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ABSTRACT 

In  the absence of dwarfi ng rootstocks f or apricot, techniques which reduce 
vegetative g rowth are i mportant in the orchard management system .  Studi es 
were conducted in the o rchard and in  controlled environment (CE) room s  in  
o rder to explore the horticultural and physi ologi cal responses of apri cot 
(Prunus armeniaca L. )  to some vigour control techniques. 

In the orchard i n  the humi d  cli mate of Palmerston North ,  New Zealand,  f ive­
year-old vigorous 'Sundrop' apri cot t rees on ' Golden Queen '  peach seed l ings 
t rai ned on Tatu ra tre l li s  at  1 000 or  2000 t ree ha·1 were used. The objectives 
were :  a). to evaluate the trees' responses to 0.5 and 1 .5 g. tree·1 soi l applied  
Paclobutrazol (PBZ) , dormant root-pruni ng and regu lated def ici t  i rrigation 
(RD I ) ;  b) . to identify osmotic adjustment in f rui ts and leaves in response to 
i nternal water stress. Two-year-old 'Trevatt' apricot in an aeroponi c  system in 
C E  rooms were used with the objectives: a) .  to examine the eff ects of root 
cytoki ni n and endogenous ABA on shoot growth and whole plant physi ology; 
b) . to study the mechani sm of adaptati on to high water stress. 

-� 
In the orchard al l  treatments reduced vegetative growth .  PBZ was more 
eff ective than the other treatments, and the lower rate (0 .5 g .  t ree-1 ) when 
appli ed annual ly gave more unif orm growth reducti on .  The root-pruning  and 
RDI  had less eff ect , part icularly i n  the second season of study. The deep soi l ,  
together with low temperature and evaporati on ,  high rai nf al l  and humid  
conditions duri n g  wi nter and early spri ng were lim iti ng factors for  RD I .  The 
inh ibi tory eff ect of root-pruning was more persi stent on wider spaced trees. In  
close planted trees root length densi ty (RLD)  decl ined with i ncreasing  depth ,  
but roots were observed to  1 .6 m explored soi l  depth . Root-pruni ng increased 
RLD ,  but no treatments eff ect was observed on root weight densi ty (RWD) i n  
the  explored soi l  volume. 

P BZ i ncreased dry matter parti tioni ng i nto crop 1n both seasons on c lose 
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spaced trees, and fru it growth and final fru it s ize were increased without any 
detrimental effect on fru it qual ity. In the second year PBZ advanced flower ing 
by 2-4 days, and increased fruit set, f inal fru it number, crop density and y ie ld 
effic iency. In  general RDI  had no negative effects on flowering ,  fruit ing ,  y ie ld 
and f inal fruit s ize .  I n  the second year i t  general ly enhanced flowering ,  fruit set 
and fru it number. Root-prun ing did not affect other flowering and y ie ld 
parameters ,  but reduced fru it s ize in  the f irst season. There was some 
evidence of advanced fru it maturity and increased total soluble sol ids by a l l  
appl ied treatments. Genera l ly fruit ing characterist ics were improved ,  and  
vegetative g rowth reduced , more by PBZ than by  root-prun ing and  RD I .  

PBZ t reated trees had the same water status as controls.  Their net C02 
assimi lation rate (A) and stomatal conductance (g5) were improved ,  and from 
later stage I and  during stages 1 1  and I l l  of fruit g rowth fru it carbohydrates were 
increased . RD I  and root-prun ing increased net C02 assimi lation rate (A) and 
stomatal conductance (g5) on some occasions. Root-pruned trees developed 
an increased in ternal water deficit in the leaves and fruits especial ly at the 
t ime of  highest water demand during fru it stage I l l .  There was evidence on 
occasions in  RDI  and root-prun ing of osmotic adjustment in leaves and f(u its 
m aintaining turgor (\f' P) . 

An aeroponic system with intermittent misting gave good control of plant water 
stress. When water stress was developed g radual ly plants were able to 
m aintain the i r  turgor at h igh internal water deficit (-2.2 and -3.0 M Pa of \f' xylem 

and \f/1 respect ively) . Osmotic adjustment occurred in both partial ly and fu l ly  
expanded leaves of al l  treatments, BAP combined with water stress showed 
b igger osmotic adjustment. Water stress reduced vegetative growt h ,  and 
increased root :shoot ratio .  Shoot tip ABA increased as  water stress increased .  
BAP reduced the growth inhibit ion and rise in shoot ABA of  water stressed 
p lants, maintained net C02 assimi lat ion rate (A) and stomatal conductance 
(g5) ,  and increased root: shoot rat io. 
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CHAPTER O N E  

G E N E RAL I NTROD UCTIO N  A N D  OBJECTIVES 

New Zealand is  one of the f inest fru it g rowing regions in  the world (Ch ilders, 
1 983) . The fru it industry in this country is mainly export dependent and the 
whole fru it industry sector tries to increase the profitability of fruit production. 
According to Marshal ( 1 99 1 ) , in 1 99 1  New Zealand exported $860 m il l ion 
worth of fresh fruit, and earned a further $82 m illion for exports of processed 
fruit. New Zealand has a target of $2 billion for horticultural exports by the year 
2000 (Monigat,ti. 1 99 1  ) , wh ich is attainable and m ight be ach ieved by the fruit 
industry alone. Davies ( 1 99 1 ) noted that the overall goal for the New Zealand 
fruit industry in the future is making horticulture a leading export earner and 
to project this country as the world's leading horticultural exporter and 
marketer. 

The New Zealand fru it industry comprises pipfruit, k iwifruit, summerfru it, citrus 
and exotics. During the 1 980s the fruit industry was one of New Zealand's 
fastest growing export industries (Mon igatt i ,  1 991  ) .  The export value of 
apricots increased by 440 percent over two years to $2.8 mi l l ion in 1 99 1  

(Anon, 1 99 1 ) and i n  the 1 992- 1 993 season 2,42 1 tonnes of fresh apricots 
were exported worth $3. 1 4  m il l ion plus $0. 1 6  m illion of processed apricots 
(Anon, 1 993). The production of high quality fruits with low production cost to 
keep exports competitive are key objectives for the fruit industry of New 
Zealand. 

Correct decisions at the time of orchard establishment, as in choosing good 
varieties for planting on the right rootstocks and in suitable environmental 
condit ions, together with consideration of other  orchard management factors 
h elp in producing good quality fru its with lower production costs and h ig her 
returns. O'Rourke ( 1 994) suggested that the choice of rootstock, combined 
with the decision on number and spacing of trees ha·1, have a major effect on 
future costs and returns. For example, a larger number of trees ha·1 on 



Chapter One: Ganaral Introduction and Objectives 2 

vigorous rootstocks can create serious management, yield and q ual ity, 

problems as the trees mature .  

The  latest apricot rootstock trial reported in  New Zealand (Knowles e t  al., 

1 994) concluded that 'Golden Queen' peach seedlings are st i l l  one of the m ost 

su itable rootstocks for ·su·r�·':Jrop' apricot. They found that 'Marianna 9.52' plum 

tended to g ive some reduction of tree s ize while maintain ing good fruit q ual ity. 

However, fru it size of 'Sundrop' on this rootstock was smal ler  than on 'Golden 

Queen'. O'Rourke ( 1 994) pointed out that orchard returns are determ ined by 

the percentage of desirable g rades and s izes of fru its included in the o utput, 

and that with in the fresh fruit category larger s izes may sell for three to fou r  

t imes t h e  price o f  smal ler fruits. 

The precocity of bearing, advancement of m aturity, and prun ing requ i rements 

are other factors affecting production costs and orcha rd management. The 

m anagement of tree canopies and of t ree vigou r  are important in the 

determ ination of yie ld, q ual ity and production costs. Factors s uch as cu ltivar, 

soi l  type, tree spacing and environmental conditions influence tree 

m anagement decisions aimed at maintain ing the correct balance between 

vegetative and reproductive growth. 

Several options are available for reducing tree size of apple and pear, but size 

contro l l ing rootstocks for other species are l im ited (Mart in ,  1 989) , and a range 

of s ize-control l ing rootstocks are not available for stone fru its (Geisler and 

Ferree, 1 984a). l t  has been suggested that l imited establ ishment of h igh 

dens ity plantings of apricot in the past m ight be due to the lack of genetical ly 

dwarfing rootstocks (van den Ende and Kenez, 1 985) . Whi lst the choice of 

dwarfing rootstocks for the stonefruit grower is very l imited, any m anagement 

system which tends to reduce vegetative growth m ight give an opportun ity for 

red ucing production cost and improving productivity and fru it qual ity. 
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The application of some vegetative growth control techniques, such as 

paclobutrazol (PBZ), root-pruning and regulated deficit irrigation (RDI ) ,  in 

m anaging fruit tree vigour  has been reported in the l i teratu re. The responses 

of fruit trees to these techn iq ues of reducing vegetative growth, the time and 

type of appl ications and some physiological effects on fruit trees wil l  be 
d iscussed. 

This thesis includes study on mature 'Sundrop' apricot trees in o rchard 

conditions, fol lowed by study of young 'Trevatt' apricot t rees under control led 

environment conditions and soil less culture in an aeroponic system . The field 

study was carried out over two growing seasons fol lowed by a root study at 

the beginning of the th ird season (1 992- 1 993) . The orchard study exam ined 

whether PBZ, root-pruning and RDI have potential for control l ing vigour  without 

having undesirable effects on fruit qual ity and yield of m ature 'Sundrop' apricot 

t rees grown on Tatura trel l is at two different tree spacings in the environ mental 

condit ions of Palmerston North, New Zealand. This variety of apricot has 

attractive fruit with good potential for export, but the tree g rows tal l ,  upright 

and vigorously (Giucina et al. , 1 990) . The other objectives of the orchard study 

were: 

I .  To exam ine the effects of these treatments o n  the internal water 

relations of apricot. 

1 1 .  To determ ine whether the mechanism of response to root p run ing 

appeared s imi lar to the mechan ism of response to water stress. 

I l l .  To exam ine the mechanism of stress adaptation i n  apricot and 

determ ine whether osmotic adjustment occurred in  leaves and fru its. 

The second experiment was carried out in control led environment conditions 

(chapter 7). l t  used two-year-old budded 'Trevatt' apricot t rees for a period of 
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1 2  weeks in two adjacent controlled environment rooms at The N ational 

Cl imate Laboratory, Hort+Research , Palmerston North, New Zealand with the 

following a ims:  

I .  To exam ine whether root cytokinin may have an effect on shoot g rowth 

and whole p lant physiology. 

1 1 .  To determ ine concentrations of abscisic acid (ABA) in shoot t ips to 

examine whether  ABA played a role in controll ing shoot growth under 

water stress cond it ions. 

I l l .  To further exam ine the mechanism of stress adaptation in apricot under 

higher stress conditions than in the orchard study, and determ ine the 

possible existence of osmotic adjustment in ful ly and partia l ly expanded 

leaves. 

The overall d iscussion of both the orchard and the contro l led environment 

experiment will evaluate the potential of a range of growth control strategies 

for apricot and d iscuss the mechan ism of t ree response to drought and root­

pruning and ind icate possible directions for future research related to this 

study. 



CHAPTER TWO 

R EV I EW OF LITER ATU R E  

2.1 GENERAL OVERV IEW OF APRICOT 

2.1 .1  Classification 

The apricot Prunus armeniaca L. is a m ember of the Rosaceae fam i ly, 

subfam i ly Prunoideae, genus Prunus L. , sub-genus Prunophora. The apricot 

is d iploid with 8 pairs of chromosomes (Meblenbacher  et al. ,  1 99 1 ) b ut 

occasional tetraploids have been reported (Bailey and Hough ,  1 975). Apricot 

is a deciduous, perenn ial  woody species. 

