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ABSTRACT

T em perature effects on  the rate o f  growth and d evelopm ent o f  cv. "Autumn 

Bliss" w ere investigated. T he stool and root system  are peren nia l and produce buds 

w hich arise annually as populations o f  shoots. Axillary buds produced sequentially  

by the apical m eristem  are hierarchical with respect to their position  on  the cane. 

T he tim ing o f  lateral developm ent, vigour and, consequently, fruiting, depends on the 

position  o f  the originating axillary bud with respect to the apical m eristem . Shoot 

e longation  is determ inate on  term inal flow er bud in itiation . N od e  num ber was 

therefore thought to be an im portant variable with w hich to m od el the effect o f  

tem perature on  shoot developm ent and architecture. C hill-treated stoo l and root 

system s o f pot-grow n plants (5°C for 7, 21 and 35 days and grow n on in a glasshouse), 

w hen com pared with controls show ed no absolute requirem ent for vernalization. Pot- 

grown plants, graded according to the fresh w eight o f the m other plant and grown in  

glasshouse, polytunnel and outside plots, exhibited significant d ifferences in cropping. 

T em perature determ ined the rate o f shoot developm ent, so that the cropping season  

was earlier and m ore contracted for glasshouse plants. G rading affected  rate o f  

establishm ent, in itial shoot population  and am ount o f  vegetative growth. Pot-grown  

plants held  at constant day/n ight tem peratures o f 1 0 ,1 5 , 20 and 25°C up to term inal 

flow er prim ordia appearance show ed significant d ifferences in  the rate o f  node  

production, but not in the m axim um  node num ber attained by shoots. R ate  o f  lateral 

d evelopm ent and yield  o f every fifth node was investigated. Suitable functions w ere  

fitted  to m od el the changes in the rate o f node production at em ergence, term inal 

flow er prim ordia appearance and cessation o f shoot elongation , using day degree  

accum ulation. T his was in  order to  predict phenological events in  the first shoot to  

em erge for each  plant and its effect on  subsequent p lant developm ent.
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1) Abbreviations:
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"Benlate" - ICI, contains Benomyl.

’Torque" - ICI, w ettable powder containing 50% w /w  Fenbutatin  Oxide.

N PK  - N :P:K ratio  of Nitrogen:Phosphorus:Potassium in liquid fertiliser.

N A A  - a  - N aphthaleneacetic acid.

IA A  - Indoleacetic acid.

O thers;

LSD - least significant difference.

sed - standard error of the differences of the means.

sed’ - standard error of the differences of the m eans with the maximum and

m inim um  num bers of replicates.

se - standard erro r of the population sample.

P - probability that the responses resulting from different treatm ents are not 

significantly different.

%cv - coefficient of variation.

ns - no significant difference betw een treatm ents.

PA R  - photosynthetically active radiation (jamol in 2 s'1), 

f  - fraction of incident PA R absorbed by the canopy (umol m '2 s'1).

Stages of developm ent;

P  - planting.

E - em ergence.

TPC - appearance of the term inal floral prim ordia complex.

TF - point a t which, i) the term inal flower bud is distinct and hence ii) the number 

of nodes in the TPC is definitive = "green bud" stage.

BR - first berry ripe (= TB).

TB - term inal berry ripe.

T1 - T4, tim e to each stage E, TPC, TF  and BR respectively (days).

= P  -► E, T2 = P  -  TPC, T3 = P -  TF, T4 = P  -  BR.

H j - H4, tem perature-sum  for each stage of developm ent (day°C).
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H j = P -  E, H 2 = E -v TPC, H 3 = TPC -► TF, H4 = TF -+ BR.
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G eneral;
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Richards m odel and Logistic model: 
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n  - defines the shape of the curve.

b,k - ra te  constants of node production (nodes per day / nodes per day°C). 

n 0 - fitted node num ber a t E.

14 - fitted node num ber at t z
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CHAPTER 1

THE PHENOLOGY OF CULTIVAR "AUTUMN BLISS"

1.1 INTRODUCTION

The object of this research is to produce a model of shoot developm ent for 

the autumn-fruiting raspberry cultivar "Autumn Bliss", in order to relate the rate  of 

shoot developm ent to the timing of flower initiation and to study its effect on yield.

To gain an understanding of the steps leading to cane maturity in autumn- 

fruiting cultivars, the aim of this chapter is to describe and define the phases of shoot 

developm ent specific to cv. "Autumn Bliss". This cultivar was bred at East Mailing 

R esearch Station, from complex parentage (including Rubus articus L.) and released 

in 1983 (Jennings, 1988).

The biennial life cycle of raspberry canes (Rubus idaeus L.) has been described 

in detail by Williams and H udson (1956), H udson (1959), Williams (1959a) and 

H udson and Williams (1961). Williams and H udson (1956) divided the growth cycle 

into three m ajor phases:

i) The initiation of buds on raspberry roots and their subsequent elongation to the 

soil surface, ii) the growth of the vegetative shoot in its first year and iii) the 

production of flowers on lateral shoots followed by fruit developm ent and death of 

the cane in the second year.

H udson and Williams (1961) expanded these into nine phases:

i) Initiation of a root bud; ii) subterranean sucker; iii) em ergent sucker; iv) first 

w inter dormancy; v) shoot elongation; vi) cessation of vegetative growth and 

initiation of flower buds (anomalous phase 6 ; tip flowering); vii) breaking dormancy 

of flower buds; viii) flowering and fruiting- (anomalous phases 5 - 8 ; flowering on 

new shoots); ix) senescence and death.

Floral initiation in summer-fruiting cultivars begins in late autum n and 

continues in the following spring. Autumn-fruiting cultivars, in contrast, initiate 

flowers and fruit in the first year. The timing of flower initiation is genetically
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determ ined and forms the basis for selection of autum n-fruiting cultivars (Jennings,

1988). As cv. "Autumn Bliss" crops earlier than other autum n-fruiters this has two 

implications:

i) Cropping is com pleted in the first year, thus canes are annual not biennial.

ii) Cropping occurs in late summer, not autumn. Its classification as an autumn- 

fruiting cultivar seems inappropriate. This aspect will be studied in C hapter 3.

12  BUD FORM ATION ON THE M OTHER PLANT

The essential perennating organ in Rubus is the stem  base or stool and 

attached root system (composed entirely of juvenile tissue) from  which arises annually 

a population of shoots. A nnual growth is initiated by the form ation of basal axillary 

buds on the stem  base, at or below the soil surface, in w hat has been  term ed the 

"replacem ent zone" (Hudson, 1959; Williams, 1959a). In  addition root suckers 

expand from  root buds (Figure 1.1A). The shoots formed from  these buds have been 

term ed "stool canes" and "spawn canes" (Jennings, 1966).

Little is known about factors influencing the timing and conditions in which 

these la tter buds form. In studies made on shoot production from  root cuttings, root 

buds were shown to arise adventitiously on most roots throughout the year (Hudson, 

1954; Hudson, 1959). However, elongation of these buds occurred only during the 

"on" season (Septem ber - April); this applied to summer-fruiting and autum n fruiting 

cultivars alike (Hudson, 1956).

Basal buds rem ained unexpanded until the senescence of the parent cane, 

while root buds expanded throughout shoot development, in plants comprised of a 

single rooted cutting (Williams, 1959a). They therefore appear to be under the 

control of the apical m eristem  (Williams, 1959b), unlike root buds. If the num ber of 

root and basal buds was constant for a given area of root and stool tissue, then it can 

be said that the num ber of potential sites for these buds increases by a factor of a, 

w here a  is equal to the am ount of new root tissue and the num ber of canes produced 

per annum. This clearly ignores the influence of environm ental and physiological 

factors, which will be investigated and discussed later in this study.
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This strategy of shoot production provides the potential for rapid colonisation 

of available ground area  (Williams, 1959a). The ability of Rubus to  propagate both 

sexually and vegetatively earns Rubus its reputation as an extremely aggressive 

invading species (Whitney, 1982).

Buds expand in appropriate tem peratures (Hudson, 1956) w hen the proximal 

in tem odes elongate (Hudson, 1959) and the juvenile shoot emerges.

1.3 EM ERGENCE O F SHOOTS

The point of em ergence is im portant in term s of modelling shoot development 

as a  m eans of assessing the rate of bud developm ent from its form ation to its 

appearance at the soil surface. Due to the difficulty of evaluating the exact timing 

of bud formation, it is assumed to occur at planting in this study.

Pre-em ergent shoots possess tightly packed scale leaves. As intem odes 

elongate and the shoot emerges, the leaves expand (Jennings, 1988). If 

environm ental conditions are favourable the shoot develops rapidly (Figure 1.1B).

1.4 TH E VEGETATIVE PHASE

1.4.1 Bud types

In raspberry, an hierarchy of buds exists according to their position on the 

shoot. Although W aldo (1934) and M acDaniels (1922) stated that all buds are 

potentially fruit buds, clearly the apical m eristem  produces vegetative prim ordia (leaf 

and stem  tissue) as well as floral primordia.

B raun (in W hite, 1979) claimed that lateral buds can be  considered as new 

lines of developm ent as they alone produced branches, as opposed to term inal buds, 

which were only the undeveloped parts of a  single axis. In the vegetative shoot, 

apical dominance ensures that successive axillary (lateral) buds produced are 

subordinate. However, towards the end of the vegetative period, this dominance 

w eakens and successive daughter buds are released.
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F ig u re  1.1A S too l a n d  ro o t system  o f th e  m o th e r  p la n t.  W h e re  b a s a l  b u d s  (rb x) from  

th e  " re p la c e m e n t zone" give r ise  to  "stool shoo ts" a n d  ro o t b u d s  (b) give rise  to 

"spaw n  shoo ts".

F ig u re  1.1B V egeta tive shoo t, w ith  la te ra l b u d s  (L) a t each  le a f  ax il; vegetative apex; 

sh ow ing  b a s a l  b u d s  (rb^) fo rm in g  p a r t  o f  th e  nex t y ea rs  s too l.
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Thus, the growth potential of a given lateral bud depends on its position on the shoot 

axis (W hite, 1979) with respect to the apex and the roots. All buds initially produce 

vegetative growth - a m ature apex will produce floral prim ordia (Williams, 1960). 

M any cultivars, including "Autumn Bliss", possess m ore than  one axillary bud per 

node or leaf axil. These buds appear to have different growth potentials and are 

therefore denoted prim ary and secondary lateral buds (W aldo, 1934; W ood and 

R obertson, 1957; Jennings, 1979b).

1.4.2 L e a f  m orpho logy

Leaves of cv. "Autumn Bliss" are initially very small, simple, lobed and with 

a high lam ina density. Leaflet morphology changes (as the shoot develops) from 

simple to three leaflet leaves (Williams, 1959a) to four and five leaflet leaves and 

finally back to three leaflet and simple lanceolate leaves at the shoot apex.

1.4.3 C an o p y  dev e lo p m en t

Primary leaf (a leaf produced on the main axis) abscission occurs in stages 

throughout the life of the shoot. Leaves of the oldest nodes are in competition for 

light from  leaves at nodes in the canopy above. They are lost in the first abscission 

stage, as the canopy assumes maximum light interception level. The second stage is 

a t floral initiation, when lateral expansion occurs. Lateral leaves (secondary leaves) 

assume the photosynthetic machinery of the plant, in the place of the primary leaves. 

Unlike, corn (Zea mays L.), for example, where canopy developm ent is restricted to 

the period betw een em ergence and anthesis (W arrington and Kanemasu, 1983b). 

Lower lateral leaves are lost by shading from other prim ocanes within the plant 

canopy (W right and W aister, 1982b, 1984, 1986).

1.4.4 S h o o t p ro d u c tio n

Shoots appear to be produced m ore or less continuously until the population

26



Chapter 1

per p lant stabilises. Stabilisation is brought about by shoot m ortalities, in a process 

described by W right and W aister (1982a) as self-thinning. This is probably due to 

light becoming a limiting factor for growth and developm ent. Com petition among 

shoots for assimilates may also be a cause which can lead to  loss in potential yield 

(W right and W aister, 1986).

1.5 F L O W E R  IN IT IA T IO N  A T T H E  A PE X

1.5.1 D e te rm in a te  g row th

The raspberry, among other species (for example com , (Z. mays L.) 

W arrington and Kanemasu, 1983a) has a determ inate growth habit (Ourecky, 1976; 

Keep, 1988). Thus, once floral organogenesis is initiated, the apex is "used up" and 

its growth ceases (Lyndon, 1990). For cv. "Autumn Bliss" the functioning of the 

apical m eristem  is term inated as flower prim ordia are initiated at the apex.

Thus, in term s of producing a model for shoot developm ent, not only does 

flower initiation m ark the transition from juvenility to maturity, it also marks the 

developm ent of m ature architecture as lateral production ensues.

1.5.2 D e te rm in a tio n  o f  flow er in i tia tio n

Many studies have been  carried out on flower bud developm ent in Rubus: 

M acDaniels, 1922; Waldo, 1934; Snyder, 1936; M athers, 1952; Robertson, 1957; 

W ood and Robertson, 1957; Williams, 1959c; Haltvick and Struckmeyer, 1965; 

Vasilakakis, Struckmeyer and Dana, 1979; and D ale and Daubeny, 1987.

M athers (1952) defined the morphological changes occurring at the apex 

(Table 1.1). The term inal inflorescence first becomes visible to the naked eye at 

stage I. Prior to this the growing point is ovate (M athers, 1952) and concealed by 

developing leaves. The inflorescence is apparent as a "cluster" of buds after stage I. 

The term inal bud develops first, such that the inflorescence axis lengthens forming 

a compact pyramid term ed "green bud" stage.
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T a b le  1.1 A d e sc r ip tio n  o f  th e  m o rp h o lo g ica l ch an g es o c c u rr in g  in  th e  te rm in a l 
in flo rescen ce  a n d  te rm in a l flow er, fro m  s tu d ie s  on  th e  c u ltiv a rs  "M ailing  P rom ise", 
"M ailin g  L a n d m a rk ” a n d  "Lloyd G eorge"

STA G E DESCRIPTIO N

I Growing point of inflorescence axis becomes broad 
and flat

II Term inal flower Perianth ring initiated

III
developm ent

Torus broad and flat, 
sepal rudim ents appear

IV Torus begins to grow 
upwards; first cycle of 
anther rudiments 
initiated

V second cycle of anther 
rudim ents initiated

VI sepals turning upwards; 2 
- 3 cycles of anther 
initials, lowest anthers 
begin to show lobing

(A fter M athers, 1952).

This is com posed of 5 - 8 flowers (M athers, 1952). Once "green bud" stage is reached 

the maximum num ber of nodes is determ ined, each of which, apart from the term inal 

flower has the potential to produce a lateral (Jennings and Dale, 1982).

1.5.3 D evelopm en t o f  flow ers in  ax illa ry  b u d s

M athers (1952) and Williams (1959c) studied flower developm ent in the 

summer-fruiting cultivar "Mailing Promise" and the autumn-fruiting cultivar "Lloyd 

George". They found that flower initiation occurred basipetally. However, buds at 

nodes 5 - 1 0  below the apex were m ore advanced than those at nodes 2 - 4. 

Initiation occurred progressively later down the shoot.

Buds below soil level rem ained vegetative (Williams, 1959c).
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1.6 F R U IT IN G  C A N E A R C H IT E C T U R E

The developing shoot becom es progressively woody. F or the purposes of this 

study the developing shoot is term ed a cane once flower initiation has occurred.

Once axillary buds are released from correlative inhibition, lateral expansion 

and developm ent occurs. Lateral expansion is most prevalent in the upper nodes, 

which are known as the cropping zone (Jennings and Dale, 1982) (Figure 1.1C).

1.6.1 L a te ra l  v ig o u r a n d  m orpho logy

D ale and Topham  (1980) carried out a  m ultivariate analysis of lateral 

characteristics for twelve genotypes. They showed that reproductive vigour was 

greatest towards the shoot tip and that general lateral vigour was greatest towards the 

shoot base. Fruiting canes with many laterals tended to have vigorous lower laterals 

(Dale and Topham , 1980; Jennings and Dale, 1982). Lateral node num ber and fruit 

bud num ber increased down the cane (Dale, 1979).

Prolepsis is exhibited in lateral morphology. As the lateral expands from  the 

bud, there is a transition in leaf morphology and size; beginning with bud scales at 

the first few lateral nodes. Flow er buds are apparent on the apices of upper laterals 

as they expand; lower laterals have vegetative apices initially (Williams, 1959c). This 

suggests a certain am ount of preform ation in upper buds before release and 

expansion. Lateral growth is determ inate on the production of term inal (primary) 

flower buds (Jennings, 1964a; Dale, 1986). Therefore laterals are a repeat of the 

m ain axis morphology. The process of reiteration, that is branching caused by 

meristems not brought into play in the original architecture of the plant (Tomlinson,

1978), is exhibited in lateral form ation and basal bud expansion. This is seen in the 

basipetal trend towards increasing complexity of lateral morphology. R eplacem ent 

shoots from  basal buds are the ultim ate example of this.
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1.7 F R U IT IN G  AND  S E N E S C E N C E

Flowers and fruit form  a cyme (not a  racem e as stated by Ruxton and 

Modlibowska, 1954) as each growing point is term inated in an  inflorescence. New 

growth depends on the production of new lateral growing points (Clapham  et a l , 

1968). The flowers and fruit are associated in a similar way to those of Fragaria 

ananassa L., where each lateral branch (like a  single truss) bears primary, secondary, 

tertiary, quaternary and (in cv. "Autumn Bliss") quinary fruit (Anderson and 

Guttridge, 1982) (Figure 1.2).

Environm ent and cultivar influence the rate of ripening (average 30 - 45 days 

after anthesis). Yields, as expected, reach a peak and then decline over the cropping 

period. However, fruit weight remains constant, only decreasing towards the end of 

the season (Dale, 1989). Once the upper laterals start to produce fruit there is 

extensive leaf loss and senescence. This process continues distally down the plant. 

As cv. "Autumn Bliss" crops early, most of the laterals have fruited prior to 

unfavourable conditions. This leaves little or no viable above ground nodes to 

expand in the following season. Thus, the cane dies back to soil level. Basal buds 

expand in the following year from these stools.

1.8 SU M M A R Y

In  term s of new lines of developm ent (ie. active meristems), the life of an 

individual shoot in a plant population depends on the num ber of nodes which expand 

to form  laterals. Correspondingly, the life of a plant depends on the ability of reserve 

buds on the stool and roots to expand and replace the shoot population.

Lateral production and probably shoot production depend on the release from 

correlative inhibition of successive buds. The assessment of the rate  of development 

and timing of flower initiation will provide inform ation on the architectural dynamics 

of cv. "Autumn Bliss". Correlative inhibition is an excellent experim ental model for 

the study of spatial organisation of the developmental activities in the plant (Phillips,

1975).
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FIGURE 1.2

F ig u re  1.1C F ru it in g  can e  a rc h ite c tu re , d isp la y in g  th e  c h a n g e  in  la te ra l  m orphology, 

te rm in a l in flo rescen ce  (d e lib e ra te ly  show n u n ex p an d e d ) a n d  th e  p ro d u c tio n  o f  new 

sh o o ts .

F ig u re  12 A rra n g e m e n t o f  b e rrie s  on  th e  la te ra l . R a te  o f  r ip e n in g  re la te s  to 

lo c a tio n : P  - p r im a ry , S - secondary , T  - te rtia ry , Q  - q u a te rn a ry  a n d  Q* - q u in a ry  

f ru i t  (a f te r  A n d e rso n  a n d  G u ttr id g e , 1982).
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C H A P T E R  2

M A T ER IA LS A N D  M E T H O D S

Plants composed of a t least one stool and root system (see individual chapters 

for details) were potted  in a peat:grit (4:1) compost, with no nutrients in 25cm 

d iam eter pots. All existing shoots were cut back to below soil level.

Plants were w atered daily or as required, and were fed with a  standard NPK liquid 

feed from  the tim e of term inal flowering onwards.

Dry weights of plants were assessed for above ground plant m aterial only. 

This was due to the difficulty in separating roots from the p ea t mix compost, without 

the loss of a large proportion of fine roots. Dry weight harvesting was carried out at 

the end of each experiment, by oven drying plant m aterial at 80°C for a minimum of 

48 hours, or until the dry weight rem ained constant. Sequential harvesting 

throughout experiments was not possible due to the relatively low numbers of 

replicates.

Infestations of the spider mite Panonychus ulmi Koch, w ere controlled with 

natural predators (Phytoseiulus persimilis and Encarsia parasites) and spraying with 

"Torque” (applied at a  rate  of 0.5g/l). Mildew infections (Sphaerotheca macularis 

(W allr: Fr.) Lind.) were controlled with sprays of "Benlate" (lg/1).

Leaf area  was m easured using a Leaf A rea M eter (D elta-T  A rea M eter 

System, M ark 21, fitted with a  high resolution cam era (model R C A  TC 1005); 18mm 

vidicon with a  16mm m anual iris lens). In all experiments, plants were exposed to 

natural daylength and natural light intensities.

The levels of photosynthetically active radiation (PAR), transm itted in each 

p lo t were m easured using a Sunfleck C eptom eter1 (model SF 80). This was equipped 

with a probe, fitted with 80 sensors at 1cm intervals, along its entire length (all the 

sensors were scanned by an inbuilt microprocessor, which stored and averaged each 

sensor reading).

1 D elta  -T Systems, 128, Low Road, Burwell, CAM BRIDGE.
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The point of flower initiation in Rubus can be assessed in a num ber of ways. 

M ethods employed successfully on R. idaeus L. (M athers, 1952; Vasilakakis, 

Struckm eyer and Dana, 1979; Crandall and G arth, 1981; D ale and Daubeny, 1987) 

and F. ananassa L. (Jahn and Dana, 1970; D urner and Poling, 1985) were dissection 

under a  stereoscopic microscope, longitudinal sections of buds using a rotary 

m icrotom e and non-destructive macroscopic examination of the apex. Macroscopic 

exam ination of the apex was most convenient as a  means of assessment in this study. 

In  m ost of the experiments replicate num bers were too low to allow destructive 

m ethods of determ ination.
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C H A P T E R  3

T H E  E F F E C T  O F  V E R N A L IZ A T IO N  T R E A T M E N T S O N  T H E  RA TE O F  

F L O W E R IN G  A N D  O N  P L A N T  P R O D U C T IV IT Y

3.1 IN T R O D U C T IO N

R esearch carried out by Williams (1960) showed tha t the summer-fruiting 

cultivar "Mailing Promise" required a minimum inductive treatm ent (10°C, 9 hour 

daylength) of three weeks, before the appearance of flower initials in term inal buds, 

whereas, "Lloyd George" (an autumn-fruiting cultivar) showed no such chilling 

requirem ent.

The aim of this chapter is to determ ine whether cv. "Autumn Bliss" likewise 

has no chilling requirem ent for the specific prom otion of flowering. For cultivars 

such as "Mailing Promise", where shoot developm ent is biennial, the processes of 

dormancy and vernalization appear to be connected in the over-wintering cane 

(Williams, 1960). Because canes of cv. "Autumn Bliss" behave like annuals, 

flowering and fruiting in the first year of growth (Lawrence, 1981), they can be 

cultivated as such commercially (Dana, 1983; Keep, 1988). O ne year old canes are 

mown down, so that the perennating organ is the only part exposed to winter 

tem peratures. Therefore it is inappropriate to look at chilling in over-wintering 

dorm ant lateral buds; but ra ther at its delayed effect, by chilling basal and root buds.

The vernalized state is not transferred through meiosis, bu t through mitotic 

cell divisions (Thomas and Vince-Prue, 1984). The requirem ent of vernalization is 

perpetuated  in perennials by various means. In Chrysanthemum morifolium L. de­

vernalization of buds occurs over summer. New perennating shoots are therefore, 

non-vernalized. Buds are only receptive to chilling at a certain  stage of developm ent 

in Geum urbanum L.. Finally, the vernalized state is not transferred  indefinitely 

through cell divisions in some perennial grasses (Thomas and Vince-Prue, 1984).

The age at which plant m aterial is sensitive to vernalization treatm ent varies 

from  species to species. Williams (1960) showed that there was an increase in the
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ra te  of response to chilling treatm ent as node num ber increased in canes of cv. 

’’M ailing Promise". Canes of 15 - 30 nodes responded, but canes of fewer than 15 

nodes did not respond to any length of inductive treatm ent. Vasilakakis, McCown 

and D ana (1979) showed that levels of gibberellin-like substances and cytokinin 

increased in cold-treated (outdoor/over-w intering) canes and as node num ber 

increased (10-node com pared with 20-node plants).

Generally, the response to chilling treatm ents may be delayed until higher 

tem peratures are experienced (W areing and Phillips, 1981). In  addition, the effect 

of tem perature  increases with the duration of chilling time, until the response is 

saturated. Optim um  vernalizing tem peratures lie betw een 1 - 7°C (Thomas and 

Vince-Prue, 1984).

It is im portant therefore to clearly define the age of m aterial treated  and the 

natu re  (tem perature and duration) of the vernalizing treatm ent. This provides clear 

inform ation for determ ining the point of saturation of the response and w hether the 

response is obligate or facultative, delayed or non-delayed.

3.2 M ETHODS

Two year old m other plants (stem  base and root system) were graded 

according to stem  diam eter to quantify initial p lant mass in order to ensure that all 

grades were evenly distributed betw een treatm ents (see section 4.3.4.2, equation 4.1). 

They were kept in pots in a glasshouse for 12 months at 15±3°C (natural daylength). 

T hree  successive batches of eight plants, with shoots cut back to soil level, were 

rem oved to a cold store (5°C, without light) in April 1989 for 35 days, 21 days and 

7 days respectively. All three batches were rem oved at the sam e time and returned 

to  the glasshouse. A  fourth batch rem ained in the glasshouse during this time to act 

as a  control. Any shoots which elongated during chilling w ere removed, so that only 

trea ted  basal and root buds were allowed to develop. Plants were repotted and 

placed at random  in a glasshouse cubicle held at 15±3°C (natural daylength) and 

repositioned at two week intervals.

The timing of flower prim ordia appearance at the apical m eristem  and berry
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ripening were recorded for each plant. Shoot num ber was m easured at intervals until 

fruiting. Total fruit num ber and fresh weight were recorded p e r plant. A fter fruiting 

each p lant was harvested and dry weights and leaf areas determ ined.

3.3  R E S U L T S

Some plants died in the control and 7 day chilling treatm ents therefore, the 

num ber of replicates was 5, 6 , 8 and 8 plants for chilling times of 0, 7, 21 and 35 days 

respectively.

The m ean rate  of term inal flower prim ordia appearance and m ean rate of 

berry ripening per p lant were calculated as the inverse of the time taken from 

planting. The form er was not significant (Figure 3.1a). The linear sum of squares 

for the rate  of berry ripening was significant, indicating that the rate was higher for 

longer chilling times (Figure 3.1b).

Both the m ean total fruit num ber and fresh weight per p lant gave significant 

linear sums of squares. This also indicated an increase in response with increased 

chilling tim e (Figure 3.2a - 3.2b).

M ean total primary leaf dry weight per plant gave a significant quadratic sum 

of squares. This showed that the lower m ean dry weight for plants treated for 21 

days was significant (Figure 3.3a). M ean total stem dry weight, m ean total dry weight 

per p lan t and m ean total prim ary leaf area  showed the same trend  (Figures 3.3b, 3.3c 

and 3.4 respectively). Lateral and secondary leaf dry weights, as well as secondary 

leaf area  per p lant were not significant for different chilling treatm ents.

Shoot num ber was m easured throughout the growth period (Figure 3.5a) and 

at harvest (Figure 3.5b). A  significant quadratic sum of squares was also obtained 

for the latter.
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F ig u re  3 .1a T h e  re la tio n sh ip  betw een th e  m ean  ra te  o f  te rm in a l flow er p rim o rd ia  

a p p e a ra n c e  p e r  p la n t  an d  th e  leng th  o f  ch illin g  tre a tm e n t a t  5°C. No significance 

betw een tre a tm e n ts .

F ig u re  3.1b T h e  re la tio n sh ip  betw een th e  m e an  r a te  o f b e rry  r ip e n in g  p e r  p la n t an d  

th e  le n g th  o f c h illin g  tre a tm e n t a t  5°C. S ig n ifican t lin e a r  sum  o f  sq u a re s  ( P = 0.011).
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F ig u re  32  T he  re la tio n sh ip  betw een th e  m e an  f ru it  yield p e r  p la n t  a n d  th e  leng th  o f 

c h illin g  tre a tm e n t a t  5°C.

a )  m e a n  to ta l  f ru it  n u m b e r  p e r  p la n t. S ig n ifican t l in e a r  sum  o f  sq u a re s  ( P = 0.005).

b ) M e a n  to ta l fre sh  w eight o f  f ru it p e r  p la n t. S ign ifican t lin e a r  su m  o f sq u ares  

(P = 0 .0 1 )
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F ig u re  3.3 T he re la tio n sh ip  betw een p la n t d ry  w eight a n d  th e  le n g th  o f  ch illing  

tr e a tm e n t  a t  5°C.

a ) M e a n  to ta l  p r im a ry  le a f  d ry  w eight. S ig n ifican t q u a d ra t ic  su m  o f sq u ares  

( P = 0.042)

b ) M e a n  to ta l stem  d ry  w eight p e r  p la n t.  S ig n ifican t l in e a r  su m  o f sq u ares  

(P  = 0.006)

c) M e a n  to ta l above g ro u n d  d ry  m a tte r  p e r  p la n t (m inus f r u i t  w eigh t). S ign ifican t 

l in e a r  su m  o f  sq u a re s  ( P = 0.016).
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Figure 3.4 The relationship between the mean total primary leaf area per plant and 

the length of chilling treatment at 5°C. Significant quadratic sum of squares 

(P = 0.037)
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d a y s  f r o m  p l a n t i n g

days at 5*C

Figure 3.5 The relationship between shoot number per plant and the length of 

chilling treatment at 5°C. a) Mean shoot number per plant between planting and 

harvesting, b) Mean shoot number per plant at harvest. Significant quadratic sum 

of squares (P=0.047)
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3.4 DISCUSSION

3.4.1 The effect of chilling on floral induction

From  the evidence presented above cv. "Autumn Bliss" does not have an 

absolute requirem ent for vernalization as flowering occurred in shoots of chilled and 

unchilled plants. This agrees with research on the autumn-fruiting cultivars 

"Heritage" (Vasilakakis, Struckmeyer and D ana, 1979; Vasilakakis et a l , 1980) which 

flowered when held at tem peratures not lower than 22°C in a glasshouse and "Lloyd 

George" (Williams, 1960)(Table 3.1). From  the form er two papers, it was unclear 

w hat tem peratures the plants had been exposed to prior to chilling, which may have 

affected the results obtained.

There were no significant differences betw een the rates of term inal flower bud 

appearance for different chilling times. This implies the lack of a facultative 

requirem ent for vernalization as well. However, as there were significant differences 

betw een rates of berry ripening, this suggests that there should have been a 

corresponding significance betw een rates of flower prim ordia appearance. This lack 

of significance may have been  due to error in the assessment of the timing of this 

stage.

Assuming that chilling at 5°C speeded up the rate of shoot developm ent as a 

whole, then chilling root buds and basal buds resulted in a delayed response, which 

increased with the duration of chilling at 5°C. This tem perature appeared to be 

effective. Williams (1960) successfully employed an inductive tem perature of 10°C 

(with a  9 hour daylength), whereas Jennings (1964b) used 7°C. Vasilakakis, 

Struckmeyer and D ana (1979) and Vasilakakis et al. (1980) also used 7°C with cv. 

"Heritage" (Table 3.1). Williams (1960) and Vasilakakis et al (1980) showed that, 

as shoots increased in node number, their response to chilling treatm ents was more 

rapid and hence flowering occurred at a lower node number. In the cultivar 

"Heritage" (Vasilakakis et a l , 1980) newly initiated shoot buds on roots ( 4 - 5  nodes) 

(Table 3.1) responded to chilling. According to their growth habit, autumn-fruiting 

cultivars would need to be sensitive to chilling at pre-em ergent or early post- 

em ergent shoot developm ent. This would enable them  to respond to vernalizing
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tem peratures, which are prevalent at the beginning of the growing season. This 

appears to be the case. Although generally young, undifferentiated buds are 

insensitive to cold, sensitivity develops as they differentiate (Thom as and Vince-Prue, 

1984). Further experim ental evidence has shown that chilling of the root system itself 

can accelerate m aturity in juvenile plants. Juvenility and vernalization are related  in 

the determ ination of flowering, the form er in terms of ontogenetic developm ent and 

the la tter in term s of season (Thomas and Vince-Prue, 1984).

V ernalization is a physiological effect of chilling ra ther than a physical effect, 

as freezing tem peratures are not essential in bringing about the necessary changes in 

the plant (W areing and Phillips, 1981). It appears to occur solely in meristematic 

zones (W areing and Phillips, 1981; Thom as and Vince-Prue, 1984). It is connected 

to flowering by the production of a  "thermo-induced" state, which in theory leads to 

the form ation of a flowering horm one (W areing and Phillips, 1981).

Jennings (1988) claimed that autumn-fruiting cultivars are daylength- and 

tem perature-neutral, since they initiate flowers in long days and high tem peratures, 

com pared with summer-fruiting cultivars, which initiate flowers in short days and low 

tem peratures. H e stated tha t the only limiting factor in flower initiation is a growth 

factor. These facts provide insufficient evidence concerning flower initiation, however 

the above results support this claim with respect to vernalization.

3.4.2 The effect of chilling on plant growth and yield

Fruit yield, total above ground dry m atter and stem  dry weight increased with 

chilling tim e at 5°C. Thus, chilling appeared to prom ote the storage and mobilisation 

of reserves to fruiting. N on-structural carbohydrate accum ulates in the stem  and root 

system after fruiting in the m ature cane (Whitney, 1982).

However, prim ary leaf dry weight, area and total shoot num ber displayed a 

non-linear relationship with chilling treatm ent. The response to chilling reached a 

minim um  at 21 days. It can be said that periods of chilling up to 21 days cause a 

reduction in these variables com pared with control plants. Chilling for longer than 

21 days induced a positive response.
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Table 3.1 Summary of research on flower induction in Rubus idaeus L.

reference cultivar treatment details time/stage
to
flowering

age of 
shoot 
treated 
(nodes)

type of 
plant 
material 
used

Williams
(1960)
1)

"Mailing
Promise"

induction 10°C/9hr dl 3wks 20 RC, GH, 
16hr dl

2) ft induction 
(l-13wks) 
& LT

if

3°C,6wks, no 
light

2wks tt ft

3i) ft ft ft
- 25

3ii) ft it 5wks & LT 15

3iii) M 2wks & LT 20

3iv) tt ft LT only 30

4) ft control GH, 16hr dl - ? ft

"Lloyd
George"

28wks

Jennings
(1964b)

"Mailing
Jewel"

combined
inductive/
LT

7°C/9hr dl 6wks 25 apex
removed
(at
approx
30
nodes)

Vasilakakis, 
Struckmeyer 
and Dana 
(1979)

"Latham" induction 22-24°C/nat
dl

24-28wks 9 over­
wintering
canes

it "Heritage" 5-7wks ? tt

if outside/nat
dl

earlier

Vasilakakis, 
e t al. (1980)

"Heritage" ft GH
(>22°C)/nat
dl

80* 4-5 22-24°C 
16hr dl

outside/nat
dl

41* 4-5

r c , 25
days/16hr dl

32* 10-12

ft 28* 14-16

LT low temperature treatment (to break dormancy), GH glasshouse, RC root cuttings, wk week, dl daylength (nat dl natural 
daylength), refers to node number, ? not qualified.
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The change in prim ary leaf dry weight and area with chilling treatm ent 

reflected the changes in shoot number. The m ature cane variables of lateral dry 

weight, secondary leaf dry weight and area appeared to be unaffected by chilling.

In conclusion, such chilling treatm ents have im portant implications in 

commercial cultivation, in glasshouse cultivation (G oulart, 1989a) and in  subtropical 

cultivation (Snir, 1986). Chilling improves yield in cv. "Autumn Bliss" by "forcing" 

earlier developm ent of shoots and increasing the yield per plant. However, as 

previous work has shown, the shoot becomes m ore sensitive to chilling as it matures. 

Thus, application of chilling at a later stage of developm ent should result in an 

enhanced response.

There is a need for the classification of raspberry cultivars according to their 

chilling requirem ents for flowering. G oulart (1989a) classifies autumn-fruiters as 

everbearers. Jennings (1988) argues that there is a  wide range of response even 

among autumn-fruiting cultivars. Therefore, there should be no division between 

sum m er and autumn-fruiting cultivars; they represent two ends of a constant 

tem perature/daylength  response.
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CHAPTER 4

THE EFFECT OF ENVIRONMENT ON THE GROWTH AND DEVELOPMENT

OF CV. "AUTUMN BLISS"

4.1 INTRODUCTION

Much research has been  put into developing autum n-fruiting cultivars that will 

crop up to the first hard w inter frosts, which cause crop loss and prevent further fruit 

developm ent (Braun and G arth, 1984a). This has been  the reasoning behind the 

production and release of "Autumn Bliss" as a new, early autum n-fruiting variety 

(Keep et a l , 1984; Gibson, 1987; Jennings, 1988; Lovelidge, 1988).

The increase in consumer dem and for late season red raspberries has 

prom oted research to develop new cultural practices (G oulart, 1989a). W ork has 

been  carried out on the Am erican variety "Heritage" to study the effect of protected 

cropping under glass (Vasilakakis, Struckmeyer and D ana, 1979; Vasilakakis et al, 

1980; Dale, 1986; Goulart, 1989a) and the application of chemical growth regulators 

to advance the timing of term inal flower initiation (Redalen, 1980; B raun and Garth, 

1984a; B raun and Garth, 1986; Goulart, 1989a). Lockshin and Elfving (1981), Keep 

(1988) and Hoover et al. (1989) suggested the use of plastic tunnels to cover canes 

during the cropping period. This has been followed up by growers in the U nited 

Kingdom for the cropping period only (Burgess, 1986; Partis, 1987; Lovelidge, 1988) 

and in H olland for the whole season (Geense, 1983; Verwijs, 1983; D ijkstra and 

V an Oosten, 1984). This work indicates that protection increases productivity, varies 

the timing and length of cropping period and reduces wastage.

The purpose of this experim ent was to investigate and quantify the effect of 

different environments (glasshouse and polytunnel) on plant developm ent and yield, 

com pared with control plants grown in outdoor conditions, and in addition to this, to 

study the interaction betw een grading and environm ental treatm ents.
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4.2 DEFINITION OF TREATMENTS AND METHODS

Two protected  plots (glasshouse and polytunnel) were selected and com pared with 

an  outdoor plot. Their environments were defined by continuous assessment of 

tem perature (using thermohygrographs).

O ne year old plants (single stem  base and root system) were graded and 

divided into four groups, according to their fresh weights (weights ranged from 3 - 

114.5g; grading A  to D; lowest fresh weights to highest fresh weights). Five plants 

from  each grade were randomly selected for each plot and potted  up in April 1988. 

Each plot was fully random ised at two week intervals throughout the experiment.

The times from planting to emergence, term inal bud appearance, terminal 

anthesis and term inal berry ripening were recorded for the first plant to reach that 

stage per treatm ent. M easurem ents for shoot height, shoot num ber and leaf number 

were recorded at two week intervals. Fruit was picked daily from  each plant and all 

plants were harvested for the assessment of leaf area and canopy dry weight at the 

end of the cropping period. Light intensity was m easured at each plot. An average 

of ten  samples was taken at 14.00hr on a bright summer day, with the sensors of the 

C eptom eter held at 1.5m above ground level.

Treatm ents were statistically replicated, such that five randomly selected plants 

from  each grade were exposed to every environment. The design of the experiment 

was essentially factorial. However, although each grade of m other plant was 

represented in every environment, the environments (plots) themselves were not truly 

replicated and can be considered as blocks. Values of seds were quoted in figures 

only where there were significant differences between treatm ents.

4.3 RESULTS

4.3.1 Description of treatments

4.3.1.1 Environmental treatments

Canes of cv. 'A utum n Bliss" attain a maximum height o f approximately 1.0m. 

As it is the developm ent of the canopy, in particular the apex, tha t is of interest, the
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am bient air tem perature, ra ther than the soil or ground level tem perature was 

m onitored.

The three environments can be described (Table 4.1) as regulated, protected 

(glasshouse), unregulated, protected (polytunnel) and unregulated, unprotected 

(outside plot). Tem peratures were the least variable and on average higher in the 

glasshouse than in the polytunnel. High fluctuations and freezing tem peratures were 

experienced among plants in the outside plot (Figure 4.1a - d). Light levels were 

lowest in the polytunnel, and highest in the outside plot (Table 4.2), although PAR 

levels transm itted in all three plots w ere low compared with levels recorded at the 

m eteorological station. All plots were partially shaded by glasshouse structures.

Table 4.1 Description of environmental treatments

ENVIRONM ENT M AX/M IN AIR REGULATION PROTECTION
TEMPERATURE OF AMBIENT AFFORDED FROM
(°C) TEMPERATURE

FROST WIND

glasshouse 38/13 regulated
(thermostatically
controlled)

protected protected

polytunnel 38/1 not regulated some protected

outside 33/-4 not regulated none some

Table 4.2 Differences in the levels of photosynthetically active radiation (PAR) 
transmitted in each plot

PAR
(//mol m 'V 1)

PLOT LOCATION

GLASSHOUSE POLYTUNNEL OUTSIDE MET.
STATION

M ean of 10 
samples

840 783 1241 1454

% PA R 
received at 
m eteorological 
station

57.77 53.85 85.35 100
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4.3.1.2 Grading treatments

G rading was effective (Table 4.3) as each treatm ent was highly significant. 

D ifferences were most m arked betw een grades of A  - C and grade D m other plants. 

Largest weights, diam eters and shoot num bers were exhibited in grade D  plants.

Table 4.3 Significant differences among graded mother plants (measurements taken 
prior to planting)

components (per 
plant)

grading treatm ent means significance

A B C D P LSDo.05

shoot num ber 1.93 2.35 3.75 4.87 0.003 1.63

shoot diam eter 
(4cm above soil 
level) (cm)

0.527 0.595 0.800 1.060 < 0.001 0.14

fresh weight (g) 5.6 9.1 16.8 45.8 < 0.001 11.03

4.3.2 The effect of environment and grading on plant phenology

Table 4.4 summarises the m ain phenological events in shoot developm ent in each 

treatm ent. Fruits were tagged according to the date that they w ere picked. Typically 

the term inal fruit ripened first on each shoot, followed immediately (basipetally) by 

the prim ary fruit on each lateral, and finally by the secondary and tertiary fruit, etc. 

The m ean rate of ripening (days to term inal berry ripe (TB ))'1 of the first shoot to 

em erge per plant was significantly higher in plants treated  in glasshouse and 

polytunnel plots com pared with those in the outside plot (Figure 4.2)(Appendix 4.1, 

Table 4.1.1).

The sequence differed notably where ties supporting canes often induced lateral 

expansion in the axillary bud below the tie. This expansion occurred at an earlier 

stage than the basipetal expansion exhibited generally in all shoots.

51



Chapter 4

Table 4.4 Summary of phenological stages of development in cv. "Autumn Bliss" for 
plants in glasshouse (G), polytunnel (P) and outside (O) plots.

STA GE O F 
D EV ELO PM EN T

TIM E TAKEN FO R  
FIRST PLANT TO  
R EA C H  STAGE O F 
D EV ELO PM EN T (days 
from planting)

G2 P O

V EG ETA TIV E G R O W TH

Shoot em ergence 15 15 8

Shoot elongation
Production of leaves and lateral buds in leaf axils

R EPR O D U C TIV E G R O W TH

Term inal flower prim ordia form ation 73 79 99

Anthesis of term inal bud 99 102 112

R elease of lateral buds from  inhibition 
Primary flower prim ordia form ation 
Secondary and tertiary flower prim ordia form ation

FR U IT IN G  PHASE

Term inal berry ripe 114 120 129

Primary fruit ripening on upper laterals 
Rem aining fruit ripened

H A RV EST AND COM PLETIO N  O F 
FR U ITIN G

161 189 219

2W here: G  - glasshouse, P - polytunnel and O - outside.
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Figure 42  The relationship between the m ean ripening ra te  of the term inal fruit (TB) 

of the first shoot to emerge per p lan t and  environmental treatm ent ,(P<  0 .001).
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The rates of developm ent of shoots differed significantly from  the evidence of the 

following data.

4.3.3 A rchitecture of canes

Lateral morphology changed with node position. Leaflet num ber on laterals, 

as with the m ain axis, reflects the level of juvenility. From  observations on canes in 

these growing conditions, laterals were divided into four categories according to their 

leaf morphology and location on the cane. M inor laterals w ere defined as those 

which possessed simple or bifoliate leaves. They were form ed on the upper 7 nodes, 

closest to the apex and the lower 1 1 -1 5  nodes (Plate 4.1a). Lateral buds at nodes 

6 - 13, produced double laterals with simple or bifoliate leaves (Plate 4.1b). This 

tra it is inherited genetically (Jennings, 1988). M ajor laterals possessed simple, 

bifoliate and trifoliate leaves (Plate 4.1c) and were located on the lower nodes. The 

location of laterals on the cane was similar for each environm ental treatm ent 

(Figures 4.3a - c). Chi-square tests for lateral numbers of each type, taken at the 

m idpoint of their range of location, were not significant. However, greater numbers 

of m ajor laterals were found on canes from  the polytunnel plot (0.02 < P < 0.01). 

This was due to the lack of lateral form ation on the lower nodes of canes from plants 

grown in the glasshouse and outside plots. Figure 4.4 summarises lateral morphology 

in this cultivar.

There was a significant difference in the num ber of laterals per plant, which 

was due to both treatm ents and their interaction. O utdoor and G rade D m other 

plants produced the most laterals and the largest shoot diam eters. In contrast, lower 

weight m other plants produced canes with higher bud num bers (per lateral) (Tables

4.5, 4.6 and 4.7).
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Plate 4.1 Lateral morphology at different lateral positions on the cane, a) m inor 

la teral, b) double lateral.
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Plate 4.1 Lateral morphology at different lateral positions on the cane, c) m ajor 

lateral.
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4.3a Distribution of lateral types with respect to lateral position on the cane for the:

a) glasshouse plot, (see text for definitions and statistical analysis).
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b) polytunne! plot

4.3b - c D istribution of la te ra l types with respect to la te ra l position on the cane for 

the: b) polytunnel plot, c) outside plot, (see text for definitions and  statistical 

analysis).
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Figure 4.4 M ature cane architecture to show the relationship between lateral 

morphology and lateral position on the cane.
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Table 4.5 Summary of environmental treatment effects on yield components

com ponents 
(per plant)

environm ental treatm ent means significance

G3 P O P LSiDo.os

shoot num ber at 
harvest

3.65 3.80 9.21 < 0.001 2.31

num ber of 
laterals (num ber 
of fruitful 
nodes)

28.8 37.6 50.3 < 0.001 8.83

num ber of 
berries per 
lateral

5.03 5.66 3.21 0.006 1.50

fruit weight (g) 93.3 154.2 157.2 < 0.001 19.42

fruit num ber 127.3 184.2 120.0 < 0.001 21.07

num ber of fruit 
buds set

175.9 236.6 172.4 < 0.001 31.31

% fruit set 54.23 59.10 48.02 < 0.001 4.65

num ber of 
buds/la teral

10.45 9.79 7.96 ns4 ns

m ean berry 
weight (g)

0.747 0.865 1.362 < 0.001 0.15

m ean fruit 
weight per 
lateral (g)

3.80 4.57 4.46 ns ns

3Where; G - glasshouse, P - polytunnel and O - outside plot.

4ns - no significance between treatments
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Table 4.6 Summary of grading treatment effects on yield components

com ponents 
(per plant)

grading treatm ent means significance

A B C D P

shoot num ber 
a t harvest

4.27 4.48 6.47 7.00 ns ns

num ber of 
laterals 
(num ber of 
fruitful nodes)

26.3 36.4 46.3 46.4 < 0.001
(0.005 E  x G )5

10.21
(17.67)

num ber of 
berries per 
lateral

5.83 5.06 4.01 3.63 ns6 ns

fruit weight (g) 129.2 140.3 131.2 138.9 ns ns

fruit num ber 136.1 145.9 147.2 146.0 ns ns

num ber of fruit 
buds set

177.8 202.3 197.8 201.8 ns ns

% fruit set 52.53 52.95 54.04 55.61 ns ns

num ber of 
buds/la teral

12.16 10.25 7.71 7.48 0.001 2.53

m ean berry 
weight (g)

1.04 0.998 0.926 0.997 ns ns

m ean fruit
w eight/lateral
(g)

5.74 4.74 3.19 3.44 0.028 1.85

5 ExG - significant interaction between environment and grading treatments.

6ns - no significance between treatments.
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Table 4.7 Summary of environmental treatment effects on mature canopy structure

com ponents (per 
plant)

environm ental treatm ent means significance

G7 P O P LSDo.05

to tal fresh 
weight (g)*

249.6 378.1 451.6 < 0.001 47.20

to tal dry weight 
(g)'

77.2 125.5 139.6 < 0.001 13.44

dry weight of 
leaves (g)

43.5 59.6 68.3 < 0.001 7.06

dry weight of 
stems (g)

18.01 38.17 46.54 < 0.001 4.78

dry weight of 
laterals (g)

18.7 24.7 27.7 0.029 6.62

shoot diam eter 
(at 5cm above 
soil level) (cm)

0.622 0.714 0.815 0.001
( < 0.001
E x G )8

0.09
0.19

total shoot 
height (cm) at 
harvest

235 333 455 < 0.001 78.70

maximum leaf 
num ber

105.6 95.4 41.4 < 0.001 14.39

total leaf area 
(cm2)

8232 8318 10225 0.026 1608.83

to tal does not include fruit weight.

L eaf num ber was greatest in glasshouse and grade D  plants. Total leaf area, 

to tal dry weight (also fresh weights) for above ground plant parts and total shoot 

height were all significantly greater for outside-plot plants. Overall, leaf area, total 

dry weight, shoot diam eter, lateral num ber and total shoot height were greater in 

outside-plot plants (Tables 4.7 and 4.8).

7W here; G  - glasshouse, P - polytunnel and O - outside plots.

8ExG - significant interaction between environment and grading treatments.
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outside-plot plants (Tables 4.7 and 4.8).

Table 4.8 Grading treatment effects on cane structure

com ponents (per 
plant)

grading treatm ent means significance

A B C D P LS^O.05

total shoot height 
(cm) at harvest

269 326 324 444 0.003 90.98

maximum leaf 
num ber

70.4 75.8 78.1 98.9 0.007 16.62

4.3.4 The effect of treatments on the rate of shoot development

4.3.4.1 Rate of shoot maturity

The variables chosen to measure the developm ent of the plant shoot 

population and canopy were total shoot height (and m ean shoot height), leaf number 

and shoot number.

Total shoot height (Figure 4.5)(Appendix 4.1, Table 4.1.2) for glasshouse and 

polytunnel plants showed a clear "plateau" (sudden slowing down and cessation in 

shoot elongation). N either "plateau" appeared to coincide with any specific 

phenological stage. Outside plants showed a continuous increase in shoot height 

throughout the growth period. Shoot height was significant initially between grades 

(grade D  plants always significantly taller)(Appendix 4.1, Table 4.1.3) and finally 

betw een environments.

The rate of shoot elongation (expressed in centim etres of total shoot height 

produced per day) (Figure 4.6)(Appendix 4.1, Table 4.1.3) displayed a period of rapid 

elongation, which reached a peak at about the same time as the appearance of 

term inal flower prim ordia (approximately 79 days) in glasshouse and polytunnel 

plants. This dropped nearly to zero and then rose again. Outside plants peaked 

initially at about 100 days and again at 129 days from planting, but the overall rate 

did not drop as low as for plants in the other two plots. Glasshouse and polytunnel
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outside-plot plants. Rates among grades were significantly higher for grade D plants 

(Appendix 4.1, Table 4.1.5).

M ean shoot height (Figure 4.7)(Appendix 4.1, Table 4.1.6) reached a 

maximum for all plots at about the same time as term inal bud anthesis. It was 

significantly lower in plants treated  in the outside plot. T here  were few significant 

differences betw een grades (Appendix 4.1, Table 4.1.7).

Shoot num bers (Figure 4.8a)(Appendix 4.1, Table 4.1.8) were not significantly 

different betw een environments until 129 days after planting. This coincided 

approximately with term inal berry ripening. In contrast to this, shoot numbers were 

significantly different between grades throughout the experiment (Figure 

4.8b)(Appendix 4.1, Table 4.1.9). Therefore, the same num ber of shoots must have 

been  smaller in height in the outside plot, maturing over a longer period of time and 

gradually increasing in num ber over the whole growth period.

Leaf num ber (Figure 4.9)(Appendix 4.1, Table 4.1.10) continued to increase 

after term inal flowering, reaching a maximum at about the sam e time as cropping for 

all plots. The total leaf num ber per plant was significantly higher for glasshouse 

plants. The lower num ber of leaves on outside plot plants indicates a lower num ber 

of nodes per shoot. G rade D plants produced the highest num ber of leaves 

throughout the experim ent (Appendix 4.1, Table 4.1.11). Total leaf num ber counts 

gave no distinction between primary leaves on the main shoot axis and secondary leaf 

production on the laterals.

4.3.4.2 Shoot population establishm ent

G rading had a significant effect on shoot number, except towards the end of 

the cropping period, grade D plants producing and sustaining the greatest num ber of 

shoots and grade A  the least. The population of shoots per p lan t was dependent on 

the grading system.
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"O

Figure 4.5 Total shoot height (sum of total shoots) per p lan t for each environmental 

treatm ent

Figure 4.6 M ean ra te  of shoot elongation (centimetres of total shoot height per plant 

per day) for each environm ental treatm ent
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Figure 4.7 M ean shoot height per p lan t for each environm ental treatm ent
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d a y s  f r o m  p l a n t i n g

Figure 4.8a - b The relationship between mean shoot num ber per p lant and a) 

environm ental, b) grading treatm ents (fi - sed to com pare two environmental 

treatm ents only).
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All grades (and environm ental treatm ents) produced a curve, which illustrated 

bounded population growth (Newby, 1980), reaching an initial maximum of 

approxim ately 2 (grade A), 2 - 3  (grade B and C) and 4 (grade D ) shoots per plant. 

This was followed by a second maximum of 4, 5, 6 and 6 (grades A  - D, respectively) 

shoots per plant, although, for this second maximum glasshouse plants had been 

harvested, so that the num ber was sampled from  polytunnel and outside plants only 

(not shown in Figure 4.8b, see Appendix 4.1, Table 4.1.9). This "double" logistic 

curve indicates the establishm ent of two populations of shoots, from  one parent stool. 

Flowering and fruiting occurred towards the end of the lifetime of the first 

population, as new shoots were formed at the com mencement of fruiting.

The rate of shoot production was significant betw een environmental 

treatm ents (Figure 4.10)(Appendix 4.1, Table 4.1.12). The initial rate of 

establishm ent was rapid and then dropped to a minimum (negative values were 

indicative of shoot mortalities due to self-thinning), followed by gradual 

recolonisation with new shoots. All plots exhibited an initial establishment period. 

However, once the maximum num ber was established in glasshouse and polytunnel 

plots, the existing shoots elongated without any further increase in numbers until their 

m aturation and death.

O utdoor plants exhibited shoot production and elongation simultaneously. 

T here  appeared to be a specific cohort of shoots in glasshouse and polytunnel plants, 

which developed and died en masse. There were few significant differences between 

grades (Appendix 4.1, Table 4.1.13).

Correlation coefficients were calculated (Table 4.9) to find out if there was 

any dependence of the overall yield and shoot num ber on the original plant 

characteristics. The regression equation obtained for the relationship between shoot 

d iam eter and total fresh weight of the m other plant was used in succeeding 

experim ents to grade plants:

P/0=48. 79d0-17 .19 (4.1)

W here: W0 = fresh weight of the m other plant (g), d0 = m ean shoot diam eter of 

m other plant canes (taken at 4cm above soil level)(cm).
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Figure 4.9 The change in m ean total leaf num ber per p lan t for each environmental 

tre a tm e n t.

Figure 4.10 Change in m ean ra te  of shoot production per p lan t (In (shoot num ber 

+ 1) per day) for each environm ental treatm ent.
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Table 4.9 Correlation coefficients (r) to test the dependence of total yield and shoot 
number on grading characteristics (mother plant fresh weight, shoot diameter and 
shoot number)

VARIABLE fresh
weight
of
mother
plant
(g)

shoot
number
of
mother
plant

shoot 
diameter 
of mother 
plant 
(cm)

shoot
number
at
harvest

total fruit 
weight 
per plant 
(g)

total 
fruit 
number 
per plant

fresh 
weight of 
mother 
plant (g)

1.00 0.65 0.65 0.24 0.02 0.07

shoot
number of
mother
plant

1.00 0.25 0.27 0.11 0.01

shoot
diameter of 
mother 
plant (cm)

1.00 0.25 0.03 0.03

shoot 
number at 
harvest

- - - 1.00 0.25 0.19

total fruit 
weight per 
plant (g)

- - - - 1.00 0.46

total fruit 
number 
plant per 
plant

1.00

N O TE: W here the critical v a lu e=0.222, at P = 0.05 for 56 degrees of freedom

This ensured that different grade plants were spread evenly betw een treatm ents.

As shown by the correlation coefficients, there were no clear relationships 

betw een m other plant characters and yield or shoot num ber a t harvest.
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4.3.5 The effect o f treatm ents on the ra te  of cropping

Table 4.10 shows the effect of environment on the timing and duration of the 

cropping period. The start of cropping was also influenced by interaction of grading 

and environm ental treatm ents. Glasshouse plants cropped earliest and with the 

shortest season (16.5 days earlier and 12.5 days longer than  polytunnel 

plants, respectively). O utside plants did not crop until 37 days later.

Table 4.10 Environm ental treatm ent effects on the tim ing and the duration  of 
cropping

com ponents (per 
plant)

environmental treatm ent 
means

significance

G9 P 0 P L^^O.05

start of cropping 
(days)

115.1 131.6 152.3 < 0.001
(0.004 E  x G)

5.35
(10.70)

length of 
cropping period 
(days)

43.9 56.4 66.8 < 0.001 5.41

4.3.6 The effect of treatm ents on yield and cropping period

4.3.6.1 Yield

Tables 4.5 and 4.6 show the effects of treatm ents on some of the components 

of yield (H oover et a l , 1986). Shoot num ber at harvest and num ber of laterals were 

all significantly higher for outside plants. The weight of fruit produced per plant was 

significantly lower in glasshouse plants. Polytunnel plants produced the greatest 

num ber of berries per lateral. The num ber of berries and the num ber of buds set 

(and percentage bud set) were significantly higher for plants grown in the polytunnel. 

Berry size, however was significantly higher in outside-grown plants.

9W here; G  - glasshouse, P - polytunnel and O - outside plot.
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T here w ere significant differences in yield  com ponents for grading treatm ents. 

L ow er grade plants (grades A  and B ) produced greater fruit w eights per lateral and 

fruit bud num bers than the higher grades (T ables 4.5 and 4 .6).

4.3.6.2 Patterns of crop development over the cropping period

T he percentage o f  the total yield  per plant (w eight and num ber o f  fruit picked  

per day) was calcu lated  to show  the spread o f  cropping (M ason  and Topham , 1981). 

Figures 4.11a - c and 4.12a - c respectively show  clearly the protracted cropping  

season  o f  the outside plants com pared with glasshouse plants. Typically, berry 

num bers increased to a m axim um  and berry w eight fluctuated (according to position  

o f ripe fruit on  the cane). Peak cropping was difficult to predict in the glasshouse  

(F igure 4.11a) as there was a m id-season drop in production, possibly due to the  

delayed  d evelopm ent o f secondary and tertiary fruit. Polytunnel cropping was m ore  

consisten t (F igure 4.11b) and longer; cropping in the outside-p lot w as longer still, but 

less consistent on  a daily basis (Figure 4.11c). G lasshouse berry numbers w ere  

in itially very low  (possibly due to scorching o f term inal buds) but later increased  

m arkedly. Individual berry size rem ained very low. Polytunnel plants produced a 

m ore consistent berry size w ith a typical norm al distribution. O utside plants show ed  

the sam e pattern, but the developm ent tim e for secondary and tertiary fruit was m uch  

longer. G enerally , outside and polytunnel plants produced a m ore consistent size as 

the num ber and w eight o f berries fo llow ed the sam e pattern. T h e  tim e from  planting  

to 50 % harvest was 133 days (glasshouse), 154 days (polytunnel) and 192 days 

(ou tside p lot).
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a) glasshouse

c) outside

Figure 4.11a - c Change in mean fruit fresh weight (expressed as a percentage of the 

total yield per plant) over the cropping period. Where: a) glasshouse plot, b) 

polytunnel plot and c) outside plot
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a) glasshouse

days from planting

b) polytunnel

100 122 1++ 166 188 210 
days from planting

Figure 4.12a - c Change in mean berry number (expressed as a percentage of total 

number per plant) over the cropping period. Where: a) glasshouse plot, b) polytunnel 

plot; c) outside plot
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4.4 DISCUSSION

4.4.1 The implications of grading for plant growth and development

A s can be seen  from  the results, shoot num ber w as significantly different 

am ong grades. Plants w ere m easured and graded in order to find out what aspect o f  

the m other plant or stool could  be related to the ensuing shoot population, and 

w hether this could be applied to com m ercial practice. A s rep lacem ent shoots are 

produced from  basal buds for each  successive year’s population  o f  canes, som e aspect 

o f the m other plant may b e related to the num ber o f  basal buds present, thus 

producing a relationship to determ ine the num ber o f poten tia l shoots by estim ating  

basal bud num ber from  grading characteristics. A s none o f  these characteristics 

related  directly to final shoot num ber, it can be assum ed that the relationship is m ore 

com plex and needs further investigation.

T he significance o f grading was shown in the am ount o f vegetative growth 

(greater with respect to grade D  plants) during developm ent and at maturity. O f 

specia l note  was the greater num ber o f laterals produced in higher-grade plants, 

although this w as offset by th e high bud num ber and fruit w eight per lateral in lower- 

grade plants. E ven  though m ore shoots w ere produced by higher-grade plants this 

did not appear to relate to yield . Overall, the rate o f em ergence o f shoots and the 

num ber o f  shoots w ere grade dependent.

R ice  and D una (1986) studied the effect o f initial plant size on the yield  

com ponents o f two strawberry cultivars. Early yields correlated highly with initial 

plant fresh w eight and crown diam eter. H ow ever, late yields w ere unaffected by 

plant size. This suggests (as is the case with cv. "Autumn Bliss") that the length of 

tim e from  planting to cropping was too  long for original plant characters to have any 

effect on  the final yield.

Com m ercially, grading is carried out on plants by visual assessm ent o f m other 

cane quality. M acK erron (1978) carried out grading on  spawn cane according to 

com m ercial practice and found that this had no bearing on  the num ber or height o f  

shoots produced. H e concluded that grading by cane quality was m isleading, but 

grading by root m ass was m ore accurate. T he grading system  em ployed here would
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therefore prove im portant in bringing about rapid establishm ent and vigorous growth 

o f the young shoot population. G rade D  plants show ed m ost significant differences  

over and above the other three grades; m other plants w ere typically in the range of

22.5 - 114.5g (average shoot num ber 1 - 12, shoot diam eter 0.6 - 1.6mm ).

4.4.2 Canopy establishment with respect to shoot population per plant

L eaf num ber and shoot height contribute to canopy establishm ent, but both  

depend on  the rate o f  in itiation o f  the shoot population. O utside plants produced, 

a large num ber o f  shoots, w ith few er leaves and greater dry w eight o f  plant parts, at 

a slow er rate, w hereas polytunnel and glasshouse-grow n plants produced fewer, taller 

shoots, w ith m ore leaves which developed  rapidly and sim ultaneously. This suggests 

that the plants in these environm ents tend to grow and develop  in an age-class or 

cohort, flow ering and fruiting together before m ore shoots could  establish. This may 

be due to lim itations in the am ount o f  available light and resources in the roots or 

other factors. Shoots w ere less effective as sinks during fruiting than during 

vegetative developm ent. T he apex does not act as a sink in the m ature cane. Fruits 

form  slight sinks, but a large proportion o f assim ilate translocation goes to developing  

rep lacem ent shoots (Erasm us and Staden, 1983).

It was difficult to see , by the nature o f the data obtained, w hen shoots 

em erged and for how  long they survived, ie. their individual em ergence and death  

rates. This inform ation w ould give m ore o f an indication o f individual shoot age and 

o f w hen the population age structure changes (w hether production balances out 

sen escen ce  in  a continual renew al o f  shoot population). T he m other plant (stem  

base, including basal buds and the root system ) is the true plant (genet) and the 

shoots (ram ets) are not the true progeny, but can be lik en ed  to a branch system. 

H ow ever, the extent o f plasticity o f  the plant form  m eans that it reacts to stress by 

the "birth” and death o f its organs. T herefore these organs can be treated as 

individuals as they have an age structure (H arper, 1977; W hite, 1984). In order to 

understand and m odel the plasticity o f  the plant architecture it is im portant to  

consider the tim ing o f individual shoot production.
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4.4.3 Environmental effects on growth and development

V ery little  research has b een  done to exam ine the effects o f  environm ent on  

the growth and yield  o f  raspberries (D a le , 1989). K eep  (1988) stated that clim ate 

(rainfall and tem perature), together w ith daylength and the length o f  the growing 

season , all have a  m arked effect on  the season  o f autum n-fruiting raspberries. 

H ow ever, there is little ev idence to back this up.

4.4.3.1 The effect of ambient temperature on the rate of shoot maturity and crop 

development

T he rate o f shoot e longation  reached a m axim um  at about the sam e tim e as 

term inal flow er prim ordia appearance. M axim um  m ean shoot height occurred at the 

sam e tim e as term inal flow er anthesis, although the m axim um  exhibited for total 

shoot height did not particularly relate to either. The latter was probably as a result 

o f the extension  o f  younger shoots. Sim ilar data for cv. "Heritage" in growth 

cham bers at 25°C, 16°C and 13°C show ed the sam e rapid developm ent and 

term ination o f shoot e longation  for plants held at 25°C. T he two low er-tem perature  

growth cabinets produced plants with taller canes and longer internodes (Ourecky,

1976).

A lthough node num ber was not recorded, shorter outdoor grown plants 

produced significantly greater num bers o f  laterals, which ind icated  the production of  

a larger num ber o f nodes in these shoots. H ow ever, nod es are produced at a 

constant rate on  the vegetative shoot, so that variations in  the rate at which the shoot 

elongates lead  to differing internode lengths (Jennings and D a le , 1982; D ale , 1989). 

G reater lateral production m ay be due to higher light levels  or to the extent

o f release o f the lateral buds from  correlative inhibition.

R e lea se  o f  basal buds throughout the growth period and the higher light levels  

in  the outside p lot w ere causal in the greater num ber o f  shoots produced.

T he tim ing o f  flow ering influences the size and architecture o f  the mature 

cane. Cultural practices for raspberry production leading to  precocious flow ering had
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no effect on  y ield  (Crandall and Cham berlain, 1972). This agrees w ith the results 

obtained  here as sim ilar yields w ere obtained from  polytunnel plants and outside-plot 

plants indicating that other factors w ere involved. The tim e o f  flow er in itiation was 

n ot exam ined in  detail for this experim ent. T he interaction  o f th ese  plant 

com ponents w ith tem perature needs further investigation and w ill b e  discussed in the 

next chapter.

4.4.3.2 Environmental effects on yield components and cane architecture

T he environm ent affects the sequential developm ent o f  the fruiting cane  

architecture (D a le  1986). T here is a large body o f research on  yield com ponents in  

raspberry and their interactions. D u e  to the relative com plexity o f the fruiting cane  

structure, any num ber o f com ponents can be said to have an effect on the overall 

yield . T he literature on th ese com ponents will be review ed and specific com ponents 

studied in  the follow ing chapter. T h ese  results verified  th ose produced by D a le  

(1986). Pot-grow n plants o f  six cultivars (tipped at 25 nod es), grown in a glasshouse, 

produced longer laterals and a greater num ber o f  buds, flow ers and fruit per lateral 

than outdoor-pot -grown plants or field  plants.

Significantly larger m ean berry w eights for outside p lo t plants w ere probably 

due to other environm ental factors apart from  tem perature, such as reduced water  

stress.

4.4.3.3 Other environmental effects on growth and development

Som e basic assum ptions w ere m ade during the course o f  the experim ent. 

T h ese  w ere that light, water availability and nutrients w ere n o t lim iting (daylength  

assum ed to have no effect on  the tim ing or rate o f  flow ering) and that the plants 

w ere d isease-free. H ow ever, due to the low  light levels experienced, an infestation  

o f  P. ulmi K och, and lea f scorching it is im portant to lo o k  at the effects o f  other  

environm ental factors on shoot growth.
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4.4.3.3.1 W ater stress

T he w ater content o f  the leaves was significantly less in  plants treated in the 

polytunnel than those treated in  the glasshouse and outside-plots (54.78%  com pared  

w ith 55.97%  and 56.12%  respectively; L SD 005 = 0.81). G oulart (1989b) studied the 

effect o f  w ater stress in  the cultivars "Heritage" and "Titan" in a glasshouse  

environm ent. She show ed that stress decreased the node num ber and postu lated that 

this had a direct effect on  reducing the num ber o f  in florescences. In addition to this 

B en-T al (1986) discusses the issue that factors which inhibit growth prom ote  

flow ering and gives the exam ple o f flower prom otion in w ater-stressed Citrus trees. 

W ater stress hastens the developm ent o f raspberry floral prim ordia, but reduces yield, 

as it affects the am ount o f stored carbohydrate per bud (Crandall and Chamberlain, 

1972; Crandall, A llm endinger et aL, 1974; M acKerron, 1982).

4 A 3 .3 .2  The effect o f  levels o f  photosynthetically active rad iation  in each plot

D ry m atter accum ulation occurs at a rate determ ined by the am ount o f  

in tercepted  radiation (Porter and D eleco lle , 1988). The distribution o f flowers and 

fruit at anthesis and pre-harvest w ere highly correlated with le a f  area. T he number 

o f fruit per unit lea f area and per lateral node increased w ith increasing light 

exposure in canes o f cv. "Willamette" (Braun et al, 1989). T hese observations 

m ay explain the greater num ber of laterals and greater dry-m atter content o f canopy  

plant parts and total lea f area exhibited in shoots o f plants grow n outside.

4.4.3.3.3 W ind  exposure

W ind exposure is thought to be a factor causing bud suppression (Jennings et 

al. , 1986) and is know n to reduce growth and yield (W aister, 1970). T he cultivar 

"Mailing Jewel" produced taller, higher yielding canes in  sheltered  plots (wind  

screen ed ) com pared w ith exposed  plots (W aister, 1970). Jennings (1964a) found that 

exposed  canes tend ed  to be shorter, with shorter internodes.
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O utside plants may have b een  affected by wind dam age, although the plot was 

sheltered . This may have b een  the cause o f  the low  m ean  cane heights and low  

percentage fruit set and fruit number, due to lateral dam age, in  these plants.

4A3.3.4 Stress as a result of pot-bound roots

R oot param eters w ere not m easured in this experim ent, how ever at harvesting 

roots w ere entirely pot-bound. Cultivation o f avocado (Persea americcma M ill.) and 

Citrus sp. trees in  pots o f different volum es show ed that, w here roots w ere confined  

to  sm all pots, vegetative growth was reduced and flow ering was earlier and m ore 

profuse (B en-T al, 1986). This was not displayed in the graded plants o f this 

experim ent as plants with larger root systems produced a greater num ber o f shoots, 

and hence m ore vegetative growth than this evidence indicates.

4.4.3.3.5 Frost damage

O utside plot plants w ere exposed to freezing tem peratures on two occasions 

over the experim ental period. T he first was in  April 1988 (with a m inim um  o f -2°C) 

and the second in N ovem ber (m inim um  o f -4°C). Raspberries held for 45 minutes 

in  special frost cham bers at -2°C had reduced yields (R uxton and M odlibowska, 

1954). H ere the critical tim e was in April during shoot em ergence and developm ent, 

so that this tem perature probably caused a certain am ount o f  frost dam age.

4.4.3.3.6 Pests and disease

Spider m ite infestations (P. ulmi K och.) on glasshouse (and to a lesser extent 

polytunnel) plants w ere particularly heavy and caused loss o f  lea f m aterial. This 

probably contributed to the contracted cropping period o f the glasshouse plants. 

Severe m ite defoliation  reduces starch and sugar reserves (D oughty et a l , 1972).
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4.4.4 The effect o f  a protected environm ent on cropping

It is difficult to com pare yields w ith a com m ercial hold ing as the plants w ere  

pot-grown. A lthough this controlled  the am ount o f  growth, it enabled  a study o f  

individual plants to b e  m ade in isolation. G oulart (1989a) discusses the use o f  plant 

growth regulators to control vegetative vigour in cv. "Heritage". This did not appear 

to  be a prob lem  in cv. "Autumn Bliss", nor should it be necessary to em ploy growth 

regulators to advance flowering, unless this was required for a specia lised  market, as 

the annual habit o f cv. "Autumn Bliss" is not obligate w ith respect to vernalization  

treatm ents.

T he difference in total w eight o f fruit produced per plant was not significant 

b etw een  polytunnel and outside-grow n plants. T otal berry num ber and percentage  

fruit set w ere higher for the polytunnel plot, although the m ean  berry w eight (berry 

size) was greater in outside grown plants.

M ason and T opham  (1981) m odelled  daily crop production in order to 

produce a crop profile, which w ould predict cropping in order to obtain a suitable  

econ om ic interval for m echanical harvesting. They found large daily variations in 

ripe fruit production; fruit ripened in flushes due to frost dam age or tem perature  

fluctuations. T hey required a sufficiently high daily rate o f  production. T he cropping  

profiles o f  the three plots varied in length o f cropping season  significantly and also  

in  the consistency o f  berry size and number. A lthough glasshouse plants fruited m uch  

earlier there w as a large variation in fruit size and num ber com pared to polytunnel 

plants.

Sm aller yields in  the glasshouse, as w ell as the cost o f  heating, m akes it less 

econom ically  v iable than the polytunnel for the com m ercial cultivation o f  cv. 

"Autumn Bliss". T he prevalence o f  spider m ite infestations in  the polytunnel and 

glasshouse indicates that these two environm ents are m ore favourable to Spider m ite  

than the outside plot.

O verall the results lie  in the favour o f the use o f p lastic tunnels to protect the 

crop from  unfavourable environm ental conditions, increase the fruit set and prom ote  

the fruiting season . T hese results agree with D utch and U n ited  K ingdom  growers
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w ith respect to trials on  the use o f plastic tunnels to extend the cropping period. 

V erwijs (1983) and Dijkstra and V an O osten  (1984) covered the crop from  early 

spring onwards. Fruit s ize  was im proved by rem oving the tunnel sides during 

cropping to  slow  dow n ripening. Y ields w ere im proved by 12% and w ere 15 days 

earlier (cropping was brought forward by approxim ately 25 days) than field-grown  

equivalents. Verwijs (1983) concluded that although providing protection  was quite 

labour intensive, there was a high turnover and it provided the crop with frost 

protection . H e  suggested the need  to provide b ees as pollinators, but the high fruit 

set in  this experim ent contradicts this. Partis (1987) found that 50%  harvest dates 

and fruit size w ere sim ilar for crops from plots only protected during bad weather  

and unprotected  plots. Burgess (1986), also studying the effect o f protection  during 

cropping only, found that protection  saved w astage (80-90%  m arketable fruit) and 

extended  the cropping period  (w hen it w ould otherwise have rotted on the canes). 

N on n eck e and T aber (1989) studied the effect o f polyethylene covers on the rate and 

extent o f  growth in raspberry. Covers w ere em ployed for a m onth (A pril to May), 

but they had no effect on the subsequent cane height or node number.

C learly protection for part o f  the developm ental cycle has little effect apart 

from  im proving the existing fruit quality. A s discussed above the effect o f  grading 

(due to  the plasticity o f raspberry m orphology and architecture) appears to have no 

bearing on  the final yield. T o  encourage rapid shoot elongation  H oover et al (1989) 

suggested  the use o f  m axim um  tem perature differentials in polytunnels, in order to 

subject plants to m ore heat units to produce an early crop.

A ll o f  this serves as ev idence for the em ploym ent o f longer term  protection, 

as dem onstrated here and in  H olland, if there is a need  for intensive cultivation. 

G oulart (1989a) suggests such a need  in the U nited  States due to a high demand, 

w hich has increased the m arket value o f raspberries. From  the ev idence presented  

in  the last chapter, cv. "Autumn Bliss", unlike the other A m erican autumn-fruiters, 

does n ot require chilling to induce flowering. It is a suitable candidate, therefore, for 

all-year-round protected  cropping.
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4.5 C O N C L U SIO N S

Individual plants are com posed o f  a population o f  shoots, w hich can be  

considered  as individuals. T w o populations w ere produced over the growth cycle; the 

first w as rapid (invasive) and the second slower, as it com peted  w ith the senescing  

existing population. T here is a need  for further investigation o f  the population  

dynam ics o f  the plant.

Shoot developm ent w as sim ultaneous as a cohort in  g lasshouse and polytunnel 

plants, how ever less uniform  developm ent w as shown in outdoor plants. Grading had 

a significant effect on the am ount o f vegetative growth, on the establishm ent rate and 

the overall size o f  the shoot population per plant.

Knight (1986) and Jennings (1988) called  for im provem ent o f  autumn-fruiting 

cultivars by advancing and condensing the cropping season. This was shown in 

glasshouse plants.

O ther environm ental effects such as w ater stress, w ind and frost dam age had 

som e effect on  crop growth, but light levels at each p lot probably had the m ost direct 

effect. Overall, environm ental factors probably have an indirect effect on  flow er bud 

in itiation , through effects on the physiology o f the plant as a w h o le  (Jennings, 1988). 

Y ields from  the polytunnel p lot agree with the com m ercial research cited. The  

polytunnel is a suitable option  for com m ercial protected cultivation o f  cv. "Autumn 

Bliss".
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CHAPTER 5

TH E E FFEC T  O F D IFFE R E N T  CO NSTANT D A Y /N IG H T  TEM PERATURE  

TR EA TM EN TS O N  TH E RATE O F FLO W ER IN ITIA TIO N  A N D  YIELD  

C O M PO N E N T S O F FIR ST  CO H O RT SH O O TS IN  PLANTS O F CV. "AUTUMN  

BLISS" E X P O SE D  FR O M  PLANTING TO TER M INA L FLO W ER  BU D  

APPEARANCE

5.1 IN T R O D U C T IO N

T h e last chapter show ed significant d ifferences in the tim ing and length o f  

cropping, as a result o f plants being exposed to different environm ental regim es. The  

rate o f  shoot e longation  was higher, with higher m ean tem perature o f  environm ent.

K eep  (1961) and O urecky (1976) found that the autum n-fruiting character was 

additive. T hat is, genes controlling this character interact, but show  no dom inance  

(A yala and K iger, 1980). K eep  (1961) initially stated that variation in the character 

was due to the interaction b etw een  m eristem  flow ering and cane elongation  with the 

environm ent. She later (K eep , 1988) qualified environm ental effects as clim ate  

(tem perature and rainfall), daylength and length o f growing season. F low ering is 

determ inate and therefore associated with the cessation  o f shoot elongation. 

W illiam s (1960) and H udson and W illiam s (1961) proposed  a dual control m echanism  

for m eristem  flowering, concerning in som e way the physiological age o f  an individual 

shoot and tem perature. G oulart (1989a) hypothesised that this could b e  related to 

the size o f  the shoot or le a f num ber. R esearch on  growth regulators (and water 

stress treatm ents) designed to  suppress vegetative growth (R edalen , 1980; Braun and 

Garth, 1984a; Braun and Garth, 1986) shortened the length o f  the vegetative phase  

(C randall and Cham berlain, 1972; Crandall, A llm endinger et al. , 1974) prom oting  

flow er in itiation  (Crandall and Cham berlain, 1972; Braun and Garth, 1986). This 

supports the findings above, which suggests that tem perature affects the rate o f shoot 

developm ent and this in turn affects flow er induction and initiation.

This chapter aims, in part, to investigate the effect o f  tem perature on  the rate
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o f  flow ering w ith respect to sh oot age by looking at individual shoot developm ent in  

first cohort shoots.

D a le  (1989) proposed m ore research on  the e ffect o f  environm ent on  yield in  

Rubus. H e  suggested  m odelling the growth o f  the first year shoots and testing this 

against growth in different environm ents. H e  noted  that this w ould be particularly  

applicable to  autum n - fruiting cultivars. M odels have b e e n  developed  for other 

crops o f  determ inate growth, for exam ple m aize and corn (T ollenaar et a l , 1979; 

W arrington and K anem asu, 1983a; R ussell and Stuber, 1984; Grant, 1989). For  

exam ple, Kirby (1985) described and m od elled  the phenology o f w heat (Triticum 

aestivum L .) based  on the rate o f production and duration o f spikelets from  

em ergence to flowering. T h e determ inate nature o f  shoot developm ent in this 

cultivar is im portant in m odelling the tim ing o f  the release o f lateral buds, subsequent 

from  flow er initiation.

T he range o f  papers w ritten  on  the yield com ponents o f  Rubus is w ide. T here  

is considerab le variation w ith respect to definitions, relative im portance and the 

relationship o f  com ponents to each  other. It is im portant to define these  

com ponents, to  gain a clearer understanding o f their relationship to yield  and in  

deciding w hich are suitable for use  in the m odel.

5.1.1 Definition of yield and yield components

V ariation  in yield can b e  look ed  at from  three different angles: b iological 

yield  ( t /h a  o f  dry m atter), fruit y ield  (translating dry m atter into harvestable yield) 

and econ om ic yield  (higher crop value with low er production costs) (D a le , 1989). 

M arketable y ield  has been  m od elled  as a function o f  cane number, lateral length, 

nod e num ber, reproductive n od e  num ber, fruit bud num ber, fruit num ber, fruit set, 

berry size and w eight o f  m arketable fruit. It was found that only cane number, 

lateral length and an index o f  fruit size w ere necessary to accurately estim ate yield  

(F reem an et a l , 1989).

C onventionally, breeding is carried out in order to obtain  a "good bearing  

surface". In the case o f  autum n-fruiters, this m eans a m oderate num ber o f  strong
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early em erging shoots, w ith w ell developed  laterals w hich crop w ell dow n the length  

o f  the cane (Jennings, 1988; Knight e t a l , 1989; Jennings and M cGregor, 1989). 

T he principal yield  com ponents derived from  such stud ies w ere found to be:-

i) C ane height (D arrow  and W aldo, 1933; W ood e t a l , 1961; Oydvin, 1969; Fejer 

and Spangelo, 1974; Orkney and M artin, 1980; D a le , 1986).

ii) C ane d iam eter (D arrow  and W aldo, 1933; Lawson and W aister, 1972; Crandall, 

A llm endinger e t a l , 1974; Crandall, C ham berlain and B iderbost, 1974; D a le  and 

D aubeny, 1985; D a le , 1986).

iii) N od e  num ber (Jennings and D ale , 1982; H oover e t a l , 1988; Freem an e t a l ,

1989).

iv) Shoot num ber (D arrow  and W aldo, 1933; W ood e t  a l , 1961; Ljones and 

Sakshaug, 1967; Oydvin, 1969; Lawson and W aister, 1972; Crandall, A llm endinger  

e t a l , 1974; Crandall, Cham berlain and Biderbost, 1974; W aister, e t a l 1977; 

H oover e t a l , 1986; H oover e t a l , 1988; N ehrbas and Pritts, 1988; F reem an e t a l ,  

1989).

v) C ane vigour (D arrow  and W aldo, 1933; Crandall, C ham berlain and Biderbost, 

1974).

v i) N um ber o f  fruiting laterals (W ood e t a l , 1961; Fejer and Spangelo, 1974; 

Crandall, C ham berlain  and Biderbost, 1974; Orkney and M artin, 1980; Jennings and 

D a le , 1982; H oover  e t a l , 1986; R edalen , 1986; D a le , 1988; H oover e t  a l , 1988; 

N ehrbas and Pritts, 1988; Jennings and M cG regor, 1989; K night e t a l , 1989).

v ii) Lateral productivity (W ood e t a l , 1961; Crandall, C ham berlain and Biderbost, 

1974; Ourecky, 1975; Ourecky, 1976; Orkney and M artin, 1980; H oover et a l ,  

1986; D a le , 1988; H oover e t a l , 1988).

v iii) Lateral typ e/v igour (W ood et a l , 1961; D ale , 1979; D a le , 1988).

ix) Berry num ber (Ljones and Sakshaug, 1967; W aister and Barritt, 1980; D ale , 

1988; H oover e t  a l , 1988).

x) Berry s ize /w e ig h t (Ljones and Sakshaug, 1967; O ydvin, 1969; Crandall, 

C ham berlain and Biderbost, 1974; H oover e t a l , 1986; R ed a len , 1986; H oover et 

a l , 1988; Jennings and M cG regor, 1989; Knight e t a l , 1989).
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5.1.1.1 Cane height

C ane height is positively correlated to yield (C randall, C ham berlain and 

B iderbost, 1974; Orkney and Martin, 1980). Taller canes tend  to elongate faster, 

having few er nod es and few er laterals (Crandall, C ham berlain and Biderbost, 1974; 

Jennings and M cG regor, 1989). H eight is negatively correlated to node number, but 

positively correlated to cane diam eter (Jennings and D a le , 1982). A verage shoot 

height in  a stool bed  is affected by intraplant com petition. A s m ore shoots are 

produced, individual shoot height decreases (W aister, et a l  1977; W right and 

W aister, 1982a; W right and W aister, 1982b).

A s shoot-elongation  rate and final height are very sensitive to environm ental 

conditions (C hapter 4 ),(Jennings, 1964a; Ourecky, 1976; Jennings and D ale , 1982; 

D ale , 1989; Jennings and M cG regor, 1989) and shoot height is not a constant 

character (Jennings and D ale , 1982) they are less suitable as determ inants o f yield.

5.1.1.2 Cane diameter

Increased cane diam eter is related to increased fruitfulness (Law son and 

W aister, 1972; Crandall, A llm endinger et al, 1974) with respect to  berry num ber and 

fruit set. Larger diam eter canes have few er laterals. Berry num ber is related m ore  

directly to d iam eter than height (Crandall, Cham berlain and Biderbost, 1974). N ot 

surprisingly, therefore, cane diam eter is positively correlated to cane height and 

negatively correlated to node num ber (Jennings and D a le , 1982; Jennings and 

M cG regor, 1989).

C ane d iam eter is affected by environm ent; both thick and thin canes can yield  

poorly if  held  in  favourable or unfavourable conditions respectively. It relates to the 

tim ing o f  flow er initiation. Sm all d iam eter shoots in itiate flow ers m ore rapidly 

(Crandall and Cham berlain, 1972; Crandall, Cham berlain and Biderbost, 1974). 

Early bud growth was exhibited in  larger diam eter canes and was thought to  be  

related  to carbohydrate supply (Crandall, A llm endinger et al, 1974; W aister and 

Barritt, 1980).
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A lthough cane diam eter was found to be unstable for selection  purposes 

(Oydvin, 1969) it is o f  im portance as a m easure o f  assim ilate availability to 

developing buds (Crandall, A llm endinger et al, 1974).

In conclusion, D a le  (1989) stated that there "appears to be an optim um  

diam eter for w idespread adaptation". This justifies further research into the effect 

o f  cane d iam eter on  yield.

5.1.1.3 Node number

T reatm ents which reduce node num ber reduce yield  (H oover et al, 1988). 

R eduction  in internode length (ie. increase in node num ber per cane) gave a greater 

yield  in b iennial and part-biennial cropping systems (W aister, et al 1977; W right and 

W aister, 1982a; W right and W aister, 1982b). N ode num ber is im portant as it relates 

to  the num ber o f  fruiting laterals (Jennings and D ale, 1982; Jennings and M cGregor, 

1989) and inflorescence num ber (G oulart, 1989b). Axillary bud size varies with node  

position , due to the effects o f  correlative inhibition (Jennings, 1987; Jennings and 

M cG regor, 1989), thus the developm ent o f each bud and subsequently the lateral is 

influenced  by its position  on  the cane (D a le , 1979).

N od es w ere shown to be produced at a constant rate irrespective o f  

environm ent (Jennings and D a le , 1982; Jennings and M cG regor, 1989). This stability 

o f character and the fact that each node relates to the position  and vigour of 

poten tia l laterals highlights node num ber as an im portant yield  com ponent.

5.1.1.4 Shoot number

Shoot num ber is an im portant yield  com ponent (H oover et al, 1986; Nehrbas 

and Pritts, 1988; H oover et al, 1988). H ow ever, many papers give ev idence for a 

negative correlation betw een  shoot num ber and yield (Crandall, A llm endinger et al, 

1974; W aister, et al 1977; Crandall et al, 1980; Orkney and M artin, 1980; Buszard, 

1986; H oover et al, 1988; D a le , 1989; Freem an et al, 1989). C anes grown in a 

biennial or part-biennial cropping system  (where shoots w ere allow ed to mature
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w ithout com p etition  from  younger vegetative shoots) produced higher yields due to  

increased  sh oot num bers com pared with the annual cropping system  (W right and 

W aister, 1982a; W right and W aister, 1982b). Plants in  experim ents, w here shoot 

num ber w as reduced show ed considerable ability to com pensate by an increase in 

individual cane productivity (L aw son and W aister, 1972; Crandall, A llm endinger et 

al, 1974; W aister, et al 1977; D a le , 1989; F reem an et al, 1989). T here appears 

to  b e  an optim um  w here shoot num ber is proportional to  y ield  (Sullivan and D ale, 

1989), such that shoot num bers above or b elow  this value can lead  to reductions in  

yield .

5.1.1.5 Cane vigour

C ane vigour encom passes the above yield com ponents as it can be defined  as 

a product o f  the num ber o f  canes per row (Sullivan and D a le , 1989; D arrow  and 

W aldo, 1933) and cane size (Crandall, C ham berlain and B iderbost, 1974; Ourecky, 

1976). It also includes cane diam eter, height and bud num ber per length o f cane and 

per lateral (D arrow  and W aldo, 1933) and relates to fruit num ber (D arrow  and 

W aldo, 1933; Crandall, C ham berlain and B iderbost, 1974). C ane vigour was shown  

to be negatively  correlated to  node num ber (Jennings and D a le , 1982).

5.1.1.6 Lateral number

Lateral num ber relates to cane productivity (O rkney and M artin, 1980). It 

depends on  n od e  num ber (D a le  and Topham , 1980; Jennings and D a le , 1982; 

Jennings and M cG regor, 1989) in the cropping zone and the proportion o f nodes  

w hich develop  into  laterals (W ood  et al, 1961; H oover et al, 1988; Jennings, 1988). 

T his is in fluenced  by the environm ent - on  average 2 /3  o f  the total nodes per cane  

develop  into laterals (Jennings, 1988). M ost im portant is the productivity o f  

individual laterals. T he num ber o f  fruit per cane is a m easure o f  individual lateral 

productivity and the num ber o f  laterals (D ale , 1988). L ike shoot num ber, individual 

lateral productivity increases with a decrease in the num ber o f  laterals per cane
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(O urecky, 1976; D a le  and Topham , 1980; D a le , 1988).

T he laterals, together w ith the cane population, form  the support and 

fram ew ork for the raspberry crop. Som e distinction is m ade in  the literature b etw een  

fruiting and vegetative laterals. A ll axillary buds are potentially  lateral and flower  

buds (W ood and R obertson , 1957; W aldo, 1934), therefore it is logical to assum e  

that all laterals are fruiting, certainly am ong autum n-fruiting cultivars.

5.1.1.7 Lateral productivity

L ateral productivity relates to the num ber and size o f  berries per lateral. 

T aller canes tend to have few er laterals, but individual lateral productivity is 

increased, correspondingly the sam e occurs w ith large d iam eter canes (Crandall, 

C ham berlain and Biderbost, 1974). R em oval o f  vegetative shoots around the fruiting 

cane increases lateral productivity, but not lateral num ber (L aw son and W aister, 

1972; W aister and Barritt, 1980; Crandall, C ham berlain and Garth, 1980; D alm an, 

1989). This is m ore m arked on low er laterals (Crandall et al., 1980).

5.1.1.8 Berry number and beny weight

Berry num ber and berry w eight are the com ponents o f  harvestable y ield  (D ale, 

1989). Fruit num ber is negatively correlated to the num ber o f  fruiting laterals per 

cane (D a le , 1989). Its relationship betw een  lateral num ber and lateral productivity 

is w ell established  (R edalen , 1986; D ale , 1988; Jennings and M cG regor, 1989). It 

is the result o f  the com bination o f node num ber per cane, the ability o f  the cane to 

produce laterals and the ability o f the node to produce m ore than one lateral (D ale , 

1989).

Berry w eight or fruit size relates to ovule num ber, druplet set and druplet size  

(D a le , 1989). Berry size increases in response to treatm ents which reduce berry 

num ber (Brierley, 1931; L aw son and W aister, 1972). A  high positive correlation was 

show n to exist b etw een  fruit size and lea f a r e a /le a f  w eight (K hanm ai and Brown, 

1940).

90



Chapter 5

5.1.1.9 Lateral type/lateral vigour

L ateral vigour (lateral length and nod e num ber) increases towards the centre 

(Brierley, 1931) and base o f  the cane (D a le , 1979). Low er laterals w ere shown to 

yield  a  70%  greater w eight o f  fruit than upper laterals (K hanm ai and Brown, 1940). 

T his vigour also varied w ith the total num ber o f  laterals. T he higher the node  

num ber per cane the m ore variation in  vigour (D a le  and T opham , 1980; Jennings 

and D a le , 1982). It was concluded that the position  o f the lateral was im portant in 

determ ining yield  com ponents. V egetative characters for lateral vigour show ed m ore 

variability than reproductive ones (D ale , 1979).

A s the com ponents o f  lateral characteristics are interrelated, independent 

variables w ere isolated  to describe the variation in lateral m orphology, vigour and 

productivity (D a le  and Topham , 1980). D a le  (1979), D a le  and T opham  (1980) and 

D a le  (1988) described principal com ponents analysis, which resolved  three vectors for 

lateral characteristics. T he first vector was denoted  G eneral Lateral V igour which  

relates to plant shape, ie. the num ber o f  lateral bearing nodes per cane. This vector  

w as found to b e  associated w ith later fruiting laterals, which are located  on the lower  

h alf o f  the cane. T he second vector was denoted  R eproductive V igour. T h ese  laterals 

w ere vigorous w ith a high proportion o f fruiting nodes. R eproductive vigour tended  

to  be low  in low er laterals. T he third vector described U n ach ieved  R eproductive  

P otential, that is the num ber o f  flow er buds and the percentage o f  reproductive nodes  

per lateral (D a le  and T opham , 1980).

Overall, the developm ent o f the axillary bud and lateral is influenced by its 

p osition  on  the cane at all stages o f developm ent. T herefore there is a n eed  to take 

in to  account lateral position  in yield com ponent studies (D a le , 1979).

In summary (Figure 5.1) the research carried out on yield  com ponent analysis is 

varied and very often  not backed up by statistical evidence for direct relationships 

b etw een  com ponents. T he m ost notable work, which provides clear statistical 

evidence, is the above on lateral vigour and path analyses carried out by N ehrbas and
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Pritts (1988) and H oover et al., (1988). T he latter path analyses outlined  the yield  

com ponents w hich contributed m ost to y ield  (the sum  o f  th e yield  com ponents). 

M ultiple regression equations w ere based  on  path diagram s. T h ese  show ed the  

d ep en d en ce o f  individual com ponents. For sum m er-fruiting varieties they w ere cane  

num ber and the num ber o f fruiting laterals per cane. For autum n-fruiting varieties 

fruit num ber per node, cane num ber, total node num ber, the percentage o f  fruiting 

n od es and fruit w eight w ere deduced as im portant.

5.1.2 R easons behind the variations in  relationsh ips between yield  com ponents

5.1.2.1 Phenotypic p lasticity

T he stability o f yield com ponents is indicated by their heritability (proportion  

o f  phenotypic variance attributable to genetic  effects) and additivity. Fejer and 

Spangelo  (1974) found very low  heritability for yield, berry w eight and tim ing o f  

flow ering. T hey found high heritability for early vigour and plant height. Fejer  

(1977) determ ined from  4 x 4  diallel crosses that this inheritance was additive for 

fruit yield, w eight, autum n-fruiting habit and day o f  flow ering, but non-additive for 

lateral number.

T he relationships b etw een  yield com ponents can b e  m odified  by many 

environm ental factors including humidity, planting distance, so il m oisture, day length  

and tem perature (D arrow  and W aldo, 1933). A s the environm ent affects the  

sequential developm ent o f these com ponents (D ale , 1986) this affects overall 

genotyp ic expression and is expressed as phenotypic plasticity (Bradshaw, 1965). D a le  

(1979) states that too  m uch should not be read into genotypic relationships as they  

are m odified  by changing environm ental pressures.

Phenotypic plasticity is im portant regarding adaptation o f  plants to  fluctuations in  

the environm ent - which allow s buffering against rare conditions (Ford, 1975; 

Jefferies, 1984). Theoretically, the phenotype is the set o f  all m easurable  

characteristics o f  an individual during its lifetim e, excluding m easurem ents w hich can 

only b e  m ade by breeding experim ents (M acArthur and C onnell, 1966).
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Figure 5.1 Schematic diagram to show the relationship between principal yield 

components from previous research on Rubus (symbols indicate the nature of the 

relationship).
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T h e am ount o f  change in a character from  a chosen  reference poin t is a m easure o f  

its plasticity. Logically, characters form ed as a result o f  long periods o f  m eristem atic  

activity, are m ore subject to environm ental influence and are therefore m ore likely  

to  b e  m ore plastic than those form ed rapidly during ontogen esis (W hite, 1984).

T here is m uch evidence for variation and com pensation  am ong plant parts 

(W ood  et aL, 1961; W aister and Barritt, 1980) for exam ple, the developm ent o f  

secondary and tertiary laterals as a result o f death or dam age to primary laterals 

(W ood  and R obertson , 1957; Jennings, 1979a).

T he control m echanism s governing these p lastic responses involve the 

transport o f m etabolites, thus the plant m ust be considered as a w h ole  (Jefferies, 

1984), w hen discussing the developm ent o f phenotypes.

T here are indications that yield com pensation and plasticity in  the raspberry 

is lim ited by correlative inhibition and assim ilate supply. E vidence for both was 

provided by work done by Braun and Garth (1984b) w here rem oval o f  upper buds 

increased the num ber o f fruit, but not the lateral num ber. Further to  this, rem oval 

o f low er buds induced no y ield  com pensation in the upper laterals.

5.1.2.2 C orrelative inh ib ition

Fruit bud num ber is affected  by apical dom inance - release  o f dom inance  

increases bud num ber (Zraly, 1978; Jennings, 1987). T im ing o f  flow ering in  the 

lateral apices determ ines the variation in expression o f  lateral characteristics 

(Jennings, 1964a; D a le , 1979; D a le  and D aubeny, 1987).

5.1.2.3 C arbohydrate econom y and intrap lant com petition

W hitney (1982) and Erasm us and Staden (1983) carried out deta iled  studies 

on  carbohydrate econom y and assim ilate translocation in  Rubus species. O verall 

assim ilate translocation is determ ined by the m obilising strength o f  the apical region  

and root system  as sink regions (Erasm us and Staden, 1983). Sinks can b e  described  

as tissues or organs which utilise or store assim ilates (B raun and Garth, 1984b).

94



Chapter 5

D uring active extension growth o f  the vegetative shoot the apical region  was shown 

to form  the major sink (by m easuring the pattern o f  translocation o f  in situ 14C 

Sucrose)(E rasm us and Staden, 1983). Low  levels w ere encountered  in the stem  and 

root tissue during lea f expansion  (W hitney, 1982). Som e assim ilate translocation  

from  fruiting canes to newly d eveloped  replacem ent shoots was observed. T he apex 

was not a sink in the fruiting cane. T he developing fruit form ed a m inor sink, but 

after the com pletion  o f fruiting the replacem ent shoots b ecam e dom inant as sinks. 

In late sum m er, transport w as basipetal, the roots then becom ing the major sink 

(W hitney, 1982; Erasmus and Staden, 1983). D uring developm ent the upper laterals 

act as a sink: this is reflected  in  a reduction in dry w eight (W aister and Wright, 

1989).

T he com petitive advantage o f plant organs depends on  their developm ent 

stage; buds only becom e strong sinks after anthesis (Braun and Garth, 1984b). The  

latter is reflected  in the nutrient com position o f the leaf, which varies w ith its position  

on  the cane (C line, 1964). T here is a clear relationship b etw een  lea f production on  

the fruiting cane and fruit production (K hanm ai and Brown, 1940; W aister and 

Barritt, 1980; W hitney, 1982). A  reduction in lea f area at the critical point o f fruit 

developm ent was shown to reduce lateral yield (W right and W aister, 1982b).

T he rem oval o f vegetative shoots appeared to d ep lete  the vigour o f the 

existing canes as it reduced the carbohydrate rep len ished  to  the roots from  the 

developing vegetative canes (D alm an, 1989). This intercane d ep en d en ce is reflected  

during le a f loss in  fruiting canes, which are dependent on  reserves in  the adjacent 

vegetative shoots (W aister and Wright, 1989). Further to this the fruiting canes 

appeared to  act as a source as rem oval o f fruiting canes w eakened  th e growth of  

adjacent vegetative shoots (D alm an, 1989).

W ithin the fruiting cane the evidence for the relationship b etw een  cane  

diam eter and yield can be explained  in terms o f the m obilisation  o f  assim ilates. In 

the spring, at the tim e o f bud expansion in second year canes, d iam eter becom es  

unim portant as assim ilates are translocated from  the roots (Crandall, A llm endinger  

et al., 1974).
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5.1.3 Sum m ary

This study is concerned w ith the plasticity o f  cane architecture and its rate o f  

d evelop m en t w ith respect to  tem perature. H ow ever, it m ust b e  em phasised  that 

m uch atten tion  should be paid  to the consequences o f  light on  yield  com ponents and 

plant form  (W right and W aister, 1984, 1986). A s yield  has b een  show n to be a 

function  o f  light interception and lea f area (K hanm ai and Brown, 1940; Palm er, 

Jackson and Ferree, 1987; N ehrbas and Pritts, 1988).

5.2 M E T H O D S

Fifty graded one year old  m other plants w ere random ly se lected  and potted  

up in M arch 1989. T en plants w ere placed at random  in five tem perature control 

cabinets, held  at the constant day/n ight tem peratures o f 10, 15, 20, 25 and 30°C.

A lthough plants w ere fed  w eekly with standard N PK  liquid feed  from  term inal 

flow er bud appearance onwards, it may have b een  appropriate to apply this at an  

earlier stage. Plants show ed sym ptom s o f probable m agnesium  deficiency at about 

the sam e tim e as anthesis and term inal bud set. This was alleviated  to som e extent 

by the application o f a m agnesium  sulphate foliar spray (2%  w /v , 2 0 g /l)  at w eekly  

intervals for a period o f  2 - 3 w eeks.

L evels o f photosynthetically active radiation w ere m easured in  the cabinets at 

14.00hr on  a bright sum m er day, with sensors held  at 1.5m above the pans. R eadings 

ranged from  346 - 457 oim ol m 'V 1. T he effect o f canopy developm ent w as assessed  

using a hand held  W att M eter.

Plants w ere random ised w ithin each cabinet at w eek ly intervals. A s individual 

shoots elongated , the pans hold ing the plants w ere low ered to accom m odate the 

expanding canopy at 48 and 68 days after planting. Plants w ere th inned from  10 

plants per cabinet to 8, at 38 days and then from  8 to 6 plants at 48 days. This 

allow ed  m ore light interception  per individual plant canopy. O nce 50%  o f the canes 

per p lant exhibited term inal flow er bud appearance, they w ere rem oved to a 

glasshouse held  at 15°C ( ± 2.64°C ). Plants held  at 25°C w ere rem oved at 68 days,
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th ose  at 20°C  at 84 days and those at 10 and 15°C at 94 days. Plants in  the 30°C  

cabinet d ied  shortly after em ergence.

M easurem ents w ere taken at five day intervals for the first four shoots to 

em erge up to  term inal flow er bud appearance and then  at approxim ately two w eek  

intervals. T his allow ed a cohort o f sim ilar aged shoots to  b e  m onitored throughout 

the experim ent. C ane diam eter (from  15 nodes), nod e num ber, shoot height and 

shoot num ber w ere m easured per plant. Primary le a f area was estim ated for every 

fifth nod e o f  each  m easured shoot using a general linear regression m odel to 

calculate the actual area from  non-destructive length and breadth m easurem ents o f  

the leaves (A ppendix  5.1).

Stages o f  sh oot developm ent w ere denoted:

E - em ergence,

TPC - appearance o f the term inal floral prim ordia com plex (=  Stage I, M athers, 

1952).

TF - the poin t at which i) the term inal flower bud is distinct and hence ii) the 

num ber o f  n od es in the TPC is definitive (=  "green bud" stage, M athers, 1952).

B R  - first ripe berry (=  TB).

D ates  o f  lateral expansion at every fifth node w ere recorded for com parison  

b etw een  treatm ents. E vidence from  Chapter 4 (section  4.3.2.1) supported the 

assum ption that laterals at equivalent node positions w ere o f  the sam e m orphological 

type, irrespective o f  environm ental treatm ent. Lateral data was then co llected  for 

th ese  sam e nod es for lateral nod e number, lateral length, le a f num ber, secondary leaf  

area (estim ates w ere calculated according to leaflet num ber to im prove the accuracy 

o f such sm all areas; see  A ppendix 5.1), flower bud num ber, fruit num ber and fruit 

weight.

Fruit was picked w hen ripe and recorded for each cane m easured and as a 

total per plant. O nce fruiting was com plete plants w ere harvested and lea f areas and 

dry w eights o f  total above ground plant m atter recorded.
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5.3 RESULTS AND DISCUSSION

5.3.1 Weighted replication

A s the num ber o f  shoots sam pled varied (som e shoots produced few er than  

th e m axim um  o f four shoots sam pled) treatm ent m eans w ere w eighted  (S teel and 

T orrie, 1980) according to this num ber (Payne et al, 1988). Individual shoot data 

w ere  not independent, as each  shoot was connected  to a com m on stool and root 

system . T herefore, shoot data w ere m eaned  per plant, producing six independent 

rep licates per treatm ent. Analysis o f variance, involved the calcu lation  o f treatm ent 

m eans for a w eighted  num ber o f  replicates o f  approxim ately 18, based  on  6 replicates 

per treatm ent.

T he standard error for the com parison o f  treatm ent m eans (sed), w here  

m arked w ith an asterisk, was for the com parison o f m eans w ith the m axim um  and 

m inim um  num ber o f  w eighted replicates only. Standard errors w ere only quoted  

w here m eans w ere significantly different (for details see  A ppendix 5.2).

5.3.2 Rate of shoot development

R ates o f  developm ent w ere obtained for four ph en o log ica l stages o f shoot 

developm ent. Plants exhibited a linear increase in em ergence rate with tem perature  

(F igure 5.2a). H ow ever, although rates o f  TPC  w ere significant, there was no clear  

trend w ith treatm ent (Figure 5.2b). T here was no significance in  the rates o f  TF  

(F igure 5.2c). A  linear trend with increasing tem perature w as a lso  exhibited for rates 

o f  B R  (Figure 5.2d). A lthough, a linear trend (as shown from  a significant linear sum  

o f  squares) does not signify a straight line relationship (D aw kins, 1981) b etw een  the  

rates o f  E  and B R , it does show  that these rates are significantly higher for the 25°C  

treatm ent than for the 10°C treatm ent.

T he high rate o f TPC  at 15°C was as a result o f high residuals for plants in  

this treatm ent (A ppendix 5.2, T able 5.2.2), although this w as not apparent from  the 

coeffic ien t o f  variation  obtained (A ppendix 5.2, T able 5.2.1). T hree plants reached  

T PC  after 38 days at 15°C, com pared with 54 days for plants treated at 25°C.
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Figure 52  a - d The relationship between rate of development and temperature, for 

four phenological stages (of the first shoot per plant to develop to that stage). 

Where: E - emergence, TPC - appearance of the terminal floral primordia complex, 

TF - "green bud" stage and BR - berry ripening.
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5.3.3 N ode num ber

M ean  n od e  num ber o f  sam ples o f  first cohort shoots per plant increased  

rapidly to  a m axim um  o f 30 - 33 nodes (Figure 5.3). L inear sum s o f  squares were  

significant for this period, indicating that nod e num ber increased  m ore rapidly in  the  

higher tem perature treatm ents (A ppendix 5.2, T able 5.2.3). A fter reaching this 

m axim um , a d ecrease in  nod e num ber was recorded as a result o f  fruit production  

and death o f  the lateral form ed at the node. R esiduals w ere high for two plants in  

the 25°C tem perature treatm ent (A ppendix 5.2, T able 5.2.4).

5.3.3.1 N ode num ber in  relation  to stage o f  shoot developm ent

N o d e  num ber was counted from  soil level. R esults did n ot take into account 

the num ber o f  n od es b elow  so il level.

T w o assum ptions w ere m ade:

i) N o d e  num ber at em ergence was zero. This assum ption was m ade for ease o f  

sam pling, but is incorrect as show n by evidence presented in  C hapter 1.

ii) A s the tim e at w hich the original basal or root bud was form ed was unknown it 

w as assum ed that form ation occurred at planting.

T herefore figures w here the dependent variable is tim e are p lo tted  from  the tim e of  

planting.

M ean  nod e num ber at TPC produced a significant quadratic sum  o f squares 

(T ables 5.1 and 5 .2). P lants in  the 10°C treatm ent appeared to produce m ore nodes  

prior to T PC  (F igure 5.4). R esiduals w ere low  in this treatm ent, elim inating the 

possib ility  o f  variation  am ong individual plants. M ean node num ber at T F was not 

significant b etw een  treatm ents (T ables 5.1 and 5.2). F igures 5 .5a - d show  the 

relationship  b etw een  the tim ing o f E , TPC, T F  and B R  (Tt - T4 respectively) and the 

n od e num ber at w hich T PC  and T F occurred.
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Figure 5.3 Node production in samples of first cohort shoots from emergence to

completion of cropping.

Figure 5.4 Mean node number at TPC (for samples of first cohort shoots per plant).
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Table 5.1 Mdan node number at a given stage of shoot development (for the first 
shoot per plant to develop to that stage).

stage10 *
m ean  node num ber per tem perature  
treatm ent

variation

10°C 15°C 20°C 25°C m ean significance
o f
partitioned  
sum  o f  
squares

sed %cv

TPC 27.17 22.17 23.00 24.17 24.12 0.05u 2.09 15.0

TF 37.17 31.33 32.67 32.33 33.37 ns 2.58 13.4

Table 5.2 Mean node number per shoot (of samples of first cohort shoots per plant) 
at a given stage of shoot development

stage10 w eighted  m ean n od e num ber per 
tem perature treatm ent 
(num ber o f w eighted  replicates in  
brackets)

variation

10°C 15°C 20°C 25°C m ean significance  
o f partitioned  
sum  o f  
squares

sed*12

TPC 26.39
(18)

21.60
(19)

23.32
(19)

23.31
(16)

23.63 0.0211 1.36

T F 33.83
(18)

30.05
(19)

31.42
(19)

31.56
(16)

31.69 ns 1.50

. 10 W here: TPC  - appearance o f the term inal floral prim ordia
com plex
T F  - "green bud" stage  

S ig n if ic a n t  quadratic sum o f squares 

S e e  text (section  5.3.1)
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a] 10*C

Figure 5.5a - d The relationship between the timing of E, TPC, TF and BR (Tt, T2,T3 

and T4 respectively) and the mean node number (of samples of first cohort shoots 

per plant) at which TPC and TF occurred.
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Overall, node num ber was a simple indicator of the stages of cane 

developm ent. Initial rapid elongation reduced after TPC. The relationship between 

increase in cane height and time is logistic in nature (Williams, 1959a; Ourecky, 

1976; Jennings and Dale, 1982; W right and W aister, 1982a; Dale, 1989). The latter 

phase of reduced rate of cane elongation is closely associated with term inal flower 

initiation (Keep, 1961; Ourecky, 1976; Keep, 1988). A lthough it is clear from the 

above results that tem perature affected the ra te  of node production, it had no effect 

on the final num ber of nodes produced per cane. Therefore the linear section of the 

curve varied according to tem perature treatm ent, but the "plateau" or asymptote 

rem ained the same.

5.33.2 Rate of node production

The nature of the relationship betw een node num ber and time (Figure 5.3) 

suggests that a logistic function, such as Richards, could be suitably fitted to the data 

to elucidate the significance between the rates of shoot developm ent at different 

tem perature treatm ents.

5.33.2.1 The R ichards function

The Richards function can be expressed as:

N=
( l  + e*-*fc)b - k t \  1I n

( 5 . 1 )

W here:

N - node num ber of shoot, (nodes).

A - maximum num ber of nodes produced per shoot, (nodes), 

n - defines the shape of the curve, 

b - a constant (nodes).

k  - ra te  constant for node production, (nodes per day).
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t - time, (days).

R ichards function is defined by -1 < n < «>, but n*0.

(Causton et aL, 1978).

The advantages of this function are as follows:

i) As the function is asymptotic, this allows a maximum (A) to be fitted, which is 

independent of the shape of the curve (n). This is shown when the function is 

derived (Appendix 5.3).

ii) The function can be derived to determ ine a point of inflexion (Thom ley and 

Johnson, 1990) and turning points, where the rate of node production and the rate 

of change of node production are at a maximum respectively (Appendix 5.3).

iii) As the function does not pass through the origin, the num ber of nodes on the 

pre-em ergent shoot can be estimated.

iv) Causton et al (1978) showed the biological significance of the derivatives, which 

employ the shape of the curve n and the rate constant k. These give estimations of 

the weighted m ean relative growth rate:

and m ean absolute growth rate:

Ak
2 (n+2)

( 5 . 3 )

5.3.3.2.2 D eterm ination of n

Unweighted values of A were used to make initial estim ates of b and k  for 

values of n, ranging from -1 to 10 in 0.25 steps. These estim ates were fitted to the 

weighted trea tm ent means, taken from the date of the first m easurem ent to 163 days 

from  planting. A t 163 days from planting, all canes sam pled had reached their 

maximum node number.
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A  SAS13 curve-fitting program  was used to run these sets of estimates to 

obtain fitted values with the lowest num ber of iterative steps and the highest 

nonlinear regression sum of squares (Appendix 5.4). The fitted values of A and n are 

shown in Table 5.3a and Figures 5.6a - b. The values of n increased with increase 

in  tem perature treatm ent. This was indicative of a  higher ra te  of node production 

in the linear portion of this curve.

Table 5.3a - b Sum m aiy of derived param eters obtained from  a curve fit of the 
R ichards function to weighted mean node num ber (of samples of first cohort shoots) 
per p lan t for each tem perature treatm ent 
Table 5.3a

Param eter tem perature treatm ents

10°C 15°C 20°C 25°C

M aximum A 33.49 30.67 31.25 31.52

Shape of curve n 1.4051 1.1938 3.9490 4.1713

W td. m ean 
relative growth 
ra te  (nodes 
day'1)

k
(n + 1 )

0.0224 0.0217 0.0207 0.0225

M ean absolute 
growth rate  
(nodes day'1)

A k
2 (ii+2 )

0.2654 0.2290 0.2697 0.2970

Intercept n0 
(nodes) A d i e * )  "1/n

1.99 2.33 4.03 4.12

n t (node 
num ber at 12) A ( n ± l )  ~1/n

17.93 15.88 20.84 21.25

13SAS Institute Inc., Box 8000 Cary, North Carolina, USA.
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Table 5.3b

Turning points of the Richards 
function (days)

treatm ents

10°C 15°C 20°C 25°C

b - x
k

40.24 31.05 46.75 43.88

*3 b+x
k

92.89 88.54 84.09 77.42

*2 jb - lo g e22
k

66.57 59.80 65.42 60.65

5.3.3.2.3 Growth rates

The weighted m ean relative growth rates were relatively similar between 

treatm ents (Table 5.3a)(Figure 5.6c). M ean absolute growth rate  (Figure 5.6d) 

decreased (as expected) as tem perature treatm ent decreased. However, plants held 

at 10°C appeared to have a similar absolute growth rate to those held a t 20°C.

5.3.3.2.4 Location of and relationship between turn ing  points t t  - 13

The locations of, and equations for, the point of inflexion t2 and the two 

turning points t t and t3 are shown in Figure 5.7a and Table 5.3b respectively.
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Figures 5.6a - d Derivatives of the Richards function, fitted to node data (of first 

cohort shoots p e r plant) from each tem perature treatm ent, a) maximum node 

num ber, A; b) shape of curve, n; c) weighted mean relative growth ra te  and d) 

m ean absolute growth rate.
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The relationship betw een the observed time to stages E, TPC, T F  and BR (Tx - T4) 

and the derived param eters t j  - 13 is shown in Figure 5.7b.

The significance of each turning point can be postulated as:

i) tt occurs prior to TPC. This suggests that it may be connected with the point of 

floral induction.

ii) As t2 occurs betw een tx and TPC it may m ark the actual point of floral initiation. 

TPC is merely the stage at which initiation is apparent to the naked eye. Derivation 

of the actual point of initiation is therefore m ore accurate and very useful.

iii) t3 may be associated with the expansion of the term inal floral prim ordia complex. 

Tim e intervals betw een stages of shoot developm ent were longer for shoots at lower 

tem peratures (Figure 5.7b).

S.3.3.2.5 Summary of findings for node data

In conclusion, the total num ber of nodes produced per cane was unaffected 

by tem perature treatm ent. The rate of node production and m ean absolute growth 

rates increased with increasing tem perature treatm ent. However, the latter was 

m arkedly higher for plants held at 10°C. Verification of such a relationship is 

difficult based on four points. This clearly needs further investigation over a wider 

tem perature range.

As plants died rapidly a t 30°C, this indicates their approxim ate upper threshold 

tem perature. In reality, tem peratures experienced by plants in this cabinet averaged 

33°C (maximum tem perature) and peaked at 37°C for 4 days. This data will be 

examined in m ore detail in the next chapter to define an upper and lower threshold 

tem perature for incorporation into the model.

V ariation was high in p lant m aterial with respect to the timing of TPC. This 

was not so for node num ber a t TPC. Overall, there is substantial evidence that shoot 

m aturity can be related to node number.
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constant day/night temperature 'C
Figure 5.7 The relationship between the ra te  of node production and shoot 

development

a) The relationship  between fitted node num ber (N), time (t) and derivatives from 

the  R ichards function

b) The relationship  between the time to a given stage (for fitted and observed values) 

and  tem perature treatm ent.

W here; tr - 13 are  fitted values (equivalent to turning points), Tt - T4 observed values 

equivalent to stages E, TPC, TF and BR, n0 fitted node num ber at E and % fitted 

node num ber at
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There appears to be a dem arcation betw een the rate o f node production at 

the two lower tem peratures and the two higher tem peratures. The shape of the curve 

(n) is similar for node production at 10 and 15°C and different to that at 20 and 25°C.

The rate of node production can also be related to stages of development 

through calculation of turning points.

The num ber of nodes expanding between TPC and TF  was constant regardless 

of treatm ent (m ean of 8 nodes). This agreed with M athers research (1952)(Chapter

1).

5.3.4 Shoot number

M ean total shoot num ber increased rapidly to a maximum over the first 18 

days after planting (Figure 5.8). This initial establishment period was followed by a 

period of much slower increase in shoot number, as a stable population was 

established per plant. The initial rapid increase in num ber showed significant 

differences betw een treatm ents. The two higher tem perature treatm ents produced 

m ore canes per plant. However, as the plant m atured and fruited the numbers of 

shoots produced by plants at the two lower tem peratures continued to increase 

significantly, whereas cane numbers at the two higher tem peratures remained 

approximately the same. Coefficients of variation (Appendix 5.2, Table 5.2.6) showed 

that there was considerable variation (up to 84% initially), bu t this was as a result of 

high residuals in the same few plants throughout the experiment.

In  conclusion, these results showed a m ore rapid ra te  of cane population 

establishm ent at higher tem peratures, followed by a short period when m ean shoot 

population per plant did not differ between treatm ents. A t about the same time as 

TPC, shoot num ber appeared to decrease slightly across treatm ents, presumably 

equivalent to self-thinning phase. Numbers rose at lower tem peratures during 

fruiting, showing a linear trend.
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days from planting

Figure 5.8 The change in total shoot population per p lan t from planting to 

completion of cropping.

Figure 5.9 The change in mean shoot diam eter per shoot (of samples of first cohort 

shoots per plant) from planting to cropping
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5.3.5 Shoot diameter

The m ean shoot diam eter of first cohort shoots was significantly higher for 

lower tem perature treatm ents at approximately TPC (Figure 5.9). However, at 

harvest the relationship had changed so that shoot diam eters at 15 and 20°C were 

significantly lower.

5.3.6 Fruiting cane architecture

5.3.6.1 Plant dry weight

As shoot diam eter can be regarded as a m easure of assimilate supply to the 

developing shoot (sections 5.1.1.2 and 5.1.2.3) it is logical to assume this is a 

reflection of stem  dry weight. Although dry m atter accum ulation could not be 

m easured throughout the experiment (due to lack of sufficient replicates), plant dry 

weight and stem  dry weight were measured at harvest. The m ean to tal above ground 

dry weight per plant and per sample of first cohort shoots was not significant between 

treatm ents. However, the m ean stem dry weight in both cases gave a highly 

significant linear sum of squares (Appendix 5.2, Table 5.2.9) (Figure 5.10).

5.3.6.2 Lateral number

Lateral expansion began at approximately TPC(T2), that is at 78, 58, 63 and 

63 days from  planting for tem perature treatm ents 10, 15, 20 and 25°C respectively. 

It was greater initially for canes treated at 10°C and 25°C (Figure 5.11). There are 

no comparisons between treatm ents where the lateral num ber was zero (Appendix

5.2, Table 5.2.10).
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O)

Figure 5.10 The relationship between mean stem dry weight per shoot per plant and 

tem peratu re  at harvest

Figure 5.11 The change in mean lateral num ber per shoot (of samples of first cohort 

shoots per plant) over the cropping period
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5.3.63 Fruit bud number

First cohort shoots treated  at 25°C showed the highest ra te  of fruit bud 

production (Figure 5.12). However, the maximum num ber of fruit buds produced per 

cane was not significantly different betw een treatm ents (Appendix 5.2, Table 5.2.11).

5.3.6.4 Percentage of fruiting nodes

The trends in this data were similar to those presented in Figure 5.11, except 

tha t as nodes (and laterals) died, the remaining laterals tended to reflect a 

proportionate increase in the percentage of viable fruiting nodes (Figure 5.13). A  

maximum of 43%  of nodes per cane in first cohort shoots (treated  at 25°C) produced 

laterals. This was surprisingly low (Appendix 5.2, Table 5.2.12).

The m ain effects on the fruiting cane architecture were:

i) H igher num bers of laterals produced on canes from the 10°C and 25°C treatments.

ii) R ates of lateral expansion and fruit bud production increased with increasing 

tem perature.

iii) L ateral expansion occurred shortly after t2 or floral initiation at the apex.

iv) Total above ground plant dry weight or maximum fruit bud num ber did not differ 

betw een environments. This is some indication of the developm ental flexibility of 

this cultivar (Jefferies, 1984).

5.3.7 Yield

The m ean total fruit fresh weight per plant and per cane of first cohort shoots 

displayed a significant quadratic sum of squares (Figure 5.14a) (Appendix 5.2, Table 

5.2.13). This was reflected in berry num bers (Figure 5.14b). Clearly, there is no 

evidence for a linear relationship betw een yield and tem perature treatm ent.

F ruit size and percentage fruit set were unaffected by initial tem perature 

treatm ent.
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days from planting

Figure 5.12 The change in the mean fru it bud num ber per shoot (of samples of first 

cohort shoots per plant) over the cropping period

Figure 5.13 The change in the mean percentage of fru iting  nodes per shoot (of 

sam ples of first cohort shoots per plant) over the cropping period
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constant day/night temperature (°C)

constant day/night temperature (°C)

Figure 5.14 The relationship between yield and tem perature treatm ents per plant and 

p er cane (of samples of first cohort canes): a) mean fru it fresh weight, b) mean 

berry num ber
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5.3.8 Fruit season

The accuracy of the length of cropping period is doubtful, as all plants were 

harvested at 243 days from planting. A t this stage most first cohort shoots had 

com pleted cropping. It is arguable w hether canes, particularly those treated  at 10°C, 

would have continued to crop sparsely for a long time after this date (Figure 5.15).

5.3.9 Fraction of incident radiation absorbed by the crop canopy

This was m easured firstly in the cabinets using a hand-held m eter and probe, and 

la ter a Ceptom eter. Figure 5.16 combined the two sets of data, using f - the fraction 

of incident radiation absorbed by the canopy (see Appendix 5.2, Tables 5.2.14 and 

5.2.15).

The fraction of incident radiation absorbed decreased at approximately the same time 

as flower initiation (t3) and continued to decrease until lateral expansion had reached 

a maximum. This follows the pattern  of primary leaf death, which began at 

approximately the same time as term inal flower bud appearance, and lateral leaf 

form ation (Figure 5.18a - d).

Plants treated  at 10°C m aintained a high level of absorbance throughout the growth 

cycle, whereas plants treated  at 25°C achieved very erratic and poor levels of 

absorbance (the comparatively low coefficients of variation verify the data - Appendix

5.2, Table 5.2.14).

5.3.10 Comparison of individual laterals

The aim  of studying individual laterals was to m onitor prim ary and secondary 

leaf production with respect to growth and yield of the lateral, and also to find out 

w hether differences in yield w ere due to an increase in individual lateral production 

or to an increase in lateral number.
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Figure 5.15 The relationship between length of cropping season and temperature 

treatm ent.

Figure 5.16 The relationship between mean fraction of incident radiation (f) 

absorbed by the crop canopy per plant, and tem perature treatm ent.
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Relative lateral position was not used to identify individual laterals (W right and 

W aister, 1984). Actual node num ber was considered adequate, as the final node 

num ber was not significantly different betw een treatm ents.

5.3.10.1 Primary leaf area

Prim ary leaf area was not m easured at harvest as m ost leaves had died by this

stage.

5.3.10.2 Secondary leaf area

There were no significant differences betw een tem perature treatm ents in m ean 

lateral leaf areas for similar lateral positions on first cohort canes (Figure 5.17a).

5.3.10.3 Comparison of primary and secondary leaf development at various node 

positions along the cane axis

Figures 5.18a - d show leaf developm ent at each la teral m easured. There is 

a  clear overlap of the life of the primary leaf and the secondary leaves for laterals 

25, 30 and 35. A t the lower nodes, the primary leaf died some tim e before the 

lateral and secondary leaves developed.

The rate  of secondary leaf production was slower for the lower tem perature 

treatm ents. This was reflected in the lack of leaf developm ent on lower laterals.The 

total lateral leaf area produced by laterals 10 and 15 was greater than the primary 

leaf areas at those nodes.

Clearly, lateral nodes 10, 15 and 20 produce prim ary leaves with large leaf 

areas and large numbers of lateral leaves. This relates to their level of juvenility as 

seen in the la teral morphology described in C hapter 4.
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Figure 5.17a - c The effect of tem perature treatm ents on the growth and development 

of individual la terals (measured at five node intervals along the cane axis of samples 

of first cohort shoots), a) mean secondary leaf area per lateral: b) m ean lateral 

node num ber, c) mean rate  of lateral node production, (t - time in days).
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Figure 5.18a - d The effect of tem perature treatm ents on the development of the 

shoot canopy (of first cohort shoots). Kite diagram s represent leaf areas (0.5mm on 

vertical axis = 20cm2) at la teral positions sampled: unshaded = prim ary leaf 

a rea(l°), shaded = secondary leaf area (2°).
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5.3.10.4 L a te ra l  n o d e  n u m b e r  a n d  ra te  o f  la te ra l  n o d e  p ro d u c tio n

T here were no significant differences betw een treatm ents for individual lateral 

node num ber or rate of node production at each node position m easured (Figures 

5.17b - c, respectively).

5.3.10.5 Y ield  p e r  la te ra l

M ean fruit fresh weight and fruit num ber per lateral were not significantly 

different betw een treatm ents, except for the fruit weight at la teral 25 for plants held 

at 10°C (Figure 5.19a - b, respectively). Generally, yield was greater for laterals 20 

and 25.

Fruit bud num ber and fruit size were not significant. Correlations between 

individual lateral yield components were not significant. There appeared to be no 

specific relationship betw een lateral leaf area and lateral yield.

In  conclusion, the increase in yield betw een treatm ents must be due to 

differences in lateral num ber or shoot num ber as there w ere no apparent differences 

betw een individual lateral yields.

5.3.10.6 Levels o f  in c id e n t r a d ia t io n  ab so rb e d  a t  each  la te ra l

Levels of radiation absorbed (f) at the tip of each lateral w ere calculated 

(Table 5.4). A t 107 days from  planting the am ount of radiation "absorbed" was 

negative for laterals at and below 15 nodes. A t 118 days from  planting the radiation 

absorbed had increased down the plant for plants treated  at 25°C. However, plants 

trea ted  at 10 and 15°C exhibited low levels of absorbance. This indicates that the 

canopy was m ore open for higher tem perature treatm ents, allowing more light 

availability to the lower laterals.
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STEM BASE lateral position (node number) APEX

F ig u re  5 .19a - b  T he effect o f  te m p e ra tu re  tre a tm e n ts  on  th e  y ie ld  o f  in d iv id u a l 

la te ra ls  (m e a su re d  a t five node in te rv a ls  a long  th e  c an e  ax is  o f  sam p les  o f firs t 

c o h o rt sh o o ts), a) m ean  fresh  w eight o f f ru it  p e r  la te ra l ,  b) m e an  b e rry  n u m b e r p e r  

la te ra l .
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T a b le  5.4 P ro file  o f  In c id e n t R a d ia tio n  a b so rb e d  by th e  c ro p  can o p y  (I)14, m e a su re d
a t  th e  t ip  o f  every fifth  n o d e

node
no.* 15

levels of f, for each tem perature treatm ent

sample means (107 days from 
planting)

sam ple m eans (118 days from  
planting)

10°C 15°C 20°C 25°C 10°C 15°C 20°C 25°C

apex 0.883 0.620 0.714 0.997 0.918 0.940 0.956 0.984

35 - - - - 0 . 8 8 8 - - -

2 0 0.807 - 0.678 0.698 0.828 0.921 0.937 0.980

25 0.597 0.645 0.351 0.573 0.678 0.850 0.965 0.973

2 0 - 0.556 0.456 0.385 0.829 0.823 0.875 0.970

15 - 0.574 0.195 - 0.635 0.400 0.873 0.889

1 0 - - - - - 0.271 0.840 0.869

5 - - 0.113 0.158 - 0.535 0.846 0.899

5.4 CONCLUSIONS

Yield components which showed significant differences betw een tem perature 

treatm ents were shoot num ber, node number, stem  dry weight, la teral num ber and 

overall yield in term s of fruit weight and fruit num ber per cane and per plant.

The ra te  of shoot production briefly appeared to increase linearly with 

tem perature treatm ent. The population of shoots "stabilised" at approximately 6 

shoots per p lant for plants from each treatm ent. R e-establishm ent of shoot 

population occurred after fruiting in plants treated  at 10 and 15°C. No such increase

1AW here: f= l - t ,  t is the fraction of photosynthetically active radiation (PAR) 
absorbed by the canopy and is calculated by dividing the am ount of PA R  at the soil 
surface (T) by the am ount of PA R immediately above the crop canopy (S) (Anon., 1988; 
after M onteith, 1965).

15Node num ber (counted from  the base of the stem  upw ards)at which the lateral 
is located
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in shoot num bers was observed in plants treated  at 20 and 25°C. This was thought 

to be due to exhaustion of m etabolites from the root system as a result of the rapid 

ra te  of growth and developm ent exhibited by these plants. Consequently, this 

deprived basal buds of a sufficient carbohydrate supply for expansion and 

developm ent.

N ode num ber was determ inate - the total node num ber produced per cane was 

unaffected by tem perature. The rate of node production increased with increasing 

tem perature. This resulted in  a reduction in the time intervals betw een emergence, 

flowering and fruiting.

W hen the Richards function was fitted to the data for node production, three 

turning points were identified for maximum node production and maximum rate of 

change of node production. The first two, occurring betw een E  and TPC, were 

identified as the possible points of induction and initiation of term inal flowering. The 

third was associated with expansion of the term inal floral prim ordia. The relationship 

betw een node number, the rate of node production and tem perature provided indices 

for shoot development, rendering it a suitable key variable for modelling the 

phenological developm ent of individual shoots.

Stem  dry weight was significantly greater in plants treated  at 10°C. Rapid 

growth and poor canopy developm ent led to low levels of storage metabolites for 

plants treated  at 25°C. Poor canopy developm ent relates to yield. In cereals, which 

are determ inate, the duration of the canopy directly affects yield (Ong and Baker, 

1985). Tem perature is the m ost im portant factor in governing developm ental rates 

(Porter and Delecolle, 1988). A nnual plants respond in a negative way to high 

tem peratures, as the increase in rate of developm ent reduces the duration of 

photosynthesis before crop m aturity (Grace, 1988). H ere, the early death of primary 

leaves was alleviated by the production of secondary leaves. The raspberry is 

extremely plastic in this respect, as each cane is supported by a "pool” of reserve 

m etabolites from photosynthates produced in that cane or in neighbouring canes 

attached to the same stool (section 5.1.2.3). The differential allocation of these 

resources depends on the strength of the sinks induced by the developing shoot 

population. Tem perature increases sink metabolism, by speeding up the rate of
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transport of m etabolites into it (through rates of individual reactions, diffusion or 

active transport) (Farrar, 1988). This resulted in a non-linear relationship between 

yield and tem perature treatm ent. Yields in plants treated  a t 10°C were similar to 

those in plants treated  at 25°C.

Individual lateral yield components did not differ significantly between 

treatm ents, nor was there any correlation betw een individual leaf area  and lateral 

yield. This showed that higher yields resulted from higher num bers of laterals in 

canes trea ted  at 10 and 25°C. To a lesser extent this could be attributed to higher 

shoot num bers in plants treated  at 10°C.

This enhances the im portance of node number, ra te  of node production, 

la teral num ber and rate of lateral expansion as yield components. In  conclusion, 

tem perature  treatm ents on shoots up to term inal flower bud appearance affected the 

sequential developm ent of shoots, resulting in differences in yield.
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C H A P T E R  6

T H E  P R O D U C T IO N  O F  A M E C H A N IS T IC  M O D E L  F O R  S H O O T  

D E V E L O P M E N T

6.1 IN T R O D U C T IO N

Node num ber provides an index for shoot maturity in cv. "Autumn Bliss" from 

evidence presented in C hapter 5. Absolute node num ber was constant, which seems 

to indicate that it is genetically inherited and expressed phenotypically independently 

of tem perature. Node num ber (and leaf number: Ong and Baker, 1985) to the first 

flower is homogeneous in o ther species (Collins and Wilson, 1974; Hackett, 1985). 

As node production is a function of the apical region, it has been  associated with the 

transition to shoot maturity (Hackett, 1985).

Plant size appears to be more im portant than age, as conditions promoting 

growth reduce the duration of the juvenile period (Hackett, 1980; W areing, 1982; 

Thom as and Vince-Prue, 1984; Hackett, 1985). Two general theories have been 

proposed regarding the aspect of plant size involved in the phase change from 

juvenility to maturity (Thomas and Vince-Prue, 1984):

i) Involvement of the apex, possibly autonomously, evidence from  grafting 

experiments in a num ber of species has shown that no phase change occurs when a 

juvenile apex is grafted onto a m ature stock. Apex size in term s of its ontogenetic 

age was shown to be im portant. Possibly a critical num ber of cell divisions in the 

apical m eristem  has to occur before flowering can take place. The vegetative phase 

of cv. "Heritage" was prolonged by removal of the apical m eristem  prior to floral 

induction (Dana, In: Braun and G arth, 1984a).

ii) Critical distance of the apex from the roots, with respect to horm one transport, 

possibly involving gibberellins. For example, juvenility in Hedera helix L. was shown 

to be related  to gibberellin content of adventitious roots.

In summary, the m aturation process involves the whole plant, quite probably the 

leaves (Hackett, 1985), roots and apex (Thomas and Vince-Prue, 1984).
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Having modelled node production and shoot developm ent for different 

tem perature treatm ents in the previous chapter, the aim  of this chapter is to modify 

these to produce a m odel suitable for field estimation of shoot developm ent using day 

degree accumulation.

Evidence to support the theory that the first shoot to em erge exerts dominance 

over subsequent shoot production (Hudson, 1954; Robinson, 1975; Cormack et a t , 

1976; W aister etal.,1911; Vasilakakis and Dana, 1978; W right and W aister, 1982a) 

led to the inclusion of node data for the first shoot to em erge only. This removed 

the need to use weighted means.

6.2 D eterm ination of a lower threshold or base tem perature for shoot development

The Tem perature-sum  method, or day degree accumulation, can be used to 

predict developm ent in plants grown outside a controlled environm ent (Roberts and 

Summerfield, 1987). It is a means of accurately predicting the developm ental events 

of a plant species (Thornley, 1987). M ore precisely, it enables a scalar variable h to 

be associated with each phase of plant development. The value of h is of interest as 

it marks the p lan t’s progression through a particular phase of interest (Thornley and 

Johnson, 1990).

Two assumptions are made when employing the Tem perature-sum  method:

i) There is a linear relationship betw een the rate of growth and tem perature 

(Baskerville and Emin, 1969; Baker and Gallagher, 1983; Johnson and Thornley, 

1985; R oberts and Summerfield, 1987).

ii) Tem peratures at which the rate of development is zero do not contribute to the 

tem perature-sum  (France and Thornley, 1984; Johnson and Thornley, 1985; 

Thom ley and Johnson, 1990). Tem peratures below this value are detrim ental to the 

plant.

The tem perature-sum , h, for a particular phase was calculated in day degrees 

(day°C) according to the following:
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j
i 2 = ^ i c ( r i - r 0) ( 6 . i )

i= l

where:

k = 1, T0 < T  < T2

k = 0, for values of T  outside the range defined above, 

and: k is a constant.

T0 is a  base tem perature and

T2 is an upper threshold tem perature.

Tem peratures below the base and above the upper threshold tem perature inhibit 

developm ent.

(after Thornley and Johnson, 1990).

Base tem peratures of 5 or 6°C have been previously chosen for studies on 

Rubus species (Jennings, 1979a; D ale and Jarvis, 1983; H oover et al. , 1989). Dale 

and Jarvis (1983) used a base tem perature of 6°C to accumulate temperature-sums 

from  anthesis to fruit ripening in raspberry. Jennings (1979a) used the same base 

tem perature to study flowering dates in a num ber of blackberry cultivars. He found 

a large year-to-year variation for temperature-sums accumulated for the phase to 

flowering within individual cultivars. However, there was no significant variation for 

the phase betw een flowering and ripening. H e concluded that tem perature 

sum m ation was operative for this stage and not the former. H oover et al (1989) 

employed a base tem perature of 5°C and claimed there was a correlation between 

day °C and shoot height in cv. "Heritage". There was no evidence to support this 

claim. Large fluctuations in the tem perature-sum  data and the lack of experimental 

evidence for the employment of these base tem peratures shows a need for more 

research in this area.

Field data were collected and a small pilot experiment set up to accurately 

determ ine a base tem perature for this cultivar.
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62 .1 F ie ld  a sse ssm e n t o f  n o d e  p ro d u c tio n  to  o b ta in  a  b a se  te m p e ra tu re  fo r th e  ra te  

o f  n o d e  p ro d u c tio n

Field data w ere used to calculate a  base tem perature for node production for 

the phase: planting to TPC (em ergence rates were not recorded in this experiment).

6.2.1.1 M e th o d s

A  field p lot was set up in M arch 1989, consisting of two double rows (lm  

apart) of canes planted at 0.4m apart. The inter-row width was 2.5m. The plot was 

open and bordered to the N orth by a windbreak of Betula species. The soil type was 

good, brown earth (grade 1 land). Plants were irrigated when necessary.

Five plants w ere harvested at 7 - 10 day intervals, from  the end of April 

onwards. The num ber of nodes for each cane per plant were recorded and the m ean 

per plant taken. The timing of TPC was noted at each harvest. M ean daily 

tem peratures were obtained from daily maximum and minimum screen tem peratures 

(2m above the ground). It was assumed that the air tem perature a t the screen, rather 

than  the grass minimum was the same as that experienced by plants (W aister and 

Gill, 1979) in the field plot.

Base tem perature was calculated by determining the y intercept, ie. the m ean 

tem perature at which the ra te  of developm ent was zero (Arnold, 1959; Baker and 

Gallagher, 1983; W arrington and Kanemasu, 1983a; Johnson and Thomley, 1985; 

R oberts and Summerfield, 1987; Thornley and Johnson, 1990). O ther methods for 

the assessment of base tem perature were proposed by Arnold (1959) and Cross and 

Z uber (1972); some of these employed least variability m ethods for a range of 

proposed tem peratures. These m ethods were not used as they gave no clear 

indication of the true base tem perature.
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6 .2.1.2 Results

R ates of node production for individual plants at each harvest were calculated 

by dividing the m ean num ber of nodes per shoot for each p lant by the num ber of 

days from  planting. These rates were plotted against the m ean air tem perature from 

planting to each harvest - calculated from m ean daily air tem peratures (Figure 6.1). 

D ata  w ere used from successive harvests up to and including the first harvest, where 

term inal flower buds were apparent. This follows a m ethod employed by Baker and 

G allagher (1983) to determ ine the base tem perature for prim ordium  initiation rate 

for w inter w heat (71 aestivum L. cv. "Maris Huntsman"). This assumes that field 

tem peratures are within the linear response range of tem peratures bounded by the 

probable base and the optim um  tem perature for the rate of prim ordium  initiation 

(also Arnold, 1959). H ere (Figure 6.1) the m ean tem perature was from  6.92 - 8.32°C. 

A lthough it is a narrow range it probably lies within the boundaries specified.

V ariation in rate  of node production betw een plants and harvests was fairly 

consistent as shown by the standard error and confidence limits (Appendix 6.1, Table 

6.1.1). Regression analysis yielded a fairly good linear relationship, although with a 

large erro r variance (70.4%). The base tem perature obtained was 4.79°C.

6.2.1.3 Discussion

The base tem perature derived was realistic, in terms of physiological viability. 

However, due to the lack of emergence data, the variation in the data and the narrow 

tem peratu re  range over which the base tem perature was assessed, further data were 

needed to  supplem ent this result.

133



Chapter 6

m e a n  t e m p e r a t u r e  f r o m  pl ant i ng t o  e a c h  h a r v e s t  “ C

F ig u re  6.1 T h e  re la tio n s h ip  betw een th e  r a te  o f  n o d e  p ro d u c tio n  a n d  m ean a ir  

te m p e ra tu re  fo r seq u en tia lly  h arv ested  field-grow n p la n ts .  r = 0.563 (P  < 0.001), 

A d ju s te d  R 2 s ta t is tic  = 29.6% , reg ression  e q u a tio n  y = 0 .0 5 1 8 x  - 0.2480, base 

te m p e ra tu re  =  4.79°C
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6.2.2 D eterm ination of a base tem perature for the phases: P  -► E and E  TPC, from 

growth cabinet data.

622.1  M ethods

Plants w ere randomly selected from 3 - 4  year old plants used in previous 

glasshouse experiments and assumed to be of relatively uniform  root and stool mass. 

Grading was not carried out as it was impossible to assess accurately total p lant fresh 

weight, e ither directly or indirectly via shoot diam eter m easurem ents (section 4.3.4.2). 

The la tter was inappropriate as each plant contained a large num ber of stem  bases 

or stools. Seven plants were again randomly selected, repotted  and placed in each 

of six tem perature control cabinets in late July 1990. Plants were re-random ised at 

weekly intervals. Cabinets w ere set at the following m ean air tem peratures:

10°C, 13°C, 16°C, 19°C, 25°C and 31°C.

M ean air tem perature was assessed by taking the daily maximum and 

minimum tem perature from a m ax/m in therm om eter located at pot height within 

each cabinet. Adjustments were made to the tem perature where necessary, in order 

to m aintain as constant an environm ent as possible. D ue to an electrical fault in the 

cooling system of the 10°C cabinet in the middle of the experiment, this was shut 

down and the results abandoned.

The em ergence rate of the first shoot to emerge was recorded per plant. 

Subsequently, this shoot alone was allowed to develop. Additional em ergent shoots 

were removed. Node num ber was measured. The base tem perature was calculated 

in the same way. A fter a period of 68 days, when all the canes within each treatm ent 

w ere still vegetative, the experim ent was ended. This was as a  result of very low light 

levels as days shortened in the autum n and the completion of my three year research 

contract.

6.2.2.2 Results

The m ean daily tem perature was calculated from  daily maximum and 

minimum tem perature readings. An average tem perature was obtained for the whole
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e x p e rim e n ta l p e r io d  fo r each  ca b in e t (T a b le  6.1). C o n fid e n ce  in te rva ls  fo r th e  m e a n  

daily  te m p e ra tu re  w ere  low, b u t overa ll m ax im um  a n d  m in im u m  te m p e ra tu re s  

re c o rd e d  show ed  very  la rge  d ev ia tio n s  fro m  th e se  m ean s. T h is  can  b e  se e n  m o re  

c learly  in  F ig u res  6 .2a - 6.2e. H o w ev er, la rg e  v a ria tio n s  w e re  ex h ib ited  in  ra te s  o f 

e m e rg e n c e  fo r  p la n ts  tre a te d  a t "130C" an d  "31°C", as se e n  f ro m  th e  95%  confidence  

lim its  (A p p en d ix  6.1, T ab le  6.1.2). T h e  r a te  o f em erg en ce  w as p lo tte d  ag a in st m e an  

te m p e ra tu re  fro m  p lan tin g  to  e m e rg en ce  (F ig u re  6.3).

T a b le  6.1 C o n fidence  L im its  fo r  th e  m e an  a i r  te m p e ra tu re s  ex p erien ced  by p la n ts  

in  te m p e ra tu re  co n tro l ca b in e ts  in  th e  1990 ex p erim en t

T e m p e ra tu re

tre a tm e n t

A verage  

te m p e ra tu re  

(ca lcu la ted  fro m  

m e a n  daily  

m a x /m in )

13°C 13.56°C

16°C 13.60°C

19°C 17.50°C

25°C 24.83°C

31°C 28.34°C

95%  C o n fid en ce  

L im its (fo r daily  

m e a n  te m p e ra tu re

O v era ll m ax im um  

a n d  m in im u m  

te m p e ra tu re s  

re c o rd e d

13.56 ± 0 .6176 29 /5 .75°C

13.60 ± 0 .1349 19.5 /10 .5°C

17.50 ± 0 .2454 25 /1 3 °C

24.83 ± 0 .3376 35 .5 /20 .5°C

28.34 ± 0 .2788 3 4 /1 9 °C

T h e  r a te  o f  n o d e  p ro d u c tio n  a N  w as ca lcu la ted  acco rd in g  to  th e  follow ing:

A  N= N e z -* e
^68~ ̂ a

( 6 . 2 )
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W h ere ;

N  = n o d e  n u m b e r  p e r  can e  

N c = n o d e  n u m b e r  a t e m e rg en ce , a ssum ed  = 0 

^68 = n o d e  n u m b e r  a t th e  e n d  o f  th e  ex p e rim en t 

te = m e a n  tim e  to  e m e rg e n c e  = 14.16 days 

tgg = tim e  a t  th e  en d  o f  th e  ex p e rim en t = 68 days

T h e  r a te  o f  n o d e  p ro d u c tio n  w as p lo tte d  ag a in st m e a n  te m p e ra tu re  (F igu re  

6.4). A nalysis  o f  v a ria n c e  re v e a le d  a  m uch  low er v a r ia tio n  b e tw e e n  p lan ts . T h e  ra te  

o f  n o d e  p ro d u c tio n  w as highly  significant b e tw e e n  tre a tm e n ts  (A ppend ix  6.1, T ab le  

6.1.2). R e g re s s io n  analysis p ro d u c e d  a  very  good  lin e a r  re la tio n sh ip  w ith  a  b ase  

te m p e ra tu re  o f  5.84°C.

6.2.2.3 D iscu ss io n

T h e re  a p p e a re d  to  b e  n o  c lea r re la tio n sh ip  b e tw e e n  th e  ra te  o f em erg en ce  an d  

m e a n  a ir  te m p e ra tu re . P lan ts  tre a te d  a t "13°C" ex h ib ited  th e  low est m e a n  ra te  o f 

em e rg e n c e , th e  e r ro r  w as p ro b ab ly  d u e  to  th e  very  low  te m p e ra tu re s  actually  

ex p e rie n c e d  by th e se  p la n ts  c o m p ared  w ith  th o se  tre a te d  a t "16°C". A b so lu te  

m ax im u m  a n d  m in im u m  te m p e ra tu re s  re c o rd e d  fo r th e  "13°C" c a b in e t w ere  26.75°C 

a n d  5.75°C, c o m p a re d  w ith  19.50°C an d  10.50°C fo r th e  "16°C" cab in e t. T h is  im plies 

th a t, a lth o u g h  m ax im u m  te m p e ra tu re s  w ere  h ig h e r in  th e  "13°C" cab in e t, they  w ere  

e x p e rie n c e d  fo r  s h o r te r  p e rio d s  o f tim e. T hus, th e  te m p e ra tu re  re c o rd e d  o n  th e  

m a x /m in  th e rm o m e te r  w as as a  re su lt o f  sh o rt b u rs ts  o f h igh  te m p e ra tu re , giving 

u n re a lis tic a lly  h igh  m e a n  daily  te m p e ra tu re s . E v id en ce  th a t  th e se  te m p e ra tu re s  w ere  

re la tiv e ly  sh o rt-liv ed  w as su p p lie d  by th e  cab in e t en g in ee rin g  design . T h e  am b ien t 

te m p e ra tu re  w as excessively h igh  du ring  th e  cou rse  o f th e  e x p e rim en t (Ju ly-A ugust

1990).
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Figures 6.2a - e Daily maximum, minimum and mean temperatures taken from 

max/min thermometer readings in each of five temperature control cabinets. The 

treatment temperature is indicated for each graph.
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mean cabinet temperature from planting to emergence 'C

mean cabinet temperature 'C

F ig u re  6.3 T he  re la tio n sh ip  betw een th e  r a te  o f em ergence a n d  m ean  a i r  te m p e ra tu re  

fro m  p la n tin g  to  em ergence. No s ig n ifican t d ifference betw een tre a tm e n ts .

F ig u re  6.4 T he  re la tio n sh ip  betw een th e  ra te  o f  n o d e  p ro d u c tio n  a n d  m ean  a i r  

te m p e ra tu re . r = 0.909 (P  < 0.001), A d ju sted  R 2 s ta t is tic  = 82%, 

re g re ss io n  e q u a tio n  y = 0.0289x - 0.1687, b ase  te m p e ra tu re  = 5.84°C
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T h is  le d  to  coo ling  in  th e  "13°C" cab inet. D em o n s tra tio n s  o f  a irflow  in  th e  cab inets  

h av e  show n  th a t  a ir  d o es  n o t read ily  c ircu la te  upw ards fro m  th e  fans o v er th e  p a n  

h o ld in g  th e  p lan ts . O ver-coo ling  o ccu rred  in  th e  cab in e t as a  w ho le , as th e  system  

tr ie d  to  low er th e  te m p e ra tu re , reg is te red  by th e  th e rm o c o u p le  lo c a te d  above  th e  

p a n . In  rea lity , th is  re su lte d  in  ex trem e over-coo ling  o f th e  lo w er cab in e t, so th a t it 

c a u se d  freez in g  o f  th e  cooling  system . T h is in  tu rn  ra is e d  th e  te m p e ra tu re  

ab n o rm a lly  in  th e  u p p e r  cab in e t. In  conclusion, m o re  a c c u ra te  m e a su re m e n t o f  the  

te m p e ra tu re  using  a  th e rm o g ra p h  o r a  D a ta lo g g e r (c o n n e c te d  to  th e rm o co u p le s) 

w o u ld  hav e  re v e a le d  th e se  fluc tuations.

T h e  la rg e  e r ro r  b e tw e e n  p lan ts  w as p ro b ab ly  p a rtly  d u e  to  n o n  u n ifo rm ity  o f 

p la n t  m a te ria l. T h is  m ay  h av e  b e e n  d isp layed  th ro u g h  th e  ex istence  o f p re -e m e rg e n t 

shoo ts , w h ich  su b seq u en tly  em erg ed  rap id ly  a t th e  beg inn ing  o f  th e  ex p erim en t. C are  

w as ta k e n  to  rem o v e  th e se  shoots, b u t as th e  ro o t m ass w as so com p ac t som e 

in ev itab ly  w ere  m issed . T h e ir  ra te  o f em erg en ce  w ould  th e re fo re  b e  in d e p e n d e n t o f 

th e  te m p e ra tu re  t re a tm e n t em ployed .

"R osetting" w as ex h ib ited  in em erg en t shoo ts  o f p la n ts  in  th e  "13°C" cab inet. 

F ro m  th e  b a se  te m p e ra tu re  o b ta in ed  fo r n o d e  p ro d u c tio n  it is c le a r  th a t  th e se  p lan ts  

w e re  u n a b le  to  dev e lo p  rap id ly . W illiam s an d  H u d so n  (1956) a n d  W illiam s (1959b) 

sh ow ed  th a t p la n ts  o f  cv. "M ailing P rom ise" fo rm ed  ro se tte s  a t  low  te m p e ra tu re s  and  

sh o r t day leng ths. A lth o u g h , ro se tte s  fo rm ed  a t 10°C irre sp ec tiv e  o f  daylength . 

R o se ttin g  can  b e  in d ica tiv e  o f long  day p h o to p e rio d  sensitive  p lan ts . T h e re  is no 

ev id en ce  fo r th is in  cv. "A u tum n Bliss".

T h e  b a se  te m p e ra tu re  o b ta in ed  w as h ig h e r th a n  th a t  d e riv e d  fro m  fie ld  da ta . 

T h e  fo rm e r  b a se  te m p e ra tu re  w as ca lcu la ted  fo r p lan ts  fro m  p la n tin g  to  T P C . T his 

w o u ld  have  re su lte d  in  a  low er g rad ie n t an d  in te rc e p tio n  p o in t fo r th e se  d a ta . 

C o rresp o n d in g ly , th e  la t te r  d a ta  se t m ay b e  in a ccu ra te  as on ly  v eg e ta tiv e  shoo ts  w ere  

m e a su re d .

O vera ll, as th e  fit o f th e  reg ression  line  w as b e t te r  a n d  th e  te m p e ra tu re  range  

w as physio log ically  b ro a d e r , th is b ase  te m p e ra tu re  w as u se d  in  fu r th e r  analysis in  

p re fe re n c e  to  th a t o b ta in e d  fro m  th e  field  da ta .
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6.2.3 D e te rm in a tio n  o f  a  b a se  te m p e ra tu re  fo r  th e  deve lopm en t p h a se  from  P  -+ E  

ta k e n  fro m  g row th  c a b in e t d a ta  co llected  in  1989

D a ta  fro m  th e  p rev io u s  c h a p te r  w ere  u se d  to  d e te rm in e  a  b a se  te m p e ra tu re  

fo r  s h o o t d ev e lo p m en t f ro m  p la n tin g  to  em erg en ce .

A s lin ea rity  b e tw e e n  ra te  o f d ev e lo p m en t an d  te m p e ra tu re  is assum ed , only 

tw o e n v iro n m en ts  in  th e o ry  a re  re q u ire d  to  d e fin e  an d  q u an tify  th e  re la tio n sh ip  

(R o b e r ts  an d  S um m erfie ld , 1987). H ow ever, statistically , a t  le a s t five env ironm en ts 

a re  re c o m m e n d e d . T h is  gives h igher v a lu e  fo r th e  deg rees  o f  fre e d o m  an d  m ore  

co n fid e n ce  in  th e  fit o f  th e  reg ress io n  line  (h e re  th e re  a re  only  fo u r env ironm en ts, 

th e re fo re  only  tw o d eg ree s  o f  freed o m ). A s w ith  th e  fo rm e r reg re ss io n  analyses, all 

d a ta  p o in ts  w ere  u se d  to  o b ta in  a  m o re  rea lis tic  fit to  th e  reg ressio n , by increasing  

th e  d eg ree s  o f freed o m . A t th e  sam e tim e  th is  show ed  th e  tru e  v a ria tio n  b e tw ee n  

ex p e rim e n ta l un its  (p lan ts).

6.2.3.1 M eth o d s

P le a se  re fe r  to  sec tio n  5.2 fo r de ta ils .

6 .2 .3 .2  R esu lts

D aily  m e a n  te m p e ra tu re s  w ere  c a lcu la ted  fro m  m ax im u m  an d  m in im um  

te m p e ra tu re s . A s c a n  b e  seen  fro m  F ig u res  6 .5a - 6.5d, v a ria tio n  in  m e an  

te m p e ra tu re  w as h ig h e r fo r th e  "10°C" c a b in e t (T ab le  6.2). T h is  re flec ts  th e  difficulty 

in  k eep in g  th e se  cab in e ts  a t  m e a n  te m p e ra tu re s  in  th e  ra n g e  o f  10°C.

T h e  o v era ll m e a n  te m p e ra tu re  fro m  p la n tin g  to  em e rg e n c e  w as p lo tte d  against 

th e  inverse  o f  th e  tim e  ta k e n  fo r th e  firs t can e  to  em erg e  (F ig u re  6 .6). T h is w as 

h ighly  sign ifican t b e tw e e n  tre a tm e n ts  (A ppend ix  6.1, T ab le  6 .1.3). V a ria tio n  b e tw ee n  

tr e a tm e n t m e an s  an d  b e tw e e n  p lan ts  w as o f  th e  sam e o rd e r . R eg ress io n  analysis 

y ie ld ed  a  fa irly  g o o d  lin e a r  re la tio n sh ip . T h e  b a se  te m p e ra tu re  o b ta in e d  w as 0.86°C.
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Figures 6.5a - d Daily maximum, minimum and mean temperatures taken from 

max/min thermometer readings in each of four temperature control cabinets. The 

treatment temperature is indicated for each graph.
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T a b le  62 C onfidence  L im its  fo r  th e  m e an  a i r  te m p e ra tu re s  experien ced  by p la n ts  in  

te m p e ra tu re  co n tro l c a b in e ts  in  th e  1989 ex p e rim en t

T e m p e ra tu re A v erag e

tre a tm e n t te m p e ra tu re  

(ca lcu la ted  from  

m e a n  daily  

m a x /m in )

10°C 10.91°C

15°C 14.38°C

20°C 19.34°C

25°C 23.85°C

95 %  C onfidence O v era ll m axim um

lim its (fo r daily an d  m in im um

m e a n te m p e ra tu re s

te m p e ra tu re s ) re c o rd e d

10.91 ±0 .8421 16 .6 /8°C

14.38 ± 0 .3772 18/12°C

19.34 ±0 .5523 22 .5 /17°C

23.85 ± 0.5042 28.5/2 0 °C

62.3.3 D iscussion

H u d so n  (1956) fo u n d  th a t buds o f cu ltivars "Lloyd G eo rge"  an d  "M ailing 

P rom ise"  re m a in e d  d o rm a n t a t te m p e ra tu re s  b e lo w  7°C. F u r th e r  to  this, la rg e r buds 

e lo n g a te d  a t low er te m p e ra tu re s  th a n  sm a lle r  ones. In  co n trast, h e re  an d  e lsew here 

(C h a p te r  3) th e re  is ev id en ce  th a t buds, o f  cv. "A u tum n Bliss", e lo n g a te  a t low er 

te m p e ra tu re s . T h is  verifies  th e  low  b ase  te m p e ra tu re  o b ta in e d  h e re .

6.3 O b se rv a tio n a l d a ta  fo r shoo t phenology

6.3.1 N ode n u m b e r

N o d e  n u m b e r a t T P C  an d  T F  fro m  fie ld  d a ta  co llec ted  in  1989 (T P C  = 22.75 

(± 2 .7 6 )  an d  T F  = 31.57 (± 4 .3 3 ))  co m p ared  w ell w ith  d a ta  o b ta in e d  fro m  th e  1989 

g row th  ca b in e t ex p erim en t ( re fe r  to  sec tion  5.3.3.1), su p po rting  ev idence  th a t ab so lu te  

n o d e  n u m b e r is in d e p e n d e n t o f  th e  e ffec t o f  a ir  te m p e ra tu re . F ig u res  o f shoo t 

d ev e lo p m e n t to  show  th e  tim ing  and  ex ten t o f  la te ra l d ev e lo p m en t in  te rm s o f node  

an d  la te ra l n o d e  p ro d u c tio n  a re  show n in  A p p en d ix  6.2, F ig u res  6 .2 .1a - u.
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Chapter 6

F ig u re  6.6  T h e  re la tio n sh ip  betw een th e  r a te  o f th e  f ir s t  sh o o t to  em erge  an d  th e  

m e a n  a i r  te m p e ra tu re  betw een p la n tin g  a n d  em ergence. r = 0.681 (P  < 0 .001 ) , A d justed  

R 2 s ta t is t ic  = 44% , reg ressio n  eq u a tio n  y = 0.0102x - 0 .008, b a se  te m p e ra tu re  = 

0.86°C
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6.3.2 T e m p e ra tu re -su m s  fo r  p h a se s  o f  shoo t developm en t

T e m p e ra tu re -su m s  w ere  ca lcu la ted  fo r th e  fo llow ing p h a se s  o f  deve lopm en t: 

P  -* E

H 2 E  -  T P C  

H 3 T P C  -  T F

h 4 t f - b r

(P  - p la n tin g ).

H j T 0 = 0.86°C, T 2 = 30°C 

F o r  th e  p h ase ;

H 2 - H 4 T 0 = 5.84°C, T 2 = 30°C

T h e se  w e re  ta b u la te d  fo r 1989 g row th  cab in e t e x p e rim e n t d a ta  (T a b le  6.3a) 

an d  fie ld  d a ta  (T a b le  6.3b). E rro rs  (in  days) w ere  ca lcu la ted  by dividing th e  s tan d a rd  

d e v ia tio n  by th e  m e a n  te m p e ra tu re  fo r each  cab in e t (A rno ld , 1959). T h e re  w as little  

d iffe re n ce  b e tw e e n  te m p era tu re -su m s fo r an d  to  a  le sse r ex ten t H 4 (the  

te m p e ra tu re -su m  fo r p lan ts  tre a te d  a t "10°C" w as h igher). M o re  v a r ia tio n  w as show n 

fo r H 2 (u p  to  70 days e rro r)  an d  H 3. T em p era tu re -su m s w ere  h ig h e r fo r h ig h e r m e an  

a ir  te m p e ra tu re  tre a tm e n ts  a t H 2. A rn o ld  (1959) found  th a t th is  w as ind ica tive  o f too  

h igh  a  b a se  te m p e ra tu re . T h e  high  te m p e ra tu re -su m  (H 4) c a lcu la ted  fo r p lan ts  

t r e a te d  a t "10°C", re fle c ted  th e  p ro n o u n c e d  delay  in  r ip en in g  ra te  fo r th e se  p lan ts. 

A s a ll p la n ts  w e re  grow n u n d e r  th e  sam e te m p e ra tu re  reg im e  fro m  T F  -* B R , this 

in d ic a te d  a n  in trin s ic  cause fo r th is delay . D am ag e  to  te rm in a l flow ers a t an thesis 

d u e  to  sco rch ing  in  som e p la n ts  in  th is tre a tm e n t re su lte d  in  p o o r  fru it se t. A s fru it 

a t  th e se  n o d es  r ip e n  first, th e  ac tu a l figu re  fo r rip en in g  ra te  w as b a se d  o n  fru it 

lo c a te d  a t la te ra ls  low er dow n th e  cane .
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T ab les  6 .3a - b  T e m p e ra tu re  th re sh o ld s  (H ) fo r p h a se s  o f  c a n e  d eve lopm en t (day°C) 
T a b le  6 .3a 1989 g row th  c a b in e t ex p erim en t

p h a se te m p e ra tu re  th resh o ld s  (day°C) fo r e a c h  
te m p e ra tu re  tre a tm e n t

m e a n  (se)

10°C 15°C 20°C 25°C

H j P - E 104.61
(2 .16 )16

144.31
(1.43)

142.89
(1.13)

109.97
(0.90)

125.45
(21.08)

h 2 e -» t p c 316.28
(70.10)

440.86
(34.22)

807.44
(24.48)

1042.62
(18.17)

651.80
(333.68)

H 3 T P C  -  T F 81.56
(17.36)

274.00
(8.48)

176.08
(6.06)

228.58
(4.50)

190.06
(82.65)

H 4 T F  B R 636.33
(20.08)

429.87
(9.80)

490.87
(7.01)

438.23
(5.20)

498.83
(95.56)

T a b le  6 .3b 1989 fie ld  d a ta

p h a se te m p e ra tu re  th re sh o ld  (day°C )

P  -► T P C 439.10

P  -*■ T F 660.31

P  ■+ B R 1109.26

6.4 A m e c h a n is tic  m ode l fo r f ir s t  shoo t developm en t p e r  p la n t

T h e  m o d e l a im s to :

i) re la te  p h en o lo g ica l even ts to  fie ld  te m p e ra tu re s , by d e m o n s tra tin g  a  re la tio n sh ip  

b e tw e e n  day d e g re e  acc u m u la tio n  an d  th e  ra te  o f n o d e  p ro d u c tio n .

ii) suggest a  re la tio n sh ip  b e tw e e n  th e  d ev e lo p m en t o f th e  firs t sh o o t an d  succeed ing  

shoo ts.

L arg e  e rro rs  w ere  o b ta in e d  fo r th e  p a ra m e te rs  b  a n d  n , w h en  th e se  m o d ified  

d a ta  w ere  u sed  to  fit e q u a tio n  5.1; substitu ting  t fo r h. T h e  R ic h a rd s  fu n c tio n  has

16E rro rs  in  days in  b rack e ts  fo r d e ta ils  see  text.
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g re a te r  flexibility  (fo u r  p a ra m e te r  m o d e l)  th a n  th e  th re e  p a ra m e te r  log istic  function . 

H o w e v er, it is n o te d  fo r its instab ility  o f p a ra m e te r  e s tim a tio n  (R atkow sky, 1983), 

p a r tic u la r ly  w ith  re sp e c t to  n  (T h o rn ley  an d  Jo h n so n , 1990). T h e  R ic h a rd s  fu n c tio n  

w as re p la c e d  by  a  m o d ified  v e rs io n  o f  th e  log istic  fu n c tio n . L an d sb e rg  (1974) 

em p lo y ed  th e  fu n c tio n  in  a  m o d e l o f  ap p le  fru it b u d  d ev e lo p m en t:

G= A
1+be~kiI)-p

(6 . 3)

T h is  in c o rp o ra te d  a  c h illin g /d o rm an c y  index, I an d  te m p e ra tu re -su m , P  fo r b u d  

d e v e lo p m e n t o n ce  do rm an cy  w as b ro k en .

H e r e  th e  e q u a tio n  is in  th e  form :

N= A
1 +be~kh (6 . 4)

W h e re :

N  = n o d e  n u m b e r  (n o d es)

A  = m ax im um  n u m b e r  o f  n o d es  p ro d u c e d  (=  T F ) (no d es) 

b - a  co n s ta n t (n o d es), k - a  r a te  co n s ta n t (n o d es  dayT T 1) 

h  = te m p e ra tu re -su m  fro m  p la n tin g  (day°C )

6.4.1 A p p lic a tio n  o f  th e  m odel

E s tim a te s  o f  b  an d  k  w ere  ca lcu la ted  an d  a  curve f it te d  to  each  d a ta  se t by 

n o n -lin e a r  le a s t sq u a re s  ite ra tio n , using  a  SAS p ro g ram . F it te d  an d  o b se rv ed  values 

w e re  p lo tte d  (F ig u re  6 .7a - d ) an d  p a ra m e te r  e s tim a tes  su m m a rised  in  T a b le  6.4. 

N o te  th a t te m p e ra tu re  th resh o ld s  (H ) fo r F ig u re  6 .7a - d  w ere  ca lcu la ted  from  

p la n tin g  to  a  g iven  s tag e  (A ppend ix  6.1, T a b le  6.1.4) w h ereas  figu res  q u o te d  in  T ab le  

6 .3a  w ere  ca lc u la te d  fo r a  sing le p hase .
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o
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F ig u re  6 .7a - d  F itte d  curves a n d  re s id u a ls  fo r eac h  o f  th e  fo u r  te m p era tu re  

tre a tm e n ts . T h e  n o n -lin e a r  m ean  s q u a re  ra tio s  a re  a s  follow s: a) 10°C, 2918 

(P <  0.001), b) 15°C, 2849 (P <  0.001), c) 20°C, 2877 (P <  0.001), d) 25°C, 3456 

(P  < 0.001) (co rrec ted  to ta l  degrees o f  freedom  = 22).
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Table 6.4 Parameter estimates for curve fits of node data from each temperature treatment

PARAMETER temperature 
treatment (°C)

estimate asymptotic
standard
error

asymptotic
95%
confidence
interval

asymptotic 
correlation 
between b 
and k

A (nodes) 10 32.70 0.4757 31.71-33.69

15 31.53 0.4964 30.50-32.56

20 33.25 0.5224 32.16-34.34

25 32.67 0.4839 31.66-33.68

b (nodes day-1) 10 37.54 6.1394 24.77-50.31

15 23.13 3.4821 15.89-30.37

20 22.73 3.6683 15.10-30.36

25 15.84 2.2733 11.10-20.58

k (nodes day"1) 10 0.0116 0.0005 0.0104-
0.0127

0.9484

15 0.0059 0.0003 0.0053-
0.0065

0.9195

20 0.0046 0.0002 0.0041-
0.0051

0.9216

25 0.0035 0.0001 0.0031-
0.0039

0.9099

E rro rs  fo r p a ra m e te r  e s tim a te s  w ere  low, a lthough  th e re  w as so m e v a r ia tio n  in  th e  

v a lu es  o f  b  a n d  k  o b ta in ed .

C o rre la tio n  b e tw e e n  b  an d  k  w as good. H ow ever, w h e n  curves fro m  each  d a ta  

se t w e re  c o m p a re d  (F ig u re  6 .8) p lan ts  tre a te d  a t "10°C" a p p e a re d  to  exh ib it a  m ore  

ra p id  r a te  o f  n o d e  p ro d u c tio n . T h is  w as show n in  th e  v a lu es  o f  b  an d  k  o b ta in ed  

(T a b le  6 .4) a n d  w as fu r th e r  show n by lin e a r  reg ressio n  o f  th e  lin e a r  p o r tio n  o f each  

cu rve . T h is  show ed  a  m a rk e d ly  h ig h e r ra te  o f n o d e  p ro d u c tio n  p e r  day°C  fo r p lan ts  

f ro m  th is  t r e a tm e n t (T a b le  6.5).
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h

F ig u re  6.8 C o m p a riso n  o f  f itted  curves fo r th e  fou r te m p e ra tu re  tre a tm e n ts ; W here 

N  - f it te d  n o d e  n u m b e r p e r  shoo t a n d  h  - te m p era tu re -su m .
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T a b le  6.5 L in e a r  e s tim a te s  o f  th e  r a te  o f  n o d e  p ro d u c tio n  fo r  f it te d  d a ta  from  each  
tr e a tm e n t  ( ta k e n  fro m  th e  l in e a r  p o rtio n  o f  eac h  cu rve)

te m p e ra tu re
tre a tm e n t
(°C )

e q u a tio n  o f  line g ra d ie n t ( ra te  
o f n o d e  
p ro d u c tio n , 
n o d es  day0C a)

d e g re e s
o f
fre e d o m

R 2 s ta tis tic

10 N = 0 .0772h -7 .59 0.0772 14 99.0

15 N = 0 .0378h -4 .22 0.0378 13 99.1

20 N  = 0.0320h-4.68 0.0320 11 100

25 N  = 0.0243h-2.70 0.0243 10 100

T a b le  6.6  D eriv ed  p a ra m e te rs  fo r cu rve  fits  o f node  d a ta  fro m  eac h  te m p e ra tu re  
tre a tm e n t

D E R IV E D  P A R A M E T E R S te m p e ra tu re  t r e a tm e n t

e q u a tio n p a ra m e te r 10°C 15°C 20°C 25°C

log^jb-l. 317 
k

h j  (day°C ) 199.00 309.22 392.75 413.01

log^Jb+l.317
i t

1>3 (day°C ) 426.07 755.66 965.36 1165.58

log^b
i t

h 2 (day°C ) 312.53 532.44 679.06 789.29

A
l +i>

In te rc e p t(n 0)
(n o d es)

0.84 1.30 1.40 1.94

A  p o in t o f  in flex ion  an d  tu rn in g  p o in ts  w ere  ag a in  d e riv e d  fro m  th e  func tion  

(A p p en d ix  6.3). h j ,h 3 (po in ts  o f m ax im um  ra te  o f ch an g e  o f  n o d e  p ro d u c tio n )  an d
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h 2 (p o in t o f m ax im u m  ra te  o f n o d e  p ro d u c tio n )  w ere  c a lc u la te d  in  day°C  (T a b le  6 .6) 

as w ell as a n  e s tim a tio n  o f th e  n o d e  n u m b e r a t p lan tin g  (n 0).

N o d e  n u m b e r  w as assum ed  to  b e  ze ro  p rio r  to  e m e rg e n c e  fo r e a se  o f 

m e a su re m e n t. H o w ev er, day  deg rees  w ere  acc u m u la ted  f ro m  p la n tin g  to  in c lude  

n o d e  p ro d u c tio n  a n d  e lo n g a tio n  o f p re -e m e rg e n t shoo ts  f ro m  b u d  ex p an sio n  to  

a p p e a ra n c e  a t th e  so il surface.

T h e  la t te r  m o d e l e n a b le d  ex tra p o la tio n  o f  n o d e  n u m b e r  a t p la n tin g  an d  

e m erg en ce . T h is  le d  to  u n d e r-e s tim a tio n  o f to ta l n o d e  n u m b e r  an d  o v e r-e s tim a tio n  

o f  th e  r a te  o f  n o d e  p ro d u c tio n . A s th e  m o d e l is asym pto tic  a t  N  = 0 (h  -*• oo), th e n  

N * 0  a t p lan tin g . T h is  is m ere ly  a  p ro p e rty  o f th e  function , a lth o u g h  in  c o n ce p t it 

allow s fo r th e  p re se n c e  o f a  sm all b u t a n  unk n o w n  n u m b e r  o f n o d es  in  th e  p re -  

e m e rg e n t shoo t.

6.4.1.1 S ig n ifican ce  o f  derived  p a ra m e te rs  - h 3

V alu es  fo r  o b se rv ed  an d  d erived  te m p era tu re -su m s w e re  show n (F ig u re  6 .9a - 

d ) in  re la tio n  to  n o d e  p ro d u c tio n  from  p la n tin g  to  m a tu rity . A lth o u g h  th e re  is 

v a r ia tio n  b e tw e e n  o b se rv ed  an d  d erived  p a ra m e te rs  fo r e a c h  p h ase , th e  v a r ia tio n  is 

less m a rk e d  fo r E  T P C  (H 2/ I 13), w h e reas  values fo r w e re  h ig h e r an d  va lu es  fo r 

h 2 w e re  lo w er th a n  o bserved  values. T h e  sam e a rg u m e n t c a n  b e  u se d  fo r th is  m o d e l 

as fo r th e  p rev io u s  R ic h a rd s  m odel, w h ereb y  h 2 p in p o in ts  th e  ac tu a l e v en t o f  flo ra l 

in itia tio n  in  te rm s  o f  th e  m ax im um  ra te  o f n o d e  p ro d u c tio n .

L y n d o n  (1990) d esc rib e d  th e  o rd e r  o f even ts o ccu rrin g  in  th e  ap ex  a t th e  

ce llu la r  level. C h a ra c te r is tic  is a  te m p o ra ry  in c rease  in  th e  g row th  r a te  o f  th e  apex  

as it tra n sfe rs  f ro m  th e  p ro d u c tio n  o f  leaves to  flo ra l o rgans. T h is  m ay b e  asso c ia ted  

w ith  h 2. F o llo w in g  th is in c re ase  in  g row th  ra te , th e  apex  e n la rg e s  (a t T P C ). F inally , 

th e  r a te  o f in itia tio n  o f p r im o rd ia  in c reases , a long  w ith  c e llu la r  changes such  as R N A  

syn thesis a n d  a n  in c re a se  in  ce llu la r re sp ira tio n . T h ese  la t te r  even ts  a re  p ro b ab ly  

m a rk e d  by h 3. C o rrespond ing ly , it can  b e  assum ed  th a t ht r e la te s  to  th e  in c re a se  in  

le a f  p r im o rd ia  in itia tio n  a t th e  apex  a f te r  sh o o t em erg en ce . C o m p a ra tiv e  changes 

have  b e e n  o b se rv e d  in  w h ea t (T. aestivum L .) a t th e  tra n s itio n  fro m  le a f  to  sp ik e le t
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in i tia tio n  a n d  a t th e  en d  o f e a r  in itia tio n  (K irby, 1985).

H 4 d o es  n o t hav e  a n  eq u iv a len t deriva tive , how ever B R  occurs a t A - th e  seco n d  

asy m p to te . T h e  u se  o f  n o d e  n u m b e r  as a  p re d ic to r  fo r b e r ry  rip en in g  is d ifficu lt as 

N  -+ A, h  -*> oo. H ow ever, th e  te m p e ra tu re -su m  fro m  T F  -* B R  is im p o rta n t 

co m m erc ia lly  (W ais te r  an d  W righ t, 1989) as th is m ark s  "berry  filling".

T h is  is e q u iv a len t to  g ra in  filling  in  cerea ls , w h en  th e re  is m a jo r a llo c a tio n  o f 

p h o to sy n th e tic  assim ila tes  to  th e  dev e lo p in g  g ra in  (G iffo rd  a n d  E vans, 1981). T h e  

b u ild -u p  o f  sucrose , fruc to se  an d  o th e r  assim ila tes  occu rs  over a  p e r io d  o f 

ap p ro x im a te ly  500 - 700 day°C.

6.4.1.2 S ign ificance  o f  th e  m ode l w ith  re sp ec t to  sh o o t p ro d u c tio n

S h o o t n u m b e r  p e r  p la n t in c re a se d  a f te r  th e  first sh o o t to  em erg e  h a d  in itia te d  

te rm in a l flow ers (a t T F ). P r io r  to  th is th e  sh o o t p o p u la tio n  w as m o re  o r  less 

c o n s ta n t (F ig u re  6.10). D ay  d eg rees  w ere  exp ressed  as d e v e lo p m e n ta l un its  (R o y  an d  

G a lla g h e r , 1985), ie. as a  p e rc e n ta g e  o f th e  te m p e ra tu re -su m  p e r  tre a tm e n t ta k e n  

from :

a ) P  -► T P C , b ) P  -► T F  and  c) P  -*■ B R . (F igu res 6 .11a - c)

T h e  in itia l p o p u la tio n  o r firs t c o h o rt re a c h e d  a  p e a k  p r io r  to  T P C . T his d e c re a se d  

f ro m  T P C  to  T F . Follow ing  T F , sh o o t p o p u la tio n  in c re a se d  ag a in  - p a rticu la rly  a t 

th e  tw o low er te m p e ra tu re  tre a tm e n ts  - to  fo rm  a  seco n d  co h o rt.

In  te rm s o f  m ode lling  p la n t can e  p o p u la tio n  dynam ics, h t m arks  th e  beg in n in g  

o f  e s ta b lish m e n t o f  th e  first co h o rt. F ro m  h 2 - h ^  a  se lf-th in n in g  p h ase  occurs an d  

f ro m  h 3 onw ards th e  second  co h o rt is e s tab lished .

F ie ld  m e a su re m e n ts  ta k e n  a t se q u e n tia l h arvests  o f  c a n e  p o p u la tio n s  p e r  p la n t 

re f le c te d  th is sh ift in  p o p u la tio n , in  re la tio n  to  th e  tim in g  o f  T F  (F ig u re  6 .12a - b ). 

R o y  a n d  G a lla g h e r  (1985) fo u n d  lin e a r  re la tio n sh ip s  in  ti lle r  p ro d u c tio n  an d  dry 

m a tte r  c o n te n t a t s tem  ex tension , an d  b e tw e e n  stem  ex ten s io n  an d  an th esis  in  w h ea t.
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F ig u re  6 .9a - d  T he  c o m p ariso n  o f  th e  tim in g  o f  observed  a n d  derived  te m p e ra tu re -  

su m s fo r  p h a s e s  o f  shoot developm en t in  re la tio n  to  n o d e  p ro d u c tio n  fo r each  

te m p e ra tu re  tre a tm e n t. W here : N  - node  n u m b e r  p e r  shoo t; h  - derived  te m p e ra tu re -  

sum ; - observed  te m p e ra tu re -su m s  fo r th e  stages E , T P C , T F , B R  respectively ; 

h 1-h3 - tu rn in g  p o in ts  on th e  g ra p h  (see tex t).
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percentage of temperature-sum to BR (% day*C)

F ig u re  6.11a - c T he  re la tio n sh ip  betw een shoo t n u m b e r a n d  deve lopm en ta l stage o f 

th e  f ir s t  sh o o t to  em erge (expressed  as  a  percen tag e  o f  th e  te m p e ra tu re -su m  to a 

g iven stage), a) P  T P C , b) P  -*> T F , c) P  ■+ B R
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6.5 D IS C U S S IO N  A N D  C O N C L U S IO N S

T h e  m o d e l is e ffective in  p red ic tin g  th e  tim in g  o f d e v e lo p m e n ta l ph ases  u p  to  

c a n e  m a tu rity  in  ind iv idua l shoo ts  fo r th e  fo u r  d a ta  se ts  em p loyed . In  theory , th e  

p o in t o f  m ax im u m  ra te  o f  n o d e  p ro d u c tio n  is eq u iv a len t to  f lo ra l in itia tion , th e  

re le a s e  o f  co rre la tiv e  inh ib itio n , an d  h e n c e  la te ra l fo rm atio n . T h e  r a te  o f  change o f 

n o d e  p ro d u c tio n  firs t re a c h e s  a  m ax im um  a f te r  E  an d  th e  firs t c o h o rt o f shoo ts is 

e s tab lish ed . S h o o t p o p u la tio n  reach es  a  m ax im um  p rio r  to  th e  m ax im um  ra te  o f 

n o d e  p ro d u c tio n , an d  th e n  d ec reases  u n til th e  second  m ax im u m  ra te  o f  change o f 

n o d e  p ro d u c tio n  a t T F . T h e  second  co h o rt o f shoo ts  th e n  es tab lish es  a f te r  T F , as th e  

firs t c o h o rt can es  fru it an d  senesce. B erry  rip en in g  occurs so m e tim e  a f te r  T F  and  

is b e s t p re d ic te d  fro m  500 - 700 day°C a f te r  T F .

T h e  im p lica tio n s  o f th e  m ode l in  e luc id a tin g  p la n t d ev e lo p m en t in  cv. 

"A u tu m n  Bliss" a re :

i) T h e  log istic  re la tio n sh ip  b e tw ee n  n o d e  n u m b e r an d  day  d e g re e  accu m u la tio n  

p ro v id es  a  m o d e l fo r ind iv idual sh o o t d ev e lo p m en t.

ii) T h e  d e v e lo p m e n t o f firs t co h o rt shoo ts  in fluences th e  tim ing  o f  new  shoo t 

p ro d u c tio n  a n d  grow th.

T h is  gives it  a  d is tinc t ad v an tag e  over th e  a lte rn a tiv e  T h re sh o ld  m o d e l a lone , w h ere  

te m p e ra tu re -su m s  a re  u sed  em pirically . T h e  m o d e l en co m p asses  th e  ab so lu te  sum  

h re q u ire d  fo r a  g iven  sh o o t to  p ro cee d  in  p re d e fin e d  d e v e lo p m e n ta l stages tow ards 

m a tu rity . F u r th e r  to  this, a n d  arguab ly  m o re  im portan tly , th e  m o d e l p in p o in ts  key 

physio log ica l even ts  in  te rm s  o f changes in rate o f  n o d e  p ro d u c tio n  in  th e rm a l tim e.

T h e  re a so n s  fo r th e se  re la tio n sh ip s  a re  co n ce rn ed  p rim arily  w ith  ap ical 

d o m in an ce , w h ich  occurs w ith in  th e  ro o t system  as w ell as th e  sh o o t system  

(R o b in so n , 1975). E x p e rim en ts  o n  d e ta c h e d  ro o ts  o f  ap p le  (R o b in so n  an d  Schw abe, 

1977a, 1977b) show ed  th a t p re fe re n tia l b u d  in itia tio n  o c c u rre d  a t  th e  p rox im al en d  

o f  v ertica lly  p la n te d  cu ttings, due  to  d e p le tio n  o f  IA A  via  rap id , a c ro p e ta l m ovem en t. 

T a k e d a  (1990) d e m o n s tra te d  b asa l b u d  su p p ressio n  using  N A A . T h is  po la rity  w as 

e x h ib ited  to  a  le sse r ex ten t in  ra sp b e rry  ro o t cu ttings w h e n  p la n te d  horizon ta lly  

(H u d so n , 1954). H u d so n  also  found  th a t h a lf  o f  th e  cu ttings p ro d u c e d  only one
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s h o o t a n d  p ro p o rtio n a te ly  few er p ro d u c e d  2 - 6  shoo ts. W a re in g  (1982) hypo thesised  

th a t  loss o f  ap ica l d o m in an ce , re leas in g  u p p e r  b u d s  in  h o riz o n ta lly  tra in e d  b ran ch e s  

o f  f ru it tre e s , w as d u e  to  d iffe re n tia l m o v e m en t o f  aux in . H e  suggested  th e  

in v o lv em en t o f  cytokinins.

In  Rubus, s te m  b ase  sh o o ts  a re  in h ib ite d  by u p p e r  b u d s  f ro m  th e  v e rtica l axis 

o f  th e  d ev e lo p in g  firs t co h o rt cane . A s successive ax illary  b u d s  a re  re le a s e d  to  fo rm  

la te ra ls , in h ib itio n  is lo s t in  th e se  s u b te r ra n e a n  buds. W illiam s (1959a) show ed  th a t 

n o  n ew  suckers w ere  p ro d u c e d  du rin g  th e  p e r io d  o f m ax im u m  e lo n g a tio n  o f  existing 

sh o o ts . V asilak ak is  an d  D a n a  (1978) fo u n d  th a t in flo re sc en ce  rem o v a l fro m  existing 

sh o o ts  re su lte d  in  th e  p ro d u c tio n  o f a  n u m b e r  o f  suckers c o m p a re d  w ith  a  single 

su c k e r p ro d u c e d  fro m  in ta c t p lan ts . T h is  a d e q u a te ly  exp la in s  th e  tim ing  o f 

d e v e lo p m e n t o f  seco n d  c o h o rt shoots.

H ow ever, 4 - 5  shoo ts  w ere  ab le  to  es tab lish  fro m  o n e  y e a r  o ld  stoo ls in  th e  

d a ta  m o d e lled . T h is  im plies th a t th e se  b u d s  w ere  n o t s u b o rd in a te  to  th e  firs t b asa l 

b u d . P ossib ly  a  c ritica l d is ta n ce  exists b e tw e e n  successive s u b te r ra n e a n  b u d s  w hich 

en fo rces  co rre la tiv e  in h ib itio n  to  a  re d u c e d  ex ten t c o m p a re d  w ith  u p p e r  buds. 

A lte rn a tiv e ly , ex p an sio n  o f bu d s fro m  la te ra lly  o r ie n ta te d  ro o ts  exp lains this 

p h e n o m e n o n .

T h e  ap ica l m e ris te m  o f  th e  firs t sh o o t to  em e rg e  th e re fo re  exerts  som e 

d o m in a n c e  o v er th e  d e v e lo p m e n t o f th e  w ho le  p la n t. B u d s  a re  th o u g h t to  b e  

in h ib ite d  as a  re su lt o f  h o rm o n e  d irec ted  m e ta b o lite  tra n s p o r t (Z ra ly , 1978; W aiste r 

a n d  B a rritt, 1980). T h is  th e o ry  is b ack e d  u p  by th e  follow ing:

i) A ux in  syn thesis o r re le a se  occurs a t active m eris tem s o r  re la te d  tissues,

ii) N u tr ie n ts  an d  g row th  fac to rs  accu m u la te  in  th e se  a rea s ,

iii) A ux in  in duces  long  d is tan ce  m e ta b o lite  tran sp o rt.

(H illm an , 1984).

In  a  m o d e l o f Chrysanthemum flo ra l d ev e lo p m en t c ited  by L y n d o n  (1990), f lo re t 

p r im o rd ia  an d  b ra c ts  a re  a ssu m ed  to  co m p e te  w ith  th e  ap ic a l d o m e  fo r assim ilates, 

w h e re a s  le a f  p r im o rd ia  do  n o t. T hus, th e  ap ica l m e ris te m  is in a c tiv a te d  an d  is no 

lo n g e r d o m in an t.

T h e  d ev ian ce  o f  th e  "10°C" cab in e t d a ta  fro m  th e  m o d e l im p lies  th a t  shoo ts
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o f  th e se  p la n ts  d ev e lo p ed  a t a  fa s te r  r a te  p e r  day d eg ree  a cc u m u la ted . P ossib ly  th e  

te m p e ra tu re  ra n g e  e x p e rien ced  by p la n ts  in  th is cab in e t h a d  a  facu lta tiv e  v e rna liz ing  

e ffec t. R o o t b u d s  re sp o n d e d  facu lta tive ly  to  ch illing  a t 5°C  (fo r u p  to  35 

d a y s )(C h a p te r  3). F u r th e r  to  this, th e re  is ev idence  (W illiam s, 1960) th a t as n o d e  

n u m b e r  in c re ases , recep tiv ity  to  co ld  te m p e ra tu re  induc tive  t r e a tm e n t in c reases  in  

o b lig a te  cu ltivars  such  as "M ailing P rom ise".

By in c re as in g  th e  accu racy  o f te m p e ra tu re  reco rd in g , i t  w ou ld  b e  po ssib le  to  

ach iev e  so m e  im p ro v e m e n t o n  th e  e s tim a te s  fo r b a se  te m p e ra tu re . A lth o u g h  th e  

b a s e  te m p e ra tu re  fo r  n o d e  p ro d u c tio n  o b ta in e d  fro m  fie ld  d a ta  w as in  ap p ro x im a te  

a g re e m e n t w ith  th a t  o b ta in e d  fro m  c a b in e t d a ta .

In  conclusion , th e  m o d e l ca ta lo g u es th e  tim ing  o f d e v e lo p m e n ta l even ts  in  th e  

firs t sh o o t to  e m e rg e  p e r  p la n t an d  it in d ica te s  th e  m ech an ism s w hich  a re  involved  

in  w ho le  p la n t d ev e lo p m en t. Ideally , th e  u ltim a te  a im  in  cro p  m ode lling  is to  

p ro d u c e  a  m o d e l, w hich  can  b e  ap p lied  to  th e  field  s itu a tio n  u n d e r  a  ra n g e  o f 

e n v iro n m e n ta l cond itions . M o re  re se a rc h  is re q u ire d  in  th is  crop , a re a s  o f  w hich  a re  

d iscussed  in  C h a p te r  7. M ost im p o rtan tly  th is m o d e l gives a  c le a re r  u n d e rs ta n d in g  

o f  th e  m ech an ism s involved.
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Ja c k so n  (1989) su m m arised  a re a s  o f re se a rc h  fo r m a n ip u la tin g  com m erc ia l 

c ro p s to  im p ro v e  y ie ld  in to : i) m o d ifica tio n  o f  th e  cro p p in g  season , ii) m a n ip u la tio n  

o f  th e  b a la n c e  b e tw e e n  fru itin g  an d  v ege ta tive  grow th, iii) m o d ifica tio n  o f th e  

p e re n n ia l h a b it  an d  iv) in c re ase  in  fru it set. T h e  above ex p e rim en ts  on  th e  effec t o f 

te m p e ra tu re  o n  th e  ra te  o f sh o o t d ev e lo p m en t in  cv. "A u tum n  Bliss" h igh ligh t a reas  

fo r  th e  m a n ip u la tio n  o f p la n t g row th  in  tw o o f th e se  aspects.

F irstly , c ropp ing  seaso n  w as co n tra c ted  w h en  p la n ts  w ere  cu ltiv a ted  in  

g lasshouse  a n d  p o ly tunnel en v iro n m en ts . T his w as d u e  to  h ig h e r  ra te s  o f  shoo t 

d e v e lo p m e n t c o m p ared  w ith  o u td o o r-g ro w n  p lan ts . H ow ever, p la n ts  from  po ly tu n n e l 

a n d  o u ts id e  p lo ts  p ro d u ced  s im ila r yields. T his p a t te rn  w as a lso  show n fo r p lan ts  

tr e a te d  a t 10°C an d  25°C in  te m p e ra tu re  co n tro l cab inets . Y ie ld  w as ex p ec ted  to 

d e c re a se  lin ea rly  w ith  te m p e ra tu re  o r to  fo rm  a  curve w ith  a  m ax im um  a t 

ap p ro x im ate ly  25°C. T h e  in v e rse  re la tio n sh ip  expec ted  d e p e n d s  o n  th e  d u ra tio n  o f 

p h o to sy n th esis . R ap id ly  dev e lo p in g  shoo ts  have  a  re d u c e d  p e rio d  in  w hich  to  

p ro d u c e  p h o to sy n th a te s  fo r g row th  an d  s to rage . M o re  rap id ly  deve lop ing  shoo ts  have 

a n  in c re a se d  d em a n d  fo r assim ila tes , fo rm ing  s trong  sinks (F a rra r ,  1988). In  cereals, 

th is  p e r io d  is lim ited  to  th e  tim e  fro m  sh o o t em erg en ce  to  e a r  em erg en ce  (K irby, 

1985). In  ra sp b erry , la te ra l (seco n d ary ) le a f  d ev e lo p m en t su p p o rts  fru it d ev e lo p m en t 

d u rin g  c ropp ing . A ssessing th e  tim ing  o f la te ra l expansion  as a  re su lt o f  te rm in a l 

f lo ra l p r im o rd ia  a p p e a ra n c e  is th e re fo re  im p o rta n t in: i) T h e  fo rm a tio n  o f  th e  la te ra l 

m e ris te m s  as sinks, as o p p o sed  to  th e  develop ing  te rm in a l m e ris te m  a lo n e , an d  ii) 

T h e  a m o u n t o f assim ila te  av a ilab le  to  th e  develop ing  fru it. H ig h  yields in  p lan ts  

tre a te d  a t 25°C  w ere  p ro b ab ly  ach ieved  as a  re su lt o f  in c re a se d  sink  activity, w h ere  

a ss im ila te  u tilisa tio n  w ould  b e  ex p ec ted  to  exceed  fixation  le ad in g  to  m o b ilisa tio n  and  

d e p le tio n  o f  s to rag e  ca rb o h y d ra tes  fro m  th e  s too l an d  roo ts . H ow ever, p la n ts  w ere  

rem o v e d  fro m  te m p e ra tu re  tre a tm e n ts  p rio r  to  la te ra l ex p an sio n  an d  n o  d ifferences 

w e re  se e n  in  to ta l p la n t dry  w eigh t to  acco u n t fo r th is d e p le tio n . A lthough , it is

164



Chapter 7

im p o rta n t to  b e a r  in  m ind  th a t p la n t dry w eigh t w as assessed  only  a f te r  c ro p p in g  h ad  

b e e n  co m p le te d . R o o t an d  s to o l dry w eights w ere  n o t a c c o u n te d  for, b u t  s tem  dry 

w eigh ts  w e re  red u ce d . T h is in d ic a te d  th a t early  te m p e ra tu re  tre a tm e n t h a d  a  lasting  

e ffec t o n  su b se q u e n t fru iting  c a n e  p roductiv ity , causing  ass im ila te  d e p le tio n , d esp ite  

la te ra l canopy  p ho tosyn thesis. T h is  w as in d ica ted  by low  sh o o t n u m b e r in  th e  second  

co h o rt.

H ig h  te m p e ra tu re s  th ro u g h o u t th e  grow ing seaso n  (in  th e  ra n g e  o f  20°C) in  

th e  co m m erc ia l cu ltiva tion  o f  cv. "A u tum n Bliss" w ou ld  re su lt in  d e p le tio n  o f  s to rage  

ca rb o h y d ra te  in  th e  roo ts  an d  stool, reduc ing  th e  g row th  an d  y ie ld  in  th e  p ro cee d in g  

year. T h e re fo re , con tinuous p ro te c te d  cu ltiva tion  u n d e r  p la s tic  m ay le a d  to  a  decline 

in  y ie ld  in  successive years. T h e  slow er ra te  o f sh o o t d e v e lo p m e n t fo r p la n ts  tre a te d  

a t  "10°C" acc o u n ted  p artly  fo r th e  h igh  yields in  th e se  p lan ts .

A lth o u g h  th e  m ode l e s tim a te d  ra te s  o f d ev e lo p m en t, th e se  w ere  ex p ressed  in  

day°C, m ak ing  th e  assu m p tio n  th a t  p lan ts  accu m u la ted  th e  sam e  to ta l te m p e ra tu re  

fo r flow er in itia tio n  over d iffering  p e rio d s  o f tim e. T h e re fo re  th e  te m p e ra tu re -su m  

o b ta in e d  gave n o  in fo rm a tio n  o n  th e  d u ra tio n  fro m  em e rg e n c e  to  flow er in itia tio n  

an d  n o  in d ica tio n  o f d iffe rences  in  yield. T h e  m o d e l d id  show  th a t  p la n ts  tre a te d  a t 

"10°C" (tak in g  lo n g e r to  dev e lo p  in  tim e) acc u m u la ted  lo w er te m p e ra tu re -su m s, in  

te rm s  o f  day°C  develop ing  a t a  h igher ra te  th a n  p la n ts  tre a te d  a t "25°C". This 

in d ica te s  th a t  th e  ac tu a l te m p e ra tu re s  exp erien ced  by th e se  p la n ts  w ere  resp o n sib le  

fo r low  te m p e ra tu re  p ro m o tio n  o f sh o o t dev e lo p m en t. E v id en ce  th a t  th is  cu ltivar is 

sensitive  to  low  te m p e ra tu re  p ro m o tio n  o f  d ev e lo p m en t w as su p p lied  by  a  positive 

lin e a r  tre n d  in  em erg en ce  an d  rip en in g  ra te s  w ith  ch illing  tim e  a t 5°C. Y ie ld  and  

ab o v e  g ro u n d  dry  m a tte r  c o n te n t also  in c re ased  w ith  ch illing  tim e.

M in im u m  te m p e ra tu re s  ex p erien ced  by p lan ts  t r e a te d  a t "10°C" a n d  in  th e  

o u ts id e  p lo t (7 a n d  -^ re sp e c tiv e ly )  suggest th a t low  te m p e ra tu re s  in  th e  ra n g e  o f 1 - 

7°C p ro m o te  sh o o t d ev e lo p m en t an d  in c re ased  yield.

A ccu m u la tio n  o f F ru c ta n , a n  im p o rta n t s to rag e  ca rb o h y d ra te  (nex t to  starch  

a n d  su cro se) in  h ig h e r p la n ts  (K iihbauch  an d  Schnyder, 1989) a rises w h en  ca rb o n  

fixa tion  exceeds u tilisa tio n  in  co ld  te m p e ra tu re s  (2 - 10°C) in  m o n o co ty led o n o u s  crops 

(P on tis , 1989; C h a tte r to n  et al. , 1989). F ru c tan s  a cc u m u la te  in  w h e a t (T. aestivum
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L .) u p  to  a n d  a f te r  an thesis . D e g ra d a tio n  occurs w h en  c u rre n t p h o to sy n th a te  

p ro d u c tio n  is in su ffic ien t to  su p p o rt th e  d eve lop ing  g ra in  (K iih b au ch  an d  T hom e, 

1989). S im ila r p rocesses  o ccu rring  in  th is p la n t spec ies  exp la in  th e  d ifferences 

o b se rv ed .

S econdly , it is d ifficu lt to  assess q u an tita tiv e ly  th e  in te ra c tio n  b e tw een  

in d iv id u a l shoo ts , in  te rm s  o f  th e ir  physio logical d o m in an ce  ov er each  o ther. 

G en e ra lly , th e re  is good  ev id en ce  th a t ap ica l d o m in an ce  exists b e tw e e n  indiv idual 

sh o o ts  so  sh o o ts  w ere  s tu d ie d  in  te rm s o f  th e ir  age. T h e  n u m b e r  o f  shoo ts  in  the  

in itia l p o p u la tio n  d e p e n d e d  o n  th e  fresh  w eigh t o f th e  m o th e r  p la n t (s te m  b ase  and  

sto o l). F ie ld -g ro w n  an d  p o tte d  p la n ts  from  o n e  y e a r  o ld  stoo ls  p ro d u c e d  3 - 5  shoots 

in  c o m p a riso n  to  ch illed  p la n ts  (35 days chilling) w hich  p ro d u c e d  a  m ax im um  o f 15 

in  th e  firs t co h o rt. E v id en ce  fro m  re sea rch  o n  o v er-w in te ring  canes in d ica tes  th a t 

d o rm an c y  o f  th e  ap ica l m eris tem , as w ell as physical in ju ry  (fie ld  d a ta , 1990), re leases 

in h ib itio n  o f  b a sa l bu d s (C h am p ag n a t, 1978; Jenn ings, 1988). T e m p e ra tu re s  below  

th e  b a se  te m p e ra tu re  fo r n o d e  p ro d u c tio n  o f 5.84°C in  th is  cu ltivar m ay  b rin g  ab o u t 

th is re le a se .

T h e  firs t co h o rt a p p e a re d  to  p re v e n t fu r th e r  sh o o t d e v e lo p m e n t in  all 

ex p e rim en ts  and , im portan tly , served  as th e  fru iting  can e  p o p u la tio n  fo r th e  cu rren t 

y e a r’s c rop . S u b seq u en t sh o o t p ro d u c tio n  a f te r  te rm in a l flow er b u d  a p p e a ra n c e  in  

th is c o h o rt se rv ed  as c o m p e titio n  (a lthough  possib ly  p ro v id ing  a  la te  seaso n  crop) fo r 

ass im ila tes  a n d  ligh t (W righ t an d  W aister, 1984). T h is co m p e titio n  is a  co n sid erab le  

p ro b le m  in  co m m erc ia l cu ltiva tion . T h e  p a ra d o x  th a t th e  size o f a  sh o o t p o p u la tio n  

is a  m a jo r  y ie ld  co m p o n en t an d  y e t can  re d u c e  y ie ld  in  in d iv idua l canes n eed s  carefu l 

c o n s id e ra tio n  a n d  fu r th e r  re se a rc h  to  find th e  eq u ilib riu m  b e tw e e n  p o p u la tio n  and  

y ield .

T h e  m o d e l h ighlights th e  im p o rta n t s tages o f sh o o t d ev e lo p m e n t a t :

i) th e  c e llu la r  level - changes in  th e  ra te  o f  n o d e  p ro d u c tio n  p o in t to  im p o rtan t 

o n to g e n e tic  changes a t th e  apex , w hich a re  ind ica tive  o f  changes a t

ii) th e  sh o o t level - th e  tim ing  o f  th e  a p p e a ra n c e  o f  th e  te rm in a l f lo ra l p rim o rd ia  

com p lex  re la te s  to  th e  re le a se  o f  la te ra l buds an d  b asa l b u d s  fro m  ap ica l dom inance .
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iii) th e  p la n t  level - te rm in a l flow er a p p e a ra n c e  m a rk s  th e  tim in g  o f  th e  p ro d u c tio n  

o f  th e  seco n d  c o h o rt o f  shoo ts .

F ig u re  7.1 su m m arises  th e  m o d e l a n d  its im p lica tio n s  in  e lu c id a tin g  th e  

d e v e lo p m e n ta l p ro cesses  in  p la n ts  o f cv. "A u tum n  Bliss".

F u r th e r  re se a rc h  o n  ch illing  p lan ts  a t  d iffe re n t d e v e lo p m e n ta l s tages  over a  

ra n g e  o f  te m p e ra tu re s  w o u ld  p rov ide  a  ch illing  index  fo r in c o rp o ra tio n  in to  th e  

m o d e l. P la n ts  a re  assu m ed  to  b e  day -neu tra l; how ever, ro se ttin g  w as show n  in  p lan ts  

h e ld  a t  lo w er te m p e ra tu re s  a n d  is ind icative o f day  le n g th  sensitiv ity  (W are in g  and  

P h illips, 1981).

W o rk  o n  th e  effec t o f  day  leng th  a t low  te m p e ra tu re s  a n d  low  lig h t in tensities  

m ay  p ro v id e  a  fu r th e r  index  fo r th e  m odel. T h e  m o d e l cou ld  th e n  b e  te s te d  in  field 

co n d itions .

M o re  p rec ise  m e a su re m e n t o f dry m a tte r  accu m u la tio n , in c o rp o ra tin g  th e  roo ts 

an d  s te m  b a se  is e ssen tia l to  a  fu lle r u n d e rs ta n d in g  o f th e  e ffec t o f te m p e ra tu re  on  

p a rtitio n in g . A  m ean s o f overcom ing  th e  p ro b lem s o f th e  m e a su re m e n t o f  ro o t dry 

w eig h t w ou ld  b e  to  cu ltiv a te  p la n ts  in  N u tr ie n t F ilm .

P la n t d ev e lo p m en t a n d  reso u rce  a llo ca tio n  res ts  o n  th e  m a n ip u la tio n  o f 

o n to g e n esis  (W ais te r  an d  W righ t, 1989) o f  th e  firs t shoo ts  to  em erg e . T h e  effec t o f 

rem o v a l o f  th e  apex  a t d iffe re n t stages o f sh o o t d e v e lo p m e n t m ay  p ro v id e  usefu l 

in fo rm a tio n  o n  th e  re la tio n sh ip  b e tw ee n  a llo ca tio n  o f  a ss im ila tes  to  p la n t  grow th  and  

fru it y ie ld .
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Figure 7.1 Flow diagram to show the effect of temperature on shoot development and plant growth of 

cv. "Autumn Bliss", as determined by base and upper threshold temperatures for emergence, node 

production and chilling temperature (where: T°C>C>0.86aC = probable range).

LEGEND: t - air temperature, C - chilling temperature, E,TPC,TF - stages of shoot development, R„ - 

rate of assimilate utilisation and Rf - rate of carbon fixation. Model derivatives: hj - h3 modelled 

stages of shoot development, A absolute node number.
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Appendix 4.1

APPENDIX 4.1

Table 4.1.1 Mean rates of terminal berry ripening (TB, days"1) for the first shoot to emerge per plant, to 
show the interaction between environment and grading treatments.

environment
treatment

mean ripening rate (days'1 to TB) per plant for each grading 
treatment

A B C D

glasshouse 0.0080 0.0094 0.0096 0.0092

polytunnel 0.0075 0.0073 0.0078 0.0077

outside 0.0064 0.0074 0.0057 0.0064

Note: sed = 0.0004, se = 0.0005, cv% = 6.8, P = 0.005, LSDaos = 0.00073. 

Table 4.1.2 Mean total shoot height per plant for each environmental treatment

days from 
planting

mean total shoot height (cm) per plant for 
each environmental treatment

P sed

glasshouse polytunnel outside

0 0 0 0 - -

8 3.33 3.40 3.85 ns 1.97

15 7.00 5.65 4.20 ns 2.05

32 25.80 14.70 6.20 <0.001 3.07

51 60.40 43.40 20.60 <0.001 6.06

79 195.10 158.40 61.50 <0.001 17.70

100 191.60 214.60 125.90 <0.001 18.80

112 200.60 247.10 157.80 <0.001 21.27

129 215.40 252.60 216.40 ns17 24.48

146 - 270.00 283.00 ns 29.70

161 - 290.00 313.00 ns 33.40

181 - 316.00 363.00 ns 39.60

17no significant difference between treatments.
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Table 4.13 Mean total shoot height (cm) for each grading treatment

days from 
planting

grading treatment means (cm) P sed

A B C D

0 0 0 0 0 - -

8 0.13 3.40 5.07 5.50 ns 2.28

15 1.50 4.53 8.20 8.23 0.017 2.37

32 8.3 11.6 16.0 26.3 <0.001 3.55

51 25.5 34.7 46.1 59.6 <0.001 6.99

79 105.3 141.3 137.2 169.6 0.028 20.44

100 144.5 170.9 189.9 204.1 0.049 21.71

112 162.3 187.3 215.0 242.7 0.013 24.56

129 175.1 217.5 243.3 276.7 0.007 28.27

14618 192.0 286.0 300.0 326.0 0.018 42.0

161 216.0 306.0 310.0 373.0 0.022 47.3

181 251.0 343.0 337.0 428.0 0.032 55.9

Table 4.1.4 Mean rate of shoot elongation (centimetres of total shoot height per plant per day) for each 
environmental treatment.

days from 
planting

mean rate of shoot elongation (cm day'1) for 
each environmental treatment

P sed

glasshouse polytunnel outside

0 0 0 0 - -

8 0.42 0.42 0.48 ns 0.25

15 0.53 0.32 0.05 0.002 0.12

32 1.11 0.53 0.10 <0.001 0.11

51 1.82 1.52 0.71 <0.001 0.200

79 4.81 4.11 1.35 <0.001 0.55

100 -0.71 2.68 2.90 <0.001 0.85

112 0.75 2.71 2.43 0.027 0.76

129 0.87 0.32 3.28 <0.001 0.78

18only for comparison of polytunnel and outside-plot plants at 146,161 and 181 days from planting.
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Table 4.1.5 Mean rate of shoot elongation (centimetres of total shoot height per day) for each grading 
treatment

days from 
planting

grading treatment means (cm day'1) P sed

A B C D

0 0 0 0 0 - -

8 0.02 0.43 0.63 0.69 ns 0.29

15 0.20 0.16 0.45 0.39 0.15 (ExG, 0.03) 0.14

32 0.40 0.41 0.44 1.06 <0.001 0.13

51 0.91 1.22 1.51 1.75 0.005 0.23

79 2.85 3.81 3.10 3.93 ns 0.64

100 1.87 1.41 2.28 1.64 ns 0.98

112 1.48 1.37 1.79 3.22 ns 0.88

129 0.76 1.77 1.44 2.00 ns 0.90

Note: Where ExG - significant interaction between grading and environmental treatments. 

Table 4.1.6 Mean shoot height per plant (cm) for each environmental treatment

days from 
planting

mean shoot height (cm) per plant for each 
environmental treatment

P sed

glasshouse polytunnel outside

0 0 0 0 - -

8 2.21 1.90 2.56 ns 1.05

15 3.93 3.15 2.96 ns 1.04

32 12.49 6.90 2.62 <0.001 1.50

51 32.70 21.40 7.10 <0.001 2.70

79 80.60 65.80 22.00 <0.001 5.67

100 98.30 100.40 43.40 <0.001 6.92

112 100.40 102.20 54.30 <0.001 6.72

129 96.20 110.90 64.80 <0.001 8.42
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Table 4.1.7 Mean shoot height per plant (cm) for each grading treatment

days from 
planting

grading treatment means (cm) P sed

A B C D

0 0 0 0 0 - -

8 0.13 3.17 2.48 3.11 ns 1.22

15 0.99 3.85 4.28 4.26 0.023 1.20

32 5.04 7.56 6.91 9.82 ns 1.73

51 15.4 21.0 21.9 23.2 ns 3.12

79 57.7 62.2 56.0 48.7 ns 6.55

100 89.4 84.8 79.0 69.7 ns 7.99

112 95.0 91.7 82.4 73.3 0.033 7.76

129 95.9 97.1 90.2 79.3 ns 9.72

Table 4.1.8 Mean shoot number per plant for each environmental treatment

days from 
planting

mean shoot number per plant for each 
environmental treatment

P sed

glasshouse polytunnel outside

0 0 0 0 - -

8 0.40 0.60 0.75 ns 0.28

15 1.55 1.25 0.85 ns 0.29

32 2.25 2.40 1.59 ns 0.36

51 1.90 2.25 2.68 ns 0.35

79 2.60 2.60 2.91 ns 0.37

100 2.15 2.40 3.11 ns 0.40

112 2.20 2.70 3.06 ns 0.40

129 2.60 2.55 3.86 0.024 0.52

14619 - 2.95 5.12 0.003 0.68

161 - 3.20 5.56 0.004 0.75

181 - 3.60 6.80 0.006 1.08

19for comparison of polytunnel and outside-plot data only.
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Table 4.1.9 Mean shoot number per plant for each grading treatment

days from 
planting

mean shoot number per plant for each grading 
treatment

P sed

A B C D

0 0 0 0 0 - -

8 0.07 0.53 0.87 0.87 ns 0.32

15 0.73 1.13 1.60 1.40 ns 0.34

32 1.47 1.67 2.18 3.00 0.003 0.42

51 1.60 2.07 2.50 2.93 0.011 0.40

79 1.73 2.53 2.88 3.67 <0.001 0.43

100 1.67 2.40 2.82 3.33 0.006 0.46

112 1.73 2.33 2.95 3.60 0.002 0.47

129 2.33 2.60 3.02 4.07 0.032 0.60

Table 4.1.10 Mean leaf number per plant for each environmental treatment

days from 
planting

mean leaf number for each environmental 
treatment

P sed

glasshouse polytunnel outside

0 0 0 0 - -

8 1.30 1.30 0.30 ns 0.73

15 3.35 1.85 0.40 0.001 0.76

32 13.60 8.65 2.20 <0.001 1.15

51 17.70 14.65 10.20 <0.001 1.59

79 34.05 27.20 21.56 <0.001 2.29

100 71.60 42.90 30.50 <0.001 4.84

112 105.60 62.40 37.40 <0.001 5.13

129 39.80 39.70 39.30 ns 4.50
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Table 4.1.11 Mean leaf number per plant for each grading treatments

days from 
planting

grading treatment means P sed

A B C D

0 0 0 0 0 - -

8 0.20 0.80 1.40 1.47 ns 0.84

15 1.13 1.40 2.47 2.47 ns 0.87

32 5.60 7.07 8.27 11.67 <0.001 133

51 9.73 12.07 15.00 19.93 <0.001 1.84

79 20.20 24.33 30.35 35.53 <0.001 2.65

100 35.8 48.3 53.4 55.6 0.004 0.11

112 57.1 63.3 71.1 82.2 <0.001 5.93

129 29.9 38.0 39.3 51.2 0.002 5.19

Table 4.1.12 Mean rate of shoot production per plant for each environmental treatment

days from 
planting

mean rate of shoot production (In (shoot 
number + 1) day'1) for each environmental 
treatment

P sed

glasshouse polytunnel outside

0 0 0 0 - -

8 0.033 0.045 0.054 ns 0.018

15 0.087 0.050 0.009 0.001 0.019

32 0.016 0.026 0.015 ns 0.010

51 -0.006 -0.002 0.021 <0.001 0.005

79 0.007 0.004 0.002 ns 0.003

100 -0.007 -0.003 0.003 0.008 0.003

112 0.001 0.007 - 0.001 0.042 0.003

129 0.005 -0.003 0.01 ns 0.005
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Table 4.1.13 Mean rate of shoot production per plant for each grading treatment

days from 
planting

grading treatment means In 'shoot no +1) day'1 P sed

A B C D

0 0 0 0 0 - -

8 0.006 0.050 0.060 0.061 0.036 0.020

15 0.057 0.039 0.058 0.041 ns 0.023

32 0.023 0.011 0.009 0.033 ns 0.011

51 0.005 0.011 0.004 -0.001 ns 0.006

79 0.002 0.006 0.003 0.007 ns 0.003

100 - 0.001 -0.003 - 0.001 -0.005 ns 0.003

112 0.002 - 0.001 0.003 0.005 ns 0.004

129 0.008 0.004 0.001 0.004 ns 0.006
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APPENDIX 5.1

ESTIM ATION OF ACTUAL LEAF AREA FROM  NON-DESTRUCTIVE 

MEASUREMENTS OF LEAF LAMINA DIM ENSIONS

Leaf samples were collected over a  year from  one-year old spawn cane planted 

in  a field plot at 0.4m spacing. Linear regression was carried out to find a relationship 

betw een lam ina length x breadth  m easurem ents and actual leaf area, in order to estimate 

actual a rea  from  non-destructive m easurem ents of the leaf.

Non-destructive m easurem ents were recorded as:

LD = L x W

W here:

LD = area calculated from lamina dimensions,

L = length of pinnate compound leaf from tip of term inal leaflet to the midrib of the 

basal leaflets,

D = width of pinnate compound leaf from tip of the left basal leaflet to the tip of the 

right basal leaflet.

A ctual area  was m easured using a Leaf A rea M eter20. These figures included the area 

of the Rhachis (Clapham, Tutin  and W arburg, 1968), however as this was green it was 

assum ed to be photosynthetically active.

Leaves w ere divided into five morphologically distinct groups:

i) SIM PLE LEAVES - (area calculated as the length from tip to base of leaf and width 

as the widest part of the leaf).

ii) B IFO LIA TE LEAVES - leaves composed of 2 leaflets (area  calculated as the length 

from  tip of longest leaf and width as the widest point across both  leaflets).

iii) TR IFO LIA T E LEAVES - leaves composed of 3 leaflets.

iv) FO U R -FO LIA TE LEAVES - leaves composed of 4 leaflets.

v) FIV E-FO LIA TE LEAVES - leaves composed of 5 leaflets.

20Delta - T Devices, 128, Low Road, Burwell, CAMBRIDGE.
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Table 5.1.1 Regression coefficients of the linear model for calculating actual leaf area 
(La) from leaf lamina dimensions (LD)

leaf
morphology

regression equation degrees of 
freedom

R 2 Statistic

general La =0.501LD-0.138 434 95.3

simple leaf La = 0.608LD + 0.25 90 97.1

bifoliate leaf La = 0.355LD+4.95 13 82.5

trifoliate leaf La =0.492LD-1.630 148 95.2

four-foliate
leaf

La = 0.497LD-1.670 39 93.4

five-foliate
leaf

La = 0.524LD-2.620 136 94.3

W H ER E: LD - lam ina dimensions = length (cm) x breadth  (cm), LA = actual leaf area 
(cm2).
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APPENDIX 5.2

GENERAL NOTE TO TABLES:

i) w here treatm ent means are followed by figures in brackets, these refer to the weighted 

num ber of replicates.

ii) sed*/RSE* is for com parison of treatm ent means with maximum and minimum 

num bers of weighted replicates.

iii) W here there is significance for trends in partitioned sum of squares (SS), other than 

linear then; Q - refers to quadratic SS, N - other.

Table 5.2.1 Mean rates of shoot development for different phenological stages (for the first shoot per plant 
to reach a given stage)

stage21 mean rate of development (days)'1 for each 
temperature treatment

variation

10°C 15°C 20°C 25°C significance 
of linear 
sum of 
squares

sed %cv

E 0,1280 0.1080 0.1760 0.2500 <0.001 0.0309 32.2

TPC 0.0129 0.0201 0.0152 0.0167 0.025N 0.0021 23.0

TF 0.0105 0.0125 0.0123 0.0132 ns 0.0012 17.8

BR 0.0074 0.0088 0.0088 0.0097 <0.001 0.0005 10.2

21Where; E- emergence, TPC - terminal floral primordia complex appearance, TF - "green bud" 
stage and BR - berry ripening.
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Table 52 2  Residuals of the time for the first shoot per plant to reach TPC (for replicates within each 
temperature treatment).

replicate time to TPC (days) for each temperature 
treatment

equivalent residual22

10°C 15°C 20°C 25°C 10°C 15°C 20°C 25°C

1 77 64 59 54 -1.0 8.5 -6.8 -6.7

2 81 79 75 54 3.0 23.5 9.2 -6.7

3 81 38 69 54 3.0 -17.5 3.2 -6.7

4 69 76 64 64 -9.0 20.5 -1.8 3.3

5 69 38 64 69 -9.0 -17.5 -1.8 8.3

6 91 38 64 69 13.0 -17.5 -1.8 8.3

NOTE: High residuals obtained for plants treated at 15°C.

22residual standard error = 10.70
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Table 52 3  Mean node number per shoot (of samples of first cohort shoots per plant)

days
from
planting

mean node number temperature treatment significance of 
linear sum of 
squares

sed*

10°C 15°C 20°C 25°C

18 2.73(15) 3.79(19) 4.94(21) 6.75(19) 0.002 1.19

23 4.61(19) 5.48(23) 7.14(21) 7.77(22) 0.026 1.46

28 5.19(21) 6.71(24) 8.52(21) 8.83(24) <0.001 0.89

33 7.14(21) 7.83(24) 9.52(21) 10.00(23) 0.001 0.87

38 8.38(21) 9.29(24) 11.45(20) 12.30(20) 0.001 1.14

43 9.57(21) 10.51(22) 12.85(20) 14.00(20) 0.002 1.37

48 11.43(21) 11.92(24) 14.10(21) 15.95(19) 0.002 1.33

53 12.80(21) 13.60(23) 16.00(21) 17.60(19) 0.004 1.64

58 15.00(21) 15.20(23) 17.90(21) 19.3(19) 0.01 1.71

63 16.00(21) 16.60(23) 19.8(21) 21.8(18) 0.003 1.91

68 18.00(21) 18.60(22) 21.5(21) 24.9(17) 0.004 2.26

73 20.6(21) 20.5(22) 23.6(20) 27.8(16) 0.005 2.38

78 22.3(21) 21.9(21) 25.2(20) 28.3(16) 0.009 2.26

84 24.20(21) 23.50(21) 28.30(19) 29.40(16) 0.007 2.14

89 25.8(21) 24.6(21) 29.4(19) 30.10(16) 0.013 2.05

102 29.70(16) 27.4(20) 31.2(18) 31.1(16) ns 1.86

116 32.40(16) 28.80(19) 31.50(17) 31.60(16) ns 1.90

163 32.60(20) 30.30(17) 30.2(18) 31.80(16) ns 2.33

214 19.82(17) 19.68(17) 19.86(19) 19.19(16) ns 0.99

243 19.04(19) 18.64(18) 16.61(19) 19.47(16) 0.025Q 0.96
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Table 52.4 Residuals and variation in mean node number per shoot (of samples of first cohort shoots per 
plant)

days from planting residual 
standard error
r s e ‘

max-min
weighted
treatment

23means

outlying residuals23 24

maximum minimum

18 1.609 - 3.218 4,1 - 6.75 (23)

23 2.144 - 3.032 4,1 - 7.23 (22), 7.77 (23)

28 1.354 - 1.915 4,1 2.81 (1) 3.83 (23)

33 1.331 - 1.882 4,1 - 4.25 (23)

38 1.715 - 2.425 4,1 - -

43 2.022 - 2.860 4,1 - 6.00 (19), 5.75 (23)

48 1.983 - 2.804 4,1 - 6.05 (19), 5.95 (23)

53 2.410 - 3.410 4,1 - 8.40 (19)

58 2.520 - 3.560 4,1 - 7.40 (19)

63 2.770 - 3.920 4,1 - 8.50 (19), 8.20 (23)

68 3.200 - 4.52 4,1 - 9.10 (19), 9.90 (23)

73 3.310 - 6.620 4,2 - -

78 3.110 - 6.230 4,2 - -

84 2.950 - 5.890 4,2 - -

89 2.820 - 5.640 4,2 - -

102 2.530 - 5.050 3,2 - -

116 2.550 - 5.100 1,2 - -11.4 (3)

163 3.180 - 6.350 1,3 -9.2 (16) -

214 1.330 - 2.660 3,4 4.81 (22) -

243 1.293 - 2.586 4,3 2.89 (17) -

23Where treatments 1-4 refer to temperature treatments 10-25°C respectively.

2AOutlying residuals: defined as residuals which lie outside range, (2 x RSE).
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Table 5.2.5 Mean shoot number per plant

days from 
planting

mean shoot number per plant for each 
temperature treatment

significance of the 
linear sum of 
squares

sed

10°C 15°C 20°C 25°C

8 0.83 0.50 1.83 3.00 0.003 0.74

11 1.33 2.00 4.00 3.17 0.01 0.84

18 3.67 5.50 4.67 4.00 ns 0.95

23 5.17 5.67 5.00 4.17 ns 0.96

28 5.33 6.17 5.00 4.67 ns 1.19

33 5.67 6.33 4.67 4.50 ns 1.12

38 5.50 6.17 4.33 4.33 ns 1.09

43 5.50 6.50 4.33 4.00 ns 1.05

48 5.67 7.00 4.50 3.33 0.016 1.14

53 5.50 6.50 4.50 3.33 0.046 1.26

58 4.83 6.83 4.50 3.33 ns 1.19

63 5.00 6.67 4.17 3.17 0.049 1.20

68 5.17 6.17 4.17 3.00 0.029 1.14

73 5.00 6.00 4.00 2.83 0.019 1.06

78 5.00 5.83 4.00 2.83 0.013 0.96

84 4.67 5.33 3.83 2.83 0.025 0.92

89 4.50 5.00 3.67 2.83 0.020 0.79

102 4.50 5.00 3.50 2.83 0.026 0.86

116 5.83 5.00 3.50 2.83 0.002 0.94

163 5.67 6.67 4.00 3.00 0.005 1.07

214 9.67 7.50 3.67 3.17 <0.001 1.31

243 10.67 8.50 3.67 3.50 <0.001 1.61
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Table 52.6 Residuals and variation in mean shoot number per plant

days from 
planting

%cv stratum 
standard error 
(SSE)

residual standard 
error (RSE)

outlying
residuals25

8 83.5 1.288 1.176 3.00 (24)

11 55.3 1.452 1.325 3.00 (11)

18 36.9 1.646 1.502 3.33 (1)

23 33.2 1.658 1.514 4.00 (14)

28 39.1 2.068 1.887 5.00 (14)

33 36.7 1.943 1.774 -

38 37.1 1.884 1.720 3.67 (23)

43 35.8 1.821 1.662 -

48 38.6 1.977 1.805 5.00 (10)

53 44.1 2.189 1.998 5.50 (10)

58 42.2 2.055 1.876 6.17 (10)

63 43.9 2.086 1.904 6.33 (10)

68 42.8 1.981 1.809 5.83 (10)

73 41 1.828 1.669 5.00 (10)

78 37.8 1.668 1.523 4.17 (10)

84 38.1 1.586 1.448 3.67 (10)

89 34.3 1.372 1.253 -

102 37.4 1.480 1.351 3.00 (10)

116 38.0 1.630 1.488 3.00 (10)

163 38.3 1.853 1.691 -

214 37.8 2.269 2.072 5.33 (5) 
4.50 (10)

243 42.4 2.790 2.547 6.33 (5) 
5.50 (10)

25Outlying residuals: defined as residuals lying outside range, (2 x RSE). Plant number in brackets 
as an identifier.
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Table 52.1 Mean shoot diameter per shoot (of samples of first cohort shoots per plant)

days from 
planting

mean shoot diameter (cm) for each 
temperature treatment

significance of the 
linear sum of 
squares

sed*

10°C 15°C 20°C 25°C

43 0.20(21) 0.25(22) 0.51(20) 0.31(20) ns 0.16

48 0.32(21) 0.46(24) 0.60(21) 0.33(19) ns 0.16

53 0.42(21) 0.57(23) 0.54(21) 0.42(19) ns 0.12

58 0.64(21) 0.61(23) 0.56(21) 0.47(19) 0.017 0.07

63 0.65(21) 0.62(23) 0.56(21) 0.47(18) 0.01 0.07

68 0.66(21) 0.64(22) 0.59(21) 0.49(17) 0.02 0.07

73 0.64(21) 0.59(22) 0.60(20) 0.52(16) ns 0.06

78 0.67(21) 0.63(21) 0.62(20) 0.53(16) ns 0.06

84 0.71(21) 0.64(21) 0.63(19) 0.54(16) ns 0.06

89 0.71(21) 0.65(21) 0.60(19) 0.57(16) 0.032 0.07

102 0.78(16) 0.67(20) 0.65(18) 0.63(16) 0.024 0.06

116 - - - - - -

163 0.81(20) 0.73(17) 0.71(18) 0.78(16) ns 0.05

214 0.84(17) 0.72(17) 0.74(19) 0.79(16) 0.019Q 0.05

243 0.81(19) 0.71(18) 0.73(19) 0.83(16) 0.016Q 0.05
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Table 5.2.8 Residuals and variation in mean shoot diameter per shoot (of samples of first cohort shoots 
per plant)

days from 
planting

residual standard 
error RSE*

maximum and
minimum
weighted
treatment
means26

outlying residuals27

maximum minimum

43 0.237-0.335 3,1 0.5(4) -

48 0.232-0.328 3,1 - -

53 0.180-0.255 2,4 0.417(24) -

58 0.098-0.138 1,4 - -

63 0.096-0.138 1,4 - -

68 0.102-0.144 1,4 - -

73 0.080-0.161 1,4 - -

78 0.086-0.172 1,4 0.182(19) -

84 0.086-0.172 1,4 - -

89 0.092-0.184 1,4 -0.185(23) -

102 0.078-0.155 1,4 -0.156(23) -

116 - - - -

163 0.074-0.148 1,3 0.196(17) -

214 0.064-0.128 1,2 - -

243 0.073-0.146 4,2 - -

26Where treatments 1-4 refer to temperature treatments 1-25°C respectively.

27Outlying residuals: defined as residuals which lie outside range, (2 x RSE).
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Table 52.9 Mean total above ground dry weight (minus fruit weight) and stem dry weight per shoot (of 
samples of first cohort shoots per plant) and per plant

variable mean dry weight (g) for each temperature 
treatment

significance 
of linear 
sum of 
squares

sed*

10°C 15°C 20°C 25°C

total
above
ground
dry
matter
(g)

per
plant

81.0 59.1 78.6 75.9 ns 13.07

per
shoot

25.6(19) 20.3(18) 24.8(19) 28.5(16) ns 6.01

stem dry
weight
(g)

per
plant

50.8 28.9 21.2 16.1 <0.001 6.20

per
shoot

16.1(19) 9.9(18) 6.7(19) 6.0(16) <0.001 2.02

Table 5.2.10 Mean number of laterals expanded per shoot (of samples of first cohort shoots per plant)

days from 
planting

mean lateral number for each temperature 
treatment

significance of 
linear sum of 
squares

sed*

10°C 15°C 20°C 25°C

63 0.00(21)28 2.68(22) 0.33(21) 1.09(17) - 1.31

68 0.00 1.64 1.14 4.41 - 1.43

73 0.00 2.00 2.90 7.80 - 2.04

78 1.00(21) 3.80(22) 4.70(21) 8.50(17) 0.006 2.38

84 2.50(21) 5.40(22) 7.60(21) 11.80(17) <0.001 2.16

89 4.00(21) 6.60(22) 8.60(21) 12.10(17) <0.001 2.01

102 9.80(21) 9.80(22) 10.30(21) 13.10(17) ns 1.83

116 13.70(21) 9.70(22) 9.20(21) 14.90(17) <0.001Q 1.75

163 4.07(16) 2.50(16) 6.10(17) 7.41(17) 0.005 1.37

214 1.50(16) 2.96(16) 5.18(17) 3.06(17) 0.002Q 0.71

243 0.63(16) 2.06(16) 5.00(17) 2.65(17) <0.001 0.65

28Value of weighted replicate for analysis of lateral number at 63-116 days respectively.
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5.2.11 Mean fruit bud number per shoot (of samples of first cohort shoots per plant)

days from 
planting

mean fruit bud number for each temperature 
treatment

significance of 
linear sum of 
squares

sed*

10°C 15°C 20°C 25°C

63 0.00 1.00 1.10 10.80 - 3.18

68 0.10(21) 3.50(22) 2.80(21) 19.80(17) 0.006 5.63

73 0.40(21) 6.10(22) 7.40(21) 31.50(17) 0.003 832

78 1.80(21) 8.90(22) 11.40(21) 38.60(17) 0.002 9.67

84 4.30(21) 14.10(22) 22.20(21) 46.50(17) <0.001 11.03

89 9.00(21) 25.10(22) 31.10(21) 62.80(17) <0.001 11.98

102 39.00(21) 45.00(22) 45.00(21) 60.00(17) ns 15.80

116 71.00(21) 59.00(22) 45.00(21) 65.00(17) ns 16.00

163 20.30(16) 41.00(16) 44.00(17) 23.30(17) 0.004Q 7.58

214 8.90(16) 18.30(16) 22.00(17) 17.90(17) ns 7.42

243 5.30(16) 11.40(16) 12.60(17) 7.40(17) 0.039 3.68
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Table 5.2.12 Mean percentage of fruiting nodes per shoot (of samples of first cohort shoots per plant)

days from 
planting

mean percentage of fruiting nodes 
(transformed29) for each temperature treatment

significance 
of linear 
sum of 
squares

sed*

10°C 15°C 20°C 25°C

63 0.00 8.30 2.80 12.90 - 5.35

68 0.00 11.50 9.90 17.40 - 5.42

73 0.00 14.10 18.30 25.50 - 6.59

78 9.20(21) 20.60(22) 24.80(21) 29.80(17) 0.007 8.36

84 14.40(21) 27.50(22) 30.70(21) 38.00(17) <0.001 6.73

89 19.70(21) 30.70(22) 32.60(21) 38.70(17) 0.002 6.48

102 34.90(21) 36.90(22) 35.00(21) 40.00(17) ns 5.13

116 40.70(21) 35.30(22) 32.40(21) 43.40(17) <0.001 4.69

163 19.20(16) 16.20(16) 27.20(17) 27.80(17) 0.004 4.44

214 13.80(16) 23.00(16) 30.70(17) 22.60(17) 0.007 3.49

243 6.90(16) 18.90(16) 32.90(17) 20.40(17) <0.001 3.29

29Data transformed using an angular transformation (Payne et. al., 1988).
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Table 52.13 Summary of yields and length of cropping for plants in each tem perature treatm ent

variable mean for each temperature treatment significance of 
linear sum of 
squares

cv% sed

10°C 15°C 20°C 25° C
total fruit fresh
weight/shoot
(g)

183(17) 80(17) 78(16) 113(16) 0.005Q - 30.9*30

total fruit fresh 
weight/plant (g)

669 364 296 449 <0.001Q 30.3 77.7

total berry 
num ber/cane

68.5(17) 39.3(17) 33(16) 69.2(16) 0.003Q - 13.90*

total berry 
num ber/plant

258 177 116 191 0.003 30.5 32.7

berry size/cane 
(g)

2.76(17) 2.09(17) 2.25(16) 1.92(16) 0.045 - 0.35*

berry size/plant 
(g)

2.60 2.06 2.65 2.38 ns 21.7 0.304

% fruit 
set/cane

93(17) 67(17) 69(16) 108(16) 0.032Q - 19.7*

length of 
cropping period 
(days)

98 113.8 129.8 136.2 0.001 15.9 10.95

30sed - for comparison of means with maximum and minimum numbers of replicates.
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Table 5.2.14 Fraction of incident radiation (f) absorbed by the crop canopy (means of
individual plants) for plants held in temperature control cabinets

days from 
planting

mean f for each temperature treatment significance 
of linear 
sum of 
squares

cv% sed

10°C 15°C 20°C 25°C

53 0.9593 0.9810 0.9805 0.8620 0.003 5.0 0.0271

63 0.9760 0.9760 0.9760 0.7140 <0.001 12.0 0.0632

73 0.9750 0.9740 0.9680 0.7830 <0.001 7.1 0.0377

78 0.9848 0.9837 0.9538 0.9192 <0.001 2.5 0.0138

83 0.9780 0.9570 0.8730 0.4660 <0.001 21.0 0.0994

89 0.9660 0.9470 0.8100 0.5690 <0.001 19.2 0.091

Table 5.2.15 Fraction of incident radiation (f) 31 absorbed by the canopy (means of individual
plants) after removal to the glasshouse

days from (f) sample means31 32
planting

10°C 15°C 20°C 25°C

107 0.878 0.763 0.701 0.679

118 0.913 0.875 0.843 0.913

31 Where; f= (l-t), t is the fraction of PAR not absorbed by the canopy and is calculated by 
dividing the amount of PAR at the soil surface (T) by the amount of PAR immediately above the crop 
canopy (S) (Anon., 1988; after Monteith, 1965).

32Means of ten samples (each sample in turn is an average of 80 line sensor readings) taken, 
averaged and stored by the Sunfleck Ceptometer.
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A P P E N D IX  5.3

C a lc u lu s  to  d e te rm in e  th e  tu rn in g  p o in ts  o f th e  R ic h a rd s  F u n c tio n

T h e R ichards function can b e  expressed as:

N=
A

( l i e * - 1* ) 1/n
(5.3.1)

Substituting w ith q:

__i
N = A [ l + q ]~  n

q = e b~k t

T herefore:

a t  n

from  w hich is obtained  the gradient or rate o f  node production:

= J c A g r  [ 1 + g ]  - i / n - i
n

( 5 . 3 . 2 )

D eriv in g  the function again indicates w here the points occur at w hich the rates o f change 

o f  gradient (n od e num ber) are zero:
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4 ^ r = [ (  — > [ - (  —  ) ]  ( l + g ) - l / o - 2 + ( 1 + g r ) - l /o - l (  - M ) ] - . f c g -
dt2 n  n  n

= (l + g) -l/«-2 [ ( « ± 1 ) .J- (l + g) ]
n  J 2

= (1  + g )  -1/0-2 ( _Sf_ !  )
n  n

_  k 2A q 2 
n 2

( 1 + g )  - V n - 2 _ * ? A Q  ( i + g -) - i / a -2 
i i

( 5 . 3 . 3 )

T h e final third derivative locates the actual turning points them selves, by solving this 

equation  an estim ate o f the m axim um  or m inim um  rate o f  change o f  gradient can be  

m ade:

d 3N _ d  . , c P N v md q  

dt3 d q  K d t 2 '  d t

d  , d ? N * _  k 2A q 2i , __1 
d q  dt 2 * ~ n 2 n

(l+g) -l/^+ (l+g) -1/0-2 ( 2_gfr2_j )
J 22

-  ( -  -1  - 2 )  ( l + g )  - I / ”' 5 -  ( l + g )  - i / n- 2 [
i 2 n

k 2A j

= —  (l+g) -1/”-1 [-£ (--i-2) + (l+g) 2 sr_qr(_i:_2 ) - (l+g) ] 
n  n  n  n  n

206



Appendix 5.3

. d ^ N _ _  k  A q  (1+g) -i/n-3x _l_ [g2 (-1 -222) + (1+g) 2 q n - q ( - n - 2 n 2 ) -  (1+g) n 2] 
n  "i r

is =0 if:

as q  > 0 :

g 2 -  ( n 2 + 3 u )  g + n 2 = 0 ( 5 . 3 . 4 )

W h e n  n = l  th e n :

g 2 - 4 g + i = o

4 ± V l 6 - l 4
, q  2

<?=
4 ± 3 . 4 6 4

q =  0.536, 3.732

. • . < 9 ^ = 0 . 5 3 6

.i?-ict=logaO . 536 = -0 .624

^  _  J b + 0 . 6 2 4
£ ( 5 . 3 . 5 )
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e1>-Jrt=3.732

jb-Jct=loge3 .7 32=1.317

. _ ib-1.317 
• i  v

(5.3.6)

208



A P P E N D IX  5.4

W eig h ted  m e a n  es tim a te s  fo r  th e  R ic h a rd s  fu n c tio n

In it ia l  e s tim a te s  o f  b, k  w e re  m a d e  w ith  th e  ac tu a l m e a n  v a lu e  o f  A fro m  th e  raw  data . 

T h e s e  w e re  f itte d  to  th e  R ic h a rd s  fu nc tion  fo r va lues o f  n  (-1 to  -0.5 a n d  0.5 to  5.0, in  

0.25 s tep s). R SS  re fe rs  to  th e  res id u a l sum  o f  squares.

1) 10°C

R S S  =  5.092 (m in im u m  17 ite ra tio n s)

F  ra tio  = 4488.83 (P <  0.001)

In it ia l v a lu es  A = 32 .60 , b = 2 .7 0 4 0 , k = 0 .0 5 0 7 , n  = 1.25 

S ta b le  es tim a te s  A =33.4859 , b = 3.9482, k = 0.0542, n = 1.4051 

(s ta n d a rd  e r ro r)  (0 .6258) (0 .8186) (0.0069) (0.3508)

2 ) 15°C

R S S  =  1.1935 (m in im u m  16 ite ra tio n s)

F  ra tio  = 17834.21 (P <  0.001)

In itia l va lues A = 30 .30 , b = 2 .3 7 7 9 , k = 0 .0 4 8 7 , n  = 1.25 

S ta b le  e s tim a te s  A = 30 .6702 , b= 3 .0 2 9 5 , k = 0 .0 4 7 7 , n  = 1.1938 

( s ta n d a rd  e rro r)  (0 .3129) (0.4191) (0.0033) (0.1895)

3) 20°C

R S S  =  6.3730 (m in im u m  24 ite ra tio n s)

F  ra tio  = 4334.71 (P <  0.001)

In it ia l  va lues A = 31 .50 , b = 3 .2 2 4 0 , k = 0 .0 7 2 8 , n  = 1.50 

S ta b le  e s tim a te s  A = 31.2540, b = 8.0925, k = 0.1027, n = 3.9490 

( s ta n d a rd  e r ro r)  (0 .4806) (1 .9112) (0 .0211) (1.0710)

4) 25°C

R S S  =  3.090 (m in im u m  16 ite ra tio n s)

F  ra tio  = 10169.88 (P <  0.001)

In it ia l  va lues A = 31 .80 , b = 3 .3 2 3 2 , k = 0 .0 7 7 9 , n  = 1.75 

S ta b le  e s tim a te s  A = 31.5226, b = 8.4820, k = 0.1163, n = 4 .1 7 1 3  

( s ta n d a rd  e rro r)  (0 .2913) (1.3158) (0.0157) (0.7440)
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A P P E N D IX  6.1

Table 6.1.1 Harvest means from analysis of variance for the rate of node production at different mean 
ambient air temperatures

Mean air 
temperature from 
planting to 
harvest date (°C)

6.9215 7.0630 7.3100 7.5726 8.1117 8.2727 8.3196

mean rate of 
node production 
(nodes per day)

0.1136 0.1058 0.1431 0.1407 0.1630 0.1713 0.1976

95% confidence 
interval

0.1136±
0.0913

0.10581
0.0368

0.14301
0.0358

0.14071
0.0356

0.16301
0.0595

0.17131
0.0701

0.19761
0.0323

Table 6.1.2 Treatment means from analysis of variance for the rate of the first shoot to emerge at five mean 
air temperatures (1990 data)

Mean air temperature (°C) 
from planting to emergence

28.94 26.13 17.17 13.40 13.10

mean rate of emergence 
(days _1)

0.0804 0.0810 0.0665 0.0694 0.0557

95% confidence interval 0.08041
0.0191

0.08101
0.0127

0.06651
0.0145

0.06941
0.0156

0.05571
0.0236

Mean air temperature (°C) 
from emergence to the end of 
the experiment

28.34 24.83 17.50 13.60 13.56

rate of node production (nodes 
per day)33

0.5029 0.4475 0.2584 0.2132 0.1446

95% confidence interval 0.50291
0.0625

0.44751
0.0559

0.25841
0.0837

0.21321
0.0542

0.14461
0.0265

3 3 Significant linear sum of squares.

2 1 0
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Table 6.13 Treatment means from analysis of variance for the rate of the first shoot to emerge per plant, 
a t four mean a ir tem peratures (1989 data)

mean air temperature 
from planting to 
emergence (°C)

10.91 14.38 19.34 23.85

mean rate of 
emergence (days-1)34

0.1280 0.1080 0.1760 0.2500

95% confidence 0.1280± 0.1080± 0.1760± 0.2500±
interval for treatment 
means

0.0688 0.0200 0.0860 0

Table 6.1.4 Comparison of observed (H) and estimated (h) temperature-sums (and the corresponding node 
number at each stage) for phases of shoot development from planting.

phase temperature
-sum

temperature-sum for each 
treatment (day°C)

estimated node number35 for 
each treatment

10°C 15°C 20°C 25°C 10°C 15°C 20°C 25°C

P-+ E 104.61 144.31 142.89 109.97 2.69 2.90 2.60 2.77

hi 199 309.22 392.75 413.01 6.91 6.66 7.02 6.90

P -*• TPC h 2 420.89 585.17 950.33 1152.6 25.45 18.19 25.83 25.51

h2 312.53 532.44 679.06 789.29 16.34 15.76 16.62 16.33

P -*• TF h 3 502.45 859.17 1126.4 1381.2 29.44 27.52 29.48 29.01

h3 426.07 755.66 965.36 1165.6 25.78 24.86 26.22 25.76

P -*• BR H4 1138.8 1289.0 1617.3 1819.4 32.69 31.17 32.81 31.81

-

3ASignificant linear sum of squares.

3 C alculated by substitution into equation 6.4
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35 11 days (from planting) a) 
30- 
25 
2 0  

15- 
10-

K  C J:> 5 i
s  0

Figures 6.2.1 a - u Development of the first shoot to emerge per plant to show the 

relationship between node production (and the timing of lateral development) and 

temperature treatm ent. Units expressed in mean node number per plant and seds are 

shown for node number (vertical axis) and lateral node number (horizontal axis).
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APPENDIX 6.3

D e riv a tio n  o f th e  m o d e l fo r n o d e  p ro d u c tio n  to  lo c a te  th e  p o in t  o f  m ax im um  slope  an d  

m ax im u m  ra te  o f  change  o f  s lope

For:

N=- l+Jba-kh ( 6 . 2 . 1 )

A (  l + j b e - * 6 ) _1

1) th e n :

d N

d h
=A(-1) (1+ha"**1) -2x (-jbjce_icil)

and :

d 2N  

d h 2= A h k l e - M i - D  (1+Jbe_j±) "3 (-Job) e-**+ (l+ Jbe^) "2 (-Jc) e-**]

Ablc^e-^  [2 jb e"* * - ( l + J b e '^ )  ] 
(1  - b b e -* * )3

th e re fo re :

d2N _ Abie2a *** fjnQ-wi-i i 
dh2" (l+Jba-^)3

(6.2 .2)

T h e re fo re  th e  r a te  o f  change  o f  s lope  = 0, if

h a ' ^ l
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:.e'kh=b~1>-.-kh=-llogab 

T h u s  th e  v a lu e  o f  h  w h en  th e  s lo p e  is a  m ax im um  is:

h = j i l o g °b

2) W h e n  h  =  0, th en :

1 + j b

3) T o  find

d3N
dh3

L e t

q=l+be~kh

so

be~kb= (q-1)

a n d

l-jba_jcil=2-g

an d

2 2 0
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d g r =
cfh

- k b e ~ kh= - k { q - l )

th e n

(PN 
d h 2 ^  (2-g) (1-g) 

Q3

call th is  V , so

d3N_ dV 
dh3~ dh

dV_ dV, dq 
dh dq dh

=JUc2 [g'3(-3+2g)+ (2-3g+g2) (-3)g-4)] (-k) (g-1)

as

(2-g) (1-g) =2-3g+g2

as

d V = d ^ N  
d h  d h 3

cfh3
Afc3
0 4

[g(-3+2g) -3 (2-Sg+g2) ] (1-g)

2 2 1
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= ^ [ 6 ( g - i ) - g i ]  [ l - f f ]  
Q4

Ak3
( l + j b e - * * )4

[6jbe_Jci-  (l+ Jbe-1* ) 2] (—jb) e

_ _ - b A k ^ e ^ _  [ i b e -k h _ x _ b 2e -2kh] 
( l + i i e -* * )1

= 0, if

jb2x 2-4 i)x + l= 0

where:

x = e  **

+4jb±\/l6jb2-4jb2
2 P

4jb±\/l2jb2
2 £ 2

4£>±2iV3
2 £ 2

*22

( 6 . 2 . 3 )
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r -jeh -  2 i y / T

e  to

. • . e - J:ft= j b - 1 ( 2 ± y i )

:,-kh=-llog0b+log0(2±y/̂ )

T h e re fo re , th e  r a te  o f ch an g e  o f  s lope  is a  m ax im um  w hen :

. logJ? log. (2+^3) 
h ~ ---------k —

logjb-l.317- (6.2.4)

o r

h_ logeb-loge(2-y/3)

log^+1.317
k

(6.2.5)
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