sulphates applied to emerging and 
expanding inflorescences increased the fruit set (Guttridge and 
Turbell, 1975). The production of good pollen and fertile pistils was 
regarded as a vital internal factor in avoiding fluctuations of fruit 
set and malformed fruits (Valleau, 1918, 1923; Way, 1968; Guttridge 
and Anderson, 1976; Gilbert and Breen, 1986). Primary fruits of cv. 
Redgauntlet were found more misshapen than fruits at superior ranks 
(Way, 1968; Guttridge and Anderson, 1976). Similarly, Gilbert and
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Breen (1986) observed that the proportion of abnormal anthers was 
usually higher in primary than in secondary flowers in several 
cultivars. Valleau (1918, 1923) related poor anther quality in
primary flowers to male-sterility, producing non-functional 
staminodia in place of fertile stamens. Poor fruit set of higher 
ranks such as quaternaries or quinaries was attributed to male- 
infertility due to increased dioeciousness associated with high 
chromosome number of the octoploid plants (Longley, 1926).

The amount of fruits produced by a strawberry plant depends on
(1) the number of crowns which can initiate flowers in the autumn,
(2) the number of inflorescences which emerge from each crown in
Spring, (3) the number of fruits per inflorescence and (4) the final 
size of the ripe fruits (Bedard et al. , 1971; Manson, 1980; Manson
and Rath, 1980; Guttridge and Anderson, 1981; Hancock et al., 1984).
In all the experiments, uniform single crown plants were used, and 
the emerged inflorescences were not significantly affected by

) different root temperatures. So fruit yield per plant becomes the
product of two fundamental components - fruit number and fruit size 
(Webb and White, 1971). Results of these experiments demonstrate that 
the fruit number per inflorescence was not influenced by all the 
temperatures used (p > 0.05) (Table 3.5, Table 3.24 and Appendix B, 
Table 9). This suggests that the difference in fruit yield per in
florescence results from fruit size variation. In 1986, fruit yield

) per inflorescence was markedly reduced at both 10.2°C and 23. 0*C in
comparison with 18.7°C and 14. 1“C. From Table 3.8, it can be seen 
that reduction of fruit yield per inflorescence was more due to the 
decreased fruit size at secondary position at 10. 2“C and at both 
primary and secondary positions at 23. 0°C. In both 1987 and 1988, 
fruit yield per inflorescence was the highest at the coldest root 
temperatures and the lowest at the warmest temperatures (p < 0.05). 
Unlike the response in 1986, the reduced fruit yield per inflor
escence was due to small fruit size at all fruit positions at the 
highest root temperature (Table 3.27 and Appendix B, Table 9). Fruit 
yield per inflorescence is the summation of fruit weights of primary, 
secondary, tertiary and quaternary fruits. Averaged from means of the 
three experiments, fruit weights were 20.56 g, 22.22 g, 17.58 g and
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2.39 g for primary, secondary, tertiary and quaternary fruits res
pectively, indicating that the first three rank fruits account for 
almost all the fruit yield in an inflorescence. To compare the fruit 
yield in 1986 with that in 1987 or in 1988, fruit yield per inflor
escence was much poorer in 1986, on an average being 39.91 g, 72. 13 g 
and 75.63 g for 1986, 1987 and 1988 respectively. This difference may 
result from two factors. Firstly, the experiments were carried out in 
different years so that quality of the plants could have been
different. Webb and White (1971) reported that cultural conditions
during the period between rooting of the runner plants and flower
initiation had a critical influence on fruit yield in the following 
season. Secondly, daily hand-pollination during flowering stages was
performed in both 1987 and 1988, but was not implemented in 1986.

♦Poor pollination due to lack of pollinating agents such as honey bees 
and blowflies has been reported to cause higher percentages of 
malformed fruits and reduced fruit size not only under protected 
cultivation but also in the open (Free, 1958; Moore, 1969; Carden and 
Emmett, 1973; Nye and Anderson, 1974; Sannino and Priore, 1980). 
Reduced fruit weight resulted in the decreased fruit yields at 
various fruit positions, which can be seen in Table 3.7, Table 3.8, 
Table 3. 26, Table 3. 27 and Appendix B, Table 9. The overall mean 
single fruit weight was severely reduced at 10.2°C and 23.0°C 
compared with 14.l’C and 18.7°C (p < 0.05) in 1986, but it was highly 
negatively related to root temperatures in both 1987 and 1988 (Table 
3.8, Table 3.27 and Appendix B, Table 9). The reduction in fruit size 
was concentrated at primary and secondary positions or at tertiary 
positions at very high root temperatures (Table 3.27). Quaternary 
fruit size was rarely sensitive to root temperature. The overall mean 
single fruit weight significantly declined from primary to quaternary 
ranks (Table 3.8 and Table 3.27). The strawberry is an aggregate 
fruit in which the individual fruitlets are achenes, each of which is 
a dry, small and hard indehiscent fruit bearing only one seed. The 
edible portion is composed mainly of receptacle (Shoemaker, 1975). 
Harvis (1943) considered that the principal tissues concerned in the 
development of the fleshy receptacle were the cortex and pith. 
Further, Szczesniak and Smith (1969) divided the succulent receptacle 
into five tissue zones - (1) epidermis, (2) hypodermis (3) cortex,
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(4) vascular bundle zone and (5) pith. The effects of root temper
atures on these individual portions have not been investigated and 
therefore could be interesting. High root temperatures also led to
decreased fruit size in ' cv. Fukuba' (Sato and Hiraoka, 1971). They
suggested that generally, reproductive growth in relation to fruit 
yield and fruit size was optimal at root temperatures around 16*C
(Sato and Hiraoka, 1971; Sato, 1972), which concurs with the results
from this study.

Apart from root temperature, fruit size can also be affected by 
other external factors such as cultural practices (Craig and Aalders, 
1966; Albregts and Howard, 1974, Reynolds, 1987), growing environ
mental temperatures, light intensities and photoperiods (Braak, 1968; 
Thompson, 1971; Yu et al. , 1971; Antoszewski, 1974). Went (1957) 
reported that the fruit size of cv. Marshall was inversely 
proportional to day temperatures, whereas night temperatures had no 
effects. Other studies also reveal that the berry size at maturity 

 ̂ tends to be larger at low than at high temperatures (Braak, 1968;
Thompson, 1971). Reduced natural light intensity resulted in poor 
receptacle development in cv. Redgauntlet compared with normal
natural light intensity during the fruiting period (Thompson, 1971). 
However, berry size was increased for constant shading (60%) in cv. 
Earliglow during fruiting due to reduced fruit number (Ferree and 
Stang, 1988). When strawberry plants were grown under alternate 

) light-dark conditions, the fruit growth was rhythmic, with rapid
expansion at the beginning of the dark period, followed by slow 
expansion at the end of the night period (Antoszewski, 1974).
Photoperiod affected receptacle size through modifying the duration 
of receptacle development, long days (18 hrs) significantly reducing 
its length compared with short days (12 hrs) (Thompson, 1971).

Besides external factors, fruit size is also directly 
determined by such internal factors as number of developing achenes 
per receptacle, achene density on the receptacle surface, and 
competitive effects both within the inflorescence and between the 
members of plant components (Valleau, 1918; Nitsch, 1950; Janick and 
Eggert, 1968; Eaton and Chen, 1969; Abbott and Webb, 1970; Sachs and
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Izsak, 1973; Wenzel and Smith, 1974). Valleau (1918) pointed out that 
the successive orders of branching of the inflorescences were associ
ated with decreasing berry size. This was due to succeeding reduction 
in the number of developed achenes which resulted in decreasing auxin 
levels contributed by the developing achenes. Also apical dominance 
from superior fruits led to a decrease in cell number of • the 
receptacle tissue (Janick and Eggert, 1968). Results in all the 
experiments demonstrated that root temperature could not alter the
signif icant decline in f ruit size in accordance with the
developmental succession within the inflorescence. Sherman and
Janick (1966) reported the relationship of 1 primary = 2
secondaries == 4 tertiaries on the pruned plants and that this
relationship was held in a number of varieties, suggesting that the 
relative decline in size of individual fruits down the inflorescence 
was approximately the same. From Table 3.27, the ratios of primary 
fruit weight to secondary, tertiary and'quaternary fruit weights can 
be calculated and presented as follows:

15. 2 *C 19. 9°C 24. 8 ’C 29. 4 *C

P/S 2. 05 1. 94 1. 81 1. 77
P/T 4. 17 4. 09 4. 23 4. 40
P/Q 18. 48 14. 79 19. 62 25. 77

As can be seen, the single primary fruit weight was roughly twice and 
four times as heavy as secondary and tertiary fruits respectively, 
although variation occurred among different root temperatures. At any 
root temperature, quaternary fruit weight was reduced the most. 
However, Moore et al. , (1970) reported that the relative decline in 
fruit size from primary to secondary to tertiary positions on the 
inflorescence of large-fruited clones was much greater than that of 
small-fruited ones. Nonetheless, this is not the case for the results 
reported herein. As primary fruit was the largest at 15.2’C and the 
smallest at 29.4°C, the secondary fruit was still larger at 15.2‘C 
than at 29.4’C (Table 3.27). Therefore either root temperature could 
modify this relationship or other factors may be involved. Similarly 
Webb and White (1971) argued that the size relationship between 
berries of successive ranks was not a fixed proportion. Given equal
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expansion conditions, secondaries can be nearly as big as primaries, 
or two thirds the size; tertiaries can be between 75% and 45%; quat
ernaries between 60% and 25%. More recently, Pelofske and Lawrence 
(1984) also obtained a wide range in ratio of the size of primary to 
secondary fruits (P/S) in 17 cultivars and selections of
strawberries, with P/S ranging from 1.37 to 2.32.

Vigorous vegetative growth during flower initiation and 
fruiting period caused by heavy application of fertilizers has 
negative effects on reproductive growth (Abbott, 1968; Way and White, 
1968; Rodgers et al. , 1985; Haynes and Goh, 1987; Ferree and Stang,
1988). However, defoliation studies show that fruit weight was 
reduced progressively by keeping fewer leaves or less leaf area on 
the fruiting plants (Abbott and Best, 1969; Janick and Eggert, 1968). 
Therefore the reduced fruit yield at 10. 2°C was most probably due to 
poor leaf area establishment. But reduced fruit weight at relatively 
high root temperatures was likely to arise from excessive vigorous 
vegetative growth with rapid leaf production, and early and more 
stolon formation. The increased fruit weight at moderate root tem
peratures (15*0 to 20’C) could be due to a good balance between 
vegetative and reproductive growth. Competitive effects from yield 
components within a plant usually results in a negative relationship 
between them. These negative correlations could arise primarily from 
developmentally induced relationships. Developing components 

) competing for limited supplies of substances such as nutrients, water
and metabolites may finally lead to a compensating balance among such 
components. Bedard et al. , (1971) found that the number of inflor
escences was negatively correlated with average berry weight and 
number of berries per inflorescence. However, relationships of the 
sort could not be sought in this study as inflorescences per plant 
and fruits per inflorescence were not significantly affected by 
different root temperatures.

According to several reports (Abbott and Webb, 1970; Abbott et 
al., 1970; Webb et al. , 1974a, b, 1978), berry weight could be simply 
related to two factors: (1) the number of developed achenes on the 
receptacle surface, (2) the degree of expansion of the receptacle
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measured as achenes/cm-. These indicate that fruit size is determined 
by factors operating at different times during growth and develop
ment. Achene number is determined during flower formation and is 
fixed by the time the flowers emerge. Further the total number of
achenes per fruit is likely to be characteristic of genotypes (Webb 
et al. , 1974a, b). The receptacle expansion, on the other hand, is
determined during fruit development in the fruiting season, and can 
be affected by cultural techniques, environmental conditions and com
petitive effects within the plant itself (Webb, et al. , 1974a, b).
The absolute number of achenes per fruit was not counted in this 
study but the effect of receptacle expansion on fruit size was
concentrated upon. Results of the experiment in 1987 revealed that 
the receptacles developed the most at 15.2°C, but the least at 
29. 4*C, and intermediately at 19.9°C and 24.8'C, resulting in a 
corresponding response of single fruit weight (Fig. 3. 15 and Table
3.27). A parallel relationship has been reported by Webb et al. 
(1974a, b) between the receptacle development and berry size. The 
achene density was shown to be non-significant from primary to 
secondary to tertiary ranks, indicating that the number of total
developed achenes per fruit is a dominant determinant of fruit size 
variation among various fruit positions within an inflorescence. Webb 
et al. (1974a, b) observed that there was a general increase in the 
number of achenes/cm2 as the fruit rank number ascended, indicating 
progressively less development, but a significance test was not 
performed in their study. .Within a fruit, it was shown that portions 
of tissues developed gradually less and less from the proximal end 
(U. section) to the distal tip (L. section) (Fig. 3.16). Therefore a 
normally-developed strawberry has a shape that tapers towards the 
distal end like a cone or similar form due almost entirely to 
increased achene density from the proximal part to the distal part.

Thompson (1971) noted that the effects of environment on 
receptacle size were complicated by other factors such as the level 
of carpel fertilization and competitive effects within the inflores
cence. Results of the experiment in 1987 showed that the effects of 
root temperature on achene density were also complicated by other 
factors such as fruit position on an inflorescence and locations on
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the fruit itself. (Table 3.30 and Table 3.32). It is interesting to 
look at the interaction of fruit positions with various locations on 
the receptacle <Table3. 31). The achene density in the middle section 
was not sensitive to fruit positions on the inflorescence. However, 
the achene density at the proximal section was increased from 
superior to inferior positions whilst the opposite was true at the 
distal section. Sachs and Izsak (1973) reported that pruning of 
primary or secondary and even tertiary fruits brought about an 
increase in the weight of the fruits at inferior positions. Pruning 
of flowers on inferior ranks, however, only resulted in a slight in
crease in the weight of the fruits on superior ranks. Thus, it can be 
said that primary fruit growth inhibits growth of secondaries or 
tertiaries by limiting the development of the proximal sections, 
whereas the inferior fruit growth of either tertiaries or secondaries 
competes with primary fruit by suppressing the development of the 
distal section.

It was Webb (1973) who introduced the physical characteristics 
of the fruiting structure as a possible cause of size limitation in 
strawberry fruit, stating that maximum berry weight was linearly 
related to the diameter of the pedicel. Varieties with a basal 
branching pattern of the inflorescence usually produce relatively 
larger berries than those with a more distal branching pattern 
(Darrow, 1929; Foster and Janick, 1969). This suggests that distances 

 ̂ between the peduncle baseband the fruit base or pedicel lengths are
negatively correlated with fruit size. Results of the experiment in 
1987 revealed that pedicel lengths, the distances both between the 
peduncle base and the pedicel base, and between the peduncle base and 
the fruit base were not significantly affected at primary, secondary 
and even tertiary positions by the different root temperatures used. 
However, pedicel diameters were much thicker at 15.2°C compared with 
29.4*C at all ranks (Table 3.28). Thus the effect of root temperature 
on fruit size was primarily through modification of pedicel thick
ness. However, fruit size differences among different fruit positions 
may be due to two variables - (1) Long distances between the peduncle 
base and the fruit base and (2) small pedicels at inferior fruit 
positions.
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Number of anthers and number of petals per flower were not 
affected by root temperature changes In the experiment of 1987 (Table 
3.25), possibly because cultivars are characterised by certain 
numbers (Valleau, 1918; Gilbert and Breen, 1986). The flower size 
closely followed trends in fruit size with rank. Valleau (1918) 
pointed out that fruit weight was positively correlated with the 
number of individual flower members.

Fruit set sequences at both secondary and tertiary positions 
exerted significant effects on fruit size in the experiment of 1987 
(Fig. 3. 13 and Fig. 3. 14). Fruits derived from the flowers which 
anthesed first were much heavier than those developed from the 
flowers which opened later. Similar trends have also been reported in 
fruit size and achene number per fruit with fruit ripening sequences, 
that is P>S1>S2>T1>T2>T3>T4 in several strawberry cultivars by Janick 
and Eggert (1968), and Foster and Janick (1969). In tomato plants, 
Bangerth and Ho (1984) observed a parallel response of fruit size to 
fruit positions and the induction sequences of fruit set in a truss. 
Early induced fruits were larger within the same truss. Possibly, 
there are two ways in which earlier-set fruits inhibit the growth of 
later-set fruits. Firstly, by limiting the supply of assimilates to 
the later-set fruits, through apical dominance (Janick and Eggert, 
1968; Sachs and Izsak, 1973; Antoszewski and Dzieciol, 1973). 
Secondly, by suppressing the rate limiting processes of fruit growth 
(e. g. unloading of assimilates) in the later-set fruits as leakage of 
nutrients in the strawberry fruits to the peduncle has been reported 
when the fruiting plant was subject to severe water stress 
(Antoszewski, 1974).

3. 3. 3 Growth and Growth relationships 

3. 3. 3. 1 Growth of strawberry fruits

Strawberry fruits are strong sinks for dry matter. During 
fruiting, 40% of the total dry matter of glasshouse- (Forney and 
Breen, 1985b) or field-grown (Olsen et al. , 1985), strawberry plants
is in the fruit. Ontogenetically, growth of a strawberry is due to
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initial cell division followed by cell enlargement. Harvis (1943), 
after comparing cell dimensions with fruit dimensions, argued that 
cell division in the cortex of the receptacle was completed by 
anthesis, but continued (although at a fairly slow rate) in the pith 
throughout the life of the fruit. However, Knee et al. , (1977)
argued, from cell counts at various developmental stages, that cell 
division continued for about 7 days after petal fall although 
vacuolation of cells was already beginning at petal fall. In accord 
with Knee et al. (1977), Woodward (1972) reported that the first 7 to 
10 days of development after petal fall was a phase of cell multi
plication, after which a steady increase in fruit size occurred. This 
phase was considered to be a period of cell expansion within the 
fruit. There is a continuous developmental process, with the major 
changes occurring in the parenchyma cells situated in the cortex 
(Neal, 1965), during the growth and ripening of strawberry fruits, 
though it can be said that there is a definite point in growth when 
the ripening process starts (Woodward, 1972). Changes in fruit colour 
turning from green to reddish, accompanied by softening of the fruit, 
and of fruit ripeness when the fruit is fully red and softened were 
recorded in the experiments of both 1987 and 1988. The days required 
from anthesis both to fruit colour turn and to fruit ripeness were 
fairly consistent for each fruit position at each root temperature 
between the two years (Table 3.23 and Appendix B, Table 8). For 
instance, the days from flower opening to fruit colour turn were
20.3, 21.6, 22.7, 23.2 and 20.3, 21.8, 23.6, 23.8 for primaries,
secondaries, tertiaries and quaternaries in 1987 and 1988 respec
tively. These figures are in line with the report of Forney and Breen 
(1985a) who state that the days needed from flower opening to fruit 
colour turning were about 20, 21 and 22 for primaries, secondaries 
and tertiaries in ' cv. Brighton'. Austin et al. (1960) pointed out 
that the harvested fruits of 'cv. Sparkle', when they were not fully 
coloured, developed full colour much more rapidly at high temper
atures (23.9°C and 29.4*0 compared with low ones (12. 8*C and 
18.3*0. However, root temperature did not have any significant 
effects on the days from flower opening to the turn of fruit colour 
at all fruit positions except that 15.2*C delayed the tertiaries com
pared with other temperatures in 1987. Nevertheless, in the
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experiment of 1988, the period was significantly longer at 15.6'C 
than at 26.7°C at all fruit positions, even though the difference was 
so small (Appendix B, Table 8). This discrepancy may be due to the 
subjective decision for the fruit colour turn or due to variation of 
the recorded data.

The days required from the flowering date to the fruit ripening 
date are considered as the fruit development period (Ferguson, 1971). 
Generally, results showed that the fruit development period was in
creased (p < 0.05) at the lowest (15.2*C and 15.6*0 compared with 
other higher root temperatures. Thompson (1971) showed that the 
receptacle development period was most affected by temperature, with 
the length of time from anthesis to maturity being inversely 
correlated with growing temperatures. Most reports indicate that 
strawberry fruit development period is about 20 to 25 days, which 
corresponds with the results of the experiments reported herein, for 
some varieties studied (Wilson and Giamalva, 1954; Thompson, 1969; 
Eaton and Chen, 1969; Knee et al., 1977; Archbold and Dennis, 1984;
Schaffer et al. , 1985; Stuttle and Darnell, 1987). It is 25 to 33
days for other varieties investigated (Clark, 1932; Moulton and 
Johnston, 1955; Jonkers, 1958; Thompson, 1963, 1967; Ferguson, 1971;
Sachs and Izsak, 1973; Mudge et al. , 1981). Fruit ripening can be
delayed as well by high rates of nitrogen fertilizer and by appli
cations of Paclobutrazol (PP333) (McArthur and Eaton, 1987, 1988;
Stang and Weis, 1984). Position-wise, the fruit development period is 
generally longer from superior to inferior positions on the inflor
escence at each root temperature (Table 3.2.3 and Appendix B, Table 
8). Sherman and Janick (1966) observed an average of 5.4 days longer 
at secondary than primary fruits over 30 different cultivars. Forney 
and Breen (1985a) obtained similar developmental rates between 
primary and secondary fruits, but a shorter development period for 
tertiaries in cv. Brighton . However, Sachs and Izsak (1973) pointed 
out that most primary and secondary fruits, as well as considerable 
portions of tertiary and quaternary fruits presented similar rates of 
development despite great differences in fruit size both in cv. 
Fresno and in cv. Tioga .
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The days from the fruit colour turning to the fruit ripening 
date were about 3 for all rank fruits (Table 3.23 and Appendix B, 
Table 8). Smith and Heinze (1958) reported that at 21. 1*C, fruits 
classified as three-quarter-coloured developed to full redness in one 
or two days, half-coloured fruits in two or three days, and one- 
quarter coloured fruits in three or four days. In the case of this 
study, the fruit colour turning date was defined as the date on which 
fruits were one-quarter or more coloured.

Fruit growth measured as increases in weight from anthesis to 
fruit ripeness is sigmoidal (Woodward, 1972; Archbold and Dennis, 
1984; Forney and Breen, 1985a; Stuttle and Darnell, 1987). However, 
fruit growth measured as increments either in fruit length or fruit 
width is almost always a linear trend from anthesis to fruit maturity 
(Crane and Baker, 1953; Mudge et al., 1981; Archbold and Dennis,
1985; Forney and Breen, 1985a; Darnell, 1987; Stuttle and Darnell, 
1987). Measurements of both fruit lengths and fruit diameters in the 
experiment of 1987 also indicated a simple linear relationship with 
time after anthesis at all fruit ranks at different root temperatures 
(Table 3.35). Stuttle and Darnell (1987) reported a linear relation
ship between fruit length and width in the glasshouse-grown straw
berry plants of cv. Fern . This linear relationship, with length 
being slightly greater than width, was held for 25 days following 
anthesis, which corresponded with the onset of red colour stage. 
Results in Table 3.34 indicate that fruit diameters were just 
slightly greater than fruit lengths at the very early stage of fruit 
growth and development especially at superior ranks, but by the 24th 
day from anthesis, fruit length became slightly greater than fruit 
diameter. Root temperature did not alter this relationship to a great 
extent, so that both fruit diameters and fruit lengths should be 
valid developmental indices (Stuttle and Darnell, 1987).

In terms of growth, the size of a strawberry is not only 
determined by its growth rate, but also by the period of development 
or duration of growth. That is why Thompson (1959) reported that 
treatment with 2-naphoxy acetic acid (2-NOA) caused relatively larger 
fruits at maturity because of a longer period of fruit development in
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spite of a low growth rate. The strawberry receptacle starts to 
enlarge only after a proper pollination and fertilization. Polli
nation removes a growth inhibitor formed at anthesis so that the 
receptacle becomes susceptible to stimulation from auxin-like growth 
substances produced by the fertilized carpels. (Thompson, 1963). 
Therefore, the final fruit size in relation to fruit diameter is a 
summation of the initial diameter at flower anthesis, and the product 
of growth period and average growth rate during the growth period. 
Analysis of the results in the experiment of 1987 revealed that the 
growth rates of both fruit lengths and fruit diameters (mm/day) were 
not significantly affected at each specific fruit position by 
different root temperatures (Table 3.35). The fruit development 
period was greater at 15.2’C than at other temperatures at secondary 
and tertiary positions (Table 3.23). Hence, the initial fruit size 
played an important part in affecting the final fruit size. Since the 
initial fruit length was not subject to root temperature changes (p > 
0.05). at all fruit ranks using analysis of covariance (Table 3.35), 
the initial fruit diameter became the dominant determinant of final 
fruit size. Lis and Antozewski (1982) attempted to relate final 
strawberry fruit size to the initial potential sink strength. In
creased fruit weight at primary and secondary positions at 15.2*C 
compared with other temperatures (Table 3. 35) was most probably 
associated with greater initial fruit diameters at anthesis, although 
initial fruit lengths at primary, secondary and tertiary sites played 
a parallel role using the analysis of variance (Table 3.33). Com
paring measured initial fruit diameters and fruit lengths, it can be 
seen that they decreased progressively as the fruit rank ascended 
(Table 3.33). When comparing the growth rates of both fruit diameters 
and fruit lengths, it can be seen that they declined with higher 
ranks (Table 3.35). As a result, the decrease of final size of straw
berry fruits with the order of opening (Table 3.27), was due to both 
the small initial fruit size at anthesis and the low growth rate. 
However, in cellular terms, this decrease in fruit size was ascribed 
mainly due to a striking reduction of cell number in the inferior 
fruits, because there was a constant number of cells per gram of 
fruit of widely differing sizes, but of the same age (Knee et al. , 
1977).
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3.3.3.2 Growth of leaves and petioles

The growth of both the strawberry trifoliate leaves and 
petioles is sigmoidal, starting at leaf emergence, increasing the 
growth rate monotonically to reach an inflexion point. At this point 
the growth rate decreases to approach asymptotically some final size. 
This 'S'-shaped growth curve was applicable to every consecutive leaf 
on the main crown at all root temperatures used. This determinate 
growth pattern was not just applied to the strawberry leaves and 
petioles. Reports on descriptions of limited leaf growth in nature 
have also been published in other species such as subterranean clover 
(Williams and Bouma, 1970: Williams and Rijven, 1970), Vicia faba L. 
(Dennet et al. , 1978, 1979; Auld et al. , 1978), Impatiens parviflora 
(Causton et al. , 1978), Cowpea (Littleton et al. , 1979), Lolium
temulentum (Thomas, 1983a b; Thomas and Stoddart, 1984) and Cotton 
(Mutsaers, 1983a, b).

Ontogenetically, the growth of a whole strawberry leaf com
prises two specific phases (Arney, 1953b). The first phase, from leaf 
initiation until emergence of the leaf, shows an exponential growth 
trend which is characteristic of cell division. The second phase, 
from leaf emergence to completion of the final size, exhibits a 
straight linear growth trend if measurement is made until the time 
growth rate slows down (Arney, 1953b; Guttridge, 1970). A sigmoidal 
growth pattern occurs if measurement is continued until the final 
size is reached (Abbott, 1966, 1968; Gosselink and Smith, 1967).
Arney (1953b) pointed out that the second phase was characterized by 
cell enlargement, with cell numbers determined immediately following 
leaf emergence (Arney, 1954). However, Abbott (1966) argued that 
rapid leaf area expansion after emergence was brought about by the 
processes of both ceil division and cell expansion throughout the 
period of leaf expansion. Both the maximum leaf area and the final 
petiole length are dependent on the number of cells and cell size. 
Studies have shown that the final leaf size is chiefly determined by 
the number of- cells per leaf under different situations, such as 
different photoperiods, water stress, defoliation, application of 
gibberellic acid and varying levels of fertilizers (Arney, 1954,
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1956a; Abbott, 1966, 1968). However, the final petiole length is
determined by both cell numbers and cell dimensions (Guttridge and 
Thompson, 1959, 1963). Counts of cell number and measurement of cell
dimension have not been carried out, so that studies on the responses 
of both cell numbers and cell size to different root temperatures and 
to successive leaves on the crown are still necessary.

Developmentally, both the final leaf size and the maximum 
petiole length should be the summation of the initial sizes together 
with the product of growth duration and the mean growth rate during 
the growth period. As can be seen from Table 3. 3 9 and Table 3.40, 
growth duration was not an important growth parameter related to the 
final leaf size and petiole length. However, the growth rate
correlated most with the final leaf area and petiole length as shown 
in Fig. 3. 17 and Fig. 3. 18. Gosselink and Smith (1967) reported that 
increased petiole length and leaf size at 14 hrs compared with 12 hrs 
daylength were both attributed to an increasing growth rate rather

 ̂ than growth duration. Similarly, several other reports reveal that
both increased leaf size and petiole length following application of 
nitrogen and phosphorus fertilizer (Abbott, 1968), or gibberellic 
acid (Guttridge, 1970) and the use of black polyethylene mulches 
(Renquist et al. , 1982a,d) were almost entirely due to promoted
growth rate rather than growth duration.

) Growth durations for either single leaf growth or petiole elon
gation in the experiment of 1987, were fairly similar, between 15 and 
18 days (Table 3.44 and Table 3.42). Almost all the other reports 
have shown parallel findings. For the petiole growth, Gosselink and 
Smith (1967) reported a growth duration of about 15 days in cv. 
Sparkle ; Guttridge (1970), 15-18 days in cv. Talisman ; Jurik et
al. (1979), 14-15 days under the high light intensity of 678 pEM“z:S_1
and 18-20 days under low light intensity of 64 pEM-^S"'1 in Fragaria 
Virginiana Duchesne and Renquist et al. (1982a, d), 15 days in cv.
Olympus . For leaf area expansion, both Arney (1954) and Abbott 
(1968) reported that there was no increase in area of individual 
leaves 20-21 days after emergence in cv. Royal Sovereign . The 
period between leaf emergence and completion of the final size is so
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Fig.3.17 Growth in area of leaflets at LS on the main crowns 
of *CV .Hapil'strawberry plants at root temperatures
of 19.9°C (----- ),24.8°C ■ (----- ) and 29.4°C (-----)
• , A and X  are observed points at 19.9,c,C,24.8c’C 
and 29.4c,C respectively.

Days from emergence

Fig.3.18 Growth in length of petioles at L5 on the main crown 
of 'Cv.Hapil' strawberry plants at root temperatures
of 15.2°C {----- ), 19.9°C (----- ) , 24.8°C(----- > and
29.4°c (-----). o, •. A  and X  are the observed

points at 15.2°C,19.9°C,24.8°C and 29.4-C respectively
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similar at different root temperatures that the cessation of either 
leaf expansion or petiole elongation appears to be related to leaf 
age rather than leaf size (Abbott, 1968). At the inflexion point, the 
fraction of the final size of petiole length was almost all more than 
0.5 at different root temperatures or for various successive leaves 
on the main crown, but that of leaf area less than 0.5 (Table 3. 41 
and Table 3.42), indicating that the developmental stages of laminae 
seemed to lag a little behind those of petioles. This is because as a 
whole, the phase of rapid elongation is known to start at the base of 
the petiole (Guttridge and Thompson, 1953). The early development of 
the petiole is adaptatively important as the earlier elongation of 
the petiole enables the leaflets to be placed in a favourable light 
position before the leaflets are fully open during the canopy close 
stage. In turn this may be the reason why the short-petioled winter 
leaves are replaced by leaves with longer petioles as the canopy 
closes during the course of a normal growing season (Chabot and 
Chabot, 1978).

As two component parts of a whole strawberry leaf, the growth 
and development of both petioles and leaflets are highly correlated 
with each other in relation to not merely their dimensions, but also 
continuity of their further growth in the early growing stage. 
Firstly, a short petiole is almost always related to a relatively 
small area of the leaflets, but a long petiole is not necessarily 
correlated with a large area of leaflets. This may result from 
different responses to other internal effects such as competition 
from production of stolons and runner plants, and branch crown pro
liferation (Fig. 3.15 and Fig. 3.16). However, the ratio of area of 
the leaflets to the corresponding petiole length was quite a stable 
character at each leaf position under different root temperatures 
(Table 3.16). Further, the existence of the leaflets is impossible 
without petiole attachment. Yet observation showed that complete 
damage of the leaflets or artificial removal of the leaflets in the 
very early stage after emergence resulted in complete cessation of 
petiole growth even though the petiole was still connected to the
crown.
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Ontogenetically, dimensions of both petiole and leaflets in
creased with increasing leaf position on the principal crown for the 
first few leaves. They remained stable for several leaves and then 
tended to become smaller. (Fig. 3. 15 and Fig. 3. 15). In strawberry, 
the early developmental stages of the plant consist of rapid enlarge
ment of leaves and root systems so that the net income rate of 
necessary materials is rapidly increased (Darrow, 1930). During the 
establishment, enlargement of leaves and root systems and the general 
maintenance of health cost the plant a considerable quantity of 
essential materials. However, the increased income more than offsets 
these costs from a very early period of development. A larger root 
system results in more rapid supply of water and mineral nutrients, 
and a larger leaf area leads to more rapid production of photosyn- 
thates. Leaves that unfolded later were thus better supplied with 
necessary materials than were those produced earlier. Consequently 
the later ones were more likely to approach the genetic maximum for 
petiole and leaf size. However, once the production of stolons and 
runner plants commenced, they were more active in growth than the 
other parts of the parent plant (Fig. 3.6), which apparently 
decreased the supply of necessary materials and limited the enlarge
ment of leaves that unfolded after the start of stolon production. 
Darrow (1930) showed that the total leaf area of the mother plant 
decreased sharply with intact stolons compared with stolons removed. 
Arney (1953a), after arguing that the competition between the parent 
plant and the 'stolon chain' did not affect the rate of leaf pro
duction, attributed the decreased total leaf area on the mother plant 
with stolons intact to a reduction in leaf sizes.

3.3.3.3 Growth of stolons and runner plants

The axillary buds in the axils of strawberry leaves may become 
inhibited or develop into either branch crowns or stolons. The 
axillary bud inhibition can sometimes be an intermediate phase before 
continued development. In commercial culture, the development of the 
axillary bud is controlled largely by genotype-environment inter
action (Dana, 1980). Junebearers are short-day plants, and are 
generally good stolon producers, but shy lateral crown formers.
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Everbearers are generally poor stolon formers, but relatively rich 
side crown producers (Nicoll, 1984).

The axillary bud, under stolon promoting conditions, emerges by 
rapid growth of the first internode, with the leaf initials and stem 
apex being carried forward at the tip. Growth continues until the 
first node is several centimetres away from the crown, after which 
the apex is carried further by elongation of the second internode. 
Thus, the stolon is lateral in origin from the mother plant and mor
phologically a true stem with its long internodes. The initials at 
the first and second nodes form rudimentary leaves. Immediately 
beyond the second node are produced several closely-placed initials 
that form the leafy rosette of the first runner plant. Root initials 
develop at the base of the second node, usually emerging all round 
the circumference of the stolon and growing downwards. In the case of 
this study, growth of the adventitious roots discontinued after a few 
centimetres and became dried up due to lack of growing medium and dry 
aerial conditions. The axillary bud in the axil of the first leaf on 
the first runner plant usually forms a 'continuation' stolon, 
extending the 'stolon chain' and often grows out before the runner 
plant starts to root (White, 1927). Occasionally, the axillary bud of 
the first leaf on the runner plant does not emerge by rapid growth of 
the first internode. Instead it develops into a branch crown to break 
the 'continuation of the 'stolon chain'. The axillary bud at the 
first node of the primary stolon may remain dormant or develop into a 
secondary stolon itself either naturally or if the distal portion of 
the stolon is damaged or artificial removal of the stolon tip is 
practised (Reynolds, 1987).

Anatomically, the structure of the stolon is considered to be 
highly adapted for carrying the large amounts of nutrients and water 
required for the complete establishment of the 'stolon chain'. The 
chain is composed of lengthy internodes and runner plants (White, 
1927). That is why the 'continuation' of the 'stolon chain' was not 
interrupted even though the accumulated primary stolon length was 
more than 150 cm (Appendix C, Table 1, Table 2 and Table 3). Further, 
the specialized crown structure (White, 1927) can make crowns



181.

function as roots as it is possible for plants which have had most of 
their roots cut off or destroyed by fungi to supply all other parts 
uniformly with water and nutrients. That is why the vigorous vegeta
tive growth with continuous stolon formation and constant leaf pro
duction rate was maintained throughout the entire experimental 
period. The length of time intervening between the formation of 
successive runner plants on the same 'stolon chain' has been regarded 
as uniform, about 11-15 days (Richey and Schilletter, 1953). The 
results of the experiment in 1987 showed that the days between the 
formation of the adjacent runner plants on the primary 'stolon chain' 
also fell into this range, the average being 12.2, 12.9 and 13.0 at
15.2*C, 24. 8’C and 29. 4*C respectively (Table 3.4).

The stolon is a creeping branch produced from a leaf axil on 
the crown. The extension rate measured as increase per day was gener
ally not affected by different root temperatures except 10.2*0 (Table 
3.10 and Table 3.36). The reduced extension rate at 10. 2*C may be 
attributed to the decreased uptake and transport of nutrients causing 
poor vegetative growth (Norton and Wittwer, 1963). The insensitivity 
of stolon growth to root temperatures higher than 10.2*0 indicated 
that under non-limited root temperature conditions, the elongation of 
the 'stolon chain' should be dependent on the aerial temperature as 
the actively growing tip was quite distant from the mother plant. 
Since the cubicle aerial temperatures were fairly similar during the 
stolon production (Appendix D, Table 1), the parallel extension rate 
resulted at all temperatures higher than 10.2*C. Within a plant, the 
extension rate of the 'stolon chain' with various orders was shown to 
be independent of one another (Table 3.11, Table 3.37 and Table 
3.38). It is difficult to accept this argument since growth and 
maintenance of all the 'stolon chains' require large quantities of 
water and nutrients. These were provided only by the roots on the 
mother plants, and from the products of photosynthesis in the early 
stages of development. Nevertheless, it is accepted that the straw
berry plant is a well-organized entity with the growth and develop
ment of various component members being highly interrelated and 
dynamically balanced. The stolon has been described as a conducting 
path for the hormonal interactions between 'mother' and 'daughter'
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plants. The negative correlation between promotion of vegetative 
growth and flower induction in Junebearers led Guttridge (1959, a, b, 
1969d) to postulate a growth-promoting, flower-inhibiting, hormone 
that is formed in the leaves under long day conditions. Donor- 
receptor units of 'mother' and 'daughter' plants joined by a piece of 
stolon and grown under different photoperiods were used to demon
strate the transmission of a long-day stimulus to vegetative growth, 
with concomitant suppression of flowering in the receptor. Similar 
relationships were also reported by other workers (Hartmann, 1947a; 
Leshem and Koller, 1964, 1966; Guttridge and Thompson, 1964; Collins,
1966; Jahn and Dana, 1966). Further, Leshem and Koller (1964) 
observed that the close proximity of mother plants could exert an 
inhibiting influence on flowering of runner plants. They pointed out 
that this inhibition was transmitted along the connecting stolon and 
when the stolon was disconnected, flowering of the proximal runner 
plants was accelerated. Component members are nutritionally related 
to one another. The stolon is a true stem with its tissues 

 ̂ specialized for conduction of large quantities of nutrients and water
from the mother plant (White, 1927). Stolon chains are maintained by 
this process and rooted runner plants can support the mother plant 
from which roots have been severed (Darrow, 1927). Movement of water 
and nutrients along the 'stolon chain' is therefore bidirectional. 
Jurik (1983), from his experimental evidence, argued that the first 
completely-formed runner plant on the 'stolon chain', in both 

) Fragaria vesca and Fragaria Virginiana. can support the further
growth of the stolon 'continuation' and succeeding runner plants. 
Leshem and Koller (1964) also reported this phenomenon in cultivated 
strawberry plants, Fragaria Ananassa. With isotopic tracer
techniques, a solution of P33 labelled H3P04 was readily absorbed by 
both leaves and root in cv. Robinson strawberry plants. Labelled 
nutrient was transported to all portions of the plant and stolon- 
connected runner plants, but preferentially in an acropetal direction 
(Norton and Wittwer, 1963). More recently, Roman (1988) observed a 
similar translocation pattern in cv. Hapil strawberry plants. 
However, when the runner plant was fed with P33 through its root 
systems, P33 activity was detected only on the same 'stolon chain'. 
The distribution of carbohydrates among the different component parts
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within a plant has been also recently reported by Roman (1988) under 
similar cultural conditions and using the same cultivar as in the 
experiments described herein. CC’̂ l-photosynthates were distributed 
to all other actively growing plant parts if 14C02-treated leaves 
were on the mother plants. However, when the treated leaves were on 
the runner plant at the 4th week growth stage, the [C140- 
photosynthates were distributed only to the actively growing regions 
on the same 'stolon chain'. At the 6th week stage onwards, when the 
'stolon chain' consisted of several runner plants, C C1̂  3 —
photosynthates started to be exported to the new and actively growing 
roots of the mother plant. This could be associated with the 
participation of assimilates in the process of energy supply which 
was necessary for nutrient uptake due to more nutrients being 
required by massive new growth of the 'stolon chains'. The report 
suggests that the 'stolon chain' will depend entirely on the photo
synthates from the mother plant until the first runner plant has 
developed a particular leaf size or area. Then it would become 
carbohydrate self-sufficient and be able to export photosynthates for 
the subsequent stolon growth. The critical leaf size when the leaf 
switches from import to export is approximately half the ultimate 
leaf area (Canny, 1984). The direction of movement of the photosyn
thates from the runner plants in the late stages depends on the 
source-sink relationship. From all the background knowledge stated 
above, it can be said that the competition for photosynthates between 
the stolon development in the early stage and the mother plant has 
two consequences: (1) reduced leaf size and (2) slow leaf production
rates both on the main crown and on the runner plants (Fig. 3. 10, 
Fig. 3.11 and Table 3.22), since more photosynthates were trans
located to the developing leaves on the mother plant when stolons 
were removed (Antoszewski and Dzieciol, 1973; Schaffer et al. , 1985,
Appendix B, Table 3). Therefore the consistent growth rate of the 
'stolon chain' with various orders was maintained within a plant at 
the expense of production of small leaves and slowing-down rate of 
leaf production. One interesting question is the implications of a 
strawberry plant investing a large proportion of carbohydrates to 
keep the extension of the 'stolon chain'. The absolute growth rate of 
a stolon has not been reported by many strawberry workers. The only
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report by Smith and Childers C1960) showed that elongation of the 
second internode in ' cv. Sparkle' at 6 ppm of Mg in the nutrient 
solution was 2.06 cm/day, while at 30 ppm, 2.33 cm/day. However, the 
average absolute growth rate among different stolon orders at root 
temperatures above 10.2°C was 2.9904 cm/day.

3.3. 4 Summary

1. High root temperatures result in the increased leaf area per 
plant, mainly resulting from more leaves produced on the main crown 
and more runner plant leaves and slightly due to larger single leaf 
size.

2. High root temperatures lead to the increased total petiole length 
per plant, due to both more petiole numbers and relatively longer 
single petiole length.

) 3. High root temperatures accelerate start of stolon formation and
cause production of more runner plants and a marked increase of total 
stolon length.

4. Variation of the leaf size of successive leaves on the main crown 
is greater than that of the petiole length as leaf area development 
is more sensitive to the competitive effects from the production of

) stolons and runner plants in the late growing stage.

5. Removal of the inflorescence' and continuous removal of stolons 
stimulate conversion of more axillary buds into branch crowns of the 
leaf positions below the stolon-forming axillary buds on the 
principal crown, increase the efficiency of the axillary buds to 
develop into stolons and promote leaf production.

6. High root temperatures accelerate anthesis of primary flowers in 
the first inflorescence. Low root temperatures are promotive for 
anthesis of flowers next to primary position in terms of days 
required from primary flower opening to blossoms of subsequent rank 
flowers, especially at tertiary and quaternary sites.
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7. Fruit size in weight significantly declines as fruit order 
increases in the inflorescence. At flower sites above primary 
position, the fruit set sequences impose a significant effect on the 
fruit size, with flowers first set producing larger fruits.

8. Fruit size is the consequence of integrated effects of both the 
internal and external factors. Low root temperatures in the region of 
15.0*C are most favourable for the formation of larger berries and 
greater total fruit yield per inflorescence. This is due to a 
combined effect of physical characteristics of the inflorescence 
architecture, potential fruit size at flower anthesis, developmental 
period and extent of the receptacle enlargement with respect to the 
achene density on the receptacle surface.

9. Numbers of the inflorescences and the branch crowns were not sub
stantially affected by these root temperatures used during the entire 
experimental period.

10. Flower numbers formed and fruit numbers developed per inflor
escence at various positions in the inflorescence were not signi
ficantly modified by the differential root temperatures used.

11. Plants at high root temperatures produce significantly increased 
total dry weight per plant, with the components of stolons, runner 
plants, petioles and leaf'blades accounting for most. Root dry weight 
generally decreased with increasing root temperatures, but was not so 
sensitive to root temperatures, indicating a broad range of optimum 
root temperatures.

12. Absolute growth rates of fruit dimensions (diameters and lengths) 
at individual fruit sites were not significantly affected by root 
temperatures of 15.2’C, 19. 9°C, 24. 8*0 and 29.4*0 within 24 days 
after anthesis.

13. Absolute growth rates of various ’stolon chains' on a plant were 
almost entirely the same among the different root temperatures above
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10.2*C, and among the different 'stolon chains' themselves up to Sz 
at 10. 2°C, S4 at 15.2°C and S6 at 24. 8#C and 29. 4*C.

14. Numbers of both accumulated leaves produced on the main crown and 
primary stolons formed per plant are linearly related to root temper
atures up to 29. 4*C.

15. The Richards function is regarded as the best alternative 
function in describing the single leaf area expansion and the petiole 
length elongation directly after emergence.

16. Differences in leaf sizes and petiole lengths either caused by 
root temperature effects or between successive leaves on the main 
crown were due to varied growth rates rather than growth duration.



SECTION 4

A STUDY INTO THE EFFECTS OF DIFFERENT PHOTOPERIODS 
ON THE FATE OF THE AXILLARY BUDS IN STRAWBERRY PLANTS

•CV. HAPIL*.
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4. A study into the effects of different photoperiods on the fate of 
the axillary buds in strawberry plants - 'cv. Hapil'.

4. 1 Introduction and Objectives

It is well-known that axillary buds in the axils of strawberry 
leaves either develop into stolons, branch crowns or may remain 
dormant and inhibited as an intermediate phase before continued 
development (Guttridge and Thompson, 1964). A definite fate of 
development for any axillary bud is determined by the genetic poten
tial interacting with environmental conditions, and also depends upon 
the plant status (Guttridge, 1955) as removal of both stolons and in
florescences can affect the subsequent production of both branch 
crowns and stolons (Scott and Marth, 1953; Moore and Scott, 1965; 
Jahn and Dana, 1966). In general, stolon formation is a long-day 
response and branch crown production a short-day response (Dana, 
1980). As a Junebearer, 1 cv. Hapil' has been reported not to produce 
any stolons at all under 10 hrs of daylength, but forms stolons under 
16 hrs of daylength (Abdullah, 1986). Thus, further investigation is 
necessary to identify a critical photoperiod between 10 hrs and 16 
hrs under which 1cv. Hapil' plants start to initiate stolons so that 
valuable information could be gained in order to model the response 
to any other environmental conditions. Another objective is that when 
growing conditions are suitable for either stolon formation or branch 
shoot production, it is useful to understand what percentage of the 
total axillary buds produced to develop into stolons or lateral 
crowns so as to predict how many stolons or branch crowns can be 
formed per plant during a particular growing period.

4.2 Initial Status of planting Materials

Cold-stored single crown plants were obtained from the same 
source as in the experiment of 1986, and then treated in a manner as 
in the experiments of both 1986 and 1987 prior to the start of the 
experiment on 15 April, 1988. Averaged by 12 plants, the initial 
fresh and dry weights per plant were as follows:
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Top
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FW (g)
4. 375 (0. 26) 
1. 716 (0. 11) 
6.091 (0.29)

DW (g)
1.122 (0.07)
0. 476 (0.05)
1. 598 (0. 13)

Dissection of 10 randomly-selected plants under a binocular 
microscope showed the presence of inflorescences inside the crown bud 
and counts of leaf initials below the last emerged leaf were made, 
with the number of leaf initials being 5.1 ±0. 1.

4.3 Experimentation

Uniform plants were planted in the plastic pots (20 cm dia
meter) filled with compost containing 9 parts peat moss and 1 part 
coarse sand, and plus Bio-P-base nutrient mixtures. The potted plants 
were arranged in each growth cabinet with temperatures maintained 
constant day and night, nominally at 20 °C. Each growth cabinet was 

) programmed to have 8 hrs of natural daylength every day by auto
matically movable shutters on the four-glazed sides and the glazed 
top, opening at 09:00 and closing at 17:00. 4 rows of 12 plants were
treated as four replicates, each of which consisted of 3 plants. Data 
recorded from each replicate were therefore means of three plants, 
and they were submitted to analysis as a completely randomized 
design. Normal plant growth was assured by regular watering and 

 ̂ feeding with Libfeed nutrient solution; and plant health was main
tained by applications of insecticide and fungicide. Plant positions 
were regularly changed to minimize the positional effects in the 
cabinets.

4.4 Photoperiod design

Effects of light upon flower initiation and morphology of the 
strawberry plants have been reported extensively in relation to 
photoperiod (Darrow and Waldo, 1934; Darrow, 1936; Hartmann, 1947 
a, b; Downs and Piringer, 1955), light intensity (Chabot and Chabot, 
1977, 1978; Chabot et al. , 1979; Jurik et al. , 1979, 1982; Nicoll, 
1984; Ceulemans et al., 1986) and light quality (Collins and Barker, 
1964; Vince-Prue and Guttridge, 1973; Guttridge, 1976; Vince-Prue, et
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al. 1976). Morphologically, plants under low light intensities 
produce thinner leaves, with small specific leaf weight and poor 
mesophyll cell development while those under high light intensities 
give the reverse responses (Chabot et al. , 1979; Jurik et al. , 1979,
1982). However, it has been reported that the leaf structure and 
apparent photosynthesis rates were similar under environments where 
total energy received was the same, even though the photon-flux 
density was varied (Chabot et al. , 1979). For day-length extension,
the incandescent lamps provide continuous spectrum and are of low PAR 
so that the photosynthetic effects could be minimized, although 
photoperiodically they are effective (Hart, 1988). Based upon the 
above knowledge, the photoperiods were set up as 10 hrs, 12 hrs, 14 
hrs and 16 hrs by extending the common and fixed 8 hrs of natural 
daylight for 2 hrs, 4 hrs, 6 hrs and 8 hrs respectively, with 
unfiltered radiation from incandescent filament lamps. The details 
are summarized as follows:

10 hrs 12 hrs 14 hrs 16 hrs

No. of lamps with 
wattage specified

4 x 100 W 2 x 75 W 
2 x 25 W

2 x 40 W 
2 x 25 W

4 x 25 W

Total energy supple
mented each day 800 W 800 W 780 W 800 W

Light intensity (PAR) 
during extension 
(pEM-^s-1 ) 14. 4-14. 6 7. 4-7. 5 4. 9-5. 1 3. 6-3. 8

Accumulated photo-flux 
density supplemented 
each day (jiEM~2s“1) 28. 8-29. 2 29.6-30.0 29. 4-30. 6 28. 8-30. 4
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4.5 Data collection

Records were made of the accumulated number of leaves produced 
and of dead leaves on the main crown. The fate of every axillary bud 
of successive leaves was examined, either being a stolon which was 
removed directly after its emergence, or being a branch crown. The 
final leaf area and petiole length of successive leaves on the main 
crown were determined. Similarly, the periodical measurements of 
single leaf area and single petiole length at 15, L6 and L7 were made 
every fifth day until the 35th day after emergence. By the conclusion 
of the experiment (13 July, 1988), 4 plants, one from each replicate, 
of each photoperiod was sampled for dissection of the main crown bud 
under a binocular microscope in order that inflorescence initiation 
could be checked and leaf initials below the last emerged leaf 
counted. The top part of the remaining plants in each photoperiod 
were split into petioles, leaf blades and crowns. Root systems of all 
the experimental plants were washed free of compost. Dry weights were 
determined of all the individual plant components after 72 hrs in the 
oven at 80°C.

4.6 Results

Reproductively, each plant produced only one inflorescence 
which was removed when the peduncle was extended out of the crown 
within the first 10 days or so, but did not produce any more during 
the remainder of the experiment under all photoperiods. Examination 
of the main crown bud under the binocular microscope showed that no 
flower buds were present by the time the experiment was completed. 
Vegetatively, plants formed large leaves and long petioles under pro
gressively longer photoperiods, especially after the third leaf pro
duced on the main crown.

4. 6. 1 Variations of both the single leaf area and the single petiole 
length of successive leaves on the main crown.

The single leaf area kept increasing from LI to L6 under 10 hrs 
and 12 hrs and from LI to L7 under 14 hrs and 16 hrs respectively. 
(Fig. 4. 1). After reaching maximum leaf size, single leaf size tended 
to decrease, especially under both 10 hrs and 12 hrs. The last three
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Fig.4.1 Variation in individual leaf area of the successive
leaves on the main crown under different photoperiods 
Vertical bars represent standard errors.
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leaves could be regarded to be still active in relation to area ex
pansion. Like ontogenetic change of the single leaf size, the single 
petiole length increased steadily from LI to L7 under all photo
periods (Fig. 4.2), but between L7 and the last 3 leaves, the petiole 
length was fairly constant compared with the leaf size. Similarly, 
the last 3 petioles could also be considered to be still active in 
relation to petiole elongation.

4. 6. 2 The influence of photoperiod on the leaf size and petiole 
length.

Since the leaf size and petiole length of consecutive leaves on 
the main crown varied, the mean leaf size and the mean petiole length 
of the first 3 leaves, the last 3 leaves, leaves from LI to the last 
3 leaves, leaves between the first 3 and the last 3 leaves, and total 
leaves were compared individually under different photoperiods. The 
results are highlighted in Table 4. 1. The mean leaf size of the first 
3 leaves was not significantly affected by the photoperiods used, but 
that of the last 3 leaves was significantly increased under 16 hrs 
compared with 10 hrs. The mean leaf size of both leaves from LI to 
the last 3 leaves and those between the first 3 and the last 3 leaves 
were similarly affected by these photoperiods, 10 hrs giving the 
smallest and the other three photoperiods giving the similarly in
creased leaf size. However, the mean leaf size of the total leaves 
was the largest under both 14 hrs and 16 hrs, the second largest 
under 12 hrs and the smallest under 10 hrs (p < 0.05). As far as the 
mean petiole length was concerned, that of the first 3 leaves started 
to respond differently, with 16 hrs resulting in increased petiole 
length (p < 0.05) (Table 4.1). Interestingly, the mean petiole 
lengths of the last 3 leaves, leaves from LI to the last 3 leaves, 
those between the first 3 and the last 3 leaves, and the total leaves 
responded similarly to these photoperiods, being increased pro
gressively from 10 hrs to 14 hrs. Analyses of both the accumulated 
leaf area and petiole length indicated that both of them were 
increased with succeedingly extended photoperiods (Table 4.2).
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Table 4. 1 Responses of both single leaf area (cm2) and single
petiole length (cm) to photoperiods of 10 hrs, 12 hrs, 
14 hrs and 16 hrs.

Leaves included Responses 10 hrs 12 hrs 14 h rs 16 hrs cv i t )

F i r s t  3 leaves Leaf area 33 ,3a 103,8a 107,3a 104,8a 8 ,3
P e t io le  length 8,62b 8,63b 3,35ab 9,54a 6 .0

La s t  3 leaves Leaf area 83,3c 1 1 3 , Ibc 136 ,9ab 147,4a 16,5
P e t io le  length 7,00c 11,16b 15,26a 17,55a 19,7

Tota l  - l a s t  3 Leaf area 156,0b 183,6a 131,2a 195,5a 2 ,3
leaves P e t io le  length 13,84c 16,77b 18,68a 19,04a 3 ,0

Tota l  -  l a s t  3 - Leaf area 130,2b 232,5a 232,9a 234,3a 2,1
f i r s t  3 leaves P e t io le  length 15,33c 20,83b 23,34a 23,11a 3 ,2

Tota l  leaves Leaf area 133,3c 170,6b 177,7a 184,4a 3 ,8
Average P e t io le  length 12,29c 15,37b 17,82a 18,70a 4 ,8

* 1, Mean se p a ra t io n  by LSD at p = 0 ,05  le v e l

2, Means fo l low ed by a d i f f e r e n t  l e t t e r  w ith in  each row iterns are  s i g n i f i c a n t l y  
d i f f e r e n t ,

Table 4. 2 Responses of the accumulated leaf area and the accumulated 
petiole length on the main crown to photoperiods of 
10 hrs, 12 hrs, 14 hrs and 16 hrs.

10 hrs 12 hrs 14 hrs 16 hrs cv (%)

Total Leaf area on 
the main crown 1811c 2046b 2132b 2397a 3. 9

Total petiole length 
on the main crown 159.7d 184. 4c 213. 9b 243.la 4. 9

Mean separation by LSD at p = 0.05 level and means followed by a 
different letter are significantly different within each row.
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4.6.3 Analysis of growth in leaf area expansion and petiole length 
elongation of individual leaves at L5, L6 and L7 positions 
on the main crown.

It has been known that the final size and petiole length of a 
strawberry leaf is the product of the mean growth rate and the growth 
duration plus the 'initial' sizes (for details see 3.2.3.4). 
Different photoperiods have shown significant effects on both the 
leaf size and the petiole length. Naturally the question is whether 
photoperiods act through affecting the mean growth rate, or the 
growth duration, or both. In order to answer the question, periodical 
measurements were made of individual leaf size and petiole length at
i.5, L6 and L7 positions on the main crown so that Richards function 
could be used as it is the most appropriate sigmoidal function in 
describing leaf growth (see 3. 2.3.4). The data fitted to the function 
were the means of 4 replicates of 3 leaves under each photoperiod. 
Similar procedures were followed to estimate parameters of the 

) function and to calculate the biologically relevant parameters as in
the analysis of growth of individual main-crown leaves at different 
root temperatures (see 3.2. 3. 4). The estimated parameters were listed 
in the Appendix E, Table 1, and Appendix E, Table 2 for the leaf area 
expansion and the petiole length elongation respectively. The bio
logically relevant parameters - the weighted mean relative growth 
rate (RGR), the weighted mean absolute growth rate (AGR), the 

) duration of growth (D) required for the major portion of growth to
take place, the time needed for the maximum growth rate to occur (Ti) 
and the fraction of the final size at the point of inflexion (ai/A) 
are collectively presented in Table 4.3a for growth of leaf area and 
in Table 4.3b for elongation of petiole length.
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Table 4.3a The biologically relevant parameters derived from the 
fitted Richards functions for the single leaf area (LA) 
growth of L5, L6 and L7 at photoperiods of 10 hrs, 12 hrs, 
14 hrs and 16 hrs.

RGR AGR D Ti a'i/A LA obs. with 
mean separation

10 hrs 0. 200 10.892 17. 9 7. 9 0. 414 194.050 b
L5 12 hrs 0. 180 13.855 16. 7 10. 8 0. 498 230.735 a

14 hrs 0. 179 12.435 18. 5 10. 2 0. 447 228. 333 a
16 hrs 0. 200 13.915 16. 3 9. 4 0. 454 226.733 a

10 hrs 0. 191 13.Ill 17. 2 8. 9 0. 452 225.069 c
L6 12 hrs 0. 197 15.190 17. 8 9. 4 0. 421 267. 955 a

14 hrs 0. 222 15.578 16. 2 9. 0 0. 409 252.879 b
16 hrs 0. 203 14. 082 18. 4 9. 1 0. 395 256. 907 b

10 hrs 0. 201 13. 091 17. 0 8. 3 0. 432 222.298 c
L7 12 hrs 0. 199 15.642 17. 0 9. 4 0. 436 265.056 b

14 hrs 0.192 14.407 18. 6 9. 4 0. 412 266. 055 b
16 hrs 0. 209 15.156 18. 1 9. 6 0. 390 273. 310 a

Table 4. 3b The biologically relevant parameters derived from the
fitted Richards functions for the single petiole (PL)
elongation of L5, L6 and L7 at photoperiods of 10 hrs,
12 hrs, 14 hrs and 16 hrs.

RGR AGR- D Ti ai/A PL obs. with 
mean separation

10 hrs 0 . 191 0 . 968 16. 4 7. 1 0. 477 15.938 c
L5 12 hrs 0 . 163 0 . 997 18. 5 8. 9 0. 499 18.385 b

14 hrs 0 . 186 1. 184 17. 5 7. 5 0. 459 .20.656 a
16 hrs 0 . 209 1. 314 15. 4 6. 6 0. 464 20.257 a

10 hrs 0. 184 1. 041 16. 4 7. 7 0. 494 17. 154 c
L6 12 hrs 0. 180 1. 162 17. 8 8. 2 0. 464 20.688 b

14 hrs 0. 186 1. 416 16. 7 8. 2 0. 483 23. 600 a
16 hrs 0. 208 1. 485 15. 6 6. 9 0. 455 23. 257 a

10 hrs 0. 190 0. 993 17. 0 6. 8 0. 461 16.890 c
L7 12 hrs 0. 164 1.098 20. 4 9. 4 0. 512 22.420 b

14 hrs 0. 194 1. 542 16. 7 7. 7 0. 459 25.670 a
16 hrs 0. 211 1. 618 16. 0 6. 5 0. 438 25.770 a
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4.6.3.1 Analysis of growth in Leaf area expansion

Table 4. 3a shows that:

(1) The 'RGR' was not variable in relation to either different photo
periods at each leaf position or varied leaf positions under each 
photoperiod.

(2) The 'AGR' generally increased under longer photoperiods compared 
with 10 hrs. Either within a leaf position or between different leaf 
positions, the greater the *AGR' , the larger the leaf size.

(3) The * D' did not follow a regular response to photoperiods, Leaf 
positions and the other biologically relevant parameters, but fell 
just between 16 and 19 days.

(4) Similar to the ' D', a general rule could not be sought for the 
variation of the 1Ti'. However, the maximum growth rate occurred when 
'Ti' was just about 8-10 days after emergence.

(5) The 'ai/A' could not be correlated with other corresponding 
biologically relevant parameters. It did not show a clearly regular 
response to photoperiods and leaf positions, either. However, it only 
covered about 40% of the leaf size, regardless of the effects of 
photoperiods and leaf positions.

(6) The final area of a leaf should be the summation of the 'initial* 
leaf area and the product of the 'AGR1 and the 'D‘. Therefore, once 
the 'initial' leaf size is defined, e. g. at leaf emergence, the 
ultimate area of a leaf is dependent on both the ' AGR' and the ‘ D'. 
Results in Table 4.3a suggest that photoperiods affected leaf size 
mainly through altering the 'AGR' instead of the ' D'. As in the case 
of L5, although the ' D' was comparatively longer under 10 hrs than 
under 16 hrs, the leaf size was significantly greater under 16 hrs. 
due to the increased 'AGR* .
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4.6. 3. 2 Analysis of growth in petiole elongation 

Table 4.3b shows that:

(1) The ' RGR' did not follow a regular response to leaf positions, 
but appeared to.be increased under 16 hrs compared with the other 
photoperiods. In addition, the greater ' RGR' seemed to be associated 
with the smaller * D1 , 'Ti' and 'ai/A' and increased 'AGR'.

(2) The 'AGR' increased with progressive extensions in photoperiod.

(3) ' D' did not regularly vary in relation to either leaf position or 
petiole length, but it was reduced under 16 hrs compared with others. 
In general, 'D' ranged from 15 to 18 days.

(4) The response of 'Ti' was similar to that of 'D' , but 'Ti' ranged 
from 7 to 9 days.

(5) 'ai/A' was fairly consistent in relation to both photoperiods and 
leaf positions, being above 45%, but below 50% of the final petiole 
length except L7 under 12 hrs.

(6) The final petiole length should be the summation of the 'initial' 
length, say, at leaf emergence, and the product of the 'AGR' and 'D'. 
As a result, the final petiole length of a leaf is dependent on both 
the 'AGR' and * D' when the 'initial' petiole length is determined. 
Results in Table 4.3b Indicate that the increased petiole length 
under longer photoperiods was primarily ascribed to the promoted 
'AGR' rather than ' D'. In the case of L6, even though ' D' was 2.2 
days longer under 12 hrs than under 16 hrs, the final petiole length 
was significantly increased under 16 hrs, due to the promoted 'AGR'.

To compare Table 4.3a and Table 4.3b in relation to 'D', 'Ti'
and 'ai/A', it can be inferred that under different photoperiods both 
' D' and 'ai/A' were fairly close in both leaf area and petiole 
length, but 'Ti' was nearly two days earlier for petiole elongation 
than for leaf area expansion (Table 4.3c). The responses of ' D', 'Ti' 
and 'ai/A' to different leaf positions were similar to those at 
different photoperiods for both leaf area expansion and petiole
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elongation, with 'Ti' being approximately two days ahead for petiole 
growth (Table 4.3d).

Table 4.3c Effects of different photoperiods upon ' D', *Ti‘ and 
'ai/A* averaged from these three consecutive leaf 
positions for both the single leaf area expansion and 
the single petiole elongation.

Single Leaf area expansion Single petiole elongation

D Ti ai/A D Ti ai/A

10 hrs 17. 4 8. 4 0. 433 16. 6 7. 2 0. 477
12 hrs 17. 2 9. 9 0. 452 18. 9 8. 8 0. 492
14 hrs 17. 8 9. 5 0. 423 17. 0 7. 8 0. 467
16 hrs 17. 6 9. 4 0. 413 15. 7 6. 7 0. 452
X 17. 5 9. 3 0. 430 17. 1 7. 6 0. 472

Table 4.3d Effects of different leaf positions on D, Ti and ai/A
averaged from different photoperiods for both the
single leaf area expansion and the single petiole
elongation.

Single leaf area expansion Single petiole elongation

D Ti ai/A D Ti ai/A

L5 17.4 9.6 0. 453 17. 0 7. 5 0. 475
L6 17. 4 9. 1 0. 419 16. 6 7. 8 0. 474
L7 17.6 9.2 0. 418 17. 5 7. 6 0. 468
X 17.5 9.3 0. 430 17. 0 7. 6 0. 472

4. 6. 4 The dynamic responses of the accumulated leaf production on
the main crown.

From Table 4. 4a, it can be seen that the accumulated number
leaves produced on the main crown was not significantly different 
among different photoperiods until 6 weeks or so from planting. 
Although it seemed as if both 10 hrs and 16 hrs had resulted in 
significantly more leaves produced in comparison with both 12 hrs and 
14 hrs by the end of the experiment, the main cause was not really
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due to the influence of photoperiods, but was actually because of the 
temperature fluctuations between different cabinets. This will be 
covered in the discussion. Counts of leaf initials enclosed in the 
main crown buds at the end of the experiment indicated that the 
number of the leaf initials was not greatly different under the 
photoperiods used, being about 5-6 (Table 4.4b). The number of leaves 
initiated during the experiment should, therefore, respond in a 
similar manner to the number of leaves emerged.

Table 4.4a The dynamic responses to different photoperiods of the 
cumulative leaf production on the main crown.

Days from planting 10 hrs 12 hrs 14 hrs 16 hrs n < S'?

7 2.0 a 2.0 a 2. 0 a 2.0 a 0 . 0
14 3.0 a 2.93 a 2. 93 a 3.0 a 5. 5
21 3. 93 a 3. 68 a 3. 78 a 4.0 a 7. 4
28 5.0 a 4.93 a 4. 78 a 5. 10 a 4. 8
35 5. 85 a 5.65 a 5. 70 a 6. 10 a 5. 2
42 6. 78 a 6. 75 a 6. 5 b 7. 18 a 4. 1
49 7.75 ab 7.58 b 7. 43 b 8. 25 a 5. 0
56 8. 7 b 8.35 c 8. 15 c 9. 25 a 3. 8
63 9. 58 b 9.03 c 9.08 c 10.18 a 3. 6
70 10.6 ab 10.0 c 10.08 be 10.98 a 3. 3
77 11. 72 a 11.07 a 11.0 ab 12. 0 a 3. 7
89 13. 5 .a 12. 6 b 12.57 b 13.42 a 3. 1

* Mean separation by LSD at p = 0.05 level and means followed by a
different letter are significantly different within each row.
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Table 4. 4b The Influence of photoperiod on the number of leaves 
formed by ' cv. Hapil' strawberry plants.

Photoperiod
(hrs)

No. enclosed 
in crown at 
start of 
expt.

No. emerged 
during expt.

No. enclosed 
in crown at 
end of expt.

No. initiated 
during expt.

10 5. 1 13.5 a 5. 8 14. 2
12 5. 1 12. 6 b 5. 4 12. 9
14 5. 1 12.6 b 5. 6 13. 1
16 5. 1 13. 4 a 5. 8 14. 1

* Means within the column of No. emerged during expt. with a 
different letter are significantly different.

Table 4.5 The dynamic responses to different photoperiods of the 
cumulative dead leaves on the main crown.

from planting 10 hrs 12 hrs 14 hrs 16 hrs cv (%)

49 0. 85 a 0.0 b 0.0 b 1.0 a 32. 4
56 2.0 a 1.0 a 1. 35 b 2.08 a 13. 4
63 2. 58 a 2. 53 a 2. 43 a 2. 92 a 11. 7
70 3. 68 a 3. 43 ab 3. 23 b 3. 85 a 7. 1
77 5. 33 a 4. 58 be 4. 0 c 4. 85 ab 8.5
89 6. 68 a 5.50 b 5.50 b 6. 10 ab 5. 1

Mean separation by LSD at p = 0.05 level and means followed by a 
different letter within each row are significantly different.

4. 6. 5 The dynamic response of the accumulated dead leaves on the 
main crown.

Table 4.5 shows that the first leaf senesced almost one week 
earlier under both 10 hrs and 16 hrs than both 12 hrs and 14 hrs. The 
rest of the weekly responses showed that the accumulated dead leaves 
were relatively more under 10 hrs and 16 hrs, with 10 hrs giving
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significantly more compared with 12 hrs and 14 hrs respectively by 
the end of the experiment.

4.6.6 The responses of dry weights per plant of different plant 
components.

The effects of different photoperiods on the dry weights of
crowns, petioles, leaf blades, root systems and the whole plant by
conclusion of the experiment were collectively shown in Table 4.6. It 
can be seen that the dry weight of crowns was significantly higher 
under 12 hrs than under the other three photoperiods; that of
petioles was the highest under 16 hrs, the second highest under 12 
hrs and the lowest under 10 hrs (p < 0.05). That of leaf blades was 
not sensitive to photoperiods of 12 hrs, 14 hrs and 16 hrs (p > 
0.05), but were significantly increased when compared with 10 hrs. 
The dry weight of root systems increased the least during the experi
ment when compared with the initial root dry weight of 1.122 g/plant 
prior to the treatments. Root dry weight was not significantly
affected by these photoperiods (p > 0.05). The whole plant dry weight 
followed the same response as that of leaf blades, being 
significantly decreased under 10 hrs compared to 12 hrs, 14 hrs and 
16 hrs respectively.

4.6.7 Production of stolons and branch crowns.

The effects of photoperiod on production of stolons both on the 
main crown and on the branch crown and formation of branch crowns by 
the end of the experiment are presented in Table 4.7. Stolons on the 
main crowns were significantly enhanced with increasing photoperiods 
from 12 hrs to 16 hrs. The stolons on the branch crowns were divided 
into two distinctive groups - one between 10 hrs and 12 hrs and the 
other between 14 hrs and 16 hrs, with the latter being significantly 
more than the former.

In relation to branch crown formation, it was not significantly 
affected by the photoperiods used by the end of the experiment, 
although branch crown production is a short-day response.
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Table 4.6 The responses to different photoperiods of the dry weights 
of crowns, petioles, leaf blades, root systems and the
whole plant by the end of the experiment (Unit: g/plant:

10 hrs 12 hrs 14 hrs 16 hrs cv (%)

Crowns 0. 77 b 1. 29 a 0. 90 b 1.01 b 17. 2
Petioles 1.27 c 2. 70 b 3.08 ab 3. 24 a 13. 2
Leaf blades 4. 99 b 7. 05 a 6. 35 a 6.67 a 10. 7
Root systems 1.85 a 2. 09 a 2.02 a 2. 13 a 11. 1
The whole plant 8.88 b 13. 14 a 12.35 a 13.04 a 8. 0

* Mean separation by LSD =: 0.05 level and means followed byr a
different letter within each row are significantly different.

Table 4.7 Effects of different photoperiods on the stolon formation 
and the branch crown production (Unit: number/plant).

Stolons on the 
main crown
Stolons on the 
branch crown
Branch crowns

10 hrs 12 hrs 14 hrs 16 hrs n <

3. 17 c 4. 34 c 6. 50 b 8.0 a 14. 6

0. 50 b 1. 17 b 2. 42 a 2. 25 a 39. 1
1. 42 a 1.17 a 0.83 a 0. 67 a 48. 7

* Mean separation by LSD at p = 0.05 level and means followed by a 
different letter are significantly different.

4.6.8 The fate of axillary buds in the axils of successive leaves 
produced on the main crown.

Analyses were carried out of the percentage of individual 
axillary buds of successive leaves on the main shoot produced after 
planting and their development into either stolons, or branch crowns, 
or both under the different photoperiods.
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4.6. 8. 1 The total number of axillary buds on the main crown that
developed Into branch crowns.

The mean percentages were analysed separately for the develop
ment of the axillary buds into branch crowns in the axils of the 
first 4 leaves; leaves above the first 4 leaves; and the total leaves 
produced on the main crown. The results are presented in Table 4.8. 
It can be seen that significantly more axillary buds of the first 4 
leaves were able to convert into branch crowns under 12 hrs in com
parison with 10 hrs. On the other hand, the mean efficiency of con
version into branch crowns of the axillary buds above the first 4 
leaves was significantly promoted by 10 hrs compared with 12 hrs, 14 
hrs and 16 hrs respectively. However, the overall mean percentage of 
conversion was not significantly altered by any of these photo
periods.

4.6. 8. 2 Percentage of axillary buds producing stolons.

) Individual analyses were made of the conversion into stolons of
the axillary buds in the axils of the first 4 leaves; leaves above 
the first 4 leaves; and the total leaves produced on the main crown. 
The results are shown in Table 4.9. The mean percentage of the 
axillary buds to differentiate into stolons in the axils of the first 
4 leaves was not sensitive to photoperiods (p > 0.05), but was signi
ficantly increased in the axils of leaves above the first 4 leaves 

) and the total leaves produced after planting with progressive ex
tensions of photoperiod from 10 hrs to 14 hrs.

4.6.8.3 Conversion ability of the total axillary buds on the main 
crown.

The potential fate of any axillary buds in consequence of the 
positive activities of the meristematic tissues should be either 
stolons or branch crowns. Thus, conversion ability of an axillary bud 
can be defined as its probability to develop into either a stolon or 
a branch crown under appropriate conditions. Respective analyses were 
made of the conversion ability of the axillary buds in the axils of 
the first 4 leaves; leaves above the first 4 leaves; and the total
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Table 4.8 Effects of different photoperiods on the probability of 
development of the axillary buds into the branch crowns.

10 hrs 12 hrs 14 hrs 16 hrs >U

First 4 leaves (%) 8. 3 b 22.9 a 18.7 ab 14.6 ab 43.0
Total leaves - First 4
Leaves (%) 8.28 a 3. 1 b 0.0 b 0.92 b 88. 3
Total leaves overall (%) 8.29 a 9.73 a 6.92 a 5. 17 a 39. 8

* Mean separation by LSD at p = 0. 05 level and means f oilowed by the
same letter within each row are not significantly different.

Table 4.9 Effects of different photoperiods on the probability of 
development of the axillary buds into the stolons.

10 hrs 12 hrs 14 hrs 16 hrs cv (%)
First 4 leaves (%) 8. 3 a 4. 5 a 6. 3 a 6. 3 a 109. 9

>
J

Total leaves - First 
Leaves (%)

4
31.5 c 50. 0 b 78. 1 a 87.0 a 10. 7

Total leaves overall (%> 24. 4 c 36. 1 b 54. 2 a 61. 5 a 14. 2

* Mean separation by LSD at p = 0. 05 level and means followed by a
different letter are significantly different within each row.

Table 4. 10 Effects of different photoperiods on the probability of 
development of the axillary buds into either stolons or 
branch crowns.

10 hrs 12 hrs 14 hrs 16 hrs >—*>u

First 4 leaves (%) '16. 6 c 31. 3 a 25. 0 ab 20. 8 be 20. 0
Total leaves - First 
Leaves (%)

4
39. 8 c 52. 1 b 79. 2 a 87. 1 a 11. 8

Total leaves overall <%) 32. 7 c 45.9 b 61. 1 a 66. 7 a 11. 8

* Mean separation by LSD at p = 0.05 level and means f ollowed by a
different letter within each row are significantly different.
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leaves produced on the main crown. The results are shown in Table
4. 10. It can be seen that the mean conversion ability of the axillary 
buds was significantly enhanced under 12 hrs compared with 10 hrs and 
16 hrs each in the axils of the first 4 leaves. The mean conversion 
ability of the axillary buds responded similarly in the axils of both 
leaves above the first 4 leaves and the total leaves, being signi
ficantly increased with extending photoperiods succeedingly from 10 
hrs to 14 hrs.

4.6. 8. 4 Variation in the efficiency of the axillary buds to develop 
into branch crowns in the axils of consecutive leaves.

From Fig. 4.3, it can be seen that branch crown formation 
occurred mostly between L2 and L5. Branch crown production did not 
take place at all from L5 onwards under both 16 hrs and 14 hrs, even 
under 12 hrs except L9 from which branch crown formation seemed to 
restart. However, after a pause from L6 to L7 branch crown formation 
restarted from L8 onwards even though conversion percentages were not 
complete for all of the axillary buds under 10 hrs.

4.6.8.5 Variation in the percentages of the axillary buds to develop 
into stolons in the axils of consecutive leaves.

From Fig. 4.4, it can be seen that stolon formation commenced 
from L4 onwards, irrespective of the photoperiod, and resumed without 
interruption under both 16 hrs and 14 hrs. However, stolon production 
ceased after L8 under 10 hrs. Under 12 hrs, stolon production seemed 
to be discontinued after L10, resulting in stolon formation lasting 
two plastochrons longer than under 10 hrs. Conversion percentages in
creased gradually from L4 to L6 under all the photoperiods, and were 
maintained consistently high under both 16 hrs and 14 hrs, but began 
to drop off and cease after L6 under 10 hrs and 12 hrs.

4.6.8. 6 Variation in the conversion ability of the axillary buds in 
the axils of successive leaves.

From Fig. 4.5, it can be seen that activity of the meristematic 
tissues in the axillary buds involved in conversion into either 
stolons or branch crowns commenced as early as at L2 to L3 under
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Fig.4.3 Number of branch crowns expressed as a percentage of available axillary buds for each leaf position under different photoperiods. Vertical bars represent 
standard errors.
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Fig.4.4 Number of stolons expressed as a percentage of avail able .axillary buds for each leaf position under different photoperiods. Vertical bars represent standard errors.
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Fig.4.5 Conversion efficiency expressed as a percentage of
available axillary buds for each leaf position under different photoperiods. Vertical bars represent standard errors.
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different photoperiods, but LI had no chance to be converted at all. 
However, the conversion abilities were much poorer, and more variable 
and incomplete under both 10 hrs and 12 hrs, giving rise to a lower 
probability of axillary buds being converted, especially for the 
leaves emerged above L4 under 10 hrs. It is interesting to note that 
conversion of the axillary buds kept closer pace with the leaf 
appearance rate under both 14 hrs and 16 hrs than under 12 hrs and 10 
hrs. The conversion started 2 phyllochrons after the leaf emerged 
under both 10 hrs and 12 hrs, but only one or less phyllochron after 
the leaf emerged under 14 hrs or 16 hrs. This suggests that the 
stolon may emerge from the sheathing stipules of its subtending leaf 
while the leaf unfolds and expands.

J

)
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4.7 Discussion

Before the beginning of the experiment, inflorescences were 
already present in the crown buds. These inflorescences were most 
probably initiated in the previous autumn (Waldo, 1930a; Guttridge, 
1952, 1955), rather than during cold storage. The single inflor
escence produced per plant in the very early part of the experiment 
was the continued development of the previously initiated inflor
escence. After production of these previously initiated inflor
escences, no plants resumed formation of new inflorescences. Straw
berry floral induction can be studied by dissection of apical meri- 
stems together with the glasshouse forcing of plants after 
photoperiod treatments; assessment of initiation by direct dis
section; differentiation by flower and fruit counts and development 
by inflorescence production (Durner et al, 1984, 1986; Durner and
Poling, 1985, 1987). By the conclusion of the experiment, examination 
of the main crown bud under a binocular microscope revealed that 
broadening or flattening of the apex was not indicated under any of 
the photoperiods used, suggesting that the plants were all still 
vegetative. It is well-known that Junebearing strawberries are 
facultative short-day plants, long day lengths favouring vegetative 
development, but under short day lengths the vegetative development 
being restrained and inflorescences being initiated (Darrow and 
Waldo, 1934; Darrow, 1936; Went, 1957; Piringer and Scott, 1964; 
Heide, 1977; Durner et al. , 1984). Hence, it is understandable that
the plants under both 16 hrs and 14 hrs were still vegetative by the 
end of the experiment. Several reports indicated that plants of 
Junebearers can initiate inflorescences at about 21.CTC under short 
day lengths of 8-12 hrs with varied inductive cycles (Hartmann, 1947 
a, b; Went, 1957; Dennis et al., 1970; Heide, 1977). Guttridge (1969c)
reported that flowering can be induced by 6 to 15 short-day cycles in 
Junebearers, and Hartmann (1947a) even reported that the critical 
number of short-day cycles required for initiating floral primordia 
in cv. Missionary strawberries lay between 3 and 8 at 21 *C and 
about 50 days were needed for the induced apices to become visible 
inflorescences. That the plants did not experience floral initiation 
under either 10 hrs or 12 hrs was most likely to be due to the
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chilling effects during the cold store as several reports directly 
and indirectly reveal that chilling promotes vegetative growth, but 
delays flower initiation even under inductive short-day conditions 
(Guttridge, 1958; Voth and Bringhurst, 1958; Bringhurst et al., 1960; 
Porlingis and Boyton, 1961; Baily and Ross, 1965 a, b; Guttridge and 
Anderson, 1976; Avigodori-Avidov et al. , 1977; Smeets, 1982; Braun
and Render, 1985). Another aspect which should be considered is that 
the strawberry floral induction was described to be associated with 
concentrations of several active substances under inductive con
ditions and their relative concentrations varied with changing 
environmental conditions such as light intensity (Moore and Hough, 
1962). However, low light intensities, say, 1.5 W/M2 or 0. 8W/M2 of 
the incandescent light, have been successfully used to obtain the 
photoperiodic effects on either floral initiation or stolon formation 
studies (Downs, 1955; Collins and Parker, 1964; Collins, 1966; Vince- 
Prue and Guttridge, 1973; Guttridge, 1976; Heide, 1977, Smeets, 
1980a, b, c, 1982), which were comparative to the light intensities 
applied in this experiment as 1W/M2 is about 1.895 pEM'^s"1 (PAR) 
(see 4.4). Furthermore, the period of experiment was perhaps not long 
enough for the photoperiodic effects on floral initiation to be 
manifested as the plants were unable to respond to a promotory 
stimulus from the environment in spite of all external conditions 
being favourable for sexual production (Thomas and Vince-Prue, 1984; 
Schwabe, 1987).

Although vegetative growth was not stopped completely by short 
days (8 hrs) provided that temperatures were high enough (Went,
1957), many reports revealed that long days greatly promote vege
tative growth followed by increases in the length of petioles and the 
size of leaflets (Roodenburg, 1936; Smeets and Kronenberg, 1955; 
Arney, 1956a; Went, 1957; Porlingis and Boynton, 1961; Jahn and Dana, 
1966; Gosselink and Smith, 1967; Heide, 1977). Thus, it is in line 
with these reports that the increased leaf size and petiole length 
were obtained under both 14 hrs and 16 hrs compared with both 10 hrs 
and 12 hrs (Table 4. 1 and Table 4. 2). The phot.operiodic growth 
response was small in the first 3 leaves that emerged after the start 
of the treatment (Table 4. 1), which may be due to the dominant
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effects of chilling after cold storage or the insensitivity of the 
first few leaves initiated prior to the treatment (Went, 1957). 
Analyses of growth both in leaf area expansion and petiole length 
elongation indicated that the increased leaf size and the promoted 
petiole length under longer photoperiods were both attributed to the 
accelerated 1 AGR' rather than 1D* (Table 4.3a and Table 4.3b). In 
cellular terms, the increase in leaf growth in long photoperiods 
compared to short photoperiods had been ascribed to an increase both 
in numbers of cells, especially in the leaf laminae (Arney, 1955a) 
and in cell size in the petiole (Gosselink and Smith, 1967). The 
growth duration CD') of both leaf area and petiole length after 
emergence was not greatly different, being about 17 days. As a 
result, the completion of the growth either in leaf area or in 
petiole length was related to leaf age after emergence (Fig. 4. 6 and 
Fig. 4.7), which was also mentioned by Gosselink and Smith (1967) 
under different photoperiods. At the inflexion point, the fraction of 
the final petiole length was not greatly different from that of the 
final leaf area under different photoperiods or for consecutive leaf 
positions from L5 to L7 on the main crown, being about 0.45. But ' Ti‘ 
was almost two days earlier for petiole length elongation than for 
leaf area expansion (Table 4.3c and Table 4.3d). Hence the develop
mental stages of the growth of the laminae appeared to lag a little 
behind those of the petioles, which was because the phase of rapid 
elongation is known to start at the base of the petioles (Guttridge 
and Thompson, 1963).

It has been reported that strawberry leaf production rate is 
mainly determined by growing temperatures (Darrow, 1930; Arney, 
1953a). The difference in the number of total accumulated leaves 
produced on the main crown was found significant (p < 0.05) between 
both 10 hrs and 16 hrs and 12 hrs and 14 hrs (Table 4.4a). This was 
caused by temperature fluctuations among different cabinets.
Nominally, the growing temperatures were set at 20°C inside each 
cabinet at different photoperiods, but the actually measured mean 
temperatures during the entire experiment were 20.7*C ± 0.2, 19.4*C ±
0.10, 19. 6°C ±0.2 and 20. 6*C ±0.2 for 10 hrs, 12 hrs, 14 hrs and 16 
hrs respectively. If the whole experimental period (90 days) is
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Fig.4.6 Growth in area of leaflets of individual leaves of 
'Cv.Hapil* strawberry plants at L5,L6 and L7 under
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■ are the observed points respectively.
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Fig.-4.7 Growth in length of petioles of individual leaves of 
’Cv.Hapil* strawberry plants at L5, L6 and L7 under
photoperiods of 10hrs(---- ), I2hrs( —  •— ). and 16hrs
(-----3  - A ,  M are the observed points respectively.
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divided by the total number of leaves emerged on the main crown, the 
mean plastochron can be calculated, being 6. 7, 7.1, 7.1 and 6. 7 days 
for 10 hrs, 12 hrs, 14 hrs and 16 hrs respectively. If the 
plastochron is multiplied by the mean growing temperatures above 0°C, 
the accumulated growing temperatures of a plastochron (GDD) can be 
obtained, being 138.4, 137.4, 139.2 and 138.0 for 10 hrs, 12 hrs, 14 
hrs and 16 hrs respectively. To compare the temperature difference 
between 10 hrs and 12 hrs, the accumulated total growing temperature 
above 0*C was 117.0 GDD greater under 10 hrs than under 12 hrs (90 x
20.7 - 90 x 19.4), which was just about one plastochron difference so 
that nearly one more leaf was produced under 10 hrs than under 12 hrs 
(Table 4.4a). Consequently, photoperiods did not impose any signi
ficant effects on leaf production rate, which is in agreement with 
the finding by other workers (Jahn and Dana, 1966; Gosselink and 
Smith, 1967; Dennis et al., 1970). Leaf initiation rate and the leaf
production rate were therefore both independent of photoperiods. The 
number of total accumulated dead leaves on the main crown was signi
ficantly increased under 10 hrs compared with both 12 hrs and 14 hrs 
by the end of the experiment. This may result from both the higher 
growing temperature and the high light intensity for the light period 
extension under 10 hrs as both high temperatures and high light 
intensities speed up the leaf senescence (Went, 1957; Jurik et al. ,
1979).

It is known that the photoperiodic growth response is mainly 
morphogenetic. However, the dry matter production was also affected 
by different photoperiods (Table 4.6). Dry weight of the whole plant 
was greatly reduced under 10 hrs compared with 12 hrs, 14 hrs and 16 
hrs respectively. The decreased whole plant dry weight under 10 hrs 
was primarily due to the reduced petiole length and leaf size (Table
4. 1), which in turn led to the decreased dry weights of both petioles 
and leaf blades (Table 4.6). Root dry weight was not sensitive to the 
photoperiod applied. Rapid development of root systems and accu
mulation of root dry matter take place in late summer and early 
autumn when the plants are about to become dormant (Mann and Ball, 
1926, 1927; Wilhem and Nelson, 1980). That is why the root dry weight 
increased to a lesser extent compared with the initial root dry
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weight. In contrast, Jahn and Dana (1966) observed significantly 
better root growth under long days (16 hrs) than under short days (8- 
10 hrs) in cv. Sparkle . Also, Guttridge (1958) reported that the 
dry weight of crowns and roots of chilled cv. Royal Sovereign 
plants during a 12-week period in the growth room was decreased in 
comparison with the initial dry weight of both, presumably due to ex
ploitation of the stored food reserves in the crowns and roots.

Control of axillary bud development on strawberry is estab
lished in commercial plantings to maximize both fruit production and 
propagative materials since long days promote stolon formation and 
short days stimulate branch crown production (Borthwick and Parker, 
1952; Went, 1957; Darrow, 1966; Dana, 1980; Guttridge, 1985). 
Complete cessation of stolon formation in late summer of the 
establishment year and an increase in branch crown production 
provides the maximum number of sites for inflorescence initiation 
(Guttridge, 1952, 1955). The number of total stolons was signi
ficantly enhanced by extending photoperiods from 12 hrs to 16 hrs 
(Table 4.7), but branch crown formation was not significantly 
affected even though the short photoperiods (10 hrs and 12 hrs) 
tended to favour production of more branch crowns. The increased 
stolon production and the decreased branch crown formation under long 
days have also been reported by other strawberry researchers (Darrow, 
1936; Hartmann, 1947 a, b; Borthwick and Parker, 1952; Downs and 
Piringer, 1955; Smeets and Kronengberg, 1955; Heide, 1977, Durner et 
al. , 1984). Stolon production continued for 5 or 7 plastochrons even
under 10 hrs or 12 hrs (Fig. 4.4). This was most probably due to the 
chilling effects during cold storage as several other studies indi
cated that the chilled plants of Junebearers produced, stolons con
tinuously for several weeks or months, even though they were grown 
under short-day conditions because chilling caused some physiological 
changes, e. g. high concentration of pipecolic acid in the leaves of 
the strawberry plants conditioned by chilling (Guttridge, 1958; Yatsu 
and Boynton, 1959; Piringer and Scott, 1964; Dennis et al., 1970;
Avigdori-Avidov et al., 1977; Braun and Render, 1985).

A definite fate of any axillary bud in strawberry is controlled 
by activities involved in hormonal level changes and plant nutri-
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tional status since exogenous applications of growth regulators im
pose a significant influence on direction of the axillary bud 
development (Thompson and Guttridge, 1959; Porlingis and Boynton, 
1961; Guttridge, 1966; Kender et al. , 1971; Waithaka and Dana, 1978;
Braun and Kender, 1985; Choma and Himelrick, 1984). Branch crown 
multiplication is influenced by such factors as plant size and the 
vigour of the plant (Guttridge, 1955). Conversion ability of the 
axillary buds of the first 4 leaves and that under short photoperiods 
were poorer compared with the leaves above the first 4 leaves and 
under long photoperiods (Table 4.10). The axillary buds in the axils 
of the leaves emerged above L4 developed only into stolons, rather 
than branch crowns under both 14 hrs and 16 hrs (Table 4.8 and Table 
4.9) and those under both 10 hrs and 12 hrs developed into either 
stolons or branch crowns for some plastochrons and finally started to 
develop into only branch crowns although the conversion was in
complete (Fig. 4.3 and fig. 4.4). As a result, it can be inferred 
that the critical photoperiod for cv. Hapil strawberry plants for 
complete stolon production should be between 12 hrs and 14 hrs 
(Abdullah, 1986) and that branch crown production can take place only 
under less than 14 hrs. For stolon production, nearly every axillary 
bud in the axils of the successive leaves emerged above L4 on the 
main crown can develop into a stolon under 14 hrs and 16 hrs. 
However, for branch crown formation, the conversion of the axillary 
buds into branch crowns was far from completion under 12 hrs and 10 
hrs. Therefore it can be speculated that the development of an 
axillary bud into a branch crown requires a higher level of photo- 
synthates in the pool as plants received the same amount of radiation 
under different photoperiods. That is why branch crown production is 
more related to plant nutritional status under autumn photoperiod 
conditions since only when the amounts of photosynthates in the pool 
reach a critical level does branch crown development start 
(Guttridge, 1955). Axillary buds of the first 1 or 2 leaves were not 
developed under any of these photoperiods, which could be due to the 
apical dominance for the rapid leaf production. Zurawicz (1978) 
reported that the dormant axillary buds near the apex only developed 
into side crowns in the case of damage to the main crown apex. Stolon 
production started from the axillary buds of the leaves above L4
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under all the photoperiods, which was ascribed to the chilling 
effects during cold storage as Braun and Kender (1985) found that 
stolon formation following chilling of Junebearing plants of cv. 
Fortune exposed to short days (8 hrs) occurred from the axillary 
buds initiated after saturation of the cold requirement. The 
promotion of stolon formation resulting from cold chilling treatment 
had been considered to be associated with the increased level of 
gibberellin-like substances. Applications of gibberellic acid (GA3) 
are reported to stimulate stolon production in most cases (Leshem and 
Roller, 1966; Kender et al. , 1971; Braun and Kender, 1985; Choma and
Himelrick, 1984) because GA3 could activate the axillary meristems. 
Avigdori-Avidov et al. , (1977) reported that a sharp rise of levels
in gibberellin-like substances occurred in the plants of both cv. 
Fresno and cv. Tioga after termination of the chilling treatment. 
Under short days, after some time, the gibberellin-like activity in 
the chilled plants should gradually decrease and would be neutralized 
by the short-day effects in the end. That is why the stolon formation 
gradually dropped off after the peak conversion efficiency at L6 or 
L7 and finally stopped under 10 hrs or 12 hrs (Fig. 4.4).

4.8 Summary

Responses of the cold-stored strawberry plants of cv. Hapil 
to photoperiods of 10 hrs, 12 hrs, 14 hrs and 16 hrs have been
studied in the growth cabinets in the summer season. New flower
initiation did not take place even after 3 months' inductive
photoperiods of 10 hrs and 12 hrs. The leaf area and petiole length
increased with increasing photoperiods, especially for leaves 
initiated and emerged after the treatment, but the rate of leaf pro
duction was independent of these photoperiods. The increased leaf 
size and petiole length were both due to the promoted growth rate 
rather than the growth duration after emergence. The fate of the 
axillary buds of the first one or two leaves initiated before and 
emerged after the treatment was most likely to be inhibited, but that 
of the subsequent three leaves could develop into either stolons or 
branch crowns with varied conversion abilities. Axillary buds of the 
leaves both initiated and emerged after the treatment almost entirely
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developed into stolons under both 14 hrs and 16 hrs. However, the 
fate of those was more complicated under both 10 hrs and 12 hrs, with 
incompletely continuous stolon formation for a couple of plastochrons 
followed by low conversion efficiency of the subsequently formed 
axillary buds into branch crowns. The critical photoperiod under 
which plants of cv. Hapil strawberry produce stolons continuously 
was between 12 hrs and 14 hrs.



SECTION 5
MODELLING VEGETATIVE RESPONSES OF THE FIRST YEAR 

STRAWBERRY PLANTS OF ' CV. HAPIL' IN AN 
NFT SYSTEM IN A GLASSHOUSE.
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5. Modelling vegetative responses of the first year strawberry 
plants of ' cv. Hapil* in an NFT system in a glasshouse.

5.1 Introduction

Growth and development of strawberry plants should be very 
complex biological processes which are affected by both many external 
and many internal factors together with interactions of them. By in
ternal factors, strawberry plant growth and development, and fruit 
production are influenced by initial 'plant size' measured as either 
dry weight, age, crown diameter, leaf number, number of crowns or 
nutritional status (Davis, 1922; Horn et al. , 1938; Webb and White,
1971; Morrow and Beaumont, 1932; Hughes, 1967; Lacey, 1973; Mason and
Rath, 1980; Mason, 1987; Jahn and Dana, 1970 b, c; Sproat et al. ,
1935; Morrow and Darrow, 194-0; Albregts and Howard, 1985; Mann and
Ball 1927; Webb et al. , 1973; Abdullah, 1986; Roman, 1988). In
addition, it is well-known that different types of strawberry 
(Junebearers, everbearers, Day-neutrals) and different varieties of 
the same type vary greatly in relation to the pattern of growth and 
development (Darrow, 1966; MacLachlan and Gormley, 1974; Durner et 
al, 1984; Nicoll, 1984; Guttridge, 1985; Nicoll and Galletta, 1987). 
Moreover, plants propagated by tissue-culture techniques and
conventional methods follow a varied pattern of growth and
development both physiologically and morphologically (Scott and
Zanzi, 1980; Desjardins et al., 1987; Beech et al., 1984; Roman, 
1988; Ebida, 1988). Even though the pattern of strawberry growth and 
development is mainly determined by its genetic make-up, 
environmental variables and cultural practices impose profound 
effects on this pattern. Among the environmental variables,
photoperiod and temperature are the most influential ones to control 
the induction, initiation, differentiation and development of both 
vegetative and reproductive responses (Darrow, 1930; Darrow and 
Waldo, 1934; Darrow, 1936; Hartmann, 1947a, b; Borthwick and Parker,- 
1952; Went, 1957; Bjurman, 1974, 1975; Heide, 1977; Durner ^t al.,
1984). Cultural practices such as mulching, ' irrigation, ferti
lization, planting date, planting systems, removal of inflorescences 
and runners, and defoliation can also exercise important effects on
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strawberry plant growth and development, and fruit production
(DeLisen et al., 1953; Cannel, et al., 1961; Mason,

l b
196̂ ; Anderson and Guttridge, 1978; Anderson, 1984; Renquist et al., 
1980, 1982a, b, c, d; Voth CU'ei Br^>^X961\ Abbott, 1968; Bradfield,
1970; Bradfield et al. , 1975; Tafazoli and Shaybany, 1978; Guttridge
and Mason, 1963; Hughes, 1966a, b, 1967, 1969; Moore and Bowden, 
1967; Hughes and Case, 1970; Hughes and Allington, 1970; Gill and 
Allington, 1970; Albregts and Howard, 1974; Reynolds, 1987; Hancock 
et al. , 1982, 1984a, b; Waldo, 1935; Jahn and Dana, 1966; Abbot and
Best, 1969; Mason, 1966, 1967; Anderson and Guttridge, 1982; Arney,
1956b,c). In addition, application of exogenous growth regulators 
exert some influential effects on strawberry plant growth and 
development, and fruit production, too (Porlingis and Boynton, 1961; 
Moore and Scott, 1965; Guttridge and Thompson, 1964; Render et al., 
1971; Waithaka and Dana, 1978 ; Braun and Garth, 1986; Abdullah, 
1986; Reynolds, 1987; Beech et al. , 1988). It is, thus, a great
challenge to put all these effects into a clear— cut perspective. 
Faced with this bewildering jigsaw, attention has been specifically 
paid to the quantitative effects of root environment temperatures on 
some important vegetative responses. Plants of the Junebearing 
cultivar 'Hapil' were grown in an NFT hydroponic system at different 
solution temperatures: 10. 2*C, 14. 1*C, 18.7*C and 23. 0*C from march
27, to June 27, 1986, and 15.2*0, 19. 9"C, 24.8“C and 29. 4*C from
April 30, to July 22, 1987 in the glasshouse and under different
photoperiods of 10 hrs, 12 hrs, 14 hrs and 16 hrs from April 15, to 
July 13, 1988 in the growth cabinets. Based on the experimental data
collected and described in the previous two chapters, a dynamic model 
has been built to monitor the growth and development of some 
vegetative attributes in the first-year strawberry plants of 'cv. 
Hapil' provided that only the root environment temperature is 
operated to impose influences on the attributes of interest and other 
factors are non-limiting which are important in control of the 
strawberry plant growth and development, such as nutrient levels, 
photoperiods, light intensities and aerial temperatures.
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5.2 Modelling vegetative responses only.

The main interest has been in modelling some of the vegetative 
responses but not reproductive responses. That is because information 
collected for reproductive responses was not complete enough and is 
far more intricate to build a practical model. Firstly, fruit yield 
per plant (Y) is the most important reproductive response which is 
the product of four basic yield components - (1) the number of crowns 
which are developed in the autumn (XC), (2) the number of
inflorescences which emerge from each crown in the following spring 
CXI), (3) the number of fruits per inflorescence (XF) and (4) the 
average weight of the ripe fruits (XW) (Bedard et al. , 1971); Mason,
1980, 1987; Mason and Rath, 1980; Guttridge and Anderson, 1981;
Hancock et al. , 1984a). It can be mathematically expressed as 
f ollows:

Y = XC x XI x XF x XW .... (I)
Taking natural logarithm of Eqn. (I), it yields:

LNCY) = Ln (XC) + Ln (XI) + Ln (XF) + Ln (XW) ... (II)

For a given variety, the proportion of each yield component to con
tribute to the ' Ln (Y)' should vary under different growing con
ditions. Therefore under ' n' different growing conditions, Eqn (II) 
yields:

Ln (Y,) = A„ Ln (XC) + A12 Ln (XI) + A13 Ln (XF) + A,* LN (XW). . (1)
Ln (Y2) = A21 LN (XC) + A** Ln (XI) + A*3 Ln (XF) + A** Ln (XW). . (2)

Ln (Yn) = An, Ln (XC) + An* Ln (XI) + An3 Ln (XF) + An* Ln (XW) (n)
Where An-,, An*, An3 and An* are the coefficients measuring the
'weight' contributed to the ' Ln (Y)' by corresponding yield com
ponents. Secondly, the product of the yield component ' XF' and 'XW' 
can be further divided as follows:

XF x XW = No. of primary fruits x mean primary fruit weight +
No. of secondary fruits x mean secondary fruit weight 
+ No. of tertiary fruits x mean tertiary fruit weight
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+ No. of quaternary fruits x mean quaternary fruit 
weight...

For a certain varejity, even the mean fruit weight alone is determined k  

by a number of external factors such as temperatures, light inten
sities, fertilization, and by a variety of internal factors such as 
the physical characteristics of the inflorescence, plant status, 
total number of developed achenes, achene density and competitive 
effects both between the different plant components and within the 
inflorescence. If possible, it is a painstaking task to quantify all 
these effects on fruit size. Furthermore, for a given variety the 
number of crowns and the number of inflorescences are both a function 
of environmental variables, fertilization, plant status and so forth.
Hence in order to build a valuable model of strawberry reproductive 
responses, further experimental work and information need to be 
carried out and collected.

5. 3 Model establishment

The model construction is primarily concerned with the vegeta
tive responses. The growth and development of these responses are 
entirely based on the main crowns of cold-stored single-crown plants 
of ' cv. Hapil'. The vegetative responses included in this dynamic 
model consist of total number of leaves, total number of dead leaves, 
total leaf area, total leaf area lost through senescence, total 
petiole length, total petiole length lost through leaf death, total 
number of primary stolons, total primary stolon length, total number 
of runner plants and total number of runner plant leaves.

5. 3. 1 Leaf appearance rate in terms of leaves per day at a given 
root temperature

Simple linear regression has been conducted on the accumulated 
number of leaves on the main crowns with the corresponding number of 
days from planting at each root temperature both in 1986 and in 1987. 
The simple linear model is expressed as LN = a + b (D) where ' LN' is 
the number of leaves on the main crown, ' a' the intercept 
representing the initial leaf number on planting, ' b' the slope 
representing the rate of leaf appearance and ' D' the number of days
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from planting. The estimated equations at various root temperatures 
are listed as follows:

in 1986,

in 1987,

at 10. 2 'C LN, — 1. 2919* + 0.06045* (D) R = 0.9920* Cn=13)
± 0.1286 ±0.002315

at 14. 1*C LN., = 1.3196* + 0.08101* CD) R = 0.9957* Cn=13)
± 0.1268 + 0.002282

at 18. 7 #C lm3 = 1.1977* 4■ 0.1064* (D) R = 0.9976* Cn=13)
± 0.1230 + 0.002213

at 23.O'C lna = 1. 0054* + 0. 1226* (D) R = 0. 9988* Cn=13)
± 0.09064 + 0.001631

at 15. 2'C LN5 = 1.2264* + 0. 09423* (D) R = 0. 9979* Cn=12)
± 0.09792 + 0.001906

at 19. 9'C ln6 = 1.3657* + 0. 1131* CD) R = 0.9920* Cn=7)
± 0.2011 + 0. 006424

at 24. 8'C ln7 = 0.9197* + 0. 1472* CD) R = 0.9977* Cn=12)
± 0.1611 + 0.003135

at 29.4°C LN.a = 0.8249* + 0. 1632* CD) R = 0.9993* Cn=12)
± 0.09863 + 0.001919

Therefore the rate of leaf appearance per day is 0.06045, 0.08101,
0.1064 and 0.1226 at 10.2'C, 14. l'C, 18.7*C and 23.0'C in 19S6, and 
0.09423, 0.1131, 0.1472 and 0.1632 at 15.2'C, 19. 9'C, 24. 8°C and 
29. 4'C in 1987 respectively. The fitted curves are shown in Fig. 5.1.

5.3.2 Leaf emergence rate in terms of leaves per l'C increase above 
O'C and the base root temperature
As is shown above, at each root temperature there is a certain 

leaf appearance rate in relation to leaves per day and it is linearly 
related to the root temperatures used. After fitting a simple linear 
equation to the leaf appearance rate at a corresponding root tempera
ture, the leaf emergence rate and the base root temperature can be 
derived and extrapolated. The estimated equation is as follows and 
the fitted curve shown in Fig. 5.2:

LER = 0.007416 + 0.005337* CT'C) R = 0.9894* (n = 8)
± 0.006189 ± 0.0003053
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Days from planting

Fig.5.1 Fitted curves of cumulative leaf production on the 
main crown at various root temperatures.

Fig.5.2 Rate of leaf emergence on the main crown as a func
tion of root temperature. LER=0.007416+0.005337(T°C) 
r=0.9894*
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Here 'LER' is the leaf emergence rate at root temperature 'T*C' in a 
certain day, '0.007416' the parameter representing the leaf emergence 
rate per day at 0*C of root temperature, and '0.005337' the parameter 
representing the increment of leaf emergence rate per 1*C rise of 
root temperature per day. To let 'LER' = 0, and solve the equation, 
T*C = -1.4*C. Therefore the j root temperature at which the leaf
emergence can take place, i.e., the base root temperature is -1. 4°C.

5. 3. 3 Leaf death rate in terms of leaves per day at a given root 
temperature.

Similar to 5.3. 1, simple linear equation DLN = a + b (D) has 
been fitted to the dead leaf number on the main crown with the 
corresponding number of days from planting at various root temper
atures except 19.9*0 in 1987 due to the occurrence of red core half 
way through the experiment. Here 'DLN' is the number of dead leaves 
on the main crown, 'a' the intercept through which how many days can 
be mathematically calculated for the first dead leaf to occur from 
planting, ' b' the leaf death rate in terms of leaves per day, and 'D' 
the number of days from planting. The estimated equations are 
presented as follows:

in 1986,
at 10.2*C DLN, 

at 14.l‘C DLNS 

at 18.7°C DLN3 

at 23.0#C DLN*

-0. 7573* + 0.03117* (D)
± 0.2299 ± 0. 004139
-1.0954* + 0.04852* (D)
± 0.2787 ± 0.005016
- 0.9696* + 0.05671* (D) 
± 0.1849 ± 0.003782
-1. 1131* + 0.06562* (D)
± 0.2101 ± 0.003782

R = 0.9151* (n=13) 

R = 0.9460* (n=13) 

R = 0.9816* (n=13) 

R = 0.9822* (n=13)

in 1987
at 15. 2°C DLNS = -0.7180* + 0.04788* CD) R = 0.9770* (n=12) 

± 0.1696 ± 0.003301
at 24.8°C DLN* = -0.9730* + 0.07860* CD) R = 0.9876* (n=12) 

± 0.2023 ± 0.003937
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at 29. 4*C DLN7 = -1.1395* + 0.07793* (D) R = 0.9818* <n=12)
± 0.2451 ± 0. 004771

Consequently the leaf death rate is 0.03117, 0.04852, 0.05671,
0.06562 at 10. 2*C, 14. 1*C, 18. 7°C and 23.0’C in 1986, and 0.04788,
0.07860 and 0.07793 at 15.2*C, 24.8'C and 29.4*C in 1987 respec
tively. The days needed for the first dead leaf to occur can be
calculated as 'a + 1* . which are 56.4, 43.2, 34.7, 32.2 at 10. 2*C,

b
14. PC, 18.7*C and 23. 0#C in 1986, and 35.9, 25.1 and 27.4 at 15. 2*C, 
24. 8'C and 29.4*C in 1987 respectively. The fitted curves are shown 
in Fig. 5.3.

5.3.4 Leaf death rate in terms of leaves per 1*C increase above 0*C 
and the ‘base root temperature* for leaf death to occur.

As is shown above, at each root temperature there is a given 
leaf death rate in terms of leaves per day and it is linearly related 
to the root temperatures used. After fitting a simple linear equation 
to the leaf death rate at a corresponding root temperature, the leaf 
death rate in terms of 1*C rise of root temperature and the 'basic 
root temperature' for leaf death to occur can be extrapolated. The 
estimated equation is as follows and the fitted curve shown in Fig.
5. 4:

LDR = 0.009983 + 0.002486* (T*C) R = 0.9697* (n = 7)
± 0.005688 ± 0.0002798

Here 'LDR' is the leaf death rate at root temperature 'T*C' in a 
certain day; ’ '0.009983' the parameter representing the leaf death 
rate at root temperature of 0’C per day; and '0.002486V the parameter 
representing the increment of leaf death rate per 1 "C rise of root 
temperature per day. To let 'LDR = 0, and solve the equation, T*C 
= -4.0*C. Thus, the 'base root temperature' for leaf death to take
place is -4. 0°C.
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Fig.5.3 Fitted curves of cumulative number of dead leaves on 
the main crown at various root temperatures.

Fig.5.4 Rate of leaf death on the main crown as a function 
of root temperature. LDR=0.009983+0.002486(T°C) r=0.9697*
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5. 3. 5 Total accumulated leaf number emerged on the main crown (ALN)

1
ALN = LNo + £ 0.005337 (1.4 + T#C) 

n
Here ‘LNo' can represent the number of the intact leaves on the main 
crown on planting; '0.005337' is the increment of leaf emergence rate 
per 1*C rise of root temperature above 0“C; ' T°C‘ is the daily 
average root temperature after planting; '1.4' is the absolute base 
root temperature for leaf emergence. When the summation of the 
product of '0.005337' and ' (T*C + 1.4)' is equivalent to a unit, a 
complete leaf emerges from the sheathing stipules of the next older 
leaf and is added to the accumulated number of previous leaves 
emerged.

5.3.6 Total accumulated number of dead leaves on the main 
crown (ADLN)

1
ADLN = LNo + C 1 + £ 0.002486 (4.0 + Td*C>3

n
Here 'LNo' can represent the number of the green leaves that attach 
to the main crown at planting. Some of these leaves probably die in a 
short time after planting due to the mechanical stress during 
planting and the others could keep green and function for a rela
tively longer time. However, these leaves are shorter in longevity 
than the new leaves produced after planting. '0.002486' is the in
crease in leaf death rate per 1°C rise of root temperature above 0®C. 
'Td°C' is the daily average root temperature after death of the first 
new leaf emerged from planting. '4.0' is the absolute 'base root 
temperature' for leaf senescence. When the summation of the product 
of'0.002486' and ' (4. 0 + Td°C)' is equal to one unit, a leaf is lost 
from the main crown and added to the accumulated number of previous 
dead leaves to attain the 'ADLN' .
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5.3.7 Total effective green leaf number on the main crown CGLN)

GLN = ALN - ADLN

Once both the 'ALN' and the 'ADLN' are known, the instantaneous 'GLN' 
at any time of the growing period is just the difference between the 
instantaneous 'ALN' and the instantaneous 'ADLN'.

5.3.8 Total accumulated leaf area emerged on the main crown (ALA)

ALA =
ALN I -Jill 
7  SLAi 

ALN i-m

Here 'SLAi' is the leaf area of leaf ' i' in a specific leaf group. 
' n' is the number of leaves in a given leaf group. I->III means leaf 
group I to Leaf group III. As the leaf size of successive leaves on 
the main crown differs from one another,- all the leaves in the first- 
year plants are artificially divided into four groups according to 
their size differences on the one hand and their own functions on the
other hand. These four groups are identified as follows:

Group I. In Group I are the leaves emerged directly after 
planting. They are relatively small in leaf size and 
responsible for the rapid establishment of plants. Based 
on the results obtained in 1987, these leaves were found 
to have an average leaf area of 73.71 ± 5.67 (n=12) 
regardless of' the effects of root temperature and have 
leaves from LI to L3 on the main crown.

Group II. The leaves in Group II have the largest leaf size. They 
are responsible for flowering and fruiting in the case of 
the cold-stored first-year plants. Measurements in the 
experiment of 1987 indicated that those leaves had an 
average final leaf area of 203.48 ± 5. 19 (n=15) irres
pective of the effects of root temperature and had leaves 
from L4 to L7 on the main crown.

Group III. The leaves of Group III have relatively larger leaf size 
than those of Group I, but relatively smaller leaf size 
than those of Group II. They are responsible for pro-
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duct ion of stolons and runner plants. Measurements in the 
experiment of 1987 revealed that these leaves had an 
average final leaf area of 178.47 ± 8.99 (n=ll) among 
different root temperatures. They are assumed to have the 
leaves from L8 onwards except the three youngest ex
panding leaves on the main crown.

Group IV. Group IV contains the last three young expanding leaves 
on the main crown. They are responsible for the 
continuation of leaf emergence and their area at any time 
before completion of the final size is calculated with 
the help of the estimated Richards function as follows:

a = _____ AI  ̂III________
(1 + Exp (b-ct))l/n

depending on which leaf group they belong to and how many days they 
are in expansion after emergence.

For group I, the estimation of the expanding leaf area is 
carried out as:

_______________99.4273________________
AI = <1 + Exp (2.0137-0. 30500) 1/0.7009 which is the

estimated Richards function for leaf area expansion of the third leaf
only.

For Group II, the estimation of the expanding leaf area is carried 
out as:

_____________202.9587_______________
All = (1 + Exp (1.9688-0.3136t>) 1/0.4618

For Group III,
____________178.7048________________

AllI = (1 + Exp (1.6319-0.3025t)) 1/0.4824

5. 3. 9 Total accumulated area of dead leaves on the main crown (ADLA)

ADLN 1-iIII
I SLAj 

ADLN' j-*n
ADLA =
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Here ‘SLAj1 is the leaf area of leaf ' j’ in a specific leaf group.
' n' is the number of leaves in a certain group. I**III means from leaf 
group I to leaf group III.

5.3. 10 Total effective green leaf area on the main crown (GLA)

GLA = ALA-ADLA

Once both the 'ALA* and the ' ADLA' are obtained, the instantaneous 
' GLA' on any occasion of the growing period is simply the difference 
between the instantaneous 'ALA* and the instantaneous 'ADLA*.

5.3.11 Total accumulated fresh leaf blade weight (AFLW) and total 
accumulated dry leaf blade weight (ADLW> on the main crown 

ALNI -> III
AFLW = £ SLFWi

ALNI i 4 n
Here ' SLFW*' is the fresh leaf blade weight of Leaf ' i' which is 
correlated with its own leaf area (A) - SLFW = 0.02665 + 0.02148 (A). 
(See 2.7.2).

ALNI III
ADLW = £ SLDWi

ALNIi -> n
Here ' SLOW*' is the dry leaf blade weight of Leaf * i* which is 
correlated with its own leaf area <A) - SLDW = -0.06892 + 0.006686 
(A) (see 2.272).

5.3. 12 Total accumulated fresh weight of dead leaves (AFDLW) and
total accumulated dry weight of dead leaves (ADDLW) on the 
main crown.

ADLNI -j III
AFDLW = £ SLFWj

ADLNId 4 n

ADLNI 4 III
ADDLW = X s ldwj

ADLNI d n

Here 'SLFWj' and 'SLDWj1 are the fresh leaf.blade weight and the dry 
leaf blade weight of leaf * j* respectively, which are both correlated 
with the corresponding leaf area (A) and estimated as in 5.3.11.
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5.3.13 Total effective fresh green leaf blade weight (FGLW) and 
total effective dry green leaf blade weight (DGLW) on the 
main crown.

Once the ' AFLW' , the 'ADLW', the 1AFDLW' and the ' ADDLW' are 
achieved, the instantaneous 'FGLW' and 'DGLW' are the differences 
between the instantaneous 'AFLW' and the instantaneous 'AFDLW' and 
between the instantaneous 'ADLW' and the instantaneous 'ADDLW' on any 
occasion of the growing period. Therefore

FGLW = AFLW - AFDLW 
DGLW = ADLW - ADDLW

5.3. 14 Total accumulated petiole length produced on the main 
crown CAPL).

Although the petiole length of successive leaves on the main 
crown is less variable than the leaf size of the corresponding 
successive leaves, all the petioles are also divided into four groups 
for simplicity of calculation following the leaf grouping system (see 
5.3.8). The number of petioles and their functions are in correspon
dence with the number of leaves and their functions in each leaf 
group. Measurements in the experiment of 1987 showed that the average 
final petiole length was 6.05 ± 0.49 (n=12), 14.58 ± 0.37 (n=15) and
15.30 ± 0.21 (n=ll) for Group I, Group II and Group III respectively. 
The petiole length of the last three elongating petioles at any time 
before realization of the final length can be estimated using the 
fitted Richards function

L = AI III_________
[1 + Exp (b-ct)] 1/n , depending on which petiole group

they belong to and how many days they are elongating after emergence.

For Group I
LI = ________________8. 1413______________

Cl + Exp (4.9932-0.4633t)] 1/2.2395
which is the estimated Richards function for the petiole elongation
of the third leaf only.
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For Group II,
LII = ______________ 14. 5233________________

El + Exp (3.7043-0.4008t>3 1/1.3304
is used for the estimation of the elongating petiole length.
For Group III, the estimation of the petiole length is carried out
as:

LIII = _____________ 15. 2591_________________
Cl + Exp (2.9119-0. 3950t)3 1/1.0759

ALNI -> III
Consequently, APL = J SPLi

ALNI* -» n
where 1SPLi* is the petiole length of petiole * V  in a specific leaf 
group on the main crown.

5.3.15 Total accumulated petiole length of dead leaves on the main 
crown (ADPL).

ADLNI -» III
ADPL = £ SPLj

ADLNI 4 -) n
where ' SPLj' is the petiole length of petiole * J* in a specific leaf 
group on the main crown.

5.3.16 Total effective petiole length on the main crown (EPL)

Once the 'APL' and the 'ADPL' are both known, the instantaneous 
' EPL' is just the difference between the instantaneous ' APL* and the 
instantaneous 'ADPL* at any time of the growing period. So,

EPL = APL - ADPL

5.3. 17 Production of both stolons and runner plants

5.3.17.1 Introduction

It is well known that with Junebearers both flower and stolon 
production are controlled by photoperiod; short days being inhibitory 
to stolon formation and promotive of flowering, but long days 
resulting in the reverse effects (Darrow, 1936). Effect of 
temperature is intimately related to daylength and both of these 
strongly interact on the growth habit of strawberries (Durner et al. ,
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1984). It has been reported that stolon formation was the best and 
flower initiation was suppressed most at photoperiod of 16 hrs and 
temperature of 23°C in most strawberry cultivars (O'Carroll and 
Hennert, 1976). Every strawberry leaf on the crown subtends an 
axillary bud in the axil comprising a growing apex and one or more 
initials with the latter varying in number in relation to the 
position of the bud (Robertson and Wood, 1954 a, b). Each axillary bud 
has the possibility to develop into either a branch crown, an in
florescence or a stolon or to remain latent being either dormant or 
an intermediate phase before continued development, depending on the 
genotype-environment interaction and plant status (Guttridge, 1955, 
Dana, 1980). In Junebearers, stolon formation is a long day response, 
but production of both branch crowns and inflorescences a short day 
response (Dana, 1980). It, thus, can be said that under stolon
forming photoperiods, the total axillary buds (TAB) in the axils of 
leaves produced on the crown consist of those developing into stolons 
(SB) and those which remain latent (LB) if branch crown formation is 
assumed not to take place, that is, TAB = SB + LB. However, under 
non-stolon forming photoperiods, the total axillary buds (TAB) in the 
axils of leaves produced on the crown consist of those developing 
into both branch crowns (CB) and inflorescences (IB), and those which 
remain latent (LB), that is, TAB = CB + IB + LB. In the case of 
strawberry plants of 'cv. Hapil* , stolon formation hardly takes place 
under 10 hrs, flower bud initiation rarely occurs under 16 hrs 
(Abdullah, 1986). Based on'the observation of the experiments both in 
1986 and in 1987, branch crowns were rarely produced during the 
summer long-day conditions. Results in the photoperiod experiment of 
1988 indicated that the critical photoperiod for stolon production is 
between 12 hrs and 14 hrs. The meteorological data at Wye presented 
in Appendix F, Table 1 indicate that photoperiod more than 12 hrs 
starts from the late part of March and ends in the late part of 
August every year. The planting materials used are assumed to be 
cold-stored single crown plants. So in the summer growing season, the 
axillary buds in the axils of leaves emerged after planting should 
all have the possibility to develop into stolons. In fact, the photo
period experiment showed that all the axillary buds above the first 
stolon bud developed into stolons under long photoperiods (14 hrs and
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16 hrs). According to the observation in the photoperiod experiment 
and the observation by Guttridge (1955), a young stolon emerges from 
the sheathing stipules of its subtending leaf as the leaf unfolds and 
expands. Logically, once stolon production commences and if all the 
axillary buds of subsequently-emerged leaves develop into stolons, 
the stolon production rate should keep pace with the leaf production 
rate. Therefore, the stolon appearance rate can be expressed as the 
leaf emergence rate once the stolon formation is in progress.

5.3.17.2 Total accumulated stolon number produced on the main crown 
(ASN).

1
ASN = 1 + 2  0.005337 (1.4 + Ts*C) 

n
Here 'Ts'C' is the average daily root temperature after the first 
stolon production. When the summation of product of '0.005337' and 
'(1.4 + Ts*C)' is equivalent to a unit, a new stolon is formed and 
added to the accumulated number of previous stolons.

5.3.17.3 Total accumulated length of 'stolon chains' on the main 
crown (ASL).

1
ASL = Sagr x CDsl + Dsi £ 0.005337 (1.4 + Ts*C>]

n
Here 'Sagr' is the absolute growth rate (cm/day) of a 'stolon chain'. 
Although the absolute growth rate of 'stolon chains' with varied 
orders on a plant was slightly different at certain root temperatures 
in both 1986 and 1987, and root temperatures imposed some effects on 
the growth rate at a certain 'stolon chain' in 1987, it is assumed 
that the 'Sagr' is independent of the effects of root temperatures 
above 14.0’C and free from the competitive effects of different 
'stolon chains' when in calculation of 'stolon chain' length. Based 
on the results of the experiments of 1986 and 1987, the 'Sagr' is 
2.9904 ± 0.03122 (n=25) at root temperatures above 14.0*C, which is 
the pooled mean of the absolute growth rates of different 'stolon 
chains' at different root temperatures except 10.2‘C. As the absolute 
growth rate of the 'stolon chain' was significantly reduced at 10.2*C 
compared with other root temperatures in 1986, but was not greatly 
different between SI and S2, the ' Sagr' of a 'stolon chain' at root 
temperatures at 10.2*C or below 10.2°C is 2.2471 ± 0.001 (n=2), which
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is the mean of the absolute growth rates of SI and S2. 'Dsl' is the 
number of days after emergence of the first stolon; 'Dsi' is the 
number of days after emergence of the stolon * i' -

5. 3. 17. 4 Total accumulated number of runner plants produced on the 
main crown (ARP).

1 Sagr 1
ARP = £ RPDl-»j CDsl + Dsi £ 0.005337 (1.4 + Ts*C)3

n n
Here 1 RPDl-*j' is the runner plant distance between successive runner 
plants on a 'stolon chain*. The product of 'Sagr* and ' Dsl' or 'Dsi' 
is the length of the 'stolon chain' some days after emergence. When 
the quotient of the product by the corresponding ' RPDl->j' is equi
valent to 1, a new runner plant is to be produced. In spite of the 
fact that the distance between successive runner plants on the 
'stolon chain' was affected by different root temperatures in 1987, 
it is assumed that the runner plant distance is characteristic of 
genotypes and correlated with the orders of runner plants (RN = 1, 2, 
3, ...j). The estimated equation is

RPDj = 49.6200 - 5.0550 (RNj = 1.2..) R = -0.9836 (n=3)
± 2.0018 ± 0.9266

In order to make the calculation easier, the distances between the 
crown base and the first runner plant (Rl) and between the consecu
tive runner plants until the fifth runner plant (R5) are listed 
below:

Crown base to Rl (j 
Rl to R2 (j 
R2 to R3 (j 
R3 to R4 (j 
R4 to R5 (j

1) 44. 565 (cm)
2) 39. 510 (cm)
3) 34.455 (cm)
4) 29. 400 (cm)
5) 24. 345 (cm)

5.3.17.5 Total accumulated number of runner plant leaves produced 
on the main crown (ARPL).

Observation in the experiment of 1987 showed that - the time 
interval between emergence of successive leaves on the runner plants 
was not significantly affected by root temperatures from 15.2’C to
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29. 4*C. The time-interval between two certain leaves was not greatly 
different "among different runner plants on both the same stolon and 
the different stolons. Arney (1953a) reported that the rate of pro
duction of the first three or four leaves on the runner plants of 
1 cv. Royal Sovereign* seemed to be irregular in the open. Since the 
runner plants can have their own root initials penetrated into the 
soil (Rom and Dana, 1960), but can not in the NFT system under the 
glasshouse, they grow more independently in relation to requirements 
for water and mineral nutrients in the open than under the glass
house. Results in the experiment of 1987 indicated that the time in
terval in days was getting longer and longer from one interval to the 
subsequent one and was positively correlated with the increasing of 
interval order numbers (TI = 1, 2, 3... k). To correlate the pooled
mean time interval with the time interval order numbers, it turned 
out that:

RPLIk = 5.48 + 1.88 (TIk =1, 2, 3...) R = 0.9953 (n=3)
± 0. 39 ± 0. 18

where 'RPLI' is the runner plant leaf interval in days and ' k' is the 
order number of corresponding time intervals (TI), that is, ‘ 1' for 
LI to L2, '2' for L2 to L3, '3' for L3 to L4 and so on. In order to 
make the calculation easier, the runner plant leaf interval from LI 
to L7 is individually listed below:

LI to L2 (k = 1) 7. 3 (days)
L2 to L3 (k = 2) 9. 2 (days)
L3 to L4 (k = 3) 11. 1 (days)
L4 to L5 (k = 4) 13. 0 (days)
L5 to L6 (k = 5) 14. 9 (days)
L6 to L7 (k = 6) 16. 7 (days)

As each 'stolon chain' can have several runner plants and each mother 
plant in turn, can produce several 'stolon chains', the total number 
of runner plant leaves on the main crown should be the summation of 
number of runner plant leaves on the individual 'stolon chain'. It 
can be represented as:
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Sn RPm Drpm
ARPL = 2 2 (1 + RPLIt . . .k )

Here 'Drpm' is the number of days after formation of the runner plant 
'm‘ on a 'stolon chain 'n'. '1' means once a runner plant is defined, 
one runner plant leaf is produced. When the quotient of 'Drpm' by the 
corresponding 'RPLI, ... k' is equivalent to one, another new runner 
plant leaf is produced. The second ' means to add all the runner 
plant leaves on different runner plants to obtain the subtotal runner 
plant leaves on a specific 'stolon chain'. The first ' £' means to add 
all subtotal runner plant leaves on each 'stolon chain' to achieve 
the total runner plant leaves per plant on the main crown.

5. 4 Model testing and evaluation.

5. 4. 1 Introduction

Based on the experimental results and some reasonable 
assumptions, a dynamic strawberry growth model has been established 
in the previous section to simulate some important aspects of the 
vegetative responses in the NFT system under the summer glasshouse 
conditions. As one of the important facets of modelling processes, 
testing and evaluation of a model should be carried out (Shannon, 
1975; Milthorpe and Moorby, 1980; Bell, 1981; France and Thornley, 
1984). Following France and Thornley (1984), testing has been taken 
to mean checking for methodological correctness, and evaluation to be 
mainly concerned with aspects such as appropriateness, plausibility, 
goodness-of-fit, elegance, economy, simplicity and utility. During 
building any models, testing and evaluation should be conducted at 
each step, and satisfactorily completed before pressing on to the 
next part. However, a final evaluation of a model can only properly 
take place after testing has been carried out. As a model of plant 
growth and development, it must produce a satisfying quantitative 
description of the behaviour of a particular crop in the variable 
environment in which it is grown and should be able to predict the 
reaction of the whole or part of the system over the range of con
ditions experienced (Milthorpe and Moorby, 1980; Moorby, 1987). Many 
practical examples have been reported in various crops such as potato
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(Mackerron and Waister, 1985 a, b>, cotton (Hearn and Da Roza, 1985), 
and Calabrese ̂ rasslca Oleracea (Marshall and Thompson, 1987 a, b).

5.4.2 Experimentation for the model testing and evaluation.

5. 4. 2. 1 Initial plant status.

Cold-stored single crown plants of ' cv. Hapil* were obtained 
from the same source as in the 1986 experiment and treated in a 
similar manner as in the experiments of both 1986 and 1987 prior to 
transplanting them in the NFT system on April 15, 1988. The initial
plant fresh and dry weight, and the number of leaf initials and the 
inflorescence condition in the crown buds were described in Section
4. 2.

5.4.2. 2 Treatment and experiment design.

Two root temperatures were created and maintained. One is 
between 15"C and 17’C, coded as Low T. The other is between 25*C and 
29*C, coded as High T. Four replications were applied to each root 
temperature. Each channel of one replicate covered with polystyrene 
was fixed with 24 plants 15 cm apart within and 30 cm apart between 
the channels. Within each channel, half of the plants were allowed to 
grow naturally as the plants in the experiments of both 1986 and 
1987, and the other half of the plants to grow with both inflores
cences and stolons removed. Only one inflorescence on each plant 
produced in the first 10 days was removed when its peduncle was ex
tended out of the crown. Stolons were removed when they were about 3- 
5 cm long after they emerged. Data analysis was based on a completely 
randomized split-plot design except some reproductive responses which 
were only recorded on the natural plants. These reproductive res
ponses were analysed as a completely randomized design for assessment 
of the effects of root temperature.

5.4.3 Data collection

5.4. 3. 1 Reproductive responses

Plants produced only one inflorescence throughout the experi
ment. Individual flowers were produced only up to the quaternary
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sites and they were all hand-pollinated with a fine hair brush. Ten 
plants were used for each replicate of both root temperatures. The 
reproductive responses were recorded of days needed from planting to 
the emergence of the first inflorescence, and from the latter to 
primary flower bloom. Days needed were also recorded from primary 
flower anthesis to secondary, tertiary and quaternary flower antheses 
respectively, and from flower anthesis to both fruit colour turn and 
fruit maturity at primary, secondary, tertiary and quaternary 
positions. The others were recorded of number of flowers and fruits, 
and fruit size and fruit yield per inflorescence.

5.4. 3. 2 Vegetative responses

The vegetative responses recorded and measured intact were 
almost entirely related to those that can be predicted by the 
established model. Data used for model, testing and evaluation were 
derived from the natural plants without removal of both inflores
cences and stolons. These data were the means of 4 replicates of 5 
randomly-chosen plants at each root temperature. In addition, the 
fate of axillary buds in the axils of consecutive leaves emerged 
after planting on the main crown was monitored for each treatment.

5.4. 3. 3 Root temperature records

Temperatures of the outlet solution in the channel were 
measured using a thermometer with accuracy to 0.1*C, and recorded 
daily at 09:00 and at 17:00 hrs for both Low T (15*C-17’C) and High T 
(25'C-29*C) treatments. The means of these recordings were used as 
root temperature inputs to calculate the corresponding vegetative 
responses every day during the growing period.

5.4.4 Calculation of the predicted responses

5. 4. 4. 1 Total accumulated leaf number emerged on the main 
crown (ALN).

The predicted leaf number was accumulated from 1 using the 
model since the initial crown bud contained one very recently-emerged
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leaf on planting or right afterwards (see 5.3.1). The predicted ' ALN' 
on any occasion started from the date of planting.

5. 4. 4.2 Total accumulated number of dead leaves on the main 
crown (ADLN)

Firstly the date was determined for the death of the first leaf 
emerged after planting on the main crown, and decided by taking the 
average of 4 replicates of 5 randomly-chosen plants. Then the pre
dicted 'ADLN' was accumulated using the model starting from the date 
of the first leaf death.

5. 4. 4. 3 Total accumulated leaf area (ALA) and total accumulated 
petiole length (APL) on the main crown.

At first, the date was estimated of the emergence of individual 
consecutive leaves using the model. Then individual leaf area and 
petiole length were both calculated using the estimated Richards 
functions according to the corresponding leaf groups until the 25th 
day after emergence. After the 25th day, the leaf area and petiole 
length were the maximum size depending on the leaf groups. Finally, 
both the 'ALA' and the ' APL' were obtained through summation of the 
individual leaves emerged until the date prediction was performed.

5.4.4.4 Total accumulated stolon number produced (ASN) and total 
accumulated length of 'stolon chains' (ASL) on the main 
crown, and other predicted vegetative responses.

The date was firstly determined for formation of the first 
stolon on the main crown through observing 6 individual plants in 
each replicate. Then the 'ASN' was accumulated using the model and 
the ' ASL' was obtained by summing up length of the individual 'stolon 
chains' until any date prediction was undertaken. Calculation of 
other predicted vegetative responses was accomplished in accord with 
the description of the corresponding models in the section of model 
establishment.
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5.4.5. 1 Hypothesis for the goodness-of-fit of the observed data with 
the predicted ones.

If a model describes a real system satisfactorily it 
represents, the predicted data should be in correspondence with the 
observed data of the same response to a certain criterion of statis
tical probability. To evaluate this goodness-of-fit, the simple 
linear regression technique can be used. When the predicted data are 
linearly regressed on the corresponding observed data, the regression 
coefficient (the slope of the line) should not be significantly 
different from one at a certain probability level if they both agree 
with each other. Based on this hypothesis, the predicted data were 
linearly regressed on the corresponding data of all the vegetative 
responses under test. Then the slope of the respective regression 
lines was tested to see whether it was significantly different from 
one or not using T-test at p = 0.05 level. If the slope is signi
ficantly varied from one, performance of the model is poor. Otherwise 
behaviour of the model is good. In order to show how the slope is 
varied from one, the 95% confidence interval (C.I) is calculated for 
every vegetative response under test.

5.4.5.2 Results of comparisons of the predicted with the observed 
data.

Effects of root temperatures on reproductive responses and some 
vegetative responses, and effects of removal of both inflorescences 
and stolons on vegetative responses were described and discussed in 
the section of discussion of Chapter 3. Comparisons of the predicted 
with the observed data were made under Low T. (15°C-17*C), High T. 
(25°C-29<>C) and the combined case of both root temperatures res
pectively. Results for the test of goodness-of-fit in relation to the 
slope are presented in Table 5.1. The correlation coefficients (R) 
were significant at p = 0.05 for all the responses under test, and 
were not presented. Plots were only made for tests under the combined 
conditions showing the observed data points against the corresponding 
predicted ones.

5.4.5 C o m p a r i s o n  of t h e  e x p e rimental d a t a  w i t h  the p r e d i c t e d  ones
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Cumulative root temperature
above —1.4 C from planting

Fi, .5.5 Observed { • and x ) and predicted {---- ) accum
ulated total number of leaves on the main crown .X and • are the observed points at low T (13 
-17*“C) and high T (25-29-0 respectively.

Cumulative root temperature
above -4.0°C from planting

Fig.5.6 Observed ( • and X ) and predicted (---- ) eccun-
ulated number of dead leaves on the main crown. X and • are the observed points at lou T(15-17“C) ant high 7(25-29-0 respectively.

Cumulative root temperatureabove —1.4 C from planting
Fig.5.7 Observed ( • and X } and predicted {----) green

leaf number on the main crown. X  and • are the observed points at lou T( 15-17,='C)and high T(25- 
29**o respectively.
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5.4.5.2.1 Total accumulated leaf number emerged on the main 
crown (ALN).

In all the three cases, T-tests showed that the predicted ' ALN' 
was significantly below the observed 'ALN* at p = 0.05 (Table 5.1 and 
Fig. 5.5). However, the 95% C. I indicated that the slope was still 
fairly close to one.

5.4.5. 2.2 Total accumulated number of dead leaves on the main 
crown (ADLN).

Under Low T. , the predicted ' ADLN' and the observed 1 ADLN' were 
both identical, whereas under both High T. and the combined case, the 
predicted ' ADLN' was significantly dissimilar to the observed ' ADLN'. 
(Fig. 5.6 and Table 5.1). As can be seen from Fig. 5.6, the observed 
' ADLN' was much higher than the predicted ' ADLN* on the last three 
occasions under high T.

5.4. 5. 2. 3 Total effective green leaf number on the main crown (GLN).

The observed 'GLN' was significantly higher than the predicted 
' GLN' under Low T. (Table 5.1 and Fig. 5.7). However, both the 
predicted *GLN' and the observed 1GLN' were highly in agreement with 
each other under both high T. and the combined case.

5. 4. 5. 2. 4 Total accumulated leaf area produced on the main 
crown (ALA).

Since the 95% C. I of the slope (1.030-1.206) was above one 
under low T. , - the observed 'ALA' should be significantly different 
from the predicted 'ALA', with the former being significantly higher 
than the latter (Table 5. 1 and Fig. 5.8). On the other hand, the 
observed 'ALA' and the predicted 'ALA' were in good correspondence 
with each other under either high T. or the combined case.
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Qi.~iiTati.vg root temperature
above -1.4 C frca planting

F is-5.8 Observed { • ar.d X  ) and p r e d i c t e d  (------ ) a c c u m 
ulated t o t a l  leaf area on the t a i n  c r o w n .  X  a nd 
• are t h e  observed points at l o w  T ( 1 5 - 1 7 - 0  and 

high 7 ( 2 5 - 2 9 - 0  respectively.

Cumulative root temperature
above -4.0 C from planting

' Fi; .5.9 ObS' 
ula' and 
and

trved { • 2r.d X ) ar.d pred::ed area of dead leaves on the• are the ob:served points ;high T (25-25—0 respectively.

- = d  ( ----- ) accut-■ ain crown. ^
■ low 7(15-17-0)

Fig- 5.13 Observed C • ar.d X ) ar.d predicted (--- -) tot;
green leaf area on the tain croua. X - ar-d • are the observed points at low 7(15-17-0 ar.d hi 
(25-29-0 respectively.

;h T
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5.4.5.2. 5 Total accumulated area of dead leaves on the main 
crown (ADLA).

Under Low T. , the predicted 'ADLA' represented well the 
observed 'ADLA', while the predicted 'ADLA' was significantly below 
the observed 'ADLA', especially on the last three occasions under 
both high T. and the combined case, behaving in a similar manner the 
' ADLN' did (Table 5.1 and Fig. 5.9).

5.4.5. 2. 6 Total effective green leaf area on the main crown (GLA)

The slopes of the 'GLA' under Low T., High T. and the combined 
case were all non-significantly different from oneCTable 5.1). 
Therefore the predicted 'GLA' was a reasonably good representative of 
the observed 'GLA' as can be seen in Fig. 5. 10.

5. 4. 5. 2.7 Total accumulated fresh leaf blade weight (AFLW) and total 
accumulated dry leaf blade weight (ADLW) on the main 
crown.

The predicted 'AFLW' and 'ADLW' significantly underestimated 
the observed 'AFLW' and 'ADLW' respectively under Low T. even though 
the slopes of both were in the neighbourhood of one (Table 5. 1 and 
Fig. 5. 11 and 5. 12). However, under both High T. and the combined 
case, the predicted 'AFLW' and 'ADLW' was in agreement with the 
observed 'AFLW' and ' ADLW' .

5.4.5.2.8 Total accumulated fresh weight of dead leaves (AFDLW)
and total accumulated dry weight of dead leaves (ADDLW) 
on the main crown.

Under Low T. , the predicted 'AFDLW' and 'ADDLW' agreed with the 
observed 'AFDLW' and 'ADDLW' (Table 5.1). Nevertheless the predicted 
'AFDLW' and 'ADDLW' deviated from the observed ' AFDLW' and ADDLW' 
respectively. Under both high T. and the combined case, especially 
over the last three occasions where the predicted 'AFDLW' and ADDLW' 
were much lower than the observed 'AFDLW' and 'ADDLW'. This can be 
seen in Fig. 5. 13 and Fig. 5. 14.
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Fig.5.11 Observed ( • and *. ) and predicted (--- ) accumulated fresh leaf blade ueight on the cain crown.X  and • are the observed points at leu TC1S- 17-C) and high TI2S-29-C) respectively.

Cumulative root tesperature
above —1.4 C iron planting

S.5.14 Observed ( • and X ) and predicted (------) accumulated dry weight of dead leaves on the aain croun.X  and • are the observed points at low T(15- 17-C) and high TC2S-2S-C) respectively.

Fig .5.12 Observed { • and x ) and predicted (----) accuaula.ad dry leaf blade weight on the cain crown, x and • are the observed points at. leu 7C15-17-C) and high TC25—29—C) respectively.

5.15 Observed ( • and X ) and predict-d ( weight (?W) of green leaf blades on the X and • are the observed points 17-C) and high TC2S-29-C) respeetively.
---) freshcain croun : lou T(15-

Cumulative root terperature
above —1.4 C Xroo planting

F;* 5 13 Observed ( • and X ) and predicted t--- a=!’ uiated fresh weight of dead leaves on the =ain_c;X and • are the observed points at leu i ( 17-C) and high TC25-29-C) respectively.

Fi; .5.16 Observed ( m and X ) and predicted {----) dryweight (DU) of green leaf blades on the cain croun.
X and « are the observed points at lou T(15- 17—C) and high T(2S-29-C) respectively.
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5. 4. 5. 2. 9 Total effective fresh green leaf blade weight (FGLW) and 
total effective dry green leaf blade weight (DGLW) on 
the main crown.

The predicted 'FGLW' and ' DGLW' were non-significantly 
different from the observed ' FGLW' and 'DGLW' respectively (Table 
5. 1) under low T. , high T., and the combined case respectively as can 
be seen in Fig. 5. 15 and Fig. 5. 16.

5.4.5.2.10 Total accumulated petiole length produced on the 
main crown (APL).

T-test showed that the predicted 'APL' was not significantly 
different from the observed ' APL' at p = 0.05 under high T. However, 
they both were significantly different from each other under not only 
low T. but also the combined case. The predicted 'APL' was smaller 
than the observed 'APL' which can be seen in Table 5. 1 and Fig. 5. 17.

5.4.5.2.11 Total accumulated petiole length of dead leaves on the 
main crown (ADPL).

The predicted 'ADPL' agreed with the observed ' ADPL' under Low
T. , but did not agree with the observed 'ADPL' under both high T. and 
the combined case (Table 5.1). The observed 'ADPL' was much higher 
than the predicted over the last three occasions under high T. which 
can be seen in Fig. 5. 18.

5.4.5.2.12 Total effective petiole length on the main crown (EPL)

The predicted 'EPL' was significantly smaller than the observed 
'EPL' under Low T. (Table 5. 1) as can be seen in Fig. 5. 19. However, 
the predicted 'EPL' agreed with the observed 'EPL' under both high T. 
and the combined case (Table 5. 1 and Fig. 5. 19).
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Fig.5.17 Observed ( • ar.d X ) and predicted (----) accumulated petiole length on the main croon. x and • are the observed points at loo 7(15-17*0 and high T(2S-29”0  respectively.

Fig-5.13 Observed { • and X ) and predicted {--- ) accumulated petiole length of dead leaves on the cain croon. and • are the observed points at lou 7(15-17*0 and high 7(25-29*0 respectively.

C u s u l a t i v ?  r o o t  t e s p e r a b i r e
above <>1.4 C froo planting

Fig.5.19 Observed { m and X  ) and predicted (----) totalpetiole length of green leaves on the tain croon.X and • are the observed points at loo 7(15-. 17-C) and high 7(25-29*0 respectively.
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Fig.5.23 Observed ( • and X  ) and predicted (-----) acc
unulated stolon number on the main crown. x  2nd 

• are the observed points at low T(15-17°C) and 
high T(2S-29°C) respectively.

Fig. 5.21 Observed { • and X ) and predicted (---- ~) accumulated length of 'stolon chains'on the main crown 
X  and • are the observed points at low T(15- 

17°C) and high T{2S-29°C) respectively.
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5. 4. 5. 2. 13 Total accumulated stolon number produced on the main 
crown (ASN).

The predicted ' ASN' was in agreement with the observed ' ASN* 
under Low T. , while the former was significantly more than the latter 
under both high T. and the combined case (Table 5. 1) as can be seen 
in Fig. 5. 20.

5.4.5.2.14 Total accumulated length of 'stolon chains' on the main 
crown (ASL).

The predicted ' ASL' was significantly greater than the observed 
' ASL* under Low T. , high T. and the combined case as is shown in 
Table 5. 1 and in Fig. 5. 21.

5.4.5. 2.15 Total accumulated number of runner plants produced on the 
main crown (ARP) and total accumulated number of runner 
plant leaves produced on the main crown <ARPL).

Since the data points for Low T. were only two for both these 
responses, test of the predicted data was performed only under high
T. and the combined case. Results of the test revealed that the 
predicted 'ARP1 and 'ARPL* were both significantly greater than the 
observed ’ARP' and 1ARPL* respectively (Table 5.1), which can also be 
seen in Fig. 5. 22 and Fig. 5. 23.
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Fig.5.22 Observed ( • and X  ) and predicted (-- ---) acc
umulated number of runner plants on the main croun.

X  and • are the observed points at low T(15- 
17°C) and high T(25-2Q°C) respectively.

Fig.5.23 Observed ( © and X  ) and predicted (-----) acc
umulated number of runner plant leaves on the main 
crown. X  and • are the observed points at low 
T (lS-lT^C) and high T(25-29'=C) respectively.
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Table 5. 1 Test of the predicted data against the observed data under

low (15-17-C) root temperature (Low T. ), high (25-29-C)

root temperature (High T. ) and the combined conditions of

both respectively.

T-test for significance 95% C.! for the slope
of the slope from 1 at of the corresponding

Responses p = 5% level. regression lines.

Low T. Sig. (n = 13) 1. 0622 - 1. 196
ALN High T. Sig. (n = 13) 1. 0309 - 1. 119

Combined Sig. (n = 26) 1. 0138 1. 104

Low T. Non-sig. (n = 6) 0.859 - 1. 463
ADLN High T. Sig. (n = 8) 1. 105 - 1. 439

Combined Sig. (n = 14) 1. 189 - 1. 449

Low T. Sig. (n = 8) 1.030 1. 206
ALA High T. Non-sig. (n = 8) 0.908 - 1. 116

Combined Non-sig. (n = 16) 0.970 - 1.088

Low T. Non-sig. (n = 8) 0.945 - 1. 313
GLA High T. Non-sig. (n = 8) 0.900 - 1. 158

Combined Non-sig. (n = 16) 0.970 - 1. 130

Low T. Sig. (n = 8) 1. 029 - 1. 313
APL High T. Non-sig. (n = 8) 0.980 - 1. 158

Combined Sig. (n = 16) 1. 012 - 1. 138

Low T. Sig. (n = 8) 1. 016 - 1. 442
EPL High T. Non-sig. (n = 8) 0.957 - 1. 107

Combined Non-sig. (n = 16) 0.960 - 1. 132

Low T. Non-sig. (n = 6) 0.847 - 1. 545
ADLA High T. Sig". (n = 8) 1. 122 - 1. 658

Combined Sig. (n = 14) 1. 254 - 1.564

Low T. Non-sig. (n = 6) 0.848 - 1. 528
ADPL High T. Sig. (n = 8) 1. 218 - 1. 534

Combined Sig. (n = 14) 1. 293 - 1. 521

Low T. Sig. (n = 8) 1. 045 - 1. 273
GLN High T. Non-sig. (n = 8) 0.830 - 1. 110

Combined Non-sig. (n = 16) 0.850 - 1.058

Low T. Sig. (n = 8) 1.022 - 1. 198
AFLW High T. Non-sig. (n = 8) 0.908 - 1. 116

Combined Non-sig. (n = 16) 0.970 - 1. 086
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Table 5. 1 continued

T-test for significance 95% C. I for the slope 
of the slope from 1 at of the corresponding 

Responses p = 5% level. regression lines.

Low T. Sig. (n = 8) 1. 030 - 1. 206
ADLW High T. Non-sig. (n = 8) 0. 908 - 1. 116

Combined Non-sig. (n — 16) 0. 970 — 1. 088

Low T. Non-sig, (n = 6) 0. 847 - 1. 545
AFDLW High T. Sig. (n = 8) 1. 122 - 1. 658

Combined Sig. (n 14) 1. 254 1. 564

Low T. Non-sig. (n = 6) 0. 847 - 1. 545
ADDLW High T. Sig. (n = 8) 1. 122 - 1. 658

Combined Sig. (n — 14) 1. 254 — 1. 564

Low T. Non-sig. (n = 8) 0. 945 - 1. 313
FGLW High T. Non-sig. (n = 8) 0. 900 - 1. 158

Combined Non-sig. (n = 16) 0. 970 — 1. 130

Low T. Non-sig. (n = 8) 0. 942 - 1. 314
DGLW High T. Non-sig. (n = 8) 0. 898 - 1. 156

Combined Non-sig. (n 16) 0. 969 1. 129

Low T. Non-sig. (n = 6) 0. 792 - 1. 342
ASN High T. Sig. (n = 9) 0. 620 - 0. 944

Combined Sig. (n = 15) 0. 654 0. 876

Low T. Sig. (n = 6) 0. 777 - 0. 997
ASL High T. Sig. (n = 9) 0. 594 - 0. 806

Combined Sig. (n = 15) 0. 674 0. 756

ARP High T. Sig. (n = 6) 0. 478 - 0. 804
Combined Sig. (n = 8) 0. 544 0. 770

ARPL High T. Sig. (n = 6) 0. 516 - 0. 850
Combined Sig. (n - 8) 0. 580 0. 818

*C.I = Confidence Interval

Sig. = Significant Non-sig. = Non-significant.
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5.5 Discussion

5. 5. 1 Why modelling ?

With development of the modern computer, the concept of using 
mathematical models to investigate crop growth and productivity has 
attracted much attention in recent years (Thorneiy, 1976; France and 
Thornley, 1984; Charles-Edwards et al. , 1986; Keulen and Wolf, 1986;
Kranz, 1986). A major reason is that modelling can allow an expert in 
one area to assess the impact of his ideas in the light of other 
advances in our understanding of crop growth and development (Day and 
Atkin, 1984). Since understanding can be at different levels, it 
results that the models can take different forms (Milthorpe and 
Moorby, 1980; Moorby, 1984; Moorby, 1987). Modelling in science 
remains, in part, at least an art. Apart from the merits of mathema
tical models (Hunt, 1979; Jones, 1983)* some principles do exist to 
guide modellers (McCullagh and Nelder, 1983). The first is that 
though all models are wrong, some are better than others, and better 
ones can be searched for. Meanwhile, it must be realized that eternal 
truth is not within our grasp. The second principle is not to fall in 
love with one model, to the exclusion of alternatives as data will 
often point with almost equal emphasis at several possible models. 
The third principle involves checking thoroughly the fit of a model 
to the data, for example, by using residuals and other quantities 
derived from the fit. A good model should be (1) simple to understand 
by the user, (2) purpose-directed, (3) robust in that it does not 
result in absurd answers, (4) easy for the user to control and mani
pulate, (5) complete in important processes, (6) adaptive with an 
easy procedure for model updating and (7) evolutionary in that it 
should start simply and become more complex in conjunction with the 
user (Shannon, 1975; McCullagh and Nelder, 1983). It is under these 
general principles and knowledge in modelling plant growth and 
development that the attempts were made to simulate some of the 
vegetative responses of strawberry plants. The essence of simulation 
of plant growth is that each day the sequence of the plant's life is 
followed as a function of the influence of the factor studied (Csaki,
1985). Such a computer-based model (coded in FORTRAN) was built to 
compute the size and C02 exchange of a strawberry plant in two wild
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species of Fragaria x Virginiana and Fragaria x Vesca under any 
specified environments (Jurik, 1983). However, no forms of a dynamic 
model of growth and development for cultivated strawberries have been 
reported in the Literature. Therefore this has been attempted and 
although preliminary, a dynamic strawberry growth model which incor
porates responses to root temperature has been developed.

5. 5, 2 Root temperature and strawberry leaf growth and development

Various environmental variables can be incorporated either 
individually or collectively into plant growth simulation models 
depending on which biological processes are to be modelled. Modelling 
production of plant dry matter or crop yield tends to emphasize the 
importance of radiation as they both are highly related to the amount 
of radiation intercepted by the plant canopy (Monteith, 1965, 1977;
Martinez-Carrasco and Thorne, 1979; Hang et al. , 1984, Liebig, 1984).
Photoperiod in combination with temperature has been successfully 
used to model the rate of progress towards flowering in quantitative 
short-day plants such as cowpea and soybean (Roberts and Summerfield, 
1987). However, modelling the developmental rate of plant physio
logical events is most likely to incorporate growing temperature 
(Arkin et al. , 1976; Goldwin, 1982; Major et al. , 1983; Ingram and
McCloud, 1984; Russelle et al. , 1984; Stewart and Dwyer, 1986;
Buwarda, 1986). The temperature dependence of crop development rate 
is almost always analysed in relation to day-degree or temperature 
summation (Johnson and Thornley, 1985). The principle is as follows. 
For each day * i* , the mean temperature, ' Ti', is measured, and a sum, 
'h*, formed according to

n
h = £ (Ti - Tb) 

i = l
including only those terms where ' Ti' is above some threshold value, 
' Tb'. When ' h' reaches a particular value, this signifies that a 
phase in development is complete. This is usually associated with a 
biological event which occurs over a short period of time and readily 
observed. For instance, for annual crops like cereals, there are 
various phases in the development of a plant, and for the successful 
completion of each, the temperature sum is found to have a-certain
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value from sowing to emergence, from emergence to floral initiation, 
from floral initiation to anthesis and from anthesis to maturity 
(Angus et al. , 1981a, b, 1982). For each of these phases, the base
temperature (Tb) at which the developmental rate is zero may differ 
(Angus et al. , 1981b; Ong, 1983a, b, c; Gregory, 1983; Milford et
al., 1985a). For example, • Tb' is 11.4*C, 12.4*C and 9.8*C of soil
temperatures for seedling emergence, leaf appearance rate and repro
ductive development respectively in Millet. Genotypic difference in 
'Tb* for Millet and difference in ' Tb* among different crops have 
also been reported (Angus et al., 1981a; Leong and Ong, 1983). 1 Tb*
can also be different depending on which temperature (soil, air or 
meristem) is used (Ong, 1983a, b). Several reports indicate that leaf 
appearance rate measured as the time interval between appearance of 
successive leaves is linearly related to a thermally-modified time 
based on aerial temperature (Milford et al., 1985a, b) and soil or
meristem temperatures between the base and the optimum temperatures 
(Gallagher, 1979 ; Ong, 1983a; Leong and Ong, 1983; Ong and Baker, 
1985; Dwyer and Stewart, 1986).

A review by Cooper (1973) of the effects of root temperature on
plant growth shows that different species respond differently in
respect of shoot dry weight, root dry weight and so forth. Results in
this .study showed that leaf appearance rate responded linearly to
root temperature above -1. 4"C which was the base root temperature
extrapolated from the regression equation (Fig. 5.2). Therefore for
each leaf emerged on the main crown, a certain root thermal time
above -1.4"C is 186°C according to the leaf emergence equation (see
5.3.2). Any other base temperatures have not been available in the
Literature for the leaf appearance rate in strawberry. However,
Ferguson (1971) applied an arbitrary base temperature of 6’C to
relate the thermal time to the developmental rate of flowers and
fruits. After breaking the dormancy by a long chilling period (4-8

St
months) at -1*C, Avigdori-Avidov^, (1977) observed that plants auto
matically started sprouting with two Junebearers cv. Fresno and 
cv. Tioga in the cold store. In the U. K. , Arney (1955a, b) pointed 

out that strawberry plants of cv. Royal Sovereign still undergo 
leaf initiation in the open in Winter even though the leaf appearance
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is apparently not in progress. -1.4*C, thus, should be a reasonable 
estimate of the base root temperature for the leaf emergence rate. A 
model for the leaf appearance rate/temperature relation based on 
temperature at the growing point should be theoretically more valid 
than one based on any other temperatures (Ong, 1983c; Angus et al. , 
1981a). A strawberry stem is an unextended crown, so leaf growing 
points are very close to the root systems. In this sense, root 
temperature effects should not be greatly different from effects of 
temperature at the leaf growing' point on the leaf appearance rate.

Leaf death rate responded linearly to root temperature from 
onset of the first dead leaf on the main crown (Fig. 5.4). The 'base 
root temperature' extrapolated from the regression equation (see 
5.3.4) was -4.0#C at which the leaf death rate was zero. Milford et 
al. , (1985b) linearly related the leaf death rate of sugarbeet to the
thermal time above l.O’C so that a certain thermal time for the death 
of successive leaves can be estimated. In the case of this study, for 
the death of consecutive leaves on the main crown, a specific root 
thermal time above -4.O’C can also be estimated, being 398°C 
according to the leaf death rate equation. No reports have ever 
indicated any base temperatures for the leaf death rate in straw
berry. So, more experimental work needs to be done to justify -4. 0*C. 
However, if -4.0°C is a correct 'base root temperature', existing 
living leaves on the main crown would remain always green under root 
temperatures below -4. O'C.

5.5.3 Model performance

Prediction of the model is primarily concerned with the cumu
lative leaf number emerged and the cumulative number of dead leaves 
on the main crown. The remainders of the responses are more or less 
related to both these parameters. T-test showed that agreement of the 
observed with the predicted was not statistically good in the accumu
lated leaf number emerged and the accumulative number of dead leaves 
(Table 5.1, Fig. 5.5 and Fig. 5.6). The observed was relatively 
higher than the predicted. This discrepancy may have been due to the 
underestimate of measured solution temperature. Firstly, root 
temperature measurement was made in the centre of the channel in the
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experiments of both 1986 and 1987. However, in the model test experi
ment of 1988, root temperature was measured in the outlet solution. 
This may result in a slight decrease in solution temperature due to 
possible solution temperature gradient along the channel. Secondly, 
root temperature was the hourly mean per day in the experiments of 
both 1986 and 1987, while root temperature was the mean of two 
recordings every day in the model test experiment of 1988. These two 
recordings, one at 9:00 a. m. and one at 17:00 p. m. may also cause a 
slight decrease in solution temperature compared with the hourly 
mean.

The responses of stolons and runner plants were not satisfac
torily predicted by the corresponding models (Table 5.1, Fig. 5.20, 
Fig. 5.21, Fig. 5.22 and Fig. 5.23). Although underestimates of root 
temperature caused slow leaf production, which in turn resulted in 
slow stolon formation, the predicted was considerably greater than 
the observed. This difference may result from the following facts. 
(1) The axillary buds above the first stolon did not all develop into 
stolons (Appendix B, Table 5 and Appendix B, Fig. 1). (2) Growth of 
some of the ‘stolon chains' was determinate. However, in the model 
establishment, it is assumed that all the axillary buds above the 
first stolon develop into stolons and growth of all the 'stolon 
chains' is indeterminate.

5.5. 4 Further improvement of the model

The model reported herein is a simple and preliminary one. More 
work needs to be done to strengthen the model both in accuracy and in 
content. Firstly, the leaf grouping system on the main crown should 
be studied further. The individual leaf size, however,' should be one 
of the grouping criteria. The number of leaves within each group 
should be determined under more diversified growing conditions and 
plant status. Secondly, the individual strawberry leaf size and 
petiole length are both most sensitive to photoperiod when other 
factors are non-limited. So, calculation of the individual leaf area 
and petiole length should incorporate photoperiod response function. 
Further, when stolons remain intact, some axillary buds under stolon
forming conditions do not develop into stolons. Therefore, a
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coefficient of all the available axillary buds that develop into 
stolons should be determined. When total stolon length is estimated, 
the proportion of the 'stolon chains' that are determinate at 
different stages in growth should also be correctly defined. 
Moreover, the pattern of leaf growth and development on the branch 
crowns and the individual leaf size and petiole length on the runner 
plants need to be investigated so that the whole plant leaf area and 
petiole length could be estimated. Finally, root growth needs to be 
quantified either in dimension, e. g. measured as root length, or in 
dry matter production, so that the model can be made more complete.

5.5. 5 Application of the model

This study showed that the rate of leaf appearance was linearly 
related to root temperatures from -1. 4’C to approximately 30*C. It is 
known that leaf area is important in determining the percentage of 
solar radiation intercepted by a plant and it, therefore, influences 
plant growth and final yield (Warren Wil son, 1981). In strawberry, 
more leaves imply another significance. The more leaves a plant 
produces, the more axillary buds it will provide. So, more branch 
crowns or stolons will be formed. Branch crowns are one of the straw
berry yield components. In strawberry plantations in the U. K. the 
maiden-year plants are not usually used for fruit production. In 
order to achieve a good harvest of fruit yield in the second year, 
one of the effective measures should be to maximize the number of the 
fertile branch crowns. As branch crown formation is a short-day 
response in Junebearing strawberries, the planting date should be a 
practical approach to maximize branch crown production. Another fact 
is that the rate of leaf production is independent of photoperiod 
(Jahn and Dana, 1966; Gosselink and Smith, 1967; Dennis et al. , 
1970).

If plants of any Junebearing varieties are planted in the late 
spring or summer season, the axillary buds will develop into stolons 
due to natural long photoperiod. However, if the plants are planted 
in late summer or autumn season, the axillary buds will develop into 
branch crowns so that maximum number of sites will be provided for 
inflorescence initiation. The plants that are planted in late autumn
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or early winter will become dormant due to both natural short day- 
length and cold temperature, so the axillary buds will be latent.

For each genotype, the optimum planting date can be decided 
using the root thermal time above -1. 4*C if the critical photoperiod 
for cessation of stolon formation, the leaf position of leaves 
emerged after planting at which the first stolon will occur and 
historical meterological data such as daylength and soil root temper
ature are known. As an example, it is assumed that the first stolon 
differentiation will occur in the axillary bud of the 5th leaf 
emerged on the main crown after planting and the date on which the 
critical photoperiod for cessation of stolon formation is August, 31. 
so, the optimum planting date should be the one from which to August, 
31 the accumulated soil root temperature above -1.4*C can be enough 
for the first 5 leaves formation during this period. In the case of 
this study, production of each leaf needs a root thermal time of 
186‘C. For production of 5 leaves, the total root thermal time should 
be 5 x 186*C = 930*C. Again assuming that the daily mean soil root 
temperature is 17.2"C before August, 31, 50 days are required to 
reach that total root thermal time of 930°C. Hence the planting date 
can be set on July, 10. For prediction of the modelled vegetative 
responses, it can be completed using the accumulated root thermal 
time and the corresponding root temperature response functions (see 
5. 3).

The application of the root thermal time above -1.4*C to 
predicting the optimum planting date of a certain genotype and 
development of some vegetative responses in the field needs caution 
on some considerations. Firstly, the effect of similar root temper
ature on the rate of leaf production has not been studied in the 
field and whether the correlation between the field performance and 
that in the controlled glasshouse conditions is good or not is not 
known. Second, . the rate of leaf production is relatively sensitive to 
water deficit (Arney, 1953a), but the linearity of the rate/root 
temperature relation remains only when other factors are non-limited. 
Third, the use of root temperature is justified only when instan
taneous values lie within the linear range of the rate/root temper-
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ature relation. Outside this range the effect of root temperature 
might be irreversible.

5. 5. 6 Summary

The rate/root temperature relation of both the rate of leaf
production and the rate of leaf death was examined in a Junebearer
’ cv. Hapil' grown in an NFT system at root temperatures of 10.2#C, 
14. 1*C, 18.7*C and 23.O’C in 1986 and of 15.2*C, 19.9'C, 24.8*C and
29.4*C in 1987. When the relation between the rate and root temper
ature was linear, measurements were analysed in terms of root thermal 
time (*cd) and an extrapolated base root temperature (Tb) at which 
the rate is zero. Under some assumptions, a dynamic model of some 
selected vegetative responses was established. This model can be used 
to simulate these selected vegetative responses on a daily base using 
the daily mean root temperature as input and with some observations
to decide the date of the first leaf death and the first stolon
formation. Performance of the model was evaluated using the experi
mental data.
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6. General Discussion and Conclusion

Growth and development of a strawberry plant are affected by 
many external and internal factors together with interactions between 
them (Fig. 6.1). Within a certain genotype in particular, the effects 
of climatic factors on strawberry morphology are often so great that 
the results of other factors' effects such as applied homonal effect 
could be obscured (Reynolds, 1987). Both vegetative and reproductive 
responses of strawberry plants to general environmental factors such 
as aerial temperature and light have been well studied. Therefore, 
interest in this investigation was into the effects of root 
temperature.

Soil mulching is frequently practised in the strawberry 
industry. Once the soil is covered with such mulches as polythene and 
cereal straw, the soil environment will be certainly different, 
particularly soil root temperature and soil moisture compared with 
that in the non-mulched soil. Most of the information on the effects 
of root temperature on growth in either soil or nutrient solution 
culture is just observations and concerned with nutritional aspects 
(Roberts and Kenworthy, 1956; Proebsting, 1957; Ganmore-Neumann and 
Kafkafi, 1983, 1985). Hence, it was felt necessary to quantify the 
responses of individual plant components which can then be integrated 
to describe the whole plant growth as a function of root temperature.

The nutrient film technique (NFT) is already widely used by 
growers, particularly those in the protected crop industry such as 
tomatoes and lettuce. Now, it is being increasingly used for straw
berries because it offers possibilities to raise early runner plants, 
multi-crown plants and to extend the cropping season (Reynolds, 
1987). Another advantage with NFT is the ease with which root 
temperature can be manipulated to the requirements of individual 
crops (Grave, 1983). Experimentation in this study showed that straw
berry plants can be grown at a range of root temperatures in an NFT 
system.

Generally, plants establish themselves earlier and start growth 
much more rapidly at the higher root temperatures. Measured in dry 
matter production, the whole plant growth is increased with in
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creasing root temperature. However, responses of various plant 
components differ to different root tempeatures. Leaf production and 
formation of stolons and runner plants are closely related to root 
temperatures. Root growth is optimum at medium-high root temperature 
(15-25*0, showing a broad range of optimum root temperatures. 
Earliness of the first flower opening and the first fruit harvesting 
is associated with high root temperatures. However, relationships 
between earliness of anthesis at flower positions next to the primary 
site within an inflorescence depends on the stage of flower develop
ment at planting. Root temperatures in the region of 15*C are the 
most favourable ones for the formation of large berries and greatest 
total fruit yield per inflorescence. This is due to a combined effect 
of physical characteristics of the inflorescence architecture, fruit 
size potential at flower anthesis, developmental period and degrees 
of the receptacle enlargement with respect to the achene density on 
the receptacle surface.

The analysis of covariance shows that the absolute growth rates 
of fruit dimensions (diameters and lengths) at different fruit 
positions were not significantly influenced by root temperatures of 
15.2’C, 19.9"C, 24.8*C and 29.4*C within 24 days from anthesis. Also,
the absolute growth rates of respective 'stolon chains' within a 
plant were similar at the different root temperatures above 10.2*C 
and on different 'stolon chain' orders up to S2 at 10. 2*C, S4 at 
15. 2*C and S6 at both 24.8*C and 29.4°C. The application of Richards 
function indicates that differences in leaf size and petiole either 
caused by root temperature effects or by the effects of different 
positions on. the main crown were primarily due to varied growth rate 
rather than growth duration.

The study into the effects of different photoperiods on the 
fate of the axillary buds reveals that not only were there 
morphogenetic changes but also changes in total dry matter and dry 
matter partitioning. Both the leaf initiation rate and the leaf pro
duction rate were independent of photoperiod. The fate of the 
axillary buds seemed to be controlled by photoperiod. Axillary buds 
were differentiated only into stolons when the photoperiod was over 
12 hrs. The conversion of an axillary bud into a branch crown
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requires a higher level of phtosynthesis in the pool (Guttridge, 
1955). That is why conversion of axillary buds into branch crowns was 
less complete compared with that into stolons when plants received 
the same amount of radiation.

Every leaf of a strawberry plant subtends an axillary bud con
sisting of a growing apex and one or more leaf initials, the latter 
varying in number with position of the bud on the crown axis. The 
fate of these axillary buds is either development into stolons, 
branch crowns, inflorescences or remains small without further 
immediate development or even remains undeveloped depending on the 
genotype x environment interaction. In commercial strawberry pro
duction, in order to make the most of these characteristics of 
axillary buds, leaf production should be increased first, resulting 
in the increased availability of axillary buds. Control and mani
pulation of the axillary buds can then be adopted to produce either 
more runners for plant propagation or more branch crowns to provide 
more sites for inflorescence initiation for fruit production. The 
rate of leaf production is most temperature sensitive (Darrow, 1930; 
Arney, 1953a). Results of this study suggest that propagation of 
strawberry planting material (Junebearers from runner plants, ever- 
bearers from branch crowns and runner plants) can be undertaken at 
heated root temperature in an NFT system. Further, production of 
waiting bed plants can also be practised at enhanced root temper
atures. Such plants would be provided with more branch crowns and 
more leaf initials, and could easily be cold stored with a great 
inbuilt fruit yield potential.

The dynamic approach to the quantitative analysis of crop 
response to environmental fluctuations has been very popular in 
recent years. Mathematical relationships can be developed between the 
crop response and the major environmental variables of light, temper
ature, water and mineral nutrients. Hence, yield response to changes 
in the environment could be calculated by describing yield in terms 
of its components developed at different stages of ontogeny, and by 
describing overall growth by a sigmoidal function (Morgan, 1984). The 
growth and development of a plant is a composite of the growth of 
individual parts, the timing of initiation and numbers initiated, and
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the subsequent timing and rate of senescence (Milthorpe and Moorby,
1980). Root temperature is shown to affect overall growth of the 
strawberry by affecting each of these processes. Therefore the 
defined functional relationships between root temperature and both 
leaf emergence rate and leaf death rate on the main crown have been 
established.

Tests of the model performance showed that the predicted accu
mulated leaf number and the cumulative number of dead leaves on the 
main crown were slightly smaller than the observed. However, the 
predicted production of both stolons and runner plants was consider
ably greater than the observed.

The established model is preliminary and elementary, but it did 
suggest that the overall framework may be the suitable one for 
analysing both leaf production and leaf death responses to variation 
in root temperature. Growth and development of a strawberry plant are 
affected by many other factors, some of which are feasibly con
trollable and some of which are not (Fig. 6.1). The established model 
does not account for the effects of these factors imposed in one way 
or another and the effects of redistribution of dry matter, resulting 
from senescence, removal of stolons and inflorescences and mobili
zation of stored carbohydrates. In order to accommodate all these 
effects, a more complex model is required. For this study, it may 
seem that the only feasible approach was to aim at a simpler model 
for which data were readily available and to accept the consequent 
limitations.
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Fig. 6.1 Factors affecting the pattern of growth and development 
and fruit production in strawberry plant



SECTION 7
REFERENCES



274.

REFERENCES

Abbott, A. J. (1966). Leaf growth in the Strawberry Royal Sovereign.
Ann. Rep. Long Ashton Agri. Hort. Res. Stn. 1966-1967 p. 145- 
150.

Abbott, A. J. (1968). Growth of the strawberry plant in relation to 
nitrogen and phosphorus nutrition. J. Hort. Sci. 43: 491-504.

Abbott, A. J. and Best, G. R. (1969). Growth Studies in the Strawberry. 
Long Ashton Res. Stn. Ann. Rep. for 1969. p.56-57.

Abbott, A. J. , Best, G.R. and Webb, R. A. (1970). The relation of
achene number to berry weight in strawberry fruit. J. Hort Sci. 
45: 215-222.

Abbott, A.J. and Webb, R. A. (1970). Achene spacing of strawberry as
an aid to calculating potential yield. Nature, 255(5233): 663- 
664.

Abdullah, K. M. (1986). Studies into the effects of plant growth
regulators and environmental factors on growth, flowering, 
fruiting of strawberry (Fragaria x Ananassa Duch. ). Ph. D. 
Thesis, Wye College, University of London.

Albregts, E.E. and Howard, C. M. (1974). Planting date, plant
chilling and plant sources on ‘Tioga’ strawberry growth and 
fruiting response. Florida State Hort. Soc. 87: 187-192.

Albregts, E.E. and Howard, C. M. (1985). Correlation of leaf number
at transplanting to strawberry fruit yield. HortScience. 20: 
415-416.

Anderson, H. M. (1982). The cold-storage of strawberry runners - a 
review. Crop Res. 22: 93-104.

Anderson, H. M. (1983). How many berries per plant. Grower, July, 28, 
1983. 17: 23-25.

Anderson, H. M. (1984). Prolonging the picking season. Grower,
August, 9, 1984. 18: 30-31.

Anderson, H. M. and Guttridge, G. M. (1970). Winter damage in straw
berry plants in Scotland. Hort. Res. 10: 40-44.

Anderson, H. M. and Guttridge, G. M. (1978). The performance of
strawberries on polyethylene-mulched ridges in England. Hort. 
Res. 18: 27-39.

Anderson, H. M. and Guttridge, G. M. (1982). Strawberry truss
morphology and the fate of high-order flower buds. Crop Res. 
22: 105-122.

Angus, J. F. , Cunningham, R. B. , Moncur, M. W. and Mackenzie, D. H.
(1981a). Phasic development in field crops I. Thermal response 
in the seedling phase. Field Crops Research 3: 365-378.



275.

*»

Angus, J. F. , Mackenzie, D. H. , Morton, R. and Schafter, C. A. (1981b).
Phasic development in field crops. II. Thermal and photo- 
periodic responses of spring wheat. Field Crops Research 4: 
269-283.

Angus, J. F. , Mackenzie, D. H. , Myers, R. J. K. and Foals, M. A. (1982).
Phasic development in field crops III. The pseudo-cereals, 
buckwheat and grain. Amaranth Field Crops Research 5: 305-318.

Antoszewski, R. (1974). Accumulation of nutrients in the strawberry
as related to water transport and the growth pattern of straw
berry receptacle proc. 19th Int. Hort. Cong. p. 167-176.

Antoszewski, R. and Dzieciol, U. (1973). Translocation and accumu
lation of 1̂ C-photosynthates in the strawberry plant. Hort. 
Res. 13: 75-81.

Archbold, D. D. and Dennis, F. G. (1984). Quantification of free ABA
and free and conjugated IAA in strawberry achene and receptacle 
tissue fruit development. J. Amer. Soc. Hort. Sci. 109: 330-
335.

Arkin, G. F. , Vanderlip, R. L. and Ritchie, J. T. (1976). A dynamic
grain sorghum growth model. Transactions of the ASAE 19: 622- 
630.

Arney, S. E. (1953a). Studies of growth and development in the genus
Fragaria. I. Factors affecting the rate of leaf production in 
Royal Sovereign Strawberry. J. Hort. Sci. 28: 73-84.

Arney, S. E. (1953b). II. The initiation, growth and emergence of 
leaf primordia in Fragaria. Ann. Bot. 17: 477-492.

Arney, S. E. (1954). Studies of growth and development in the genus
Fragaria. III. The growth of leaves and shoots. Ann. Bot. 18: 
349-365.

Arney, S. E. (1955a). Studies of growth and development in the genus 
Fragaria. IV. Winter growth. Ann. Bot. (NS) 19: 265-276.

Arney, S. E. (1955b). Studies of growth and development in the genus 
Fragaria. V. Spring growth. Ann. Bot. (NS). 19: 277-287.

Arney, S. E. (1956a). Studies of growth and development in the genus
Fragaria. VI. The effects of photoperiod and temperature on 
leaf size. J. Exp. Bot. 7: 65-79.

Arney, S. E. (1956b). Studies of growth and development in the genus
Fragaria. VII. The effect of defoliation on leaf growth. 
Phyton. 5: 93-105.

Arney, S. e. (1956c). Studies of growth and development in the genus
Fragaria. VIII. The effect of defoliation on leaf initiation 
and early growth of the leaf initials. Phyton. 6: 109-120.



276.

Arney, S.E. (1956d). Studies of growth and development in the genus
Fragaria. IX. An investigation of floral initiation under 
natural conditions. Phyton. 7: 89-102.

Auld, B.A. Dennett, M. D. and Elston, J. (1978). The effect of tem
perature change on the expansion of individual leaves of vicia 
faba L. Ann. Bot. 42: 877-888.

Austin, M. E. Shutak, V. G. and Christopher, E. P. (1960). Colour
changes in harvested strawberry fruits. Proc. Amer. Soc. Hort. 
Sci. 75: 382-386.

Avigdori-Avidov, H. , Goldschmidt, E. E. and Kedar, N. (1977). In
volvement of endogenous gibberellins in the chilling require
ments of strawberry (Fragaria x Ananassa Duch. ). Ann. Bot. 41: 
927-936.

Avigdori-Avidov, H. (1986). Strawberry In: Handbook of fruit set and 
development edited by Monselise, S. P. CRC Press, Inc. Boca 
Raton, Florida.

Bailey, J.S. and Rossi, A. W. (1965a). Effect of fall chilling,
forcing temperature and daylength. on the growth and flowering 
of 'Catskill' strawberry plants. Proc. Amer. Soc. Hort. Sci. 
87: 245-257.

Bailey, J.S. and Rossi, A.W. (1965b). Response of 'Catskill' straw
berry plants to digging date and storage period. Proc. Amer. 
Soc. Hort. Sci. 87: 310-318.

Bailey, J. S. and Rossi, A. W. (1965c). Time of digging and methods of 
storing of strawberry plants for spring plantings in 
Massachusetts. Proc. Amer. Soc. Hort. Sci. 87: 319-326.

Bajaj, Y. P. S. and Collins, W. B. (1968). Some factors affecting the
vitro development of strawberry plants. Proc. Amer. Soc. Hort 
Sci. 93: 326-333.

Bangerth, F. and Ho, L. C. (1984). Fruit position and fruit set
sequence in a truss as factors determining final size of tomato 
fruits. Ann. Bot. 53: 315-319.

Bedard, P. R. Hsu, C. S. Spangelo, L. P. S. , Fejer, S. 0. and
Rousselle, G. L. (1971). Genetic, phenotypic and environmental 
correlations among 28 fruit and plant characters in the 
cultivated strawberry. Can. J. Genet. Cytol. 13: 470-479.

Beech, M. G. , Crisp, C. M. , Simpson, S. E. and Atkinson, D. (1984).
The effects of in vitro cytokinin concentration on the fruiting 
and growth of conventionally propagated strawberry runner 
progeny. Journal of Hort. Sci. 63: 77-81.

Beech, N. G. , Crips, C. M. , Wickenden, M. F. and Atkinson, D. (1988).
Effects of paclobutrazol on the growth and yield of strawberry 
(Fragaria ananassa Duch.) Journal of Hort. Sci. 63: 595-600.



277.

Bell, C.J. (1981). The testing and validation of models. In:
Mathematics and plant physiology (eds) Rose, D. A. and Charles- 
Edwards, D. a. Academic Press, London.

Benott, F. (1972). Induction of second flowering in the strawberry 
cultivar Red Gauntlet. J. Hort. Sci. 47: 429-439.

Bjurman, B. (1974). Strawberry yields in Sweden as influenced by
cultivar, plant age and climate. Swedish J. Agric. Res. 4: 219- 
231.

Bjurman, B. (1975). Environmental influence on the vegetative and
generative development of strawberry plant. Swedish J. Agric. 
Res. 5: 163-173.

Blatt, C.R. and Crouse, D. N.A. (1970). Effects of gibberellic acid on 
the strawberry 1 cv. Red gauntlet'. HortScience 5: 437-439.

Boatfield, J. M. (1967). Chapter 4. Strawberry In: Soft fruit, Cox 
& Wyman, Ltd. , London.

Borthwick, H. A. and Parker, M. W. (1952). Light in relation to
flowering and vegetative development. Report of the 13th Int. 
Hort. Con. 1952. Vol. 2: 801-810.

Braak, T.P. (1968). Some causes of poor fruit set in Jucunda 
strawberries. Euphytica 17: 311-318.

Bradfield, E.G. (1970). Potassium nutrition of the strawberry plant
I. Rates of dry matter production and potassium uptake; effect 
of potassium supply on components of yield. J. Sci. Fd. Agric. 
21: 554-558.

Bradfield, E.G. Bonatsos, D. and Stickland, J.F. (1975). Potassium
nutrition of the strawberry plant. Effect of potassium treat
ment and of the rooting media on components of yield and 
critical leaf potassium concentrations. J. Sci. Fd. Agric. 26: 
669-674.

Braun, J. W. and Render, W. J. (1985). Correlative bud inhibition and
growth habit of the strawberry as influenced by application of 
gibberellic acid, cytokin and chilling under short daylength.
J. Amer. Soc. Hort. Sci. 110: 28-34.

Braun, J.W. and Garth, J.K.L. (1986). Strawberry vegetative and fruit 
growth response to paclobutrazol. J. Amer. Soc. Hort Sci. Ill: 
364-367.

Breen, P.J. and Martin, L. w. (1981). Vegetative and reproductive
growth responses of three strawberry cultivars to nitrogen. J. 
Amer. Soc. Hort. Sci. 106: 266-272.

Bringhurst, R.S. Voth, V. and Hook, D. V. , (1960). Relationship of
root starch content and chilling history to performance of 
California strawberries. Proc. Sac. Amer. Hort. Sci. 75: 373-
381.



278.

Bringhurst, R.S. and Voth, V. (1981). Breeding strawberries for high 
productivity and large fruit size. In: The strawberry, edited
by Childers, N. F. , University of Florida, Gainesville, p. 156— 
163.

Brooks, A.H. and Sargent, M. J. (1976). Winter glasshouse strawberry
production - A sequential cropping programme. Scientia Horti. 
4: 353-360.

Bunt, A. C. (1976). Modern potting composts. Chapter 2, p. 39. George 
Allen and Unwin, London.

Burgess, C. M. (1984). How can using NFT help strawberries. Grower,
Feb. 9, 1984. p. 27-33.

Burrage, S. W. and Varley, M. J. C. (1984). Microcomputers in environ
mental control. In: Microcomputers in biology, edited by
Ireland, C. P. and Long, S. P. Irl. Press, Oxford.

Buwalda, J. G. (1986). Nitrogen nutrition of garlic (Allium Sativum
L. ) under irrigation. Crop growth and development. Scientia 
Horticulturae 29: 55-68.

Cannell, G. H. , Voth, V. and Bringhurst, R. S. (1961). The influence of 
irrigation levels and application methods, polyethylene mulch 
and nitrogen fertilization on strawberry production in Southern 
California. Proc. Amer. Soc. Hort. Sci. 78: 281-291.

Canny, M. J. (1984). Translocation of nutrients and hormones. In:
Advanced plant physiology edited by Wilkins, M. B. p. 277-296. 
Pitman Publishing Ltd. , London.

Carden, P. W. and Emmett, B. J. (1973). Artificially introduced blow
flies show promise in strawberry pollination trials. Grower, 
ADAS, Wye, 79(7): 1017-1019.

Causton, D. R. (1969). A computer programme for fitting the Richards 
function. Biometrics, 25: 401-409.

Causton, D. R. (1970). Growth functions, growth analysis and plant
physiology. Forestry Commission Statistics Section, Paper 151.

Causton, D.R., Elias, C.0. and Hadley, P. (1978). Biometrical
Studies of plant growth. In: The Richards function and its 
application in analysing the effects of temperature on leaf 
growth. Plant, Cell and Environment. 1: 163-184.

Causton, D. R. and Venus, J. C. (1981). The biometry of plant growth. 
Edward Arnold, London.

Ceulemans, R. , Baets, W., Vanderbruggen, M. and Impens, I. (1986).
Effects of Supplemental Irrigation with HLD Lamps and NFT 
gutter size on gas exchange, plant morphology and yield of 
strawberry plants. Scientia Horti. 28: 71-83.



279.

Chabot, B. F. and Chabot, J. F. (1977). Effects of light and
temperature on leaf anatomy and photosynthesis in Fragaria 
vesca. Oecologia 26: 363-377.

Chabot, B. F. and Chabot, J. F. (1978). Environmental influence on
photosynthesis and growth in Fragaria Vesca. New Phytol. 80: 
87-98.

Chabot, B.F., Jurik, T. W. and Chabot, J. F. (1979). Influence of
instantaneous and integrated light-flux density on leaf anatomy 
and phytosynthesis. Amer. J. Bot. 66: 940-945.

Chandler, C. K, Miller, d. D. and Ferree, D. V. (1988). Influence of
leaf removal, root pruning, and soil addition on the growth of 
greenhouse-grown strawberry plants. J. Amer. Soc. Hort. Sci. 
113: 529-532.

Chanter, D. 0. (1981). The use and misuse of linear regression methods
in crop modelling, Chapter 14, In: Mathematics and plant 
physiology edited by Rose, D. A. and Charles-Edwards, D.A. 
Academic Press, London.

Charles-Edwards, D. A. , Doley, D. and Rimmington, G. M. (1986).
Modelling plant growth and development. Academic Press, Sydney.

Childs, W. H. (1936). Seasonal distribution of yield and size
variation for some everbearing strawberry varieties. Proc. 
Amer. Soc. Hort. Sci. 34: 364-367.

Choma, M. E. , Garner, J. L. , Marini, R. P. and Bardan, J. A. (1982).
Effects of fruiting on net photosynthesis and dark respiration 
of ' Hecker' strawberries. HortScience 17: 212-213.

Choma, M. E. and Himelrick, D. G. (1984). Responses of day-neutral,
June-bearing and Everbearing strawberry cultivars to
gibberellic acid and phthalimide treatments. Scientia
Horticulture, 22: 257-264.

Clark, J. H. (1932). Length of the fruit development period of
strawberry varieties. Proc. Amer. Soc. Hort. Sci. 45: 211-215.

Collins, W. B. (1966a). Floral initiation in strawberry and some
effects of red and far-red radiation as components of 
continuous white light. Can. J. Bot. 44: 663-667.

Collins, W. B. (1966b). Effects of winter mulches on strawberry 
yields. Proc. Amer. Soc. Hort. Sci. 89: 331-335.

Collins, W. B. and Barker, W. G. (1964). A flowering response of
strawberry to continuous light. Can. J. Bot. 42: 1309-1311.

Collins, W.B. and Smith, W. L. (1970). Soil moisture effects on the
rooting and early development of strawberry runners. J. Amer. 
Soc. Hort. Sci. 95: 417-419.



280.

)

^ 4 0

Cooper, A. J. (1973). Root temperature and plant growth. Commonwealth 
Agricultural Bureaux, Slough, SL2 3BN, U. K.

Cooper, A.J. (1975). Crop production in recirculating nutrient 
solution. Scientia Horticulturae 3: 251-258.

Cooper, A.J. (1979). The ABC of NFT - nutrient film technique.
Grower Books, London.

Craig, D.1. and Aalders, L. E. (1966). Influence of cultural systems
on strawberry fruit yield and berry size. Proc. Amer. Soc. 
Hort. Sci. 89: 318-321.

Crane, J.C. and Baker, R. E. (1953). Growth comparison of the fruits
and fruit lets of figs and strawberries. Proc. Amer. Soc. Hort. 
Sci. 61: 257-260.

Csaki, C,S. (1985). Simulation and Systems Analysis in Agriculture. 
ELSEVIER.

Dale, J. F. and Milthorpe. F. L. (1983). General features of the
production and growth of leaves. In: The Growth and function of 
leaves, pp. 151-178. Eds. J. E. Dale and F. L. Milthorpe. 
University Press, Cambridge.

Dana, M.N. (1980). The strawberry plant and its environment. In:
Childers, N. F. (ed. ): The strawberry. Horticultural Publi
cations, FLa.

Darnell, R. L. , Greve, L. C. and Martin, G. C. (1987). Synthesis and
biological activity of C1̂ C3 IAA Ethyl Ester. HortScience 22: 
97-99.

Darnell, R.L. and Martin, G. C. (1987a). Absorption, translocation
and metabolism of Et.-IAA in relation to fruit set and growth 
of day-neutral strawberry. J. Amer. Soc. Hort. Sci. 112:804- 
807.

Darnell, R.L. and Martin, G. C. (1987b). Sieve tube development in
strawberry receptacles in relation to fruit set and initial 
growth. HortScience 22: 467-469.

Darrow, G. M. (1926). Inflorescence types of strawberry varieties.
Amer. J. Bot. 16: 571-585.

Darrow, G. M. (1927). Sterility and Fertility in the strawberry.
J. Agr. Res. 34: 394-411.

Darrow, G. M. (1929). Development of runners and runner plants in 
the strawberry. U. S. Dept. Agr. Tech. Bui. 122. pp. 28.

Darrow, G. M. (1930). Experimental studies on the growth and
development of strawberry plants. J. Agr. Res. 41: 307-325.

Darrow, G. M. (1932). Methods of measuring stawberry leaf areas.
Plant Physiol. 7: 745-747.



281.

Darrow, G. M. (1936). Interrelation of temperature and photoperi
dism in the production of fruit-buds and runners in the 
strawberry. Proc. Amer. Soc. Hort. Sci. 34: 360-363.

Darrow, G. M. (1937). Strawberry improvement. In.: Yearbook of
Agriculture, United States, Dept, of Agriculture, pp. 445-495.

Darrow, G. M. (1966). The strawberry - history, breeding and 
physiology. Holt Rinehart and Winston, New York.

Darrow, G. M. and Waldo, G. F. (1934). Responses of strawberry
varieties and species to duration of the daily light period.
U. S. Dept. Agr. Tech. Bull. No. 453: 1-31.

David, T. and Ken, M. (1985). Strawberry. In: The handbook of soft 
fruit growing, Croom Helm, London.

Davis, M. B. (1922). Correlations in the Strawberry. Proc. Amer. Soc. 
Hort. Sci. 19: 260-263.

Day, W. and Atkin, R. K. (1984). Wheat growth and modelling. Plenum 
Press, New York and London.

De Elizalde, M. M. B. and Guilman, M. (1979). Vegetative Propagation
in everbearing strawberry as influenced by a morphactin, GA3 
and BA. J. Amer. Soc. Hort. Sci. 104: 162-164.

DeLisen, E.L., Grandall, P. C. and Doll, C.C. (1953). The influence of 
summer mulches and runner removal on production of everbearing 
strawberries. Proc. Amer. Soc. Hort. Sci. 42:235-245.

Denisen, E. L. (1953). Runner inhibition in strawberries with plant 
growth regulators. Proc. Amer. Soc. Hort. Sci. 42: 246-254.

Dennet, M. D. Auld, B.A. and Elston, J. (1978). A description of 
leaf growth in Vicia faba L. Ann. Bot. 42: 223-232.

Dennet, M. D. Elston, J. and Milford, J. R. (1979). The effects of
temperature on the growth of individual leaves of Vicia faba L. 
in the field. Ann. Bot. 43: 197-208.

Dennis, F. G. , Lipecki, J. and Kiang, Chi-li. (1970). Effects of
photoperiodism and other factors upon flowering and runner 
development of three strawberry cultivars. J. Amer. Soc. Hort. 
Sci. 95: 750-754.

Desjardins, Y., Grosselin, A. and Yelle, S. (1987). Acclimatization
of ex vitro strawberry plantlets in CO-a-enriched environments 
and supplementary lighting. J. Amer. Soc. Hort. Sci. 112: 846- 
851.

Downs, R. J. and Piringer, A. A. (1955). Differences in photoperiodic
responses of everbearing and Junebearing strawberries. Proc. 
Amer. Soc. Hort. Sci. 66: 234-236.



282.

Draper, A. D. , Galletta, G. J. and Swartz, H. J. (1981). 'Tribute'
and 'Tristar' everbearing strawberries. HortScience 16: 794-
795.

Dunlap, J. R. (1966). Influence of soil temperature on the early
growth of three muskmelon cultivars. Scientia Horticulturae 29: 
221-228.

Durner, E. F. , Barden, J. A. , Himelrick, D. G. and Poling, E. B. (1984).
Photoperiod and temperature effects on flower and runner 
development in day-neutral, June-bearing and everbearing straw
berries. J. Amer. Soc. Hort. Sci. 109: 396-400.

Durner, E. F. and Poling, E. B. (1985). Comparison of three methods for 
determining the floral or vegetative status of strawberry 
plants. J. Amer. Soc. Hort. Sci. 110: 808-811.

Durner, E. F. , Poling, E.B. and Albregts, E.A. (1986). Early season
yield responses of selected strawberry cultivars to photoperiod 
and chilling in a Florida winter production system. J. Amer. 
Soc. Hort. Sci. Ill: 53-56.

Durner, E. F. and Poling, E. B. (1987). Flower bud induction,
inhibition, differentiation and development in the 'Earliglow' 
strawberry. Scientia Horticulturae 31: 61-69.

Dwyer, L. M. and Stewart, D. W. (1986). Leaf area development in field- 
grown maize. Agronomy Journal 78: 334-343.

Eaton, G. W. and Chen, L.I. (1969). Strawberry achene set and berry
development as affected by captan. J. Amer. Soc. Hort. Sci. 94: 
565-568,

Ebida, A. I. A. (1988). Evaluation of phenotypic stability and
salinity tolerance in tissue culture-propagated plants of 
strawberry (Fragaria x Ananassa Duch.) cultivar 'Tioga'. Ph.D. 
Thesis of Dept, of Horticulture, Wye College, University of 
London.

Evans, W. D. (1977). The use of synthetic octoploids in strawberry 
breeding. Euphytica 26: 497-503.

Ferguson, J.H. A. (1971). Earliness of flowering and fruiting of
forty strawberry varieties - A statistical study. Euphytica 20: 
362-370.

Ferree, D. C. and Stang, E.J. (1988). Seasonal plant shading, growth, 
and fruiting in 'Earliglow' strawberry. J. Amer. Soc. Hort. 
Sci. 113: 322-327.

Forney, C. F. and Breen, P.J. (1985a). Growth of strawberry fruit and 
sugar uptake of fruit discs at different inflorescence 
positions. Scientyia Horticulturae 27: 55-52.



283.

Forney, C. F. and Breen, P. J. (1985b). Dry matter partitioning and
assimilation in fruiting and deblossomed strawberry. J. Amer. 
Soc. Hort. Sci. 110: 181-185.

Foster, J. C. and Janick, J. (1969). Variable branching patterns in
the strawberry inflorescence. J. Amer. Soc. Hort. Sci. 94: 440- 
443.

France, J. and Thornley, J. H. M. (1984). Mathematical models in
Agriculture. Butterworth and Co. (publishers) Ltd., London.

Free, J.B. (1968). The pollination of strawberries by honey bees.
J. Hort. Sci. 43: 107-111.

Gallagher, J. N. (1979 ). Field studies of cereal leaf growth.
I. Initiation and expansion in relation to temperature and 
ontogeny. J. of Experimental Botany 30: 625-636.

Galletta, G. J. , Draper, A. D. and Swartz, H. J. (1981). New everbearing 
strawberries. HortScience 16: 726.

Gardner, F. P. , Pearce, R. B. and Mitchell,. R. L. (1985). Physiology of 
crop plants. Iowa State University Press, Ames.

Ganmore-Neuman, R. and Kafkafi, U. (1983). The effect of root temper 
ature and N03-/NHi:1+ ratio on strawberry plants. I. Growth, 
flowering and root development. Agronomy Journal 75: 941-947.

Ganmore-Neuman, R. and Kafkafi, U. (1985). The effect of root temper 
ature and Nitrate/Ammonium ratio on strawberry plants. II. 
Nitrogen uptake, mineral ions and carboxylate concentrations. 
Agronomy Journal. 77: 835-840.

Garren, R. (1980). Causes of misshaped strawberries. In: Childers,
N.F. (ed.): The Strawberry. Horticultural Publications, FLA.

Gilbert, C. and Breen, P. J. (1986). Low pollen production as a
cause of fruit malformation in strawberry. J. Amer. Soc. Hort. 
Sci. Ill: 56-60.

Gill, L. M. and Allington, P. (1970). Comparison of planting dates of 
cold-stored and fresh strawberry runners. Expl. Hort. 20: 27-
32.

Given, N. K. , Venis, M. A. and Grierson, D. (1988). Hormonal regulation 
of ripening in the strawberry, a non-climacteric fruit. Planta 
174: 402-406.

Goldwin, G. K. (1982). A technique for studying the association
between components of the weather and horticultural parameters. 
Scientia Horticulturae 16: 101-107.

Gomez, K. A. and Gomez, H. A. (1984). Statistical procedures for
agricultural research (2nd edition). John Wiley & Sons, New 
York.



284.

Gosselink, J.G. and Smith, C. R. (1967). Vegetative growth responses
of strawberry plants to differing photoperiods. Hort. Res. 7: 
24-33.

Gosselin, A. and Trudel, M. J. (1983a). Interactions between air and
root temperatures on greenhouse tomato. I. Growth, Development 
and yield. J. Amer. Soc. Hort. Sci. 108: 901-905.

Gosselin, A. and Trudel, M. J. (1983b). Interaction between air and
root temperatures on greenhouse tomato. II. Mineral composition 
of plants. J. Amer. Soc. Hort. Sci. 108: 905-909.

Grave, C. J. (1983). The nutrient film technique pp. 1-44. In: Horti
cultural Review, Vol. 5, edited by Janick, J. AVI Publishing 
Company, Inc. Westport, Connecticut.

Gray, G. F. (1941). Transpiration in strawberries as affected by root 
temperature. Proc. Amer. Soc. Hort. Sci. 39: 269-273.

Gregory, P.J. (1983). Response to temperature in a strand of pearl
millet (Pennisetum typhoides S. & H). 3. Root development. J.
of Experimental Botany. 34: 744-756.

Greve, E.W. (1936). The effect of shortening the length of day on
flower bud differentiation and on the chemical composition of 
strawberry plants grown during the warm growing season. Proc. 
Amer. Soc. Hort. Sci. 34: 368-371.

Guttridge, C. G. (1952). Inflorescence initiation and aspects of the
growth habit of the strawberry. Rep. Agric. Hort. Res. Stn. 
Bristol pp. 42-48.

Guttridge. C. G. (1955). Observations on the shoot growth of the 
cultivated strawberry plant. J. Jort. Sci. 30: 1-11.

Guttridge, C. G. (1958). The effects of winter chilling on the sub
sequent growth and 'development of the cultivated strawberry 
plant. J. Hort. Sci. 33: 119-127.

Guttridge, C..G. (1959a). Evidence for flower inhibitor and vegetative
growth promoter in strawberry. Ann. Bot. 23: 351-360.

Guttridge, C. G. (1959b). Further evidence for a growth-promoting and 
flower-inhibiting hormone in strawberry. Ann. Bot. 23: 612-621.

Guttridge, C. G. (1966). The interaction of (2-chloroethyl)
trimethylammonium chloride and gibberellic acid in strawberry. 
Phyiol. Plant. 19: 397-402.

Guttridge, C. G. (1969c). Photoperiodism and the growth habit of 
strawberry. Sci. Hortic. 21: 127-131.

Guttridge, C. G. (1969d). Fragaria. In: The induction of flowering.
(L. T. Evans, ed. ) Macmillan of Australia, pp. 247-287.



285.

1

Guttridge, C. G. <1970). Interaction of photoperiod, chilling, and
exogenous gibberellic acid on growth of strawberry petioles. 
Ann. Bot. 34: 349-364.

Guttridge, C. G. (1976). Growth, flowering and runnering of strawberry 
after daylength extension with tungsten and fluorescent 
lighting. Scientia Horticulturae 4: 345-352.

Guttridge, C. G. (1985). Fragaria x Ananassa. In: Handbook of
Flowering, Vol. Ill, edited by Halevy, A. H. CRC Press, Inc. 
Boca Raton, Florida.

Guttridge, C. G. and Thompson, P. A. (1959). Effects of gibberellic
acid on length and number of epidermal cells in petioles of 
strawberry. Nature 183: 197-198.

Guttridge, C. G. and Thompson, P. A. (1963). The effect of daylength
and gibberellic acid on cell length and number in strawberry 
petioles. Physiologia Plantarum 16: 604-614.

Guttridge, C. G, and Thompson, P. A. (1964). Effect of gibberellic acid 
on growth and flowering of Fragaria and Duchesnea. J. of 
Experimental Botany 15: 631-641.

Guttridge, C.G. and Mason, D. t. (1963). The growth and cropping of
cold-stored strawberry runners in Scotland. Hort. Res. 3: 34-
44.

Guttridge, C. G. and Mason, D. T. (1966). Effects of post-harvest
defoliation of strawberry plants on truss initiation, crown 
branching and yield. Hort. Res. 6: 22-32.

Guttridge, C. G. and Anderson, H. M.
plant size and fruitfulness 
Res. 13: 125-135.

Guttridge, C. G. and Anderson, H. M. 
and quality in 'Redgauntlet' 
16: 19-27.

Guttridge, C. G. and Anderson, H. M.
characteristics and potential 
98.

(1973). The relationship between 
in strawberry in Scotland. Hort.

(1976). Surveys of anthers number 
strawberry in England. Hort. Res.

(1981). Assessing fruit yield 
in strawberry. Hort. Res. 21: 83-

Guttridge, C. G. and Turnbull, J. M. (1975). Improving anther
dehiscence and pollen germination in strawberry with boric acid 
and salts of divalent cations. Hort. Res. 14: 73-79.

Guttridge, C. G., Reeves, J.F. and George, W. W. (1980). Scanning
electron microscopy of healthy and aborted strawberry anthers, 
Hort. Res. 20: 79-82.

Hancock, J. F. and Bringhurst, R. S. (1979). Ecological differentiation 
in perennial octoploid species of Fragaria. Amer. J. Bot. 66: 
367-375.



286.

Hancock, J. , Siefker, J. , Schulte, N. and Pritts, N. P. (1982). The
effect of plant spacing and runner removal on twelve strawberry 
cultivars. Advances in strawberry production, Vol 1: 1-3.

Hancock, J. F. , Pritts, M. P. and Siefker, J.H. (1984a). Yield com
ponents of strawberry maintained in ribbons and matted rows. 
Crop Res. 24: 37-43.

Hancock, J. F. , Moon, J. W. and Flore, J. A. (1984b). Within-row spacing 
and dry weight distribution in two strawberry cultivars. 
HortScience. 19: 412-413.

Hang, A. N. , McCloud, D. e. , Boote, K. J. and Duncan, W. G. (1984).
Shade effects on growth, partitioning and yield components of 
peanuts. Crop Science 24: 109-115.

Hanson, H. C. (1931). Comparison of root and top development in 
varieties of strawberry. Amer. J. Bot. 18: 658-673.

Hart, J. W. (1988). Light and plant growth. Unwin Hyman, London.

Hartmann, H. T. (1947a). Some effects of temperature and photoperiod
on flower formation and runner production in the strawberry. 
PI. Physiol. Lancaster, 24: 407-420.

Hartmann, H. T. (1947b). The influence of temperature on the photo-
periodic response of several strawberry varieties grown under 
controlled environment conditions. Proc. Amer. Soc. Hort. Sci. 
50: 243-245.

Harvis, A. L. (1943). A developmental analysis of the strawberry fruit 
Amer. J. Bot. 30: 311-314.

Haynes, R. J. and Goh, K. M. (1987). Effects of nitrogen and potassium 
applications on strawberry growth, yield and quality. Communi
cations in soil science and plant analysis 18: 417-471.

Hearn, A. B. and Da Roza, G.D. (1985). A simple model for crop
management applications for cotton (Gossypium Hirsutum L. ). 
Field Crop Research 12: 49-69.

Heide, 0.M. (1977). Photoperiod and temperature interactions in
growth and flowering of strawberry. Physiol, plant. 40: 21-26.

Horn, C. W. V. , Schrader, A.L. and Haut, I.C. (1938). Root and crown
development of strawberries. Proc. Amer. Soc. Hort. Sci. 35: 
461-465.

Hughes, H. M. (1966a). A note on strawberry runner size assessment. 
Hort. Res. 6: 58-62.

Hughes, H. M. (1966b). Runner storage and plant size in relation to 
yield of strawberries. Expl. Hort. 16: 135-141.



287.

Hughes, H. M. (1967). The effects of planting time, runner size and
plant spacing on the yield of strawberries. J. Hort. Sci. 42: 
253-262.

Hughes, H. M. (1969). Comparison of strawberry varieties and planting 
times under polythene tunnels. Expl. Hort. 19: 79-88.

Hughes, H. M. and Case, M. W. (1970). Effects of planting time of cold- 
stored runners on yield of strawberries. Expl. Hort. 21: 1-11.

Hughes, H. ML and Allington, P. (1970). Planting times of cold-stored 
runners for cloched strawberries. Expl. Hort. 21: 12-26.

Hunt, R. (1979). Plant growth analysis: The rationale behind the use 
of the fitted mathematical function. Ann. Bot. 43: 245-249.

Hunt, R. (1982). Plant growth curves: An introduction to the
functional approach to plant growth analysis. Edward Arnold, 
London.

Ingram, K. T. and 
growth and

McCloud, D. E. (1984). Simulation of potato crop 
development. Crop Science 24: 21-27.

Iyer, C. P. A. and Smeets, L. (1966). Effects of temperature pre
treatments on the forcing of strawberry plants (cv. Glasa) 
Euphytica, 15: 297-303.

Jahn, 0. L. and Dana, M. N. (1966). Dormancy and growth of the straw
berry plant. Proc. Amer. Soc. Hort. Sci. 89: 322-330.

Jahn, 0. L. and Dana, M. N. (1970a). Crown and inflorescence devel
opment in the strawberry, Fragaria x Ananassa. Amer. J. Bot. 
57: 605-612.

Jahn, 0. L. and Dana, M. N. (1970b). Effects of cultivar and plant age 
on vegetative growth of the strawberry, Fragaria x Ananassa. 
Amer. J. Bot. 57: 993-999.

Jahn, 0. L. and Dana, M. N. (1970c). Growth relationships in the 
strawberry plant. J. Amer. Soc. Hort. Sci. 95: 745-749.

Janick, J. and Eggert, D.A.E. (1968). Factors affecting fruit size in 
the strawberry. Proc. Amer. Soc. Hort. Sci. 93: 311-316.

Janick, J. (1986). II. Horticultural environments. In.: Horticultural 
Science (fourth edition). W. H. Freeman and Company, New York.

Johnson, I.R. and Thornley, J. H. M. (1985). Review article - Tem
perature dependence of plant and crop processes. Ann. Bot. 55: 
1-24.

Jones, H. G. (1983). Plants and microclimate. Cambridge University 
Press, Cambridge.

Jonkers, H.C. (1958). Accelerated flowering of strawberry seedlings. 
Euphytica. 7: 41-46.



288.

Jurik, J. W. Chabbot, J.F. and Chabbot, B.F. (1979). Ontogeny of
photosynthetic performance in Fragaria virginiana under 
changing light regimes. Plant Physiol. 63: 542-547.

Jurik, J. W. , Chabbot, J.F. and Chabbot, B. F. (1982). Effects of
light and nutrients on leaf size, CO^ exchange, and anatomy in 
wild strawberry (Fragaria x Virginiana) Plant Physiol. 70: 
1044-1048.

Jurik, J. w. (1983). Reproductive effort and C02 dynamics of wild 
strawberry populations. Ecology, 64: 1329-1342.

Render, W. J. , Carpenter, S. and Braun, J.W. (1971). Runner formation 
in everbearing strawberry as influenced by growth promoting and 
inhibiting substances. Ann. Bot. 35: 1045-1052.

Keulen, H. V. and Wolf, J. (1986). Modelling of agricultural
production, weather, soils and crops. Pudoc Wageningen, The 
Netherlands.

Knee, M. , Sargent, J. A. and Osborne, D. J. (1977). Cell wall
metabolism in developing strawberry fruits. J. Expt. Bot. 28: 
377-396.

Kramer, S. and Stoyan, I. (1986). Formation of runners and young
plants as a varietal characteristic in strawberry (Fragaria x 
Ananassa Duch. ). Abstract in Horticultural Abstracts (1987) 
Vol. 7, No. 6.

Kranz, J. (1986). Computer models in crop protection - an intro 
duction. Acta Horticulturae 184: 17-23.

Kronenberg, H. G. (1959). Poor fruit setting in strawberries.
I. Causes of poor fruit set in strawberries in general. 
Euphytica, 8: 47-57.

Kronenberg, H. G. , Braak, J.P. and Zeilianga, A.E. (1959). Poor fruit 
setting in strawberries. II. Malformed fruits in Jucunda. 
Euphytica 8: 245-251.

Kronenberg, H. G. and Wassenaar, L. M. (1972). Dormancy and chilling
requirement of strawberry varieties for early forcing. 
Euphytica 21: 454-459.

Lacey, C.N. (1973). Phenotypic correlations between vegetative
characters and yield components in strawberry. Euphytica. 22: 
546-554.

Lenz, V.F. (1979). Growth and water requirements of young strawberry 
plants (‘sengh sengana') in relation to root temperature. 
Erwerbsobstbau, 21: 146-148. (Horticultural Abstract).

Leong, S. K. and Ong, C. K. (1983). The influence of temperature and
soil water deficit on the development and morphology of ground 
nut. J. Exp. Bot. 34: 1551-1561.



289.

Leshem, Y. and Koller, D. (1964). The control of flowering in the
strawberry Fragaria x Ananassa fication Duch. I. Interaction of 
positional and environmental effects. Ann. Bot. 28: 569-578.

Leshem, Y. and Koller, D. (1966). The control of flowering in the
strawberry Fragaria x Ananassa. II The role of gibberellins. 
Ann. Bot. 30: 587-595.

Liebig, H. P. (1984). Model of cucumber growth and yield.
II. Production of yields. Acta Horticulturae 156: 139-143.

Lis, E. K. and Antoszewski, R. (1982). Do growth substances regulate
the phloem as well as the xylem transport of nutrients to the 
strawberry receptacle? Planta. 156: 492-495.

Littleton, E. J. , Dennett, M. D. , Elston, J. and Monteith, J. L. (1979). 
The growth and development of cowpea (Vigna unguiculata) under 
tropical field conditions. I. Leaf area. J. Agri. Sci., 
Cambridge. 93: 291-307.

Littleton, E. J. , Dennett, M. D. , Monteith, J.L. and Elston, J. (1979). 
The growth and development of cowpea (Vigna unguiculata) under 
tropical field conditions. II. Accumulation and partition of 
dry weight. J. Agric. Sci. , Cambridge. 93: 309-320.

Longley, A. E. (1926). Chromosomes and their significance in straw
berry classification. J. Agri. Res. 37: 559-568.

Loomis, N. H. (1937). Runner production of strawberry varieties.
Proc. Amer. Soc. Hort. Sci. 35: 508-510.

Lovelidge, B. (1984a). Hapil and Totem are gaining ground. Grower,
Aug. 30, 1984, 18-19.

Mackerron, D. K.L. and Waister, P. D. (1985a). A simple model of potato 
growth and yield. Part 1. Model development and sensitivity 
analysis. Agri. For. Meterology. 34: 241-252.

Mackerron, D. K.L. and Waister, P. d. (1985b). A simple model of potato 
growth and yield. Part II. Validation and external sensitivity. 
Agri. For. Meterology. 34: 285-300.

f

MacLachlan, J. and Gormley, R. (1974). Assessment of field
performance and fruit quality of a range of strawberry clones. 
J. Sci. Fd. Agric. 25: 165-177.

Maher, PL J. (1980). Effect of root zone warming, flow rate and
propagation system on tomato crop performance in N.F.T. Acta 
Horticulturae 98: 45-52.

Major, D. J. , Brown, D. M. , Bootsma, A., Dupuis, G. , Fairey, N. A. ,
Grant, E. A. , Green, D. G. , Hamilton, R. I. , Langille, J. , Sonmor,
L. G. , Smeltzer, G. C. and White, R. P. (1983). An evaluation of 
the corn belt unit system for the short-season growing regions 

' across Canada. Can J. Plant Sci. 63: 121-130.

i

(



290.

Mann, C.E. T. and Ball, C. (1926). Studies in the root and shoot
growth of the strawberry. I. J. Pomol. and Hort. Sci. 5: 149-
169.

Mann, C. E. T. and Ball, E. (1927). Studies in the root and shoot
growth of the strawberry. II. J. Pomol. and Hort. Sci. 6: 81-
97.

Mann, C.E.T. (1930). Studies in root and shoot growth of the 
strawberry. Ann. Bot. 44: 55-85.

Marshall, B. and Thompson, R. (1987a). A model of the influence of
air temperature and solar radiation on the time to maturity of 
Calabrese Brassica Oleracea var italica. Annals of Botany, 60:
513-519.

Marshall, B. and Thompson, R. (1987b). Applications of a model to
predict the time to maturity of Calabrese Brassica Oleracea. 
Annals of Botany, 60: 521-529.

Martinez-Carrasco, R. and Thorne, G. N. (1979). Physiological
factors limiting grain size in wheat. J. Expt. Bot. 30: 669-
679.

Mason, D. T. (1966). Inflorescence initiation in the strawberry. I.
Initiation in the field and its modification by post-harvest 
defoliation. Hort. Res. 6: 33-44.

Mason, D. T. (1967a>. Inflorescence initiation in the strawberry.
II. Some effects of date and severity of post-harvest defoli
ation. Hort, Res. 7: 97-104.

Mason, D. T. (1967$). Inflorescence initiation in the strawberry.
III. Some effects of cloching during induction. Hort. Res. 7: 
135-143.

Mason, D. T. (1980). Variations in the yield components of strawberry 
plantation in East _of Scotland. Scottish Hort. Res. Ins. Ass. - 
Bulletin 17: 21-25.

Mason, D. T. (1987). Effects of initial plant size on the growth and
cropping of the strawberry (Fragaria x Ananassa Duch.). Crop 
Res. 27: 31-47.

Mason, D. T. and Jarvis, W.R. (1970). Post-harvest ripening of 
strawberries. Hort. Res. 10: 125-132.

Mason, D. T. and Rath, N. (1980). The relative importance of some
yield components in East of Scotland strawberry plantations. 
Ann. Appl. Biol. 95: 399-408.

Mason, D. T. and Dudney, P.J. (1982). Effect of site on strawberry 
runner-plant production in Scotland. Crop Res. 22: 85-92.



291.

McArthur, D. A. J. and Eaton, G. W. (1987). Effects of fertilizer,
paclobutrazol and chlormequat on strawberry. J. Amer. Soc. 
Hort. Sci. 112: 241-246.

McArthur, D. A. J. and Eaton, G. W. (1988). Strawberry yield responses
to fertilizer, pachobutrazol and chlormequat. Scientia Horti- 
culturae 34: 33-45.

McCullagh, P. and Nelder, J.A. (1983). Generalized linear models. 
Chapman and Hall, London.

McElgunn, J. D. and Harrison, C. M. (1969). Formation, elongation and 
longevity of barley root hairs. Agronomy Journal 61: 79-81.

Merrit, R. H. and Kohl, H. C. (1982). Effect of root temperature and
photoperiod on growth and crop productivity efficiency of 
petunia. J. Amer. Soc. Hort. Sci. 107: 997-1000.

Milford, G. F. J. , Pocock, T. 0. and Riley, J. (1985a). An analysis
of leaf growth in sugar beet. I. Leaf appearance and expansion 
in relation to temperature under controlled conditions. Ann. 
Appl. Biol. 106: 163-172.

Milford, G. F. J. , Pocock, T.0. and Riley, J. (1985b). An analysis of
leaf growth in sugar beet. II. Leaf appearance in field crops. 
Ann. Appl. Biol. 106: 173-185.

Milthorpe, F. L. and Moorby, J. (1980). An introduction to crop 
physiology. Cambridge University Press, London.

Monteith, J. L. (1965). Light distribution and photosynthesis in 
field crops. Ann. Bot. 29: 17-37.

Monteith, J.L. (1977). Climate and the efficiency of crop production 
in Britain. Phil. Trans. R. Soc. Series B. 281: 277-294.

Moorby, J. (1980). Effects of manipulating root and air temperatures 
on tomato growth and the efficient use of energy, pp. 183-194. 
In: Opportunity of increasing crop yields (eds. ) Hurd, R. G. ,
Biscoe, P. V. and Dennis, C. D. Pitman, London.

Moorby, J. (1984). Wheat growth and modelling: Conclusion. In_: Wheat 
growth and modelling (eds), Day, W. and Atkin, R. K. Plenum 
Press, New York.

Moorby, J. (1987). Can models hope to guide change? Ann. Bot. 60: 
Supplement 4, 175-188.

Moorby, J. and Grave, C. J. (1980). Root and air temperature effects
on growth and yield of tomatoes and lettuce. Acta Horticulturae 
98: 29-43.

Moore, J.N. (1964). Duration of receptivity to pollination of
flowers of the highbush blueberry and the cultivated 
strawberry. Proc. Amer. Soc. Hort. Sci. 85: 295-301.



292.

Moore, J. N. (1969). Insect pollination of strawberries. J. Amer. Soc. 
Hort. Sci. 94: 362-364.

Moore, J. N. and Hough, L. F. (1962). Relationships between auxin
levels, time of floral induction and vegetative growth of the 
strawberry. Proc. Amer. Soc. Hort. Sci. 81: 255-263.

Moore, J.N. and Scott, D.H. (1965). Effects of gibberellic acid and
blossom removal on runner production of strawberry varieties. 
Proc. Amer. Soc. Hort. Sci. 87: 240-244.

Moore, J. N. and Bowden, H. L. (1967). Response of strawberry varieties 
to date of planting in Arkansas. Proc. Amer. Soc. Hort. Sci. 
91: 231-235.

Moore, J. N. , Brown, G. R. and Brown, E. D. (1970). Comparison of
factors influencing fruit size in large-fruited and small- 
fruited clones of strawberry. J. Amer. Soc. Hort. Sci. 95: 827- 
831.

Morgan, J. M. (1984). Modelling environmental effects on crop
productivity. In: Control of crop productivity (edited by C. J. 
Pearson) Academic Press, Sydney.

Morris, K. (1984). Improving management of nutrition. Grower,
Jan. 26, 1984, p. 27.

Morrow, E. B. (1937). Number and length of runners of strawberry 
varieties. Proc. Amer. Soc. Hort. Sci. 35: 511-513.

Morrow, E. B. and Beaumont, J. H. (1932). Effect of age of plant on
flower production and yield of strawberries in North Carolina, 
proc. Amer. Soc. Hort. Sci. 28: 206-210.

Morrow, E. B, and Darrow, G. M. (1940). Relation of number of leaves in 
November to number of flowers the following spring in the 
Blackmore strawberry. Proc. Amer. Soc. Hort. Sci. 37: 571-573.

Moulton, J. E. and Johnston, S. (1955). Techniques used in
strawberry breeding in Michigan. Proc. Amer. Soc. Hort. Sci. 
69: 243-245.

Mudge, K. W. Narayanan, K. R. and Poovaiah, B. W. (1981). Control of
strawberry fruit set and development with auxins. J. Amer. Soc. 
Hort. Sci. 106: 80-84.

Mutsaers, H. J. W. (1933a). Leaf growth in cotton (Gossypium hirsutum
L. ). I. growth in area of main-stem and sympodial leaves. Ann. 
Biol. 51: 503-520.

Mutsaers, H. J. W. (1983b). Leaf growth in cotton (Gossvmpium hirsutum
L. ). II. the influence of temperature, light, water stress and 
root restriction on the growth and initiation of leaves. Ann. 
Bot. 51: 521-529.



293.

Neal, G. E. (1965). Changes occurring in the cell wall of strawberry 
during ripening. J. Sci. Fol. Agric. 16: 604-611.

Nicoll, M. F. (1984). Variation in expression of the everbearing
fruit in cultivated strawberry (Fragaria Ananassa Duch.). M. Sc. 
thesis of Faculty of the Graduate School of the University of 
Maryland.

Nicoll, M. F. and Galletta, G. J. (1987). Variation in growth and
flowering habits of Junebearing and everbearing strawberries.
I. Amer. Soc. Hort. Sci. 112: 872-880.

Nitch, J.P. (1950). Growth and morphogenesis of the strawberry as 
related to auxin. Amer. J. Bot. 37: 211-215.

Norton, R.A. and Wittwer, S. H. (1963). Foliar and root absorption
and distribution of phosphorus and calcium in the strawberry. 
Proc. Amer. Soc. Hort. Sci. 82: 277-286.

Nye, W.P. and Anderson, J. L. (1974). Insect pollinators frequenting
strawberry blossoms and the effect of honey bees on yield and 
fruit quality. J. Amer. Soc. Hort. Sci. 99: 40-44.

O'Carroll, J.B. and Hennerty, M. J. (1976). Improving the yield of
August-lifted saleable runners in two strawberry cultivars. Ir.
J. Agri. Res. 15: 265-271.

Olsen, J.L., Martin, L. W. , Pelofske, P.P., Breen, P.J. and
Forney, C. F. (1985). Functional growth analysis of field-grown 
strawberry. J. Amer. Soc. Hort. Sci. 110: 89-93.

O'Neil, S. D. , Priestley, P. A. and Chabot, B. F. (1981).
Temperature and aging effects on leaf membranes of a cold hardy 
perennial, Fragaria Virginiana. Plant Physiol. 68: 1409-1415.

Ong, C.K. (1983a). Response to temperature in a stand of pearl
millet (pennisetum 'typhoides S. & H. ). I. Vegetative develop
ment. J. Expl, Bot. 34: 322-336.

Ong, C.K. (1983b). Response to temperature in a stand of pearl
millet -(pennisetum typhoides S. & H. ). II. Reproductive devel
opment. J. Expl. Bot. 34: 337-348.

Ong, C.K. (1983c). Response to temperature in a stand of pearl
millet (pennisetum typhoides S. & H. ). III. Extension of 
individual leaves. J. Expl. Bot. 34: 1731-1739.

Ong, C.K. and Baker, C.K. (1985). Temperature and leaf growth.
In: Control of leaf growth (eds.) W. J. Davies and C.K. Ong.
pp 175-200. Cambridge University Press, Cambridge.

Orchard, B. (1980). Solution heating for tomato crop. Acta. 
Horticulturae 98: 19-28.



Pelofske, P. J. and Lawrence, F. J. (1984). Inheritance of size
relationship of primary and secondary berries of strawberry. 
HortScience 19: 641-642.

Pickett, B.S. (1918). Correlation between fruit and foliage in 
strawberries. Proc. Amer. Soc. Hort. Sci. 14: 56-59.

Piringer, A.A. and Scott, D.H. (1964). Interrelation of photoperiod, 
chilling on flower cluster and runner production in straw
berries. Proc. Amer. Soc. Hort. Sci. 84: 295-301.

Porlingis, I.C. and Boynton, D. (1961). Growth responses of the
strawberry plant, Fragaria Chiloensis var. ananassa, to 
gibberellic acid and to environmental conditions. Proc. Amer. 
Soc. Hort. Sci. 78: 261-269.

Powers, L. (1954). Inheritance of period of blooming in progenies of 
strawberries. Proc. Amer. Soc. Sci. 64: 293-298.

Pritts, M. P. and Worden, K. A. (1988). Effects of duration of flower
and runner removal on productivity of three photoperiodic types 
of strawberries. J. Amer. Soc. Hort. Sci. 113: 185-189.

Proebsting, E.L. (1957). The effect of soil temperature on the
mineral nutrition of the strawberry. Proc. Amer. Soc. Hort. 
Sci. 69: 278-281.

Ramina, A. and Tonutti, P. (1981). The effect of paclobutrazol on
strawberry growth and fruiting. J. Hort. Science. 60: 501-506.

Ratkowsky, D. A. (1983). Nonlinear regression modelling. Marcel 
Dekker, Inc., New York and Basel.

Renquist, A.R. and Breen, J. P. (1980). Drip irrigation and poly
ethylene mulch on Olympus strawberry. In.: The strawberry (ed)
Childers, N. F. Horticultural Publications, FLA.

Renquist, A. R., Breen, P. J. and Martin, L. W. (1982a). Influences of
water status and temperature on leaf elongation in strawberry. 
Scientia Horticulturae 18: 77-85.

LRenquist, A. r. , Breen, P. J. and Martin, L. W. (1982b). Vegetative
growth response of "Olympus' strawberry to polyethylene mulch 
and drip irrigation regimes. J. Amer. Soc. Hort. Sci. 107: 369- 
372.

Renquist, A. R. , Breen, P.J. and Martin, L. W. (1982c). Effects of
polyethylene mulch and summer irrigation regimes on subsequent 
flowering and fruiting of "Olympus' strawberry. J. Amer. soc. 
Hort. Sci. 107: 373-376.

Renquist, A. R. , Breen, P. J. and Martin, L. W. (1982d).' Effects of
black polyethylene mulch on strawberry leaf elongation and 
diurnal leaf water potential. J. Amer. Soc. Hort. Sci, 107: 
640-643.



295.

Reynolds, A. J. (1987). The optimization of plant quality for pro
grammed strawberry production and the development of suitable 
plant production systems. Ph.D. thesis, Wye College, University 
of London.

Richards, F. J. (1959). A flexible growth function for empirical use.
J. Expl. Bot. 10: 290-300.

Richards, F.J. (1969). The quantitative analysis of growth, pp. 1-76. 
In: Plant Physiology - a treatise. VA Analysis of growth
behaviour of plants and their organs (ed. ) F. C. Steward. 
Academic Press, London.

Richey, H. W. , and Schilletter, J. C. (1953). Runner plant formation
in the Dunlap strawberry. Proc. Amer. Soc. Hort. Sci. 65: 281- 
285.

Roberts, E.H. and Summerfield, R. J. (1987). Measurement and
prediction of flowering in annual crops. pp. 17-50. In: 
Manipulation of flowering, (ed. ) J. G. Atherton, Butterworths, 
London.

Roberts, A. N. and Kenworthy, A. L. (1956).' Growth and composition of
the strawberry plant in relation to root temperature and in
tensity of nutrition. Proc. Amer. Soc. Hort. Sci. 68: 157-168.

Robertson, M. and Wood, C. A. (1954a). Studies in the development of
the strawberry. I. Flower bud initiation and development in
early- and late-formed runners in 1951 and 1952. J. Hort. Sci. 
29: 104-111.

Robertson, M. and Wood, C. A. (1954b). Studies in the development of
the strawberry. II. Stolon production by first-year plant in
1952. J. Hort. Sci. 29: 231-234.

Robertson, M. (1955). Studies in the development of the strawberry.
III. Flower bud initiation and development in large-fruited 
perpetual ('remontant') strawberries. J. Hort. Sci. 30: 62-68.

Rodgers, C. 0. , Izsak, E., Kafkafi, U. and Izhar, S. (1985).
Nitrogen rates in strawberry (Fragaria x Ananassa) nursery on 
growth and yield in the field. J. of Plant Nutrition. 8: 147-
162.

Rom, R. C. and Dana, M. N. (1960). Strawberry root growth studies in 
fine sandy loam. Proc. Amer. Soc. Hort. Sci. 75: 367-372.

Roman, A.E.B. (1988). Nutrient uptake of strawberry (Fragaria x
Ananassa Duch. ) under different environmental conditions. A 
Ph. D. thesis of University of London and Institute of Horti
cultural Research, East Mailing.

Roodenburg, J. w. M. (1938). Studies under neon light. J. Royal 
Hort. Soc. 61: 504-509.



296.

Ross, G. J. S. (1981). The use of non-linear regression methods in
crop modelling. In.: Mathematics and plant physiology (eds. )
Rose, D. A. and Charles-Edwards, D. A. Academic Press, London.

Rudolph, V., Thomas, E. and Luck, M. (1984). Strawberry leaf area
determination in site as demonstrated with cultivar 
'Redgauntlet'. Hort. Abstract (1985) Vol. 55: 18.

Ruef, J. W. and Richey, H. W. (1925). A study of flower bud formation
in the Dunlap strawberry. Proc. Amer. Soc. Hort. Sci. 22: 252- 
260.

Russelle, M. P. , Wilhelm, W. W. , Olson, R. A. and Power, J. F. (1984). 
Growth analysis based degree days. Crop Science 24: 28-32.

Sachs, M. and Izsak, E. (1973). Effects of flower position in the
inflorescence on subsequent fruit development and size in 
Fresno and Tioga strawberries. Acta Horticulturae 30: 107-114.

Sannino, G. and Priore, R. (1980). The role of bees (Apis mellifera) 
in the protected cultivation of strawbedrries. Hort. Abstract. 
Vol. 50: 14, 17.

SAS User's Guide: Statistics, Version 5, (1985). SAS Institute Inc.,
Cary, N. C. U. S. A.

Sato, N. and Hiraoka, T. (1971). Study on temperature and management 
in forcing strawberry. I. Effect of heating soil and air on the 
growth and yield of forcing strawberry. Bulletin - Kanagawa 
Horticultural Experimental Station, 19: 76-81.

Sato, N. (1972). Studies on the temperature and management in the
forcing of strawberry. II. The effect of air temperature and 
its combination with root temperature in the night time on the 
growth and nutrition of forced strawberry. Bulletin - Kanagawa 
Horticultural Experimental Station 20: 50-57.

Schaffer, B. , Barden, J.A. and Williams, J. M. (1985). Partitioning of
[1 ̂ Cl] -photosynthate in fruiting and deblossomed day-neutral
strawberry plants. Hort. Science 20: 911-913.

Schaffer, B. , Barden, J.A. and Williams, J. M. (1986a). Net photo
synthesis, stomatal conductance, specific leaf weight and 
chlorophyll content of strawberry plants as influenced by 
fruiting. J. Amer. Soc. Hort. Sci. Ill: 82-86.

Schaffer, B. , Barden, J. A. and Williams, J. M. (1986b). Whole plant
photosynthesis and dry-matter partitioning in fruiting and 
deblossomed day-neutral strawberry plants. J. Amer. Soc. Hort. 
Sci. Ill: 430-433.

Schilletter, J. C. and Richey, H. W. (1930a). Flower counts of Dunlap 
strawberry plant. Proc. Araer. Soc. Hort. Sci. 26: 265-268.



297.

Schilletter, J. C. and Richey, H. W. (1930b). Four years study on the
time of flower bud formation in the Dunlap strawberry. Proc. 
Amer. Soc. Hort. Sci. 27: 175-178.

Schilletter, J.C. (1932). Fruit bud differentiation in the Dunlap
strawberry in relation to the age and position of the plant. 
Proc. Amer. Soc. Hort. Sci. 28: 216-219.

Schwabe, W. W. (1987). The flowering problem. In: Manipulation of 
flowering (ed.) J. G. Atherton. Butterworth, London.

Scott, D. H. and Marth, P. C. (1953). Effect of blossom removal on
growth of newly-set strawberry plants. Proc. Amer. Soc. Hort. 
Sci. 65: 255-256.

Scott, D.H. and Zanzi, C. (1980). Rapid propagation of strawberry
from meristems. In.: The strawberry (ed) N. F. Childers.
Horticultural Publications, FLA.

Shannon, R.E. (1975). System simulation - the art and science. 
Prentice-Hall.

Sherman, W.B. and Janick, J. (1968). Greenhouse evaluation of fruit
size and maturity in strawberry. Proc. Amer. Soc. Hort. Sci.
89: 303-308.

Shoemaker, J. S. (1975). Small fruit culture. The Avi Publishing 
Company, Westport, Connecticut.

Simpson, D. W. and Beech, M. G. (1987). Strawberry breeding in the
United Kingdom. In: Improving vegetatively propagated crops
(eds). A. J. Abbott and R.K. Atkin, Academic Press, London.

Smeets, L. (1955). Runner formation on strawberry plants in autumn
and winter. II. Influence of the light intensity on photo- 
periodic behaviour. Euphytica 4: 240-244.

Smeets, L. (1956). Influence of the temperature on runner production 
in five strawberry varieties. Euphytica. 5: 13-17.

Sraeets, L. (1976). Effect of light intensity on stamen development
in the strawberry cultivar ' Glasa'. Scientia Horticulture 4: 
255-260.

Smeets, L. (1980a). Effects of temperature and daylength on flower
initiation and runner formation in two everbearing strawberry 
cultivars. Scientia Horticulturae 12: 19-26.

Smeets, L. (1980b). Effects of light intensity during flowering on
stamen development in the strawberry cultivars 'Karina' and 
'Sivetta', Scientia Horticulturae 12: 343-346.

Smeets, L. (1980c). Effects of light intensity on forcing of the 
strawberry 'Glasa', Scientia Horticulturae 13: 33-35.



298.

Smeets, L. (1982). Effects of chilling on runner formation and flower 
initiation in the everbearing strawberry Scientia Horti- 
culturae. 17: 43-48.

Smeets, L. and Kronenberg, H. G. (1955). Runner formation on straw
berry plants in autumn and winter. Euphytica. 4: 53-57.

Smith, W. L. and Heinze, P.H. (1958). Effect of colour development at 
harvest on quality of post-harvest ripened strawberries. Proc. 
Amer. Soc. Hort. Sci. 72: 207-211.

Smith, C. R. and Childers, N.F. (1960). Controlled phosphorous,
potassium and magnesium studies with strawberry. Proc. Amer. 
Soc. Hort. Sci. 75: 360-365.

Southwick, S. M. and Poovaiah, B. W. (1987). Auxin movement in
strawberry fruit corresponds to its growth-promoting activity. 
J. Amer. Soc. Hort. Sci. 112: 139-142.

Sproat, B.B., Darrow, G. M. and Beaumont, J.H. (1935). Relation of
leaf area to berry production in the strawberry. Proc. Amer. 
Soc. Hort. Sci. 33: 389-392.

Stang, E. J. and Weis, G.G. (1984). Influence of paclobutrazol plant
growth regulator on strawberry plant growth, fruiting and 
runner suppression. HortScience. 13: 643-645.

Steel, R. G. and Torrie, J.H. (1981). Principles and procedures of
statistics: a biometrical approach (2nd Edition) McGraw-Hill
Book Company, London.

Stewart, D. W. and Dwyer, L. M. (1986). Development of a growth model 
for maize. Can. J. Plant Sci. 66: 267-280.

Strik, B.C. and Proctor, J.T. A. (1988). Yield component analysis
of strawberry genotypes differing in productivity. J. Amer. 
Soc. Hort. Sci. 113:' 124-129.

Stutte, G. W. and Darnell, R.L. (1987). A nondestructive developmental 
index for strawberry. HortScience 22: 218-221.

Sutcliffe, J. (1977). Plants and temperature. Edward Arnold, London.

Szczesniak, A. S. and Smith, B. J. (1969). Observations on strawberry
texture: a three-pronged approach. Journal of Texture Studies.
1: 65-69.

Tafazoli, E. and Shaybany, B. (1978). Influence of nitrogen,
deblossoming and growth regulator treatments on growth, 
flowering, and runner production of the ‘Gem1 everbearing 
strawberry. J. Amer. Soc. Hort. Sci. 103: 372-374.

Tafazoli, E. and Vince-Prue, D. (1979). Fruit set and growth in
strawberry, Fragaria x Ananassa Duch. Ann. Bot. 43: 125-134.



299.

Takai, T. (1970). Effective temperature for chilling and interaction 
of chilling and photoperiod on growth response of strawberry 
varieties. (English Abstract) Bull. Hort. Res. Stn. Series C 
(Morioka), 6: 91-101.

Talboys, P. W. , Bennett, M. and Wilson, J. F. (1960). Tolerance to
verticillium wilt disease in the strawberry, pp. 94-99. Annual 
Report of East Mailing Research Station.

Thomas, H. (1983a). Analysis of the response of leaf extension to
chilling temperatures in Lolium temulentum seedlings. Physiol. 
Plant. 57: 509-513.

Thomas, H. (1983b). Analysis of the nitrogen response of leaf
expansion in Lolium temulentum seedlings. Ann. Bot. 51: 363- 
371.

Thomas, H. and Stoddart, J. L. (1984). Kinetics of leaf growth in
Lolium temulentum at optimal and chilling temperatures. Ann. 
Bot. 53: 341-347.

Thomas, B. and Vince-Prue, D. (1984). Juvenility, photoperiodism
and vernalization. In: Advanced plant physiology, (ed) M. B.
Wilkin, pp. 408-438. Pitman Publishing Ltd., London.

Thompson, P. A. (1961). Some factors regulating the use of maleic
hydrazide for runner control in strawberry plantations. Hort. 
Res. 1: 29-36.

Thompson, P. A. (1961). Evidence for a factor which prevents the
development of parthenocarpic fruits in the strawberry. J. 
Expl. Bot. 12: 199-206.

Thompson, P. A. (1963). The development of embryo, endosperm and
nucleus tissues in relation to receptacle growth in the 
strawberry. Ann. Bot. 27: 589-605.

Thompson, P. A. (1964). The effect of applied growth substances on
development of the strawberry fruit. I. Induction of partheno- 
carpy. J. Expl. Bot. 15: 347-358.

Thompson, P. A. (1967). Promotion of strawberry fruit development by
treatment with growth regulating substances. Hor't. Res. 7: 13-
23.

Thompson, P, A. (1969). The effect of applied growth substances on
development of the strawberry fruit. II. Interactions of Auxin 
and gibberellins. J. Expl. Bot. 20: 626-647.

Thompson, P. A. (1971). Environmental effects on pollination and
receptacle development in the strawberry. J. Hort. Sci. 46: 1-
12.

Thompson, P. A. and Guttridge, C. G. (1959). The effects of gibberellic 
acid on the initiation of flower and runners in the strawberry. 
Nature 183: 264.



300.

Thompson, P. A. and Guttridge, C. G. (1960). The role of leaves as
inhibitors of flower induction in strawberries. Ann. Bot. 24: 
482-490.

Thornl£y, J. H. M. (1976). Mathematical models in plant physiology -
A quantitative approach to problems in plant and crop physio
logy. Academic Press, London.

Turner, D. and Muir, K. (1985). Chapter 9. Strawberry. In: The 
Handbook of soft fruit growing. Croom Helm, London.

Valleau, W. D. (1918). Sterility in the Strawberry. J. Agri. Res. 12: 
613-670.

Valleau, W. D. (1923). The inheritance of flower types and fertility 
in the strawberry. Amer. J. Bot. 10: 259-274.

Varley, J. and Burrage, S. (1981). New solution for lettuce. Grower,
95 (15): 19-25.

Venus, J. C. and Causton, D. R. (1979a). Plant growth analysis: the
use of the Richards function as an alternative to polynomial 
exponentials. Ann. Bot. 43: 623-632.

Venus, J. C. and Causton, D. R. (1979b). Confidence limits for Richards 
function. J. App. Ecology. 16: 939-947.

Vince-Prue, D. and Guttridge, C. G. (1973). Floral initiation in
strawberry: spectral evidence for the regulation of flowering
by long-day inhibition. Planta 110: 165-172.

Vince-Prue, D. , Guttridge, C. G. and Buck, M. W. C. (1976).
Photocontrol of petiole elongation in light-grown strawberry 
plants. Ann. Bot. 110: 165-172.

Vogelezang, J. V. M. (1988). Effects of root-zone heating on growth,
flowering and keeping quality of saitpaulia. Scientia
Horticulturae, 34: 101-113.

Voth, V. and Bringhurst, R. S. (1958). Fruiting and vegetative
responses of Lassen strawberries in southern California as 
influenced by nursery source, time of planting and plant 
chilling history. Proc. Amer. Soc. Hort. Sci. 72:- 186-197.

Voth, V. and Bringhurst, R. S. (1961). Pruning and polyethylene
mulching of summer-planted strawberries in southern California, 
proc. Amer. Soc. Hort. Sci. 78: 275-280.

Voth, V. and Bringhurst, R. S. (1970). Influence of nursery harvest
date, cold storage, and planting date on performance of winter- 
planted California strawberries. J. Amer. Soc. Hort. Sci. 65: 
496-500.

Waithaka, K. , Struckmeyer, B. E. and Dana, M. N. (1978). Growth
substances and growth of strawberry stolons and leaves. J. 
Amer. Soc. Hort. Sci. 103: 480-482.



301.

Waithaka, K. and Dana, M. N. (1978). Effects of growth substances on 
strawberry growth. J. Amer. Soc. Hort. Sci. 103: 627-628.

Waldo, G.F. (1930a). Fruit-bud development in strawberry varieties 
and species. J. Agri. Res. 40: 393-407.

Waldo, G.F. (1930b). Fruit-bud formation in everbearing strawberries. 
J. Agri. Res. 40: 409-416.

Waldo, G. F. (1935). Investigation on runner and fruit production
of everbearing strawberries. U. S. Dept. Agri. Tech. Bull. 
No. 470, pp. 1-15.

Wang, Y. T. and Roberts, A.N. (1983). Influence of air and soil
temperatures on the growth and development of lilium 
longiflorum Thumb during different growth phases. J. Amer. Soc. 
Hort. Sci. 108: 810-815.

Warren Wilson, J. (1981). Analysis of growth, photosynthesis and
light interception for single plants and stands. Ann. Bot. 48: 
507-512.

Way, D. W. and White, G. C. (1968). The influence of vigor and
nitrogen status on the fruitfulness of Talisman strawberry 
plants. J. Hort. Sci. 43: 409-419.

Webb, R. A. (1972). Use of the boundary line in the analysis of 
biological data. J. Hort. Sci. 47: 309-319.

Webb, R. A. (1973). A possible influence of pedicel dimensions on
fruit size and yield in strawberry. Scientia Horticulturae 1: 
321-330.

Webb, R. A. and White, B. A. (1971). The effect of rooting date on
flower production in the strawberry. J. Hort. Sci. 46: 413-423.

Webb, R. A. , White, B.A. and Ellis, R. (1973). The effects of rooting 
date on fruit production in the strawberry. J. Hort. Sci. 48: 
99-110.

Webb, R. A., Purves, J.V. and White, B. A. (1974a). The components of 
fruit size in strawberry. Scientia Horticulturae, 2: 165-174.

Webb, R. A. , Purves, J. V. , White, B. A. and Ellis, R. (1974b).
A critical path analysis of fruit production in strawberry. 
Scientia Horticulturae. 2: 175-184.

Webb, P. A. , Terblanche, J. H. , Purves, J. V. and Beech, M. G. (1978).
Size factors in strawberry fruit. Scientia Horticulturae. 9: 
347-356.

Went, F.W. (1957). The strawberry - Chapter 9. In: Experimental
control of plant growth, Chronica Bot. 17: 129-138. Chronica
Botanica Co. , Waltham, MASS.



302.

Wenzel, W.G. and Smith, C. W. J. (1974). Berry development in a number 
of strawberry (Fragaria Ananassa) varieties. Agroplantae. 6: 
65-66.

White, P.R. (1927). Studies of the physiological anatomy of the 
strawberry. J. Agri. Res. 35: 481-492.

Wilhelm, S. and Nelson, R.0. (1980). Fungal diseases of strawberry.
In: The strawberry (ed) N. F. Childers. Horticultural Publi
cations, FLA, pp 245-293.

Williams, R. F. and Bouma, D. (1970). The physiology of growth in
subterranean clover. I. Seedling growth and the pattern of 
growth at the short apex. Aust. J. Bot. 18: 127-148.

Williams, R. F. and Rijven, H. G. (1970). The physiology of growth in
subterranean clover. II. The dynamics of leaf growth. Aust. J. 
Bot. 18: 149-166.

Wilson, W.F. and Giamalva, M. J. (1954). Days from bloom to harvest
of Louisiana Strawberries. Proc. Amer. Soc. Hort. Sci. 63: 201- 
204.

Woodward, J. R. (1972). Physical and chemical charges in developing 
strawberry fruits. J. Sci. Food. Agri. 23: 465-473.

Woodward, P. J. (1980). New strawberry cultivars. Garden, U.K. (1980). 
105: 281-284.

Yatsu, L. and Boynton, D. (1959). Pipecolic acid in leaves of
strawberry plant as influenced by treatments affecting growth. 
Science. 130: 864-865.

Yu, I.C. , Park, S. K. and Song, K. W. (1971). The effect of shade from 
vines on the growth and yield of strawberry grown in vineyard. 
Research Reports of the Office of Rural Development, Horti
culture 14: 19-23 (English Abstract).

Zielinski, Q. B. and Garren, R. (1952). Effect of beta-naphthoxyacetic 
acid on fruit size in the 'Marshall* strawberry. Bot. Gaz. 114: 
134-139.

Zurawicz, E. (1978). Winter injury of strawberries grown in Poland. 
Acta Horticulturae 81: 137-142.



SECTION 8

APPENDICES



304.

Comparison of the Richards function with its alternative functions

A P P E N D I X  A. T a b l e  1.

in fitting the area of iL5 on the main crown at different root
temperatures.

A obs. A. cal. Residual sum square

15.2’C 212. 19 210. 79 26. 640
Richards 19. 9'C 205. 81 205. 21 14.770

24, 8 *C 212. 05 211. 33 18. 574
29. 4'C 250.25 249. 67 12. 414

15.2'C 212. 19 209.72 47. 627
Logistic 19.0*C 205. 81 204. 26 33. 321

24. 8 ’C 212.05 210.35 36. 670
29. 4*C 250.25 248.61 34. 486

15.2°C 212. 19 212.70 70.053
Gompertz 19. 9°C 205. 81 206.96 57. 182

24. 8 °C 212.05 213. 11 59.810
29. 4 *C 250.25 251. 92 82. 745

15. 2 9C 212. 19 203. 28 2173. 000
Cubic 19.9 °C 205.81 197.48 2147.000

24. 8 °C 212.05 203.99 2183.000
29. 4°C 250.25 239. 89 2887.000

15.2*C 212. 19 250.65 3619.301
Monomolecular 19. 9°C 205. 81 241. 75 3592.44

24. 8'C 212.05 247. 05 3613.570
29. 4 "C 250.25 291. 88 4891. 207

N. B. Logistic a = A/C1 + EXP <b-ct>]
Gompertz a = A EXP C -1EXP Cb-ct>]
Monomolecular a = A C1-EXP (b~ct)]
Cubic a = a + Pot + P,t2 + p*t3

A obs = observed final leaf area; A cal = calculated final leaf area 
from the fitted equation.
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The Richards function parameter estimates and their standard errors 
for single leaf area of successive leaves at different root 
temperatures.

APPENDIX A. Table 2

A
Residual

S.S

Leaf No, Root Temp estimate SE estimate SE estimate SE estimate SE

15,2'C 100,016 0,434 2,037 0,379 0,278 0,015 0,663 0,126 1,878

L3 19,9*0 105,057 0,151 1,942 0,294 0,329 0,0112 0,654 0,108 0,198

24,8*0 90,832 2,428 1,395 0,483 0,296 0,0185 0,523 0,149 2,287

29,4’ C 97,454 0,221 2,293 0,254 0,349 0,0125 0,763 0,0919 0,675

15,2*0 173,629 0,854 2,140 0,541 0,313 0,0209 0,514 0,147 8,072

L4 19,9'C 190,657 0,954 3,054 0,570 0,366 0,0281 0,750 0,177 11,554

24,8*0. 180,134 0,970 2,695 0,632 0,353 0,0292 0,649 0,187 11,536

29,4’ C 203,057 0,378 2,660 0,217 0,350 0,0101 0,686 0,0674 1,770

15,2*0 210,793 1,495 2,686 0,799 0,349 0,0348 0,564 0,215 26,639

L5 19,9*0 205,211 1,098 2,786 0,627 0,361 0,0284 0,576 0,168 14,770

24,8*0 211,334 1,231 2,716 0,695 0,359 0,0314 0,582 0,189 18,574

29,4*0 249,671 1,009 2,795 0,465 0,357 0,0212 0,618 0,131 12,414

15,2*0 185,751 0,936 1,652 0,479 0,262 0,0147 0,421 0,120 7,615

L6 19,9*0 181,470 1,118 1,385 0,810 0,290 0,0241 0,344 0,178 13,152

24,8*0 202,915 2,153 0,791 1,612 0,302 0,0488 0,189 0,333 49,870

29,4’ C 220,882 1,061 1,772 0,592 0,306 0,0200 0,396 0,133 12,221

15,2*0 223,206 0,432 1,466 0,229 0,287 0,00739 0,408 0,0572 1,994

L7 19,9*0 151,331 0,848 1,431 0,551 0,263 0,0174 0,423 0,144 6,709

24,8*0 191,317 1,560 0,691 1,362 0,277 0,0305 0,246 0,248 26,245

29,4*0 215,350 1,442 -0,0431 1,462 0,245 0,0198 0,141 0,172 18,732
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Appendix A. Table 2. Continued

A n
Residual

S,S

Leaf No, Root Teap estimate SE estimate SE estimate SE estimate SE

L8 24,8*C 212,289 1,363 0,325 1,410 0,268 0,0232 0,163 0,184 18,201

29,4*C 185,779 1,444 2,004 0,701 0,279 0,0265 0,594 0,216 20,438

L9 24,8*0 229,991 0,565 1,882 0,286 0,309 0,0107 0,495 0,0785 3,622

29,4‘ C 190,793 0,367 1,927 0,198 0,294 0,00745 0,534 0,0570 1,433

n o 24,8*C 192,283 1,649 0,0226 2,183 0,280 0,0331 0,154 0,280 32,212

29,4'C 164,826 0,661 1,735 0,480 0,318 0,0187 0,521 0,141 5,502

L l l 24,8‘ C 160,743 0,774 0,877 0,679 0,234 0,0190 0,320 0,152 7,477

29,4'C 143,168 0,931 0,751 0,905 0,283 0,0238 2,300 0,194 10,358

L12 29,4#C 134,322 0,970 0,228 1,096 0,264 0,0226 0,223 0,191 10,796

* (1) S .E , is  short for standard error

Residual S,S, i s  short for Residual Sua of Square

* (2) Data values f i t ted  to the Richards function for s ingle leaf area are 

in square centimetres (cm2),
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The Richards function parameter estimates and their standard errors 
for single petiole length of successive leaves at different root 
temperatures.

Appendix A. Table 3.

A n
Residual

S.S

Leaf No, Root Temp estimate SE estimate SE estimate SE estimate SE

15,2'C 7,025 0,136 7,293 3,596 0,542 0,219 3,133 1,778 0,260

L3 19.9*0 8,023 0,0964 6,004 2,302 0,536 0,161 2,607 1,120 0,138

24,8°C 8,210 0,0503 4,356 0,911 0,442 0,0604 2,032 0,476 0,0371

29,4‘ C 9,302 0,0588 3,923 0,888 0,435 0,0585 1,730 0,444 0,0524

15,2‘ C 11,693 0,121 4,584 1,150 0,397 0,0651 1,666 0,500 0,183

LA 19,9*C 12,377 0,0932 5,322 1,345 0,513 0,0927 1,948 0,572 0,129

24,8*C 13,691 0,0228 3,885 0,234 0,433 0,0150 1,511 0,106 0,00777

29,4*C 14,992 0,0167 2,291 0,115 0,369 0,00637 0,893 0,0470 0,00424

15,2‘ C 13,221 0,191 4,774 1,638 0,419 0,0926 1,468 0,638 0,468

L5 19,9’ C 13,752 0,140 5,203 1,440 0,479 0,0928 1,730 0,576 0,277

24,8aC 14,817 0,113 3,148 0,888 0,377 0,0499 1,103 0,360 0,173

23,4 9C 16,055 0,114 2,923 0,864 0,388 0,0489 1,016 0,346 0,192

15,2*0 14,634 0,134 4,415 1,019 0,404 0,0530 1,444 0,410 0,230

LG 19,9°C 13,461 0,103 5,281 1,484 0,526 0,104 1,856 0,611 0,161

24,8 ’ C 15,804 0,135 3,634 1,114 0,409 0,0660 1,183 0,436 0,255

29,4*0 16,395 0,139 2,229 0,890 0,332 0,0428 0,780 0,328 0,256

15,2*0 15,691 0,110 8,347 1,624 0,666 0,113 3,392 0,739 0,184

L7 19,9*0 10,601 0,129 2,887 1,232 0,340 0,0664 1,157 0,542 0,210

24,8*0 15,078 0,108 3,705 1,050 0,462 0,0635 1,325 0,453 0,189

23,4*0 16,060 0,0813 2,545 0,556 0,359 0,0296 0,917 0,220 0,0932
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Appendix A. Table 3. Continued

A b c n
Residual

S.S

Leaf No, Root Teap estimate SE estimate SE estimate SE estimate SE

L8 24,8'C 15,380 0,0668 2,511 0,471 0,361 0,0254 0,931 0,190 0,0640

29,4’ C 15,898 0,0354 2,209 0,223 0,329 0,0110 0,835 0,0869 0,0165

L9 24,8*C 15,983 0,0586 3,522 0,497 0,422 0,0305 1,251 0,208 0,0513

29,4“C 15,882 0,0184 3,085 0,129 0,369 0,00726 1,149 0,0548 0,00458

L10 24,8*0 15,747 0,0178 2,565 0,125 0,392 0,00746 0,976 0,0534 0,00500

29,4aC 14,927 0,0285 3,052 0,230 0,404 0,0139 1,151 0,0995 0,0125

L l l 24,8*C 15,894 0,00849 2,901 0,0607 0,437 0,00390 1,082 0,0263 0,00121

29,4’ C 14,640 0,114 2,676 0,854 0,403 0,0515 1,021 0,364 0,207

L12 29,4 aC 14,053 0,0295 3,090 0,250 0,429 0,0159 1,193 0,111 0,0142

* (1) S,E, is  short for standard error

Residual S.S, is  short for Residual Sua of Square

* (2) Data f i t ted  to the Richards function for each petiole length are 

in centimetres (cm),
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Responses of petiole lengths (cm) to root temperatures of 
15.2'C, 24.8#C and 29.4*C.

Appendix A. Table 4

15. 2 ’C 24. 8 *C 29. 4*C cv <%)

Average length of 
3 Leaves (F3)

First
5. 586 6. 073 6. 545 6. 65

Average length of 
3 Leaves (L3)

Last
8.494ab 6. 78b 9. 93a 10. 64

Average length of 
between F3 and ]

Leaves
L3 13.850 15.356 15.493 4. 61

Average length of total Leaves 9. 764b 11. 784a 12.591a 3. 52

Accumulated total 
length/piant

petiole
97.642c 176.760b 188.867a 3. 28

1. Mean separation by LSD at p = 0.05 Level.

2. Means followed by a different letter within each row are 
significantly different and those without lettering mean 
that F-test at p = 0.05 is not significant.



Appendix A. Table 5
Responses of Leaf areas (cm2) to root temperatures of 
15. 2‘C, 24. 8’C and 29. 4*C.

310.

15. 2*C 24. 8*C 29.4*C cv (%)

Average Leaf area of 
3 Leaves (F3)

f irst
72.947 70.208 75.932 8. 40

Average Leaf area of 
3 Leaves (L3)

Last
108.533a 48.765c 88.924b 14. 98

Average Leaf area of 
between F3 and L3

Leaves
198.495 192.847 190.016 5. 15

Average Leaf area of 
Leaves

total
133. 842 139.503 146. 981 4. 15

Accumulated total Leaf area/ 
plant 1338.420c 2092.540b 2204.720a 4. 41

* 1. Mean separation by LSD at p = 0.05 level.

2. Means followed by a different letter within each row are 
significantly different and those without lettering mean 
that F-test at p = 0.05 is not significant.
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3 1 1 .

15.6°C*R 15.6°C*NH

Fig.1 Number of stolons expressed as a percentage of available 
axillary buds for each leaf position at root temperatu
res of 15.6°C and 26.7'=’C with stolons removed (R) and 
nonremoved(NR). Vertical bars represent standard errors.
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15.6°C*R

Leaf*

300 -
1 5 .6 2 * N R

80 -

60 -

40 -

Positions

Fig.2 Number of branch crowns expressed as a percentage of 
available axillary buds for each leaf position at root 
temperatures of 1 S . S ° ^ C  and 26.7^0 with stolons removed 
(R) and nonremoved(NR). Vertical bars represent stand
ard errors.
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P o s m o f a T  ° f
removed^Rrand^3 °f 15'6'’C and 26.7-C with stolons 
- n t  Sti^dard errorsm°Ved(NR)- Vertical repre-
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Appendix B. Table 1
The influence of root temperatures of 15.6*C and 26.7*C, and stolon 
status on the number of leaves formed by ' cv. Hapil' strawberry 
plants.

Treatment

No, enclosed in  
crown bud a t  
s t a r t  of Expt ,

No, emerged 
during Expt

No, enclosed in  
crown bud a t  end 
of Exp t ,

No, i n i t i a t e d  
during Expt ,

2 6 ,7 flC 5.1 16,1 6 ,0 17,0

15 ,6*C 5,1 11,2 4 ,9 11,0

Runner Removed (R ) 5,1 14,4 5 ,6 14,9

Runner Non-removed 
(NR) 5,1 12,8 5 ,3 13,0

2 6 ,7 SC x R 5,1 17,1 6,1 18,1

2 6 ,7°C x NR 5,1 15,2 5 ,9 16,0

1 5 ,6 0 C x R 5,1 11,7 5 ,0 11,6

15 ,6°C x NR 5,1 10,3 4 ,7 9 ,9
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Appendix B. Table 2
Responses of the accumulative leaf number to root temperatures of
15.6*C and 26. 7*C and stolon status.

The accum ulat ive l e a f .number

Days from p la n t in g

7 14 21 28 35 42 49 56 63 70 77 84

Root Temp,

IS . 6°C 2 ,0 3 ,0 3 ,7 4 ,6 5 ,3 6 ,2 6 ,7 7 ,4 8 ,3 9,1 10,1 11,0

2 6 ,7 aC 2 ,3 3 ,6 5 ,0 6 ,2 7 ,2 8 ,6 9 ,7 10,9 12,1 13,5 14,8 16,1

Sto lon s t a tu s

Runner
Removed (R )  2 ,2 3 ,3 4 ,3 5 ,5 6 ,3 7 ,6 8 ,6 9 ,8 10,8 12,0 13,1 14,4

Runner Non- 
removed (NR) 2,1 3 ,3 4 ,4 5 ,3 6 ,2 7,1 7 ,8 8 ,5 3 ,5 10,6 11,7 12,8

In te ra c t io n

15,6 x R 2 ,0 3 ,0 3 .6 4 ,7 5 ,3 6 ,3 6 ,3 7 ,8 8 ,8 9 ,6 10,7 11,7

15,6 x  NR 2 ,0 3,1 3, S 4 ,6 5 ,3 6,1 6 ,5 7,1 7 ,8 8 .6 3 ,5 10,3

26 ,7  x R 2 ,3 3 ,7 5,1 6 ,3 7 ,3 3 ,0 10,3 11,8 12,9 14,4 15,6 17,1

26 ,7  x NR 2 ,2 3 ,5 5 ,0 6,1 7,1 3 ,2 3 ,0 10,0 11.3 12,7 14,0 15,2

S ig n i f i c a n c e  of 
F - t e s t  a t  p = 0 ,05

Root temp S S S S S S S S S S  S S 
( 0 , 2 3 ) ( 0 , 3 2 ) ( 0 , 4 3 ) ( 0 , 5 6 ) ( 0 , 4 2 ) C0 , 3 6 ) ( 0 , 6 3 ) C0 ,4 3 ) ( 0 . 5 6 ) ( 0 , 5 5 ) ( 0 ,3 7 ) ( 0 ,4 0 )

Sto lon s ta tu s  
NS NS NS NS NS

S S 
( 0 .2 5 ) ( 0 ,2 3

S
i ) ( 0 , 32

S ‘ S S S 
) ( 0 , 3 7 ) ( 0 , 4 7 ) ( 0 , 3 9 ) ( 0 , 5 0 )

In te ra c t io n
NS NS NS NS . NS

S S s 
( 0 ,4 4 )  ( 0 , 6 7 ) ( 0 , 54) NS NS NS NS

cvC%) for i n t e r a c t io n  
4 ,7  3 ,9 3 ,5 3 ,3 4,1 2 ,8 2 ,3 2 ,9 3 ,0 3 ,4 2 ,6 3 ,0

* 1, S -  S i g n i f i c a n t  NS - N o n -s ig n i f ic a n t  
2, Values in  the b rack e ts  are LSQ a t  p = 0 ,05  when F - t e s t  i s  s i g n i f i c a n t ,
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Appendix B. Table 2 Continued

Responses of days from planting of the first leaf death and total 
dead leaves to root temperatures of 15.6*C and 26.7*C and stolon 
status.

Days from p la n t in g  
of f i r s t  lea f  death

T o ta l  dead 
le a f  number

Root Temp,

15 ,6  * C 43 ,5 3 ,0

2 6 ,7 4C 33,1 5 ,7

Sto lon s t a tu s

Runner Removed (R ) 45 ,9 4 ,4

Runner Non-removed CNR) 41 ,8 4 .2

In te ra c t io n

15,6 x R 51 ,3 3 ,0

15,6 x NR 47 ,8 2 ,9

26 ,7  x R 40 ,5 5 ,9

26 ,7  x NR --3 5 ,8 5 ,6

S ig n i f i c a n c e  of F - t e s t  
at p = 0 ,05

Root Temp, S ( 4 , 9) SCO,21)

Sto lon s ta tu s NS NS

In te ra c t io n NS NS

cv ( J4) fo r  in t e r a c t io n 13,3 4 ,6

* 1, S - S ig n i f i c a n t  NS - M o n -s ig n i f ic a n t

2, Values in  the bracket are  LSD a t  p = 0 ,05  when F - t e s t i s  s i g n i f i c a n t ,
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Appendix B. Table 3.
Effects of root temperatures of 15. 6*C and 26.7*Cf and stolon status
on leaf areas (cm2).

Average Leaf 
Area of f i r s t  
3 Leaves

Average Leaf 
Area of Last 
3 Leaves

Average Leaf 
Area of leaves 

between

Average Leaf 
Area of total 

leaves

Accumulated 
total Leaf 
area/plant

(F3) (L3) F3 and L3

Root tamp,

15,6‘ C 83,8 126,0 222,2 158,5 1754,0

26,7‘ C 86,1 90,3 220,0 170,8 2744,0

Stolon Status

Runner 
Removed (R) 87,3 99,5 235,1 175,3 2557,0

Runner Non- 
removed (NR) 82,6 * 116,8 207,1 154,0 1941,0

Interaction

15,6 x R 86,9 117,5 236,0 169,1 2029,0

15,6 x NR 80,6 134,5 208,4 147,9 1479,0

26,7 x R 87,7 81,6 234,3 181,5 3085,0

26,7 x NR 84,5 99,0 205,7 160,1 2402,0

Significance of 
F-test at p = 0,05

Root temp, NS S (21,7) NS S(7 ,4) S( 104,71)

Stolon status NS SCI 1,7) S(18,8) S ( 10,67) SC 156,6)

Interaction NS NS NS NS NS

c v ( l )  for interaction 5,8 8,9 6,9 5,3 5,7

1, S - s ign if ican t NS - Non-significant
2, Values in the bracket are LSD at p= 0,05 when F-test is  s ign if ican t ,
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Appendix B. Table 4.
Effects of root temperatures of 15.6*C and 26.7*C and stolon status
on petiole length (cm).

Average length 
of F i r s t  
3 Leaves

(F3)

Average length 
of Last 

3 Leaves

(L3)

Average length 
of leaves 
between

F3 and L3

Average length 
of total 

leaves

Accumulated 
total petiole 
length/plant

Root teap,

15,6*0 6,09 11,0 15,76 11,80 130,10

26,7*0 6,26 11,49 17,22 14,10 226,50

Stolon Status

Runner 
Reaovad (R) 6,27 11,19 17,04 13,57 200,28

Runner Non-
reaoved (NR) 6,08 11,31 15,94 12,33 156,33

Interaction

15,6 x R 6,31 10,62 15,80 12,13 145,59

15,6 x NR 5,88 11,39 15,71 11,46 114,62

26,7 x R 6,24 11,75 18,27 15,00 254,96

26,7 x NR 6,29 11,23 16,17 13,20 198,05

Significance of 
F-test at p = 0,05

Root temp. NS NS S ( l .O l ) S (0 ,9 ) S (1 0 ,12)

Stolon status NS NS SCO.47) S(0,38) S (4 ,82)

Interaction NS NS 3(1,11) SCO,93) 3(11,20)

cv(X) for interaction 5,7 8.8 2,4 2,4 2,2

1, S - s ign if ican t  NS - Non-significant
2, Values in the bracket are LSD at p= 0,05 when F-test i s  s ign if icant
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Appendix B. Table 5.
Effects of root temperatures of 15. 6*C and 26.7*C and stolon status 
on the fate of available axillary buds on the main crown. (Data 
presented as the percentage).

Stolon foraation Branch crown foraation Foraation of either stolon
or branch crown

Ave, of Ave, of Ave, of Ave, of Ave, of Ave, of Ave, of Ave, of Ave, of
total F i r s t  4 Leaves total F i r s t  4 Leaves Total F i r s t  4 Leaves
a x i l la ry leaves above a x i l la ry leaves above a x i l la ry leaves above F4

buds (F4) F4 buds (F4) F4 buds (F4)

Root teap,

15,6*0 45,67 3,12 70,30 9,55 25,00 1,25 66,66 38,70 70,70

26,7*C 59,21 10,0 75,50 7,42 30,60 0,00 54,74 26,90 75,50

Stolon Status

Runner 
Reaoved (R) 61,22 7,50 82,50 11,64 40,00 1.25 72,64 46,20 83,80

Runner Non-
reaoved (NR) 43,66 5,62 63,30 5,33 15,60 0,00 48,76 19,40 62,50

Interaction

15,6 x R 53,35 3,75 78,10 12,10 32,50 2,50 64,97 33,70 80,'60

15,6 x NR 38,00 2,50 62,50 7,00 17,50 0,00 44,50 20,00 60,80

26,7 x R 63,10 11,25 86,90 11,18 47,50 0,00 80,30 53,70 86,90

26,7 x NR 43,32 8,75 64,10 3,67 13,70 0,00 53,02 18,70 64,10

Significance 
of F-test at 
p = 0,05

Root teap. S (4 ,17) NS NS NS NS NS 8(4,75) NS NS

Stolon
status 8(3,36) NS S(4,99) SC2.57) 8(11,55) NS S(3 ,6S) 8(14,43) 8(5,38)

Interaction NS NS NS NS NS NS NS NS NS

cv(X) for 
interaction 5,2 52,7 5,6 24,8 33,90 23,09 4,90 35,90 6,0

1, S - s ign if ican t NS - Non-significant

2, Values in the bracket are LSD at p= 0,05 when F-test is  s ign if icant ,
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Appendix B. Table 6.
Effects of root temperatures of 15.6*C and 26.7*C and stolon status 
on the number of both stolon formation and branch crown production 
per plant.

Stolons on the 
Bain crown

Stolons on the 
branch crown

Stolons on both 
the sain and the 
branch crowns

Branch crowns

Root tamp,

15,6‘ C 5,13 2,65 7,78 1,08

26,7'C 9,57 5,70 15,27 1,23

Stolon Status

Runner 
Removed (R) 9,07 7,57 16,62 1,63

Runner Non-
ramoved (NR) 5,63 0,77 6,40 0,63

Interaction

15,6 x R 6,40 4,60 10,95 1,45

15,6 x NR 3,85 0,70 4,55 0,70

26,7 x R 11,75 10,55 22,30 1,90

26,7 x NR 7,40 0,85 8,25 0,55

Significance of
F-tast at p = 0,05 

Root temp, 3(0,55) SC2,03) S (2 ,12) NS

Stolon status 3(0,51) 3(1,73) S C I ,56) SCO,33)

Interaction SCO,74) S (2 ,67) 8(2,63) NS

c v ( l )  for interaction 5,6 33,9 11,1 23,3

* 1, S - s ign if ican t NS - Non-significant 
2, Values in the bracket are LSD at p= 0,05 when F-test is  s ign if ican t ,
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Appendix B. Table 7
Effects of root temperatures of 15.6*C and 26.7*C and stolon status
on dry weights <g) of different components per plant.

'Stem' Crown Leaf 
blades

Roots 'S to lo n  cha in ' To ta l  dry weight

Root temp,

15 ,6°C 5 ,34 11,21 5 ,27 24,72

26 ,7  *C 7 ,89 16,47 4 ,04 33 ,32

Sto lon  S ta tu s

Runner 
Removed (R ) 9 ,90 18,46 5 ,64 34,00

Runner Mon- 
removed (NR) 3 ,33 9,22 3 ,66 30,64

In te r a c t io n

15,6 x R 7 ,44 14,03- 6 ,18 27,71

15,6 x NR 3,24 8,33 4 ,36  5 ,80 21,73

26 ,7  x R 12,36 22,83 5,11 40,23

26 ,7  x NR 3 ,42 10,10 2 ,97  23 ,05 33,54

S ig n i f i c a n c e  of 
F - t e s t  a t  p = 0 ,05

Root temp, S<1,81) 8 (3 ,3 6 ) SCO,62) 8 (6 ,5 1 ) 3 (3 ,6 4 )

Sto lon  s ta tu s S C I , 59) 8 (2 ,8 7 ) SCO,60) 3 (3 ,3 0 )

In te ra c t io n 8 (2 ,4 1 ) 8 (4 ,4 2 ) NS NS

c v (X )  fo r  
in t e r a c t io n 13,6 17,0 10,5 26 ,0* 3 .3

N, 8, 1, * -  c v m
2, S -  s i g n i f
3, Values in

from ANOVA of completely randomized design
ic a n t  NS -  N o n s ig n if ican t
the b racke t  are  LSD at p = 0 ,05  when F - t e s t  i s s i g n i f i c a n t
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Appendix B. Table 8.
Effects of root temperatures of 15.6*C and 26. 7*C on earliness of 
inflorescence emergence, anthesis, fruit colour turn and ripening.

15. 6 *C 26. 74C F-test at 
p = 0. 05

cv(%)

1. Days from planting to in
florescence emergence 16. 6 12. 7 S 1. 5

2. Days from inflorescence 
emergence to primary 
flower anthesis 9. 4 7. 9 S 3. 8

3. Days from primary flower 
anthesis to

3a Secondary flower anthesis 2. 8 2. 6 NS 8. 9
3b Tertiary flower anthesis 6. 3 7. 4 S 8. 4
3c Quaternary flower anthesis 11. 2 13. 7 S 9. 2

4. Days from flower anthesis 
to fruit colour turn of

4a Primary fruit 20. 7 19. 9 S 1. 6
4b Secondary fruit 22. 2 21. 3 S 1. 9
4c Tertiary fruit 24. 3 22. 8 s 2. 0
4d Quaternary fruit 24. 0 23. 6 s 1. 0

5. Days from flower anthesis to 
fruit ripening of

5a Primary fruit 24. 2 23. 0 s 0. 5
5b Secondary fruit 25. 5 24. 2 s 2. 1
5c Tertiary fruit 26. 6 25. 3 s 1. 1
5d Quaternary fruit 26. 2 26. 3 , NS 0. 4

;*S - significant NS - Non-significant.
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Appendix B. Table 9
Effects of root temperatures of 15.6’C and 26. 7*C on flower number 
per inflorescence, single fruit weight and fruit yield at different 
fruit positions.

15.6’C 26. 7*C F-test at cv (%)

1. Flower number per
inflorescence of

Primary position 1. 0 1. 0 NS 0. 0
Secondary position 2. 0 2. 0 NS 0. 0
Tertiary position 3. 6 3. 6 NS 2. 6
Quaternary position 2. 3 2. 0 NS 15. 2
Total 8. 9 8. 6 NS 4. 2

2. Single fruit weight <g) of

Primary fruit 28. 42 21. 85 S 4. 0
Secondary fruit 13. 62 13. 08 S 1. 7
Tertiary fruit 6. 75 4. 97 S 3. 0
Quaternary fruit 1. 54 0. 97 S 6. 3

3. Fruit yield (g) per
inflorescence of

Primary fruit 28. 42 21. 85 S 4. 0
Secondary fruit 27. 24 26. 16 S 1. 70
Tertiary fruit 24. 07 17. 85 s 4. 9
Quaternary fruit 3. 59 1. 96 s 21. 7
Total 83. 33 67. 93 s 1. 2

* S - significant NS - Nonsignificant.
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Appendix C. Table 1.
Records of the accumulated primary stolon length (cm) of SI, S2 and
S3 at 10. 2 ’C, 14. 1*C, 18.7X and 23.O'C in 1986.

23,0‘ C 18,7'C 14,1*C 10,2*C
Qays froa 
eaergence

Si S2 S3 SI S2 S3 SI $2 S3 SI S2

0 0,633 0,527 0,600 0,513 0,543 0,603 0,523 0,523 0,523 0,455 0,470

5 12,797 12,513 12,757 12,230 11,377 11,930 11,643 11,660 11,310 7,920 7,300

10 29,657 30,037 31,290 29,197 25,877 27,727 27,153 25,300 26,660 16,293 16,800

IS 44,993 44,687 44,790 43,803 40,597 43,147 43,800 37,233 43,000 29,845 31,000

20 57,887 58,490 58,363 56,98 53,973 58,627 53,540 54,977 55,543 40,925 41,200

25 75,743 74,830 74,100 73,257 70,967 72,857 69,993 71,633 71,257 52,995 53,500

30 86,433 85,250 86,113 84,257 82,940 80,993 82,626 84,13 81,890 62,250 66,500

35 100,073 99,480 101,917 99,647 99,693 98,647 95,973 76,450

40 116,010 115,100 113,083 114,827 113,647 116,577 109,580 88,775

45 129,483 126,227 129,750 125,607 123,693 128,725 122,747

50 143,129 141,277 139,760 139,200 139,737

55 159,687 156,153

Data are means of three replicates of 5 plants
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Appendix C. Table 2.
Records of the accumulated length (cm) of different primary stolon
orders at 15.2'C, 24. 8 #C and 29. 4*C in 1987.

29,4aC 24,8'C 1S,2*C
Days .....................................................
f roa
emer- SI S2 S3 S4 S5 S6 S! S2 S3 S4 S5 S6 SI S2 S3 $4 
genes......... ...........................................
0 0,57 0,55 0,60 0,53 0,49 0,57 0,59 0,58 0,49 0,46 0,46
5 13,49 12,94 14,12 13,91 14,54 16,73 12,77 13,21 12,45 14,65 15,12
10 31,59 32,15 32,22 31,72 31,68 34,22 31,43 29,83 28,35 31,79 35,53
15 43,43 47,53 48,15 46,86 46,46 48,67 45,96 47,00 43,09 47,48 48,61
20 57,97 60,93 62,80 63,25 64,28 64,12 59,98 59,63 57,66 62,11 67,31
25 76,87 81,17 80,86 79,95 79,13 78,22 72,64 78,17
30 90,19 92,12 94,25 92,17 90,86 90,82 88,33
35105,03110,03108,48112,43 110,25103,73101,91
40124,18127,06124,08 125,93117,17114,25
45136,78137,83 135,60130,79
50147,77 149,23
55154,44 162,98

0,40 0,33 0,46 0,42 0,36 
17,43 9,36 10,32 13,68 14,41 
25,34 26,93 27,86 32,05 31,99 
48,42 42,68 42,93 47,28 46,95 
63,77 55,22 58,56 61,29 

71,82 74,86 75,32 
86,95 86,44 
101,71100,38 
117,53114,96 
129,78 
142,06

* Data are aeans of three replicates of 5 plants,
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Appendix C. Table 3.
Records of the accumulated length (cm) of different primary stolon
orders on a specific plant at 29. 4*C in 1987.

Date of 
emergence

5/23 5/27 6/6 6/9 6/11 6/14 6/21 6/22 6/26 6/30 7/20

Days from 
emergence

MSI MS2 MS3

i 1 
CO
 

1 
to
 

1 1 1

MSS ESS BS7 MS3 MS9 MS10 MSI 1

0 0,3 0,6 0,8 0,6 0,7 0,7 0,3 0,3 0,3 0,3 0,3
5 10,0 10,8 13,2 11,2 12,2 10,2 17,8 17,0 15,2 16,5
10 28,4 31,5 30,4 25,0 31,5 26,0 31,5 33,0 32,0 32,5
15 43,5 47,5 45,5 37,0 43,6 39,2 43,5 45,5 47,0 44,0
20 52,5 60,3 57,6 50,5 57,2 56,2 65,0 64,0 66,0 59,5
25 74,0 76,0 77,5 70,2 63,5 72,5 74,5 80,2 76,8
30 88,5 84,6 88,5 73,5 87,5 85,5 90,2
35 104,0 104,0 110,0 96,5 109,5 103,0
40 123,1 123,0 127,9 118,5 122,7
45 132,0 136,0
50 146,0 151,5
55 161,2

MS - stolons on the main crown 
6S - stolons on the branch crown
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Appendix D. Table 1.
Daily Records of the mean cubicle aerial temperatures for the 
experiments of both 1986 and 1987.

Days after 1986 1987 Days after 1986 1987 Days after 1986 1987 Days after 1986 1987 
planting planting planting planting

1 23,5 23,8 31 23,8 25,2 61 24,3 26,1
2 22,8 22,0 32 25,0 25,3 62 25,0 24,5
3 23,3 26,0 33 25,0 20,9 63 25,0 22,3
4 22,5 21,4 14 24,5 24,2 64 25,3 24,1
5 24,0 26,0 35 25,3 25,4 65 20,5 25,5
6 24,0 22,7 36 25,5 23,0 66 18,8 27,3
7 24,0 24,5 37 23,8 23,0 67 21,3 28,6
8 13.5 25,5 38 22,8 22,2 68 20,5 25,0
9 23,5 25,5 39 25,0 25,3 69 22,5 26,7
10 22,0 25,8 40 22,7 21,0 70 23,5 24,7
11 18,8 22,9 41 24,5 24,3 71 23,8 26,6
12 17,8 22,6 42 21,5 24,7 72 24,8 25,0
13 19,8 22,9 43 24,0 24,3 73 23,8 25,2
14 18,8 23,7 44 26,5 24,5 74 23,3 26,9
15 24,8 25,5 45 24,0 24,3 75 21,3 24,8
16 23,3 23,4 46 23,5 24,5 76 26,3 25,3
17 26,0 23,4 47 24,3 23,3 77 24,8 24,2
18 21,3 21,9 48 24,3 24,5 78 27,0 21,3
19 21,0 22,6 49 24,0 23,4 79 20,8 23,7
20 27,5 22,1 50 24,8 21,3 80 20,8 21,2
21 21,8 22,3 51 22,3 25,9 81 29,0 22,4
22 23,3 23,0 52 24,5 22,8 82 26,0 23,8
23 22,0 21,5 S3 27,0 21,5 83 23,8 23,9
24 25,5 24,5 54 24,3 22,9 84 24,3 22,0
25 18,0 23,3 55 23,8 24,8 85 22,8 -
26 21,3 23,6 56 25,5 22,0 86 23,5 -
27 24,0 22,5 57 23,8 22,3 87 22,0 -

28 24,0 25,3 58 24,0 25,4 88 22,0 -

29 27,0 24,3 59 26,0 26,8 89 22,8 -

30 25,5 23,8 60 26,8 27,6 90 28,0 -
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APPENDIX E. TABLE 1.
The Richards function parameter estimates and their standard errors 
for single leaf area of L5, L6 and L7 at photoperiods of 10 hrs, 12 
hrs, 14 hrs and 16 hrs.

A b c n

Obs. Est. SE Est. SE Est, SE Est. SE Residual 
S.S

10hrs 194,050 194,5497 0,7016 0,7159 0,4722 0,2549 0,01102 0,2765 0,09405 4,7593LS 12hrs 230,735 231,2726 0,3010 3,8282 0,1277 0,3565 0,00608 0,9753 0,04367 1,028814hrs 228,3330230,0750 1,5797 2,1356 0,6048 0,2726 0,02078 0,5218 0,1672 21,981816hrs 226,7330227,2766 0,7456 2,4137 0,3332 0,3156 0,01351 0,5774 0,09505 6,0705

10hrs 225,069 225,7158 0,3648 2,0729 0,1621 0,2976 0,006281 0,5617 0,04754 1,4119L6 12hrs 267,955 269,8476 1,7367 1,3610 0.7052 0,2622 0,01903 0,3290 0,1503 26,538114hrs 252,8790253,1111 1,6616 1,0793 1,1263 0,2762 0,03080 0,2438 0,1364 15,9484
16hrs 256,9070259,2793 3,1037 0,2788 2,0058 0,2343 0,03002 0,1570 0,2531 73,2331

10hrs 222,2980 222,6910 0,4109 1,4478 0,2135 0,2830 0,006825 0,4071 0,05344 1,7715
L7 12hrs 265,0560265,8821 0,8669 1,8806 0,3361 0,2869 0,01129 0,4384 0,08415 7,410914hrs 266,055 268,6575 2,8850 0,9692 1,2436 0,2428 0,02761 0,2638 0,2306 65,1054

16hrs 273,3100273,9852 1,5328 0,1752 1,3435 0,2351 0,01869 0,1250 1,3933 21,7752

(1) Obs. = Observed, Est. = Estimated, SE = Standard Error, 
Residual S.S. = residual sum of square.

(2) Data values fitted to the Richards function for single leaf 
area in square centimetres (cm2).
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APPENDIX E. TABLE 2

The Richard function parameters estimates and their standard errors 
for single petiole length of L5, L6 and L7 at photoperiods of 10 hrs,
12 h r s ,  14 h r s  a n d  16 h r s .

A b c n

Obs, Est, SE Est, SE Est,  SE Est, SE Residual

s.s

10 hrs 15,938 15,8720 0,1302 2,1323 0,8545 0,3385 0,04188 0,7747 0,3201 0,2336
L5 12 hrs 18,385 18,4153 0,04804 2,8741 0,2458 0,3236 0,01211 0,9897 0,09617 0,02647

14 hrs 20,6560 20,6564 0,08393 1,7543 0,4065 0,2936 0,01670 0,6141 0,1345 0,08457
16 hrs 20,257 20,1337 0,03166 1,8758 0,4883 0,3460 0,02300 0,6585 0,1703 0,1221

10 hrs 17,154 17,1230 0,0773 2,6733 0,5002 0,3569 0,02641 0,9346 0,1356 0,08115
L6 12 hrs 20,688 20,7308 0,1543 2,0298 0,7208 0,2981 0,03013 0,6587 0,2405 0,2670

14 hrs 23,600 23,5774 0,06429 2,6237 0,2913 0,3339 0,01431 0,8306 0,1043 0,05168
16 hrs 23,288 23,2152 0,1064 1,7435 0,5105 0,3310 0,02136 0,5876 0,1658 0,1563

10 hrs 16,890 16,8427 0,08807 1,6651 0,5176 0,3108 0,02254 0,6358 0,1735 0,1016
L7 12 hrs 22,4200 22,4158 0,05471 3,3907 0,2415 0,3493 0,01262 1,1280 0,09534 0,03562

14 hrs 25,6700 25,6311 0,07913 1,9242 0,3303 0,3143 0,01333 0,6186 0,1073 0,07731
16 hrs 25,7700 25,8357 0,09416 1,2061 0,4052 0,3073 0,01484 0,4532 0,1156 0,1185

* (1) Obs. = Observed, Est. = Estimated, SE = Standard Error, 
Residual S.S. = Residual Sura of square.

(2) Data values fitted to the Richards function for. each petiole 
length are in centimetres (cm).
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APPENDIX F. TABLE 1
Weekly daylength variation every month in a year at Wye
MONTH SUNRISE SUNSET DAYLENGTH
JAN 8. 05 16. 08 8. 03

8. 01 16. 18 8. 17
7. 55 16. 29 8. 34
7. 46 16. 42 8. 56

FEB 7. 36 16. 54 9. 18
7. 24 17.07 9. 43
7. 11 17. 21 10. 10
6. 56 17. 32 10. 36

MAR 6. 41 17. 45 11. 04
6. 26 17. 57 11. 31
6. 11 18. 09 11. 58
5. 54 18. 21 12. 27
6. 38 19. 32 12. 54

APR 6. 22 19. 44 13. 22
6. 07 19. 56 13. 49
5. 52 20. 08 14. 16
5. 38 20. 19 14. 41

MAY 5. 25 20. 31 15. 06
5. 13 20. 42 15. 29
5. 03 20. 52 15. 49
4. 55 21.01 ■ 16. 06
4. 48 21. 09 16. 21

JUN 4. 44 21. 16 16. 32
4. 43 21. 21 16. 38
4. 44 21. 22 16. 38
4. 47 21. 21 16. 34

JUL 4. 53 21. 18 16. 25
5. 01 21. 12 16. 11
5. 09 21. 05 15. 56
5. 18 20. 55 15. 37
5. 29 20. 43 15. 14

AUG 5. 41 20. 31 14. 50
5. 51 20. 17 14. 26
6. 02 20. 02 14. 00
6. 13 19. 47 13. 34

SEP 6. 24 19. 31 13. 07
6. 36 19. 15 12. 39
6. 47 18. 59 12. 12
6.58 18. 43 11. 45

OCT 7. 11 18. 27 11. 16
7. 21 18. 12 10. 51
7. 33 17. 57 10. 24
7. 46 17. 43 9. 57

NOV 6. 58 16. 31 9. 33
7. 11 16. 18 9. 07
7. 22 16.09 8. 47
7. 34 16. 01 8. 27

DEC 7. 44 15. 55 8. 11
7. 53 15. 52 7. 59
8. 01 15. 52 7. 51
8. 05 15. 54 ' 7. 49
8. 06 15. 59 7. 53
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APPENDIX G. Some proposals for further strawberry research
Based on the experience and the results obtained from this 

project, further experiments on the effects of root temperature could 
be both valuable and interesting in terms of either pure science or 
commercial benefits. Included are the following proposals:

(1) A thorough comparison can be made between Junebearers, 
everbearers and Day Neutrals in terms of leaf production rate, leaf 
area and petiole length development pattern, 'stolon chain' extension 
mode, fruit size development pattern, axillary buds per plant and 
their fate and conversion ability and so forth.

(2) Investigations can be carried out into the effects of different 
root temperatures upon the subsequent reproductive growth "and 
development.

(3) Strawberry crowns are very much unextended so that the root 
systems are spatially close to the crowns. Most activities (leaf 
initiation, flower production, axillary bud formation and differenti
ation) take place in the crown. Effects of root temperature could be 
confounded by those of crown temperature. Therefore, independent 
experiments with different crown temperatures and experiments with 
combinations of both known root and crown temperatures can be con
ducted to distinguish the effects from each other.

(4) Effects of alternative alterations of root temperatures on both 
growth and development of strawberry plants.

(5) Growth of 'stolon chains' is independent of one another on the 
same plant in relation to the measured dimension of length. Relation
ship between different 'stolon chains' is lacking in relation to dry 
matter increase.

(6) Under the identical amount of radiation, more axillary buds are 
differentiated into stolons under stolon-forming photoperiod than 
into branch crown under branch-forming condition. Biochemical 
differences between these two physiological plants could be interes
ting.
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(7) Effects of root temperature can be also undertaken with reference 
to other more physiological aspects such as photosynthesis, nutrient 
uptake, respiration, hormonal change and pattern of cell division and 
enlargement.

(8) This project is only concerned with the cold-stored single crown 
plants. Responses of multi-crowned plants either cold-stored or 
fresh-prepared need to be sought for different root temperatures.

(9) Responses to further lower and higher root temperatures such as 
5*C or 35*C need to be found out so that both low and high limits of 
root temperatures could be determined.

(10) Decline in fruit size from superior to inferior fruit position 
within an inflorescence is due to succeeding reduction in the number 
of developed achenes which resulted in decreased auxin levels contri
buted by the developed achenes. If the achene number remained the 
same for all rank fruits, could the same fruit size be achieved?
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APPENDIX H. Main results of other experiments carried out during the 
course of this project

Everbearing strawberry plants (Fragaria x Ananassa Duch. cv. 
Ostara) were grown in a glasshouse cubicle at 11.8'C, 15. 8*C, 20.6*C
and 24. 3*C in an NFT system. Higher root temperatures resulted in the 
increased leaf areas (runner plant leaf area, crown leaf area and the 
combined of both) per plant, the increased branch crown production 
per plant, and the increased number of inflorescences, flowers, 
fruits and the increased total fruit yield per plant. Stolon pro
duction was generally poor at all the root temperatures applied and 
its growth was eventually determinate. The number of runner plants 
per primary stolons was significantly reduced only at 11.8*C compared 
with 15.8*C, 20. 6*C and 24. 3*C. Formation of large fruits was ■'at 
15.8*C, but both formation of large fruits and achievement of high 
fruit yield were at 20. 6°C. Periodical destructive harvests of the 
whole plants and the use of functional growth analysis techniques 
showed that root growth was consistently optimum at 15.8*C and 
20.6*C, while growth of other responses measured was generally in
creased with increasing root temperature. Relative growth rate and 
unit leaf rate showed constant declines at 15. 8*C, 20.6*C and 24. 3*C, 
but a steady increase at 11.8.°C throughout the experiment.

Experiments of different shading levels. (0%, 30%, 50% and 60%) 
were carried out in both everbearer cv. Ostara and Junebearer cv. 
Hapil in 1986 and 1987 in the NFT systems under glasshouse con
ditions. Results show that fruit yield per plant was highly related 
to the total intercepted radiation with fruit yield being increased 
with less shaded plants. This was attributed to the increased number 
of branch crowns, number of. inflorescences, number of flowers and 
fruits per inflorescence and the increased single fruit weight. By 
the end of the experiment, total plant dry weight was remarkably 
decreased with progressive increasing shading levels. This decrease 
was ascribed to the reduced growth of leaves, 'stems', inflorescences 
and fruits, roots and stolons and runner plants.