2.1 .2 History and origin 

According to the l iterature the cu lt ivat ion of apricot goes back a long t ime.  For 

instance, apricot cultu re was practised more than 3000 years ago in Ch ina 

(Crossa-Raynaud and Audergon, 1 987; Rezeghi, 1 982) and slowly spread 

through central Asia, I ran, Armenia and Syria (Crossa-Raynaud and Audergon, 

1 987; Rom, 1 991 ) .  Apricot was brought to Italy about 1 00 B. C. ,  to Eng land in 

the 1 3th.  Century,  and to North America by 1 720 (Westwood, 1 993) . 

2.1 .3 Geographic I Climatic requirements and production regions 

The apricot is g rown in m any parts of the world, and is a popu lar  fru it 

considered by m any people to be one of the most del ightfu l  fru its (Ba i ley and 

Hough, 1 975; Meblenbacher et al. ,  1 99 1  ). Ecological adaptat ion is found in 

regions with a continental cl imate with about 500 m m  rainfal l  with su fficient 

warm weather during the g rowing season. Only in s u itable cl imatic condit ions 

has apricot become pomological ly im portant (Bai ley and Hough, 1 975). 

Apricots are g rown both in central Asia with a warm summer and long and 

cold winter as well as in  Mediterranean cl imates with m ild ,  short, dry winter 
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and hot, dry summer (Meblenbacher  et al. ,  1 99 1  ) .  Western and centra l  

Mediterranean countries produce more than one th ird o f  the world's apricot 

product ion (Guerriero et al. ,  1 988). The main production reg ions for apricot in 

recent years were Turkey, U SSR, I taly, Spain, G reece, France, Un ited States, 

Morocco and Pakistan (Westwood, 1 993) . 

In  Austral ia and New Zea land apricot culture is not a big indust ry. Accordin g  

t o  the FAO production yea rbook ( 1 979- 1 983), a s  cited b y  Gathercole ( 1 988) ,  

the production of apricot in Australia was about 30,000 tonnes per ann u m  

which was 2% of the 1 .5 m i l l ion tonnes worldwide apricot p roduction. The 

m ajor apricot production reg ion in New Zealand is Centra l  Otago {85%) and 

just 1 2% of the total planted area is in the m ore northerly area of Hawke's Bay 

(Giucina et al. ,  1 990) . 

2.1 .4 Rootstocks, Growing Habit and Training systems 

No successful genetical ly dwarfing rootstock for apricot has been found and 

th is may be one of  the reasons why there has been l itt le development in h igh­

density planting of  th is fru it in  the past (van den Ende and Kenez, 1 985) .  

However, Quarta et al. ( 1 985) reported the existence of five prom ising 

seedlings with dwarf growing habit in I taly which provided opportun ity to use 

them as parents in a breeding programme. Sansavini and G iannerin i  ( 1 99 1 ) 

reported that the Russian hybrid (P. cerasifera X P. spinosa) PI  30492 1 

reduced vigour by at least 20%. 

Currently, in different soi l  types and d ifferent cl imatic regions with various 

ecological conditions, d ifferent types of  rootstocks have been u sed by apricot 

g rowers. Hartmann et al. ( 1 990) suggested that apricot, peach and in some 

cases m yroba lan p lum seed lings are commercially su itable as rootstocks for 

apricot. They stated that apricot t rees on apricot roots l ive longer and produce 

heavier crops than t rees on either peach or plum roots, if g rown on wel l-
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drained loam soi ls. In  un i rrigated orchards or where drought conditions prevai l ,  

apricots on peach seed l ing roots m ake better growth than those on apricot 

roots. 

While the choice of cu ltivar and rootstock may have an inf luence on canopy 

density, t ree management may also contribute significantly to optim ising tree 

size and l ight penetration. Differences in fruit tree canopy form due to training 

and pruning m ethods can substantia l ly modify l ight transm ission to the various 

regions of the tree canopy. Meblenbacher  et al. ( 1 991 ) stated that there is  a 

wide range of tree size among apricot species from smal l  to large trees, and 

whi le t rees of Central Asian cu ltivars are large European c ultivars general ly 

have smal ler trees. Crossa-Raynaud and Audergon ( 1 987) reported large, 

vigorous and long l ived apricot seedlings under low rainfa l l  and sal ine 

cond itions in North Africa (Plate 2 . 1 ) .  Also, cu ltivars vary in g rowth habit from 

very upright to drooping or weeping. In some cultivars, fruits are borne on 

short spurs, however in others, f lower buds are produced primarily on one­

year-old shoots (Meblenbacher et al. ,  1 991  ) .  Jackson { 1 969) and Jackson and 

Sweet ( 1 972} previously reported that flowers of apricot may be in itiated e ither 

on the current year's wood (young apricot) or on wood (spur) at least two 

years old (mature apricot). According to Westwood ( 1 993) flower buds in 

apricot develop in late summer on both current season's shoots and on short 

older spurs.  The sol itary flowers are produced from lateral buds. 

Sansavini and Giannerini ( 1 99 1 )  reported that training system becomes more 

crit ical when p lanting density is increased. Systems l ike palm ette, free spindle, 

spindle and Tatura trel l is are su itable for densities over 600-800 trees per 

hectare. The traditional p lanting system with wide spacing (6m x 6m and 6m 

x Sm) was largely abandoned in favour of h igh density p lantings in recently 

establ ished Ital ian orchards. 
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Plate 2.1 H uge apricot seed l ings cv. 'Mech Mech' in a Tunisian oasis in North 

Africa. (After Crossa-Raynaud and Audergon, 1 987) . 

I n  Australia the Tatu ra t rel l is 01 shape) system was developed and used for 

h igh density apricot plantings , which al lowed a smal ler t ree s ize despite the 

lack of dwarf ing rootstocks. This allowed both higher l ight penetration within 

the canopy and higher land use efficiency due to smal le r  d istances between 

t rees (van den Ende and Kenez, 1 985). 

2.1 .5 Some recent studies on apricot 

Most researchers agree that apricot cultivars are adapted to specific ecological 

regions ,  so for most cu ltivars commercial cu lt ivation is restricted to those areas 

in which they perform wel l .  Apricot is mostly grown in temperate regions,  b ut 

the development of new cu ltivars may provide the basis for the extension of 

profitable apricot production to new areas of the world such as very mi ld 

temperate or selected subtropical reg ions (Meblenbacher et al. ,  1 99 1  ) . 
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Paunovic ( 1 988) reported that more than 3500 articles have been p ubl ished 

regarding apricot , of wh ich 70% were produced after 1 950.  Early work dealt 

more with plant protect ion , wh i le more recent studies have been concerned 

with rootstocks, breeding and selection, marketing, processing and some new 

technologies. Nevertheless, there is sti l l a lack of knowledge in key areas of 

apricot cu lture such as the control of vigour in the absence of a satisfactory 

dwarfing rootstock. A recent report from a rootstock tr ial in New Zealand 

(Knowles et al. ,  1 994) showed that 'Golden Queen' ,  'P. zai l isky' and 'Pixy' 

were the most prom ising rootstocks which produced intermediate s ized t rees 

of 'Sundrop' apricot. 

In New Zealand apricot is a popular summer fresh fru it as wel l  as being dried 

and p rocessed (G iucina et al. ,  1 990). The cu ltivar 'Sundrop' , introduced to th is 

country in 1 970, was selected by Summerland Research Station , British 

Columbia in Canada. This is a mid season variety with attractive fruit shape 

and colour, medium in size averaging 65 g.  After eva luation of some factors 

such as fru it characteristics and resistance to diseases among 7 1  cu ltivars 

they suggested that 'Sundrop' m ight have outstanding success in m any New 

Zealand districts. Noiton et al. ( 1 993) and Noiton ( 1 994) reviewed the recent 

breeding programme in N ew Zea land to introduce new cu ltivars su itable for  

each specific cl imatic region. 'CiuthaGold', 'CiuthaStar' and 'Ciuthalate' were 

released earl ier and 'CiuthaEarly', 'CiuthaGem' and 'CiuthaSan' were released 

in 1 992. 

Regard less of the attractiveness of 'Sundrop' fruit, this cu ltivar g rows ta l l ,  

upright and vigorously. The present study mainly focused on investigating 

some techniques of vegetative growth control such as m i ld water stress, root­

pruning and the use of paclobutrazol (Culta� on mature Sundrop trees g rown 

on Tatura trel l is. The study a lso exam ined the effects of these techn iques on 

Physiological factors which are involved in vegetative and fru it g rowth in th is  

variety under humid environmental conditions. 
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2.2 MANAGING THE GROWTH OF FRUIT TREES 

Techniq ues for the management of  p lant growth have been p ractised for 

centuries, includ ing pruning and g raft ing as methods of plant improvement and 

growth control .  For example, bonsai, wh ich is one technique of soph isticated 

t ree size control ,  has been long practised by the C hinese and J apanese. They 

have used this method as an art for centu ries and bonsai specim ens may be 
passed from generation to generation. In this type of s ize control the 

techn iques involved are bending, twisting, root restriction, and p recise contro l  

of  soi l  com position and water and n utrient supplies. I n  this system g rowth is 

restricted rather than being removed by pruning (Barden et al. ,  1 987). 

In terms of fruit p roduction orchard ists are concerned with s u pplying good 

q ual ity fruit to the market with low production cost. The management of the 

t ree canopies and vigour is important in the determination of yie ld ,  q ua l ity and 

production costs. Factors such as cu ltivars, soil type, t ree spacing and 

environmental cond itions influence tree management decisions aimed at 

maintaining the correct balance between vegetative and reprodu ct ive g rowth . 

Physiologists, horticultu ral scientists and growers seek to u nderstand the 

interacting com plex of factors influ encing t ree performance, and to optimise 

orchard productivity. 

1t is obvious that vegetative growth is necessary for maintain ing vigou r  and 

developing new fruit bearing wood surface in fru it t rees (Forshey and E lfving, 

1 989; Mart in ,  1 989). Therefore, the u lt imate objective of tree management 

practices is the manipulation of the vegetative growth and fru it ing relationsh ip  

(Forshey and E lfving,  1 989) . Many factors are involved in  achieving this,  

including species, appropriate rootstock and cultural p ractices s uch as p run ing,  

irrigation and plant spacing. Al l  these are important for contro l l ing t ree vigour  

in the specific production region . So ,  management of environm ental factors 

and cul tural practices needs integration with cropping. For example both 
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excessive and improper pruning favour vegetat ive growth at the expense of 

fru iting. On the other hand ,  overcropping which often leads some species to 

biennial bearing compl icates management of vegetative g rowth. Th inn ing 

practice becomes important in overcropping to reduce the sensit ivity to 

biennial bearing as well as to increase fruit qual ity in the current season 

(Forshey and E lfving, 1 989). 

Control l ing vigour of fruit trees gives great economic advantage in the fru it 

production industry at the present t ime. Later in  this review some evidence of 

th is advantage is d iscussed, for example Chalmers et a l. ,  ( 1 98 1 , 1 985) 

demonstrated that using regu lated deficit i rrigation (RDI)  to control vigou r  of 

peach trees resu lted in reducing product ion costs (eg. prun ing and i r rigation) 

and increasing yield efficiency. Forshey and Elfving ( 1 989) stated that in 

commercial orchard management increase in production efficiency has the 

h ighest priority. On the other hand producing unproduct ive wood adds to the 

production cost and at the same time reduces the saleable product. H owever 

in the final analysis, the ratio between input and output determ ines the 

success or fai lu re of the orchard,  however this may be affected m o re by 

econom ic than by pomological considerations. 

Physical ,  chem ica l and environmental m ethods of g rowth control, as wel l  as 

genetic control  by the breed ing of more efficient cu ltivars and rootstocks, is an 

advancing science. Elfving ( 1 988) suggested two categories of factors for 

managing vegetative g rowth in fruit trees. F i rst, physiological factors (those 

related to inherent factors, includ ing genetic potential for scion and rootstock 

growth) and second, horticultu ral factors (such as shoot and root-pruning, 

training system , water control and hormonal practices) .  Martin ( 1 989) pointed 

out that orchard management practices such as crop load adjustment, pest 

management, and fert i l izer appl ication particu larly n it rogen,  will affect the 

outcome of any g rowth control measu res. 
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Barden et al. ( 1 987) summ arized growth control techn iques in four categories 

as: 

i .  Genetic control ,  such as the use of dwarfing rootstocks, or select ing low 

vigour cu ltivars 

ii . Physical control, including prun ing and train ing, root-pruning, d isbu dding 

i i i .  Chemical control ,  for instance. chem ical pinching or the use of g rowth 

retardants 

iv. Environmental control, eg. the control and m anipu lation of l ight, 

temperature, water, C02 and n utrients, although some of these a re not 

applicable to orchard fruit t rees. 

From a practical point of view, understanding the physiological responses of 

fruit t rees to each vigour control technique is essential and a prereq uisite for 

using a technique at the correct t ime on a specific plant in a specific 

geographical region. Carefu l research will g ive this opportu n ity to the 

orchard ist for increasing yield efficiency and perhaps reducing production cost, 

a l lowing more profit in retu rn. 

This review will d iscuss the response of some fru it trees to root-pruning, 

paclobutrazol and water stress which are examples of physica l ,  chem ica l and 

environmental manipu lation of vigour control .  

2.2.1 ROOT -PRUNING 

Ferree and Geisler { 1 984) reported that the practica l use of root-pruning had 

generally been d iscontinued in current orchard management. They stated that 

relatively few experimental studies had reported on the effect of root-pruning 

under field conditions. Recently this technique has been developed as a 

successfu l  commercial vigour control technique for establ ished orchard t rees 

(Ferree,  1 989; Geisler and Ferree, 1 984a; Schupp and Ferree, 1 988b, 1 989).  
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Root-prun ing is a very effective technique to control vigour of both young and 

fu l ly grown fruit trees (G eisler and Ferree, 1 984b; Sch upp and Ferree , 1 990). 

M ika ( 1 986) reported that root-pruning is very seldom recommended or appl ied 

in practice, except at the t ime of transplanting trees from nursery to orchard.  

The mechanisms for the inf luence of root-pruning on tree growth are complex. 

Randolph and Wiest ( 1 981 ) suggested that there a re three possible ways 

g rowth may be influenced by root-pruning: 

i .  l im ited water  absorpt ion which may induce water stress 

ii. reduction in C02 assimi lation and nutrient uptake 

i i i .  the source of growth-regu lating hormones may be reduced 

Geisler and Ferree ( 1 984a) suggested that root-pruning has potential as a 

s ize-control l ing mechanism in woody plants. However, the interact ion of factors 

s uch as degree and t ime of root-pruning, soil moistu re and crop load did n ot 

a llow a predictive response based on current knowledge. They suggested 

additional investigation wou ld be essential of many aspects in the response of 

plants to root-pruning, to ut i l ize this technique on a commercial scale. In their 

review of the influences of root-pruning on plant growth ,  they reported no work 

on the effect of root-pruning on apricot plants in com mercial orchards. 

2.2.1 .1  Effects of root-pruning on growth of fruit t rees 

2.2. 1 .1 .1  Response of roots to pruning 

Young ( 1 982) and Young and Werner ( 1 982) pointed out that root-prun ing 

alone or combined with shoot pruning of young apple trees caused a rapid 

growth of new roots regardless of shoot response to prun ing.  Young apple 

t rees subjected to removal of half the root system in  early summer responded 

with a 30% reduction in shoot growth and showed an increase in relative 
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growth rate (AGA) of remaining roots (Maggs, 1 965). Ferree ( 1 993) found that 

root-pruning of apple caused a reduction in the total n umber of roots, and 

tended to increase the number of smaller roots in the Q-30 cm soil depth. 

Aichards and Aowe ( 1 977a) reported that root restriction of hydroponically 

grown peach seedlings reduced root growth and also lim ited shoot growth. 

They demonstrated that exogenous application of the synthetic cytokinin 

benzylaminopurine largely overcame the effects of root restriction on shoot 

growth. They suggested that roots exert control over shoot growth by 

synthesis and/or translocation of growth regulator(s), possibly cytokinins. Short 

and Torrey ( 1 972) found a h igh concentration of cytokinin in root tips which 

inh ibited lateral root formation and removal of root tips reduced the cytokinin 

pool in the roots and thus released lateral root formation close to the cut. The 

assim ilate distribution changed in favour of roots thus suppressing shoot 

growth during the regeneration of the root system, until reestablishm ent of the 

root:shoot balance (Geisler and Ferree, 1 984b). 

There is a difference between the response of cropping and noncropping fruit 

trees to root-pruning. lt has been suggested fruits and seeds are stronger sink 

for current assimi late during the growing season (Kramer and Kozlowski, 

1 979) . Schupp and Ferree (1 989) pointed out that root-pruning is more 

effective in reducing vegetative growth on cropping apple trees than on young 

noncropping trees. They concluded that inhibition of root regeneration occurred 

due to interaction between reproductive and vegetative growth. Non-cropping 

trees regenerated the cut roots qu ickly, and under favou rable environmental 

conditions mu ltiple root-pruning wou ld be necessary during the growing season 

to achieve substantial growth reduction in non-cropping trees. Root 

regeneration on 'Golden Del icious' apple trees subjected to root-pruning plus 

deblossom ing was abundant, but low in cropping trees (Schupp et al. ,  1 992). 

Geisler and Ferree { 1 984a) pointed out that root-pruning and root restriction 

both inhibit the normal development of root system. 
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The distance between trees has an effect on root distr ibut ion .  For instance in 

wide spaced apple trees the root system was composed mainly of horizontal 

roots with relatively few vertical sinkers. At c loser spacing, the horizontal 

portion was reduced and the root system was composed main ly of vertical 

sinkers (Atkinson et al. ,  1 976; Atkinson, 1 976, 1 978) .  I n  addition , in closer 

planting systems the root density increased and soil explo itation was m ore 

u n iform. Individual tree canopy volume and surface area as  wel l  as length and 

weight of roots decreased with increasing planting density. The shoot weight 

per t ree was reduced in the same proportion as the root weight per tree. Thus, 

tree root:shoot ratio was not affected by changes in p lant spacing (Atkinson 

et al. ,  1 976; Atkinson , 1 978, 1 980; Boswel l  et al. ,  1 975a, b ;  Kaufmann et al. ,  
1 972) .  

2.2. 1 .1 .2 Response of  shoots to  root-pruning 

Root-pruning of apple trees caused a reduction in shoot g rowth (Schupp and 

Ferree 1 988b, 1 989) and a lso suppressed the relative g rowth rate of new 

shoots (Young,  1 982) .  Root-prun ing l im ited the shoot g rowth of peach , apple, 

pear and grape (Poni et al. ,  1 992) and 'Colt' cherry rootstock (Asamoah and 

Atkinson 1 985). Arnold and Young ( 1 99 1 ) reported red uction of shoot 

extension on apple seedl ings fol lowing root-pruning. However, Alexander and 

Maggs ( 1 971 ) reported that root-pruning of two-yea r-old Sweet orange 

seedl ings had no sign ificant effect on mean shoot length . The reduct ion of 

shoot e longation appeared within a month of root-prun ing at a distance of 0.4 

m from the trunks of 'Be l laire' peach trees (Santos et al. 1 99 1  ) .  Geisler and 

Ferree { 1 984b) reported that the greatest reduction in shoot g rowth occurred 

during the second and third week following root-pruning of young apple trees. 

Geis ler and Ferree ( 1 984b) pointed out that less leaves developed fol lowing 

root-pruning of young 'Golden Delicious' apple trees and they were sma l ler, 

but specific leaf weights increased , whi le previously expanded leaves were not 
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affected. General ly, as root-pruning severity increased, the rate of leaf g rowth 

decreased. Root-pruning resu lted in decreased leaf n u m ber, total leaf area, 

and dry weights of al l  leaves, shoots and roots of young apple trees, re lat ive 

to controls (Ferree 1 989) . Schupp and Ferree ( 1 990) appl ied root-prun ing at 

d ifferent t imes to one year old container-planted apple trees, and found that 

root-prun ing regard less of t iming reduced shoot extension for 4 weeks and 

reduced shoot diameter and total d ry weight at t ree harvest, 1 07 days after  

bud break. McArtney and Belton ( 1 992) found l ight penetrat ion into the t ree 

canopy improved and the need for summer pruning decreased fol lowing root­

pruning of apple. 

Two possible effects of root-pruning are reduction in water uptake and a 

decrease in root synthesis of cytokinin (as discussed in 2 .2 . 1 and 2.2 . 1 . 1 . 1 ) .  

Possibly, the immediate effect of root-pruning i s  a shortage o f  water u ptake 

wh ich can not match the water loss by transpiration. Geisler and Ferree 

( 1 984b) found the immediate response after root-prun ing of young apple t rees 

during spring was reduction of photosynthesis, stomatal c losu re and wilt ing 

d ue to partial removal of the root system and red uction in water uptake. 

However, the general recovery of wi lted leaves dur ing the first 72 hours after 

root-pruning ind icated that trees adjusted to reduced water uptake and also 

th is adjustment al lowed the recovery of photosynthesis. Sch upp and Ferree 

( 1 988a) found the reduction of shoot extension and of s ize of newly expanded 

leaves were apparent on root-pruned apple t rees 2 1  days after  t reatment, and 

that the imm ediate injection of cytokinin into the scion stem just above the 

g raft un ion after root-pruning was ineffective in  ove rcoming these responses 

to root-pruning. 

2.2. 1 .1 .3 Root:shoot rat io and functional equi l ibrium 

The ratio between the weights of  the underground part of the plant and the 

aerial part ( root:shoot ratio) is  often measured by ecologists and physiologists. 
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The change in this ratio observed under various conditions has often fol lowed 

a predictable pattern. The interaction between root and shoot is defin itely 

related to metabol ic synthesis in and translocation from shoots, and to water 

and m ineral uptake by the roots (Vaadia and ltai ,  1 969) . Cytokinin may play 

a role as a chem ical signal or  messenger between roots and shoots (Chibnal l ,  

1 954 as cited by Vaadia and l tai , 1 969) .  l t  has been reported that root t ips a re 

a s ite of production of cytokinins that are translocated in the xylem sap and 

can influence shoot g rowth (Skene, 1 975). There is competition between roots 

and shoots for carbohydrates and the organs which are closer to the source 

are more successfu l  in obtaining their requ irements. However, the g rowth of 

one organ is  dependent on the translocation of essential substances produced 

by another o rgan and thus on physiological activity (Brouwer and De Wit, 

1 969) . This type of interdependence can be called a functional equi l ibri um .  

Disturbing this equ i l ibrium by partial excision o f  the  supply organ (for example 

root) , reduced growth rate of the dependent o rgan (shoot). Plants try to 

reestablish their root :shoot rat io, and rapid restoration of the original ly existing 

ratio occurred after root excision as a consequence of the reduced gro wth rate 

of the dependent organ and an increased growth rate of the supplying o rgan 

(Brouwer and De Wit, 1 969) . Geisler and Ferree ( 1 984a) discussed the 

possible response of p lants to root-prun ing. They suggested that after  the 

reduction of the root:shoot ratio immediately after root-prun ing ,  the s upply of 

water, mineral nutrients, and hormones from the roots to shoots decl ines. Th is 

could reduce shoot growth. A greater proport ion of ass im i late is d i rected to 

root growth and the plant starts to recover its root:shoot ratio by increased root 

growth. At the same t ime a reduction in the growth rate of shoots can be 
obseNed. Later, more g rowth-promoting substances such as cytokinin are 

produced by the numerous active root tips and translocated to the shoots. 

Once regained, the root:shoot ratio characteristic for the plant is maintained 

with shoot and root g rowth continu ing in balance. 
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Research with a wide range of plants has shown the i r  root:shoot ratio 

remained constant in a stable environment, except that it progressively 

decreased with plant age and s ize. Root-pruning in it ia l ly reduces the 

root:shoot ratio and the reaction of plants is to restore th is inner balance by 

increasing root growth th rough d i rect ing more assimi late to the root system. 

As g rowth is redistributed in favour of the roots relative shoot g rowth is 

reduced (Kramer and Kozlowski ,  1 979) . Time is needed to a llow plants to 

restore the balance between roots and shoots. For example, Richards and 

Rowe ( 1 977 a ,b) reported that root-pruning of hydropo n ical ly g rown peach 

seedlings caused an immed iate and rapid response of increased root g rowth 

and depression of shoot extension and leaf emergence. A redistribut ion of 

g rowth was observed after 25 days as a 20% increase in root dry weight and 

a 23% reduction of the increase of the above ground d ry weight. Ferree and 

Geis ler ( 1 984) found tota l shoot dry-weight increment decreased with 

increasing root-prun ing sever ity, while dry-weight accumulation in roots was 

almost unchanged due to st imu lation of regrowth. 

2.2.1 .1 .4 The effect on trunk cross sectional area (TCSA) 

Trunk c ircumferences of orange and apple trees were smal ler in high density 

plantings and were greater at wider spacing (Boswell et al. ,  1 975ab; Schneider 

et al. ,  1 978). Root-pruning for fou r  years at ful l bloom of 1 5-years-old apple 

trees (planted at a spacing of 3.7 m x 6.7 m) caused a reduction of trunk 

cross-sectional area increase, and a lso reduced the t ime needed for pruning 

whi le i t  improved l ight penetration through the canopy. On 4-years-old 

'Melrose'/M.7A apple trees root-pruning reduced the increment in TCSA 

(Schupp and Ferree, 1 989). Schupp and Ferree ( 1 988b) suggested that root­

pruning at 60 cm from the trunk to a depth of 25 or 50 cm had a g reater effect 

than root-prun ing at 80 cm d istance, which may have been due  to their cutting 

a more s ubstantial portion of the root system. Pruning depth had no inf luence 

in the conditions of their experiment. Atkinson ( 1 980) reported that 70% of 
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apple root weight occu rred in the top 30 cm of the soi l profi le across m any 

d ifferent orchard s ites. 

2.2.1 .2 Effects of root-pruning on physiological processes 

2.2.1 .2.1 Accumulation of mineral nutrients 

Root efficiency in nutrient uptake depends on the amount of s urface in contact 

with the soi l  and the permeabil ity of the root surface. Kramer and Kozlowski 

( 1 979) claimed it reasonable to assume that n utrient u ptake m ay decline 

immediately after root-prun ing,  because the root volume absorbing nutrients 

is reduced. Often plants regenerate new roots after root-prun ing  so increasing 

the absorbing surface. Thus the uptake of n utrients wil l  be the same or even 

improved when the root system is regenerated. 

However, Sch upp and Ferree ( 1 987a, 1 989) found that the m ineral n utr ient 

levels in leaves were not infl uenced by root-prun ing of apple trees. They 

showed that dormant root-pruning increased the Ca level in the fru it f lesh 

(Schupp and Ferree, 1 987a). 

2.2.1 .2.2 Water relations 

1t has been demonstrated that removing a part of the root system cau sed 

reduction in water absorpt ion and created a degree of water  stress in the 

plant. I f  water absorpt ion lags behind transpiration, a water  deficit develops, 

stomata close and t ranspiration is  reduced (Kramer and Kozlowski ,  1 979) .  

Early-season root-pruning of peach decreased stomatal conductance, and 

there was no effect on diurna l  xylem water potential .  The closu re of stom ata 

appeared to moderate d iu rnal water deficits at levels s im i la r  to control (Santos 

et al. 1 99 1 ) . Work on young 'Colt' cherry rootstocks by Asam oah and Atk inson 
(1 985) showed that root-prun ing reduced total water use d u ring the 1 0  days 
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after treatment. However,  Richards and Rowe ( 1 977a) reported that root 

remova l on peach seedl ings induced water stress but ,  water u ptake recovered 

after 1 0  days. 

Leaves wilted for 72 hours fo l lowing root-prun ing of young 'Golden Del ic ious' 

apple trees (Geisler and Ferree, 1 984b). The response of plants to root­

pruning was related to the severity of root removal .  With 59% root removal ,  

photosynthesis was reduced by 4 7% and xylem water  potential was red uced 

significantly for 6 hours with recovery apparent after a day. Photosynthesis 

and transpiration started to recover after 1 0  days, but even after  28 days t rees 

subjected to severe root removal had lower rates than on the control. 

Schupp et al. ( 1 992) reported that after root-pruning of 'Golden De licious '  

app le ,  leaves had lower water potent ial , t ranspiration and stomatal 

conductance than the controls. 

2.2.1 .2.3 Photosynthesis and assimilate partit ioning 

Poni et a/. ( 1 992) reported that root-prun ing reduced photosynthesis and 

stomatal conductance two days after treatment on potted apple, g rape, peach 

and pear t rees. When they continued root-pruning a general decl ine in 

transpiration occu rred. Photosynthesis was h igh ly correlated in essent ia l ly al l  

cases with stomatal conductance and transpiration. Ferree { 1 989) reported 

simi lar  findings on young apple trees, and found that wh i le carbohydrate levels 

in the leaves were unaffected by root-pruning, the levels in the roots were 

increased. 

Root-pruning in combination with a lack of adequate soil moistu re has  a 

synerg istic effect in reducing net photosynthesis. The work on 'Jonathan' apple 

trees by Ferree { 1 992) showed that trees subjected to root-pruning under 

severe d rought conditions had reduced net photosynthesis and transpirat ion , 
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wh i le root-pruned trees g iven supplemental water (57 l .week-1 ) showed 

increased transpiration and also greater fru it size at the t ime of harvest 

Ge isler and Ferree ( 1  984b) reported that net reductions in  photosynthesis and 

transp i ration appeared to  account for the overal l  reduction in tree dry-weight 

accum u lation after root-pruning. 

2.2.1 .2.4 Flower in itiation and fruit development 

Root-pruning may influence flower bud initiation and development, th is  being 

more related to the t ime of root-pruning. Work on apple t rees showed that 

root-prun ing before June d rop (northern hem isphere) caused an increase in 

root g rowth and resu lted in a fouriold increase in blossom c lusters compared 

to control trees. Later root-pruning resu lted in less root regeneration especial ly 

on those trees with h igher fru it load. I n  these trees decreased cytokinin 

production by active root t ips resu lted in a detrimental effect on spur f lower 

init iation (Hoad and Abbott, 1 983 cited by Geisler and Ferree, 1 984a).  

Ferree ( 1 992) found when 'Jonathan' apple trees were subjected to annual  

root-prun ing for 6 years either at  dormant, fu l l  bloom or m id-J une (northern 

hemisphere) stage the tendency for biennial bearing was red uced d u ring this 

period with no relationsh ip  to t ime of pruning, genera l ly root-pruning reduced 

preharvest fruit drop. Root-pruning reduced cumu lative yield at bloom ( 1 4%) 

o r  m id-June (20%) . 

2.2. 1 .3 Practical use of root-pruning techniques 

lt is important to know the depth and distribut ion of the root system in the 

particu lar soi l  type to a l low more precise root-pruning. Krame r  ( 1 983) reported 

that development of root systems involves complex interactions between roots 

and shoots and between roots and their environment G eisler and Ferree 

( 1 984a) reported that t ree spacing has effects on the form of the root system. 
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Rogers and Head (1 969) reported that the root system of mature apple t rees 

u nder orchard condit ions consisted of horizonta l main roots 25-50 cm below 

the soi l  surface and spreading from 1 .5 to 3 t imes as far as the branches. 

They concluded that root-pruning is  a dwarfing techn ique for apple t rees, b ut 

d id not recommend it due to the fact that main roots were scattered irregu larly 

a round the t rees. Using su itable dwarfing rootstocks for control l ing  vigou r  was 

recommended, rather than root-pruning (Rogers and Head, 1 969). However, 

Ol ien et al. (1 993) pointed out that root-pruning has been an effective, 

nonchem ical means to red uce vigour of apple trees. 

2_2.1 .3.1 Time and type of root-pruning 

The opt imum d istance from the tree trunk for root-prun ing and the amount of  

roots to be rem oved are important. Schumacher ( 1 975) as cited by Geisler 

and Ferree ( 1  984a) caut ioned that i f  too few roots were cut ,  excessive root 

development was induced and shoot growth increased . However, the t ree 

m ight d ie following severe root-pruning, especially in d ry years. Correct root­

pruning reduced vigorous shoot growth and increased flower bud in i t iat ion. 

Santos et al. ( 1 99 1 ) reported that the time of root-pruning and the d istance 

from the t ree trunk modified effects on vegetative growth of 'Bel la ire' peach . 

They found that cum u lat ive shoot elongation was reduced by 39% fol lowing 

root-prun ing 0.4 m from the trunk in  early season before flowering, wh i le later 

prun ing had less effect. Reduced shoot elongation was evident with in a m onth 

of root-pruning at 0 .4  m after al l  treatment dates, but at 0.8 m th is varied with 

the date of p run ing. Schupp and Ferree {1 989) found root-prun ing  at 60 cm 

d istance reduced shoot growth more than at 80 cm. In addit ion, canopy l ight 

penetration and spur qual ity increased. They reported that root-prun ing d u ring 

dormancy or at  fu l l  bloom was very effective in control l ing vegetative g rowth. 
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Olien et al. { 1 993) suggested that the optimum distance for root-prun ing was 

60-90 cm from the tree trunk of 8-year-old peach trees. Shoot g rowth was 

more responsive in the fi rst year. but in the second year  yield was reduced by 

the previous season's root-prun ing.  

Root-prun ing during the dorm ant ( late August in New Zea land) stage red uced 

mean shoot length , and the total number and length of shoots removed per 

tree during summer pruning of 'Braeburn' apple (McArtney and Belton , 1 992). 

The t ime of root-prun ing was important in achieving th is resu lt and dorm ant 

pruning was m ore effective than at petal fal l .  

2.2.1 .3.2 The effect of root-pruning on fruit qual ity and cropping 

McArtney and Belton { 1 992) showed the effect of  root-pruning on apple fruit 

size was related to the tree's crop density. When the n u m ber of fru its was 

high,  root-pruning had a negat ive effect on fruit size, otherwise no evidence 

of decreasing fruit size was found. However, Schupp and Ferree ( 1 987a, 

1 988b, 1 989) reported that root-pruning of apple t rees at either the dormant 

or June d rop stage (northern hem isphere) reduced average fru it size and pre­

harvest drop, but increased yield efficiency (yield per cm2 TCSA) , fru it colou r, 

and soluble solids. Trees 3-years-old were m ore sensitive to the reduction of 

fruit size than 4-years-old trees. Root-pruning wh ile dormant increased the 

level of fru it soluble solids. E lfving et al. ( 1 99 1  ) ,  fol lowing a comparison 

between the effects of Dam inozide, root-prun ing, trunk scoring and trunk 

ring ing of 'Mcl ntosh' apple, found that fruit size was not affected by root­

pruning at fu l l  b loom, whi le soluble solids concentrat ion was increased. 

Schupp et al. ( 1 992) reported that root-pruning of 'Golden Del icious' apple 

trees had no effects on retu rn bloom, fru it set or yield, but reduced fru it size. 
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Ferree ( 1 992) found that root-pruning of 'Jonathan' apple red uced cum u lative 

yield and cum ulat ive yield effic iency, reduced fruit size and gave a decrease 

in large fru it and an increase in small fruit in 3 of the 6 years of the study. 

2.2.2 PACLOBUTRAZOL 

The early discoveries of p lant hormones by physiologists were rapidly fol lowed 

by studies of p ractical appl ication by horticu lt u rists, and the possibi l ity of using 

chemical p lant g rowth regu lators to improve fruit production has been of 

interest to scientists for many years. Triazoles were relatively recently 

developed as one of a number of highly active g rowth retardants which have 

the potentia l for chem ical g rowth reg u lation in horticulture ( Davis et al. ,  1 988). 

I mperial Chem ical I ndustries ( IC I )  developed PP333, or paclobutrazol (PBZ), 

marketed with the trade name Cu lta� (Davis et al. ,  1 988; Vv'i l l iams et al. ,  

1 986) , Bonzai ,  C l ipper and Parlay (Davis et al. ,  1 988). PBZ [(2RS, 3RS)- 1 -(4-

ch lorophenyl)-4 ,4-dimethyl-2-( 1 H- 1 ,2 ,4-traizol- 1 -yl )pentan-3-ol] (Anon ,  1 982) 

has low solub i l ity in  water {30 ppm) and its half l ife in soi l varies considerably, 

usual ly being between 3 and 1 2  months (Lever, 1 986). Appendix 3.1 shows 

some physical and chem ical properties of PBZ (Anon , 1 982) .  

G raebe ( 1 987) suggested that g ibberel l ins and auxins are t h e  g roups of 

phytohormones that promote longitudinal shoot and leaf g rowth ,  m ain ly by 

affecting cel l  e longation . Rademacher ( 1 988} reported that severa l t riazole 

plant growth retardants including PBZ reduced cell elongation and the rate of 

cel l  d ivision, wh ich caused reduction in shoot length of plants, without being 

Phytotoxic or causing malformations. Davis et al. ( 1 988) and Lever ( 1 986) 

stated that the g rowth-retarding properties of PBZ are largely attr ibuted to 

interference with g ibberel l in biosynthesis by inhibition of the oxidation of 

kaurene to kaurenoic acid in the biosynthetic pathway, and it is  ofte n  referred 

to as an •antigibberel l in• .  
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P BZ has been shown to reduce shoot growth, increase f lower bud formation 

and alter the acropetal movement of assimi lates by changing the source-sink 

strength pattern (Hodair i  and Canham , 1 990 a,b ;  Lever et al. ,  1 982; Qu in lan 

and Richardson , 1 984; Wi l l iams,  1 984) , Hodairi and Canham ( 1 990 a) reported 

an increase in movement of assim ilate to roots. PBZ uptake by plants is 

passively through roots, stem tissue and foliage (Anon, 1 982) .  The movement 

of soi l-applied PBZ with in the plant is acropetal in the xylem to leaves and 

buds and PBZ shows no ph loem mobil ity (An on, 1 982; Lever, 1 986; Reed et 

al., 1 989) . The movement of PBZ in soi l  is low and is dependent upon soi l  

water movement and the absorption coefficient of the part icular soi l  type 

(Lever 1 986) . Root uptake can be an efficient way to maintain a supply of 

chemical to the growing apex of a young plant (Shearing and Jones 1 986). In  

general ,  stone fruit respond to  PBZ more rapidly than pome fruit. Toxicological 

studies with PBZ showed there is no hazard to users or consumers when used 

as d i rected. PBZ has a low level of residue in fruit after application ( Lever 

1 986). 

2.2.2.1 Effects of PBZ on growth of f ruit trees 

2.2.2.1 .1 Response of r oots to PBZ 

The effect of triazoles on plant roots have not been investigated in as m uch  

detail as  effects on  shoots. However, in general PBZ has  caused reduction in 

shoot growth and increased root:shoot ratio ( Davis et al. ,  1 988; G rossmann ,  

1 992 and Hodairi and Canham 1 990a). The reduction of  shoot growth was 

associated with redistr ibution of assim ilate leading to increased root d ry weight 

(Hodairi and Canham , 1 990a). 

The work by Rieger and Scalabrel l i  ( 1 990) showed that PBZ suppl ied in 

nutrient solution cu lture to 'Nemaguard' peach rootstock increased root:shoot 

ratio, but decreased root length and hydraul ic conductivity with increasing P BZ 
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concentration. Root-shoot ratio increased following either fol iar spray or soi l  

d rench appl ication to spur- or non-spur-type 'Del icious' apple trees ( Lehman 

et al. 1 990b). 

Mil ler { 1 982) found that PBZ at 0.5 mg mr1 applied to apple by pressure 

injection method reduced shoot term inal extension by 80%, but  root weight 

was not affected. Wil l iamson et al. ( 1 986) reported that 37 mg PBZ appl ied to 

each container-grown peach seed ling reduced vegetative growth,  leaf s ize and 

shoot dry weight, but increased root tip diameter and redu ced unsuberized 

root length. Microscopic study of root tip cross-sections and l ong itudinal 

sections showed that growth and development of the root cortex and stele was 

modified by PBZ. Although, the stele diameter was increased, th is may have 

been related to increased ce ll size and radial increase rather than longit udinal 

elongation of the inner-most cortex parenchyma ce lls. 

2.2.2.1 .2 Response of shoots to PBZ 

The activity of growth retardants is usual ly measu red as an effect on shoot 

g rowth . Growth retardants including PBZ reduce internode e longation and thus 

plant height without affecting the number of internodes and leaves,  a lthough 

leaf area expansion may be inh ibited (Grossmann, 1 992; Steffens and Wang, 

1 986) . 

Reduction in shoot growth has been reported by both fol iar sprays and soi l  

application of PBZ. Soil-appl ied PBZ decreased shoot g rowth of mature 

'Starkrimson Delicious' apple (Lehman et al., 1 990a) and 'S ing' sweet cherry 

(Jacyna et al. ,  1 989) . A simi lar resu lt was reported by C urry et al. ( 1 989) with 

early season trunk appl icat ion of PBZ on 'Red-Gold' nectarine and 'Perfect ion '  

apricot. Blanco ( 1 986) showed that  spray or soi l  applied P BZ to nectarine and 

peach inhibited shoot g rowth, however soi l  appl ication had a g reater effect 
than fol iar appl ication, particularly when used earlv in thA nm\AJinn c-"' '"' " " �  c- - "  
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or spray app lication of PBZ reduced vegetative growth of peach cv. 'San 

Pedro' for 2-3 years depending on dose (Loreti et al. ,  1 989) . Gaash ( 1 986) 

obseNed the effect of a foliar spray of PBZ on vegetative g rowth of p lum,  

apple and apricot 2-3 weeks after treatment and it lasted 2-3 m onths. 

However, the effect of soi l  appl ied PBZ was obseNed 4-6 weeks later and 

lasted the entire season . Cobianch i ( 1 989) reported a reduction of vegetative 

growth of nursery cherry t rees over 2 years by a single fol iar PBZ appl ication 

with 1 1 6 mg/tree in May (northern hem isphere) . Tukey ( 1 986) found that 

annual sprays of PBZ at 1 000 ppm to mature apple t rees on M . 9  or M .26 

reduced vegetative growth favourably and enhanced production. The reduct ion 

of vegetative growth continued with annual spraying even when the 

concentration decreased to 500 ppm. PBZ also promoted spur development, 

and reduced spur leaf s ize and terminal shoot elongation . Buban ( 1 986) found 

that spray appl ication of PBZ to 'Gioster' apple/M.9 rootstock reduced shoot 

growth unti l  late summer. At about the end of Ju ly (northern hem isphere) 

shoots from treated trees were only 60% of control, but this difference was 

reduced by the end of season due to a moderate secondary growth f lush. 

Mi l ieu and Sfakiotakis ( 1 986) reported a reduction of shoot growth with 3-4 

fol iar spring spray appl ications of PBZ to ten-years-old apple trees. H owever, 

this inhibition mostly occurred early in the season of shoot g rowth (May-J u ly, 

northern hemisphere) . 

Costa et al. ( 1 986) found soil appl ied PBZ reduced shoot growth of 

' Independence' nectarine. Shoot growth of untreated trees had two peaks, the 

f irst of moderate intensity occurred in late May and there was a second 

stronger peak, in late-June or early-Ju ly (northern hemisphere) .  Treated trees 

showed the strongest reduction of shoot growth at the times of these two 

growth peaks. Ogata et al. ( 1 989) found soi l  applied PBZ reduced peach and 

cherry t ree g rowth in the second year after treatment, but in the th i rd yea r  the 

trees tended to grow more strongly than untreated trees. Facteau and 

Chestnut ( 1 99 1 )  found that a soi l appl ication of PBZ at 0.30 g·cm·1 t runk 
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d iameter to five-years-old sweet cherry decreased terminal  shoot extension 

d u ring the season of appl ication and for at least 3 years fol lowing. 

2.2.2. 1 .3 The effect on trunk cross sectional area (TCSA) 

Blanco ( 1 987) reported a reduction of growth of shoots and trunk cross 

sectional area of 'Redhaven'  peach after treatment with P BZ. Coston ( 1 986) 

found that 1 .6 g in 1 l it re per tree appl ied either to a soil area of 4 m2 under  

a peach tree canopy or applied to one point under  the tree canopy cau sed a 

reduction in latera l  shoot extension. I n  the fol lowing year tree height and shoot 

length were decreased and the trees showed a weeping growth habit . 

Marini ( 1 987) found that different rates of PBZ soil appl ied to f ive-year-old 

'Redhaven ' peach reduced trunk cross sectional area in the year of 

appl ication, but had no inf luence in the year after treatment. However, Webster 

( 1 990a) reported that soi l  or  fol iar applied PBZ to plum reduced trunk g i rth 

increment, and th is l ike mean extension growth was red uced both in the year 

of treatment and the subsequent year. 

Gasper and Taylor ( 1 989) reported that PBZ applied to container-g rown 

'Loring'/Love l l  peach seedling reduced post-treatment trunk cross sectional 

area increase by 26%, wh ile G� increased TCSA growth by 45%. Mart in  et 

al. ( 1 987) showed that soi l-injected PBZ reduced TCSA increase of 

'Fiavorcrest' peach trees and reduced shoot growth. 

2.2.2.2 Effects of PBZ on physiological processes 

2.2.2.2.1 Accumulation of mineral nutrients 

Rieger and Scalabrel l i  ( 1 990) found that leaf nutrient content of 'Nemaguard' 

Peach treated with PBZ was altered, with levels of N, P ,  K, Fe, Mo d ec reasing 
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while Ca,  Mg, B and Mn increased. Coston ( 1 986) foun d  that P BZ appl ied to 

peach t rees reduced leaf size, but increased specific leaf weight and 

ch lorophyll and n itrogen contents in the leaf. 

2.2.2.2.2 Water relations 

Steffens et al. { 1 983) as cited by Steffens and Wang ( 1 986) stated that under  

non-water stress conditions apple seed lings to which PBZ had been a ppl ied 

took up less water than control plants. l t  was later found that the rate of  water 

loss was much slower from leaves on PBZ-treated trees compared with control 

plants (Wang and Steffens 1 985). Detached control leaves lost 1 5% of their 

in i t ia l  fresh weight within one hour, but i t  took two hours for the PBZ-treated 

leaves to reach the same weight loss. 

B iasi et al. {1 989) reported that on peach seedl ings under greenhouse 

condit ions shoot growth was reduced more by PBZ than by reduced soi l  water  

content. PBZ reduced root fresh and dry weight and total water consumpt ion . 

PBZ combined with low soi l  water content reduced stomatal conductance, 

although at 1 00% field capacity PBZ increased stomatal conductance. 

2.2.2.2.3 Photosynthesis and assimilate partitioning 

Elfving and Proctor ( 1  986) found photosynthesis was general ly stim u lated in 

apple trees treated with PBZ. The direct morphological evidence for the 

antigibbere l l in effect of PBZ is reduction in vegetative g rowth and the 

secondary effect is a lteration in sink strength within the plant ,  a l lowing  g reater 

partitioning of assimi lates to reproductive growth (Lever, 1 986) . Costa et al. 

( 1 986) suggested that the control of vegetative growth in the first phase of fruit 
growth is important, reducing competition between vegetative and fruit g rowth , 

a llowing a greater amount  of assim i lates to be d iverted to fru its as a resu lt of 

the reduction in vegetative growth.  Steffens and Wang ( 1 984, 1 986) reported 
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that 0 . 1 mM PBZ sprayed on apple seedling leaves reduced the increase in 

leaf area and leaf weight on new shoots 21 days after treatment,  but weight, 

d iameter and length of f ibrous roots increased. Also, carbohydrate 

concentration in the uppermost leaves, stem and especial ly in the fibrous roots 

increased whi le total plant carbohydrate was not marked ly changed. 

Gasper and Taylor ( 1 989) reported that PBZ appl ied as a fo l iar spray to 

container-grown peach seedl ings reduced vegetative growth,  but  total p lant d ry 

weight and root:shoot ratio were not affected. However, G� applied two 

weeks after PBZ application increased vegetative growth and p lant dry weight 

by 38% and decreased the root:shoot ratio relative to PBZ t reatment. 

2.2.2.2.4 Flower in itiation and fruit development 

Both soi l and foliar appl ication of PBZ to sweet cherry, sour  cherry and peach 

reduced shoot growth in the fi rst season and enhanced f lowering and fruit ing 

in the year after treatment (Edgerton 1 986). Buban ( 1 986) reported that spray 

appl ication of PBZ to 'G ioster' apple caused a large retu rn b loom which 

increased the crop in the subsequent year. 

PBZ increased flower and fruit n umber in the next season m ay necessitate 

extra f ruit th inning in those species where excess fruit n u m ber causes a 

problem with fruit s ize (Lever, 1 986) . Wil l iams et al. ( 1 986) reported that a h igh 

dosage of PBZ caused excessive fruit set on most tree fruit species and 

therefore resulted in smal ler  fruit and increased the potential for b iennia l  

bearing. However, Webster and Quinlan ( 1 984) found that fo l iar appl icat ion of 

PBZ did not increased flowering of plums in the subsequ ent year. 

Mi l ler and Swiet l ik ( 1 986) reported an increase in fruit set on 4-year-old 

'Golden Del icious' apple fol lowing soil appl ied PBZ. When Knight and 

Browning ( 1 986) appl ied GA3 to 'Conference' pear it led to the product ion of 
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smal l  fruit and inhibited flower in itiation for the fol lowing year's crop d ue t o  the 

large number of fruit set in the year of application. PBZ appl ied together with 

GA3 at flowering time resu lted in a reduced fruit set and improved fru it s ize, 

wh ile providing a red uction of vegetative growth. Webster  ( 1 990b) reported 

that 1 .6 g soil appl ied PBZ to 9-year-old sweet cherry trees advanced 

flowering date by several days for 3 years after applicat ion and enhanced fru it 

set in the year of appl ication . Jacyna et al. ( 1 989) found that PBZ soi l appl ied 

to 'Sing' sweet cherry advanced flowering by 6-7 days , but the length of 

flowering was not affected, and increased fruit s ize. Foliar PBZ sprays to p lum 

trees reduced in it ial  and final fruit set, yield and fru it size in the year  of 

treatment, but d id not in the year after treatment (Webster, 1 990a). I n  contrast, 

soil applied PBZ had either a negl igible or a sl ight beneficia l  effect on fruit set, 

yield and fruit size, but the increase in fruit s ize was noted for several years 

after soil application . 

2.2.2.3 Practical use of PBZ 

I n  a mature orchard once the avai lable space has fi l led with productive 

vegetation , the question is how to ach ieve minimum vegetative growth to 

maximize yield (Mart in ,  1 989) . Effectively reducing the n u m ber  and length of 

vegetative shoots by su itable growth retardants in a numbe r  of situations 

wou ld be of considerable benefit to fruit g rowers. The reduction of vegetative 

growth of trees, such as apricot, for wh ich no dwarfing rootstocks or  compact 

scion cult ivars are avai lable, m akes chemical growth regu lation an attractive 

possibi l ity. PBZ m ay a l low planting of such fruits in  high density orchards 

wh ich wou ld al low improved cropping efficiency. Qu in lan and Richardson 

( 1 984) stated that reducing the vigour of fru it trees is a m ajor problem facing 

the orchardist, and resu lts suggested PBZ can give long-lastin g  control  of t ree 

growth .  
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A survey of A ustra l ian stone fru it growers by H i l l ier and Rudge ( 1  989) showed 

PBZ had good potent ia l  for growth control and increasing yie ld a n  average of 

24%. A m ajority of growers noted fruit colour was enhanced and fruit size, fru it 

number and yield increased. This was achieved by PBZ provid ing good 

vegetative vigour control and increasing fruit size and at the same time 

a l lowing trees to carry more fru it. Similar benefits were shown by Martin ( 1 989) 

and over a three year experiment PBZ increased peach g rower returns by an 

average of US$ 20 1 8  ha·1 (Table 2. 1 ) . 

Table 2.1 Economic eva luation of paclobutrazol in a 'Fiavorcrest' peach 

orchard located in Cal iforn ia (Yoshikawa et al. ,  1 987 as c ited by 

Mart in 1 989). 

Dollars/ha 

Control Paclobutrazol 

Expenses 

Paclobutrazol appl ication 0 1 50 
Paclobutrazol chem ical 0 ? 
Winter pruning 1 040 1 040 
Summer pruning 1 62 0 
Fru it th inning 1 262 2 1 42 
Harvest - $ 1  /box 1 625 2757 
Fruit Packing -$2 .45/box 398 1 6755 

TOTAL: $8070 $ 1 2844 

Income 

Packed boxes/ha 
(Control 1 625; Pach lobutrazol 2757} 
Total g ross at $6/box $9750 $ 1 6542 
Net return 
Total g ross income 9570 1 6542 
Total expenses 8070 1 2844 
Net profit/ha $ 1 680 $ 3698 
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Wi l l iams { 1 984) pointed out that using g rowth retardants to cont rol t ree s ize 

m ight lead hort icu l tural  pract ice to e l im inate the use of rootstocks to contro l  

tree s ize. l t  would be  possible to  propagate trees by m icropropagation and 

transplant them to the orchard site on their own roots in a h igh density 

planting, then at a su itable time after adequate training a GA inh ibit ing agent 

such as PBZ cou ld  be used. However, Hoffmann ( 1 992) in h is survey of p lant 

growth regu lators (PGA) suggested that the action of PGA is highly specific 

as to plant species, variety, organ, the stage of development and strongly 

dependent on i ts rate of appl ication . U nfavourable weather conditions m ight 

cause damage or unwanted side-effects. Stan and Burloi ( 1 989) after 5-years 

study of the effects of PBZ on sweet cherry, peach and plum under Romanian 

condit ions reported a reduction of vegetative growth and prun ing weight for 2-3 

years after t reatment. They pointed o ut that more research was needed to 

evaluate the effects of P BZ appl ication over an extended period of 2-3 years 

cycles in high density plantings, and to determine any other physiological and 

biochemical changes associated with long term GA biosynthesis inh ibitor 

appl icat ion. Also, Davis et al. ( 1 988) reviewed the l iteratu re on the use of 

triazoles on fru it trees, and suggested that before using triazoles on a large 

scale on fruit trees, more information was needed regarding the long term 

effects of repeated appl icat ions on reproductive and vegetative growth. They 

pointed out that triazoles had been avai lable for research only since 1 980, and 

time had not been adequate to carry out long-term experiments to see the 

long-term effects of using this type of growth retardant. Wi l l iams et al. ( 1 986) 

suggested on-site trials for determ ination of proper rates and type of PBZ 

application for commercial use in control l ing tree s ize. They stated that as 

there were no dwarf rootstocks for m ost stone fruits, chemical control of vigour 

was a welcome possibi l ity. However, they concluded that more research and 

many orchard tr ia ls on the various tree fruit species wou ld be necessary to 

find all of the benefits and problem s associated with using g rowth retardants 

for vigour contro l .  



Chapter Two: The Review of Uterature 34 

2.2.2.3.1 Type and  t ime of PBZ app l ication 

Lever ( 1 986) suggested that the opt imum appl icat ion method depended upon 

species, natura l  growth pattern and training system as wel l  as cu ltural m ethod. 

In  general, either soil or  to l iar application had proven satisfactory on stone fruit 

wh ile spray appl ication to pome fru it performed better. However the  spray 

regime needed to be integrated with optimal production pract ices (eg use of 

pesticide) ,  and tree age and p lanting dens ity considered to opt im ize t ree 

productivity in the long term for commercial use. Ramina et al. ( 1 986) reported 

that foliar appl icat ion of PBZ had a stronger effect on peach t rees, whi le soi l  

application induced a more un iform effect. Fol iar application of PBZ at 2000 

ppm or soi l  appl ication at 1 -2 kg ha·1 to 'San Pedro' peach enhan ced yield and 

fruit size (Loreti et al. 1 989) . Wil l iams et al. ( 1 986) suggested that a m id- or  

lower-trunk spray or paint, or soi l  application in a continuous narrow band on  

both sides o f  t ree rows were satisfactory methods o f  appl icat ion.  They 

considered that about 1 g soi l applied PBZ to sweet cherry, peach , nectarine 

or plum of 1 5  cm trunk diameter was .sufficient to control vegetative g rowth 

over two seasons. They reported that pom e  fruit trees were less responsive 

than stone fruit and needed more chem ical ,  and considered spray appl ication 

unsuitable because PBZ is not translocated out of leaves into growing points. 

However, Quin lan and Richardson { 1 986) reported that PBZ may reduce 

growth by either soi l or foliar appl ication. They suggested under Eng l ish 

environmental conditions fol iar application to pome fru it trees gave a m ore 

consistent and rapid response than soi l appl ication. They recommended 

mu ltip le low-rate sprays as being more effective for long-term vigour control 

than a single appl ication with the same amount of chemical . Webster ( 1 989) 

considered that soi l  appl ication of PBZ was the more effective m ethod for p lum 

With rates of  0.4 to 3.2 g active ingredient per  tree, depending upon rootstock, 

(· scion cultivar, soi l  type and tree size and age. Gaash { 1 986) reported that 

either spray or soi l application of PBZ to apple, plum and apricot reduced 
.. vegetative g rowth under a Mediterranean cl imate, with dose response curves 
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being related to species. clone. rootstock and tree size. For instance. big t re es 

with longer shoots and g reater trunk girth needed a larger amount of chem ical .  

Erez ( 1 986) pointed out that t im ing of appl ication has an i mportant role in the 

contro l  of vegetative growth by PBZ. Autumn or winter appl ication was m o re 

effective than spring in peach orchards. However, the proper combination of 

t ime and dosage would enable ach ievement of the requ ired effect. Bonomo et 

al. ( 1 986) compared May and J u ly (northern hem isphere) a ppl ication of PBZ 

to young 'Golden Delicious' apple t rees. They suggested that May appl ication 

inhibited shoot growth more, wh ile Ju ly appl ication had less effect, but 

produced inhibit ion in the year after appl ication. 

2.2.2.3.2 The effect of PBZ on fruit qual ity and cropping 

Elfving and Proctor ( 1 986) reported that fol iar or soil appl ied PBZ in spr ing to  

six-years-old 'Sum merland Mclntosh'/M.26 or 1 2-years-old 'Spartan'/M.26 

apple trees had no effect on fru it o r  yield in the year of appl ication. I n  the year 

fol lowing, mean fruit weight and yield of 'Mclntosh' apple were unaffected 

wh i le there were reduction in 'Spartan'. They concluded that the reduction in 

fruit s ize at h igher PBZ dosage was possibly due to a direct long term effect 

on the fruit itself, perhaps on cel l division. Erez ( 1 986) found that 1 g P BZ per 

peach tree soi l  applied in autumn had a positive effect on fruit size, b ut had 

no effect on fruit number. l t  appeared a low dosage of PBZ was able to inhibit 

vegetative growth,  but had only a minor effect on the fruit, whi le h igher 

dosages showed a marked effect on the fru it. Accordingly, he suggested the 

effect on fruit size may be indirect and resu lt from a relative strengthening of 

the fruit's s ink power. 

Lever ( 1 986) reported that P BZ was able to have direct and indirect effects in 

improving fru it colour  and size. The d i rect effect being a redu ction in 

vegetative growth and increased fruit sink strength, the indirect effect by 
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reducing vegetative g rowth ,  and so increasing l ight penetration to the fruits. 

Facteau and Chestnut ( 1 99 1 )  found that app l ication of PBZ to sweet cherry did 

not affect fruit size, soluble sol ids concentration or f irmness. H owever, number  

o f  fru it/cm shoot growth was increased, but fru it number per f lower bud 

decreased with increased PBZ concentration. Ogata et  al. ( 1 986) reported that 

appl ication of PBZ to nectarine and peach trees had no effect on fru it qual ity 

aspects such as acid ity and soluble solids, however f lesh f irmness was 

decreased. 

Marin i  ( 1 987) reported that fru it matur ity, yield and numbe r  of fru its were not 

affected by PBZ application to peach trees in the year of appl ication . Ram ina 

et al. ( 1 986) found that marketable yie ld of peach trees treated with PBZ 

increased and that fruit ripen ing was de layed. PBZ applied to nectarine trees 

did not affect yield in terms of total crop weight and fru it number, although 

mean fru it weight was larger (B ianco, 1 986) . However, Wi l l iams ( 1 984) 

reported that PBZ advanced maturity and increased fruit yield of apple. 

Webster and Andrews ( 1 985) reported that a spray appl ication contain ing 1 or 

2 g· r1 PBZ reduced fruit n um ber and increased final fru it size of 'Victoria' 

p lums when appl ied at fu l l  b loom . Soil- injected P BZ had no effect on 

'Fiavorcrest' peach yield in the year of appl ication , whereas yield was 

increased in two subsequent years (Martin et al., 1 987) . The cumu lative yield 

increased from 30. 1 to 4 1 .8 t·ha·1 over the 3-year experiment. Also, fruit size 

was increased and fruit matu rity advanced. No measu rable fru it qual ity loss 

was observed, except in so lub le solids, which were reduced in two of the three 

years. 

Tukey ( 1 986) found that spray appl ication of PBZ to apple trees resu lted in 

heavy fruit set and smal ler fruit size. M il iou and Sfakiotakis ( 1 986) reported 

that apple trees treated with PBZ produced smal ler and flattened fru it with 
shorter pedicels, and a smal l  increase in soluble sol ids and firmness. Prive et 
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al. { 1 989) showed that the apple pedicel has an internal st ructure s im i la r  to a 

stem and is sens itive to growth retardants. Appl ied PBZ reduced the pedicel 

and fruit cel l  length and decreased fru it fresh and dry weight and fruit length 

and diameter in both 'Mclntosh '  and 'Spartan' apple t rees. 

2.2.3 WATER STRESS 

Water is  one of the most important environmental factors for p lant g rowth , its 

importance has been recogn ized in the past and its role cont inues to be 

studied by researchers (Kramer, 1 983). The amount of avai lable water and 

temperature are two primary environmental parameters that frequently l imit 

plant g rowth (Kanemasu and Asrar, 1 985) .  Shortage of water, supp l ied by 

rainfa l l  or  i rr igation, in addition to h igh temperatu re and evaporation may cause 

drought cond itions for growing plants. Since agriculturists fi rst observed the 

effect of water stress on the physical appearance, yield and qual ity of the 

crops that were being grown,  they have tried to find out how plants react to 

water stress. Kramer ( 1 983) suggested that water can affect plant g rowth by 

influencing physiolog ical processes such that every plant process is affected 

by the water supply. The degree of this response varies and depends on 

environm ental conditions as wel l  as on species, size, shape and the other 

morphological and physiological character of the plants. Bradford and Hsi ao 

{ 1 982) stated that low plant water status was assoc iated with various 

physiological responses, such as growth reduction and stomatal closure,  which 

may reduce plant water consumption and overal l  plant p roduct ivity. Bennett 

( 1 990) reported that the water status of plant cel ls affected the physiolog ical 

and metaboiic act ivity of the cells and their expansion and growth. 

The free energy per unit quantity of substance, specifical ly per gram m olecular 

weight ( i .e. the free energy mor1) ,  is cal led the chemical  potential .  The 

chemical potential of water m ay be used as the basis for a property of water in plant-soil-air systems. The chem ical potential of each system contain ing 
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water is equal to the water potential of that system , and water potent ial of pure 

water is assumed to be zero (Salisbu ry and Ross, 1 992) .  Begg and Turner 

( 1 976) and Jones et al. ( 1 985) suggested the components of the water 

potential ('P w) equation as: 

where: 'PP is pressu re potential , 'P. is osmotic potent ia l ,  '¥0 is 

g ravitat ional potent ial and 'Pm is matric potential . 

The gravitat ional potential ('¥0) increases by only 0.01 M Pa for each 1 m 

height, so wou ld be less than 0.05 MPa for most fru it trees and is usual ly 

ignored (Jones et  al. 1 985) . Accord ing to Kramer ( 1 983) 'PP and 'P. are the 

essential components of this eq uation and in the specific s i tuation (for example 

for most fru it trees) we can ass ume the following equation : 

where 'P w in plants is almost always negative, and becomes lower as 

water stress increases. The tu rgor pressure 'PP is produced by d iffusion 

of water into protoplasts exert ing a pressu re outwards on the enclosing 

wal ls, is  responsible for cel l  expansion and g rowth and usual ly is 

posit ive. Loss of tu rgor pressure resu lts in wi lt ing. '¥5 is osmotic 

potent ia l  which is the com ponent produced by solutes d issolved in the 

cel l  sap, mainly the vacuolar sap. 

The differences in water potent ia l  in a l l  parts of a system is equal  to zero at 

equ i l ibri u m  ( i .e . ,  the d ifferences in water potentia l  are 0; .6. 'P w = 0). However, 

some factors, such as vapour  density and pressure, temperatu re and solute, 

are able to have a direct effect on these d ifferences (Sal isbury and Ross 

1 992). The water potential in any system is decreased by those factors that 

reduce the relative vapour p ressure, including addit ion of solutes, and 

increased by those factors that increase the relative vapo u r  pressure such as 
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elastic cell wal l  pressu re on the cell contents and increase in temperatu re 

(Kramer, 1 983) .  

The increase in � \.f' w acts as a driving force, m oving water m olec u les from one 

point to another within the system. The q uantity of water mo lecu les or sol ute 

particles crossing a unit cross-sectional area in time, is proport ional to the 

magnitude of the driving force and inversely proportional to the resistance to 

d iffusion. Fick's Fi rst Law equation shows this mechanism of m ovement: 

1f wl - 1f w2 J =  
r 

or J = �'If ... 
r 

where: j is the water f lux density (g m·2s"1 ) ,  �\.f' w or (\f' w1 - \f' w2) is the 

water potential difference between two points, which is the driving force 

for  d iffusion of water, and r is the resistance to d iffusion of water 

between \.f' w1 and \.f' w2 (Sal isbu ry and Ross, 1 992). 

As a consequence of water movement through soil and the plants, Begg a nd 

Turner { 1 976) pointed out that water evaporates from the m esophyll cel ls of 

the leaves causing a reduction in \f' w· Then water m oves toward the point of 

lowest water potential a long a gradient distributed throughout both the p lant 

and the soi l .  They concluded that since the plant can extract water from the 

soil only when the water potential in the plant is lower than that in the soi l ,  the 

water in the p lant is seldom in equ i l ibrium with the water in  the soil .  When the 

plant is becom ing water stressed, the amount of plant water loss exceeds 

water uptake by the roots. Syvertsen { 1 985) constructed a summary of 

contributing factors which infl uence water movement into and out of the plant 

system at the soi l-root and leaf-air  interfaces (Table 2.2).  

Water deficit or  water stress refers to conditions in wh ich plant water potent ia l  
and turgor is decreased enough to interfere with norma l  functioning. The level 

of water stress at which this occu rs depends on the type of plant and the 

stage of development (Kramer, 1 983) . Water stress in the plant resu lts from 
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Table 2.2 Sum mary of contribut ing factors that inf luence water m ovement 

proposed by Syvertsen,  1 985. 

Soil to root 

(supply) 

Rain,  irrigation 
Canopy interception 
Soil water potential grad ients 
Soil H20 conductivity 
Root distr ibution, dens ity 
Root conductivity 

Genetic (rootstock) 
Temperature, aeration 
Water potential gradients 
N utrit ion 

Leaf to a i r  

(demand) 

Tissue capacitance 
P lant water potential gradients 
Stomatal conductan ce 

Turgor, ABA 
Radiation 
C02 concentration 
Tem perature 
H um idity gradient 

a decl ine in soil water potential over a period of time and is also influ enced by 

evaporative condit ions, wh ich are affected by dai ly changes in net radiation 

and hum id ity (Morgan 1 984). The progressive changes in soil and p lant water 

potential with reducing supply of avai lable soil water a re presented 

schematical ly in Figu re 2. 1 .  The upper l im it ing curve shows the p rogressive 

decl ine in water potential of the soi l  bu lk and the other curves show the water  

potential in  the leaves and roots , assuming that transpiration proceeds for  12  

hours and then ceases for 1 2  hours. Th is diagram shows how the deplet ion 

of avai lable water in the soi l  affects leaf and root water potentia l .  At the 

beginning of deve loping a water deficit leaf water potent ia l  is able to recover 

to the degree of soil water potential, but as the soi l  d ries the recovery 

decreases. When movement of water toward the roots in drying soi l  becomes 

too s low wi lt ing occurs during the day (day 3 and 4 in Figure 2. 1 ) . Perm anent 

wilting occurs when leaves are not able to recover the i r  turgor d uring the n ight 

(day 5 in Figure 2. 1 ) . In the development of water  stress, the rate of 

transpirat ion, the rate of water movement through the soi l  to the roots ,  and the 
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Figure 2.1 . Schematic diagram of the development of plant water defic it  

(Siatyer, 1 967) . Dark areas on the X-axis represent n ights. 

relat ionship between soil and leaf water potential are three important factors. 

· The deg ree of response to water deficit wh ich causes wilt ing is a plant related 

characteristic (Kramer, 1 983). l t  usua l ly occurs when the soi l  water potential 

drops to - 1 .5 MPa (Kramer, 1 983). However, positive tu rg or is necessary for 

cell expansion and p lant growth,  and mainta in ing positive t u rgor potentials at 

low t issue water potential can be an important mechan ism for maintain ing 

plant g rowth under water stress conditions (Hsiao et al. ,  1 976). 

From early th is centu ry numero us papers and books on water stress have 

been pub l ished. The object ive of this review is not to cover fundamentals and 

basic concepts, but to review the relevant l iteratu re relating to fru it t rees and 

this study. 

2.2.3.1 Effect of water stress on growth of fruit trees 

2.2.3.1 . 1  The effect of water stress on roots 

Some interactions between root and shoot g rowth and their importance in  

control l ing vegetative g rowth are described in  the root-pruning sect ion (see 
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2.2 . 1 . 1 .3) .  The importance of roots and their function in a bsorbing water and 

m ineral  n utrients are discussed in detai l  in some text books (eg . Kramer, 1 983; 

Kramer and Kozlowski, 1 979; and Sal isbury and Ross, 1 992) .  

Under water  stress conditions the growth of the roots usua l ly  suffers less than 

that of the aerial parts (Kram er, 1 983) . However, these two parts a re ent irely 

inter-dependent, shoots supplying carbohydrates to the roots which s u pply 

water and m ineral n utrients to the top of the plant.  So it wou ld be surprising 

if there were not a c lose coord ination between g rowth and activity of the root 

and shoot systems (Richards, 1 983). The top: root dry weight ratio is an index 

of g rowth common ly used to i l lustrate the coordination between roots and 

shoots, this being subject to change during the g rowth and phenological 

developm ent of plants. This " functional equ i l ibr ium· was discussed in section 

2.2. 1 . 1 .3 .  H owever, the physio logy of shoot growth in drying soi l  can be 
modified as a function of soi l  d rying, even when shoot water relations are not 

a ltered. Th is suggests plants have a sense of comm u n ication between roots 

and shoots by some means other than a reduction in the f lux of water to the 

shoots ( Davies and Zhang, 1 99 1  ) .  

Root zone water management t o  decrease vegetative g rowth without affect ing 

fruit growth by regu lated deficit i rrigation (RDI)  was a new concept developed 

by Chalmers and eo-workers in Austra l ia .  Chalmers and van den Ende 

( 1 975b) suggested this management cou ld be an im portant technique to 

control vegetative growth and production of peach trees.  Jerie et al. ( 1 989a) 

suggested that ma intaining a h igh density orchard without u sing dwarfing 

rootstocks requ ired control of the wetted root zone water stress with RDI .  

There was good potential for  ach ieving this in shal low wel l  d rained soi ls  and/or 
in a dry c l imate, during periods of rapid shoot g rowth. 

Sinclair and Ludlow {1 985) described root water u ptake and transpiration 

effects on stomatal behaviou r  and plant water balance as  having three stages . 
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In the f irst stage soi l  water content is high, the root's rate of water uptake 

matches the transpiration rate, and stomata wou ld be open . Stage 1 1  occurs 

when transpirat ion is high and root water uptake rate can not match the 

transpiration rate . In this stage root uptake dom inates the water loss rate, and 

stomata adjust the water balance in the leaves (Cowan, 1 965) .  Stage I l l  

begins a s  the soi l  dries further, root water uptake declines, a n d  stomata lose 

the capabi l ity to adj ust the balance between root water uptake rate and 

transpiration rate . In this situation the stomata are closed and transpirat ion rate 

is dependent on the vapour conductance of the epiderm is. Gol lan et al. { 1 986) 

showed that in  a plant growing in drying soi l ,  the decl ine in soil water status 

eventual ly induced stom ata l  closure and reduced stomatal conductance. They 

concluded that roots were sensitive to a reduct ion in soil water content and 

sent a signal to the leaves which induced stomatal closure .  

Jones e t  al. ( 1 983) found that midday xylem water potent ia l  was h igher in  

plants subject to a moderate water stress than in i rrigated plants over a period 

of several weeks. This status was due to reduced stomatal cond u ctance and 

is apparently an example of over control of water potential . Davies and Zhang 

{ 1 99 1 )  q uestioned why plants in unwatered soi l  showed low conductance when 

their shoot water potent ials were h igh. They concluded that one explanat ion 

is that the stomata do not open because plants can sense the avai lab i l ity of 

water in the soi l  and regulate stomatal behaviour according ly, whatever the 

water status of their shoots. They cited the suggestion of Jones ( 1 980) and 

Cowan ( 1 982) that such detection involves chemical message transfer from 

roots to shoots. Davies and Zhang { 1 99 1 )  stated that root s ignals not only 

influence stomatal behaviour (and therefore carbon gain) but a lso reg u late leaf 

in it iation, leaf expansion, and other developmental processes. Davies and 

Zhang { 1 99 1 ) c la imed observat ions of higher leaf water potential in d ry than 

moist soi l a rg ued against the general relevance of leaf water potentia l  as a 
regulator of plant development. Leaf water potentials can vary from m in ute to 

minute (for exam ple under cloudy conditions), therefore they suggested it was 
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clear rapid changes in leaf water potential are not an appropriate control s ignal  

for p lant development .  However, Kramer ( 1 988) has suggested that leaves 

dehydrate before roots because they lose water to the atmosphere, and 

therefore would be a more sens it ive indicator of water stress .  He  concluded 

that it was possible to produce experimental conditions in which shoot 

physiology and stomatal behaviour were affected by root signals. This requ i red 

roots to be stressed before shoots and in the field usually shoots are affected 

by water stress before roots. Thus,  he assumed it un likely that roots a re the 

p rimary sensor of water  stress in the field. 

2.2.3.1 .2 The effect of water stress on shoot growth 

Plant growth is evidence of cell expansion wh ich is bel ieved to be the 

physiological process most sens it ive to water stress (Hsiao 1 973). H owever, 

both cel l  d ivision and cel l  expansion are affected by water stress. In general ,  

water stress reduces shoot growth more than root growth, becau se more 

severe water deficits develop in the transpiring shoots (Kramer 1 983). I n  

addition, water stress wou ld be  expected to  markedly reduce leaf area 

development due to the sensit ivity of cell expansion (Hsiao 1 973). 

Water stress stopped shoot growth of 'S ing' sweet cherry, and stress 

developed more rap idly on 'Colt '  rootstock than on 'Mahaleb' (Southwick et al. 

1 993). A s im i lar resu lt was reported by Proebsting et al. ( 1 989) in both 1 - and 

2-years-old peach trees, and caused a reduction of vigour of 'Fiordaprince' 

peach trees (George and Nissen 1 992b). Work by H iggs and Jones ( 1 99 1 ) 

showed that when apple trees were subjected to water stress there was a 40-

50% reduction in the n umber of shoots and up  to 62% in the weight of shoots 

removed by summer prun ing . 

Water stress appl ied to peach trees in both stage I and 1 1  of fruit development 
reduced shoot growth, but shoot growth stopped on both control and stressed 
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trees at the same time, in J u ly (northern hemisphere) (Li et al. 1 989) .  The work 

of Chalmers et al. ( 1 984) showed that the vigour of intensive peach and pear 

orchards cou ld be successfu l ly  managed using deficit i rr igation. Water deficit 

was applied during the early part of the g rowing season to l im it shoot g rowth. 

At the beginn ing of f inal rapid fruit growth fu l l  irrigation was resu m ed and, by 

harvest, the fruits were sim i lar to, or larger than, those from continuously 

i rrigated trees. 

2.2.3.1 .3 The effect of water stress on trunk cross sect ional area (TCSA) 

Water deficit in general red uces TCSA. G irona et al. ( 1 993) reported an 8% 

reduction in t runk growth of peach trees subjected to RDI .  Secondary g rowth 

of TCSA of peach trees was reduced by 60% when irrigated with 1 2 .5% Epe 
(evaporation over the planting square) (Chalmers et al. ,  1 985) and increased 

on t rees received 1 00% Eps (M itchel l  and Chalmers 1 982). The increase in 

growth of TCSA in pear t rees was l inear with increasing level of water 

replacement ( M itchel l et al. ,  1 984). H usl ig et al. ( 1 993) found TCSA of peach 

trees subjected to water stress increased when irrigated du ring stage I l l  of fru it 

growth , however there were no sign ificant differences in TCSA among irrigated 

treatments. 

Westwood and Roberts ( 1 970) found a l inear relationship between TCSA and 

above ground weight of l ightly pruned apple trees. The work on ' Bartlett' pear 

by M itchell et al., ( 1 989) showed the increase in TCSA was related to the 

annual growth of the tree, with a lower increase obtained on closer spaced 

trees. 

2.2.3.2 Effects of water stress on physiological processes 

Water in plants is l inked to water in the soi l via root epidermal cel ls, and to 
atmospheric moistu re via stomata. The movem ent of water has been 
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d iscussed briefly in previous sections, but is  described in  detai l  in the 

l iterature, for example Kramer (1 983) , Passioura (1 988) and Sal isb u ry and 

Ross (1 992) .  When water in the soil is adequate, the movement of water in 

plants is control led by transpiration wh ich is regu lated by both stomatal 

aperture and evaporat ive demand. When the plant is in drought cond it ions th is 

movement through the p lant system is regu lated primari ly by soil water supply 

and root conductivity (Syvertsen 1 985).  

Water stress is characterized by decrease in water content, tu rgor, and total  

p lant water potential ,  resu lt ing in wilt ing, part ial or complete stomatal closure,  

and a decrease in cel l  en largement and plant growth. Severe water stress 

cond itions cause cessation of growth, decrease or cessation of 

photosynthesis, d isturbance of many metabol ic processes, and f inal ly death 

of the plant (Kramer, 1 983) . 

2.2.3.2.1 Accumulation of mineral  nutrients 

Some of the materials absorbed by the roots m ust be moved to the leaves to 

al low assimilat ion. M inerals that are absorbed into the roots typica l ly move u p  

the plant in the xylem to the leaves, and then solutions move through the 

phloem tissue from ass imi lat ing organs to ut i l izing organs (Sal isbury and R oss 

1 992). When the soi l dries, i t  affects water uptake by the plant and the 

transport of n utr ients is markedly reduced (Nye and Tinker, 1 977). 

The reduction of leaf t u rgor potential that accompanies the loss of water from 

leaf t issue d i rectly affects many important morphological and physiologica l  

processes, such a s  leaf enlargement, stomatal aperture,  photosynthesis and 

N assim ilation ( Kramer 1 983) . The work on apricot in South Austra l ia by 

loveys et al. ,  ( 1 987) showed that between December and March relat ive 
• Water content (RWC) decl ined and leaf osmotic potential  fel l  by approximately 

0.7 MPa, whi le the concentration of all ions increased. They found that 
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potassium was the m ost abundant cat ion in apricot leaves and substant ial  

amounts of calc ium and magnesium were a lso present. 

2.2.3.2.2 Water relat ions 

The importance of water for p lant growth and the effect of  a water deficit on 

vegetative growth of organs was d iscussed in previous sections. Syvertsen 

( 1 985) observed that water is general ly considered to be the most important 

factor l imit ing plant g rowth. There is no doubt that a plant water deficit can 

l im it yield and q ual ity of crops. Jones { 1 990) pointed out that a clear 

understanding of how water deficits affect crops and of the natura l  adaptive 

processes by wh ich d ifferent species respond to l im ited water avai lab i l ity 

shou ld enable us to opt im ize management procedures ( i .e .  how and when to 

i rr igate) . He  summarized the complex series of environmental and 

physiological controls and some of the interact ions between them such as: 

a. The soi l  water potential and those factors control l ing i t  s uch as rainfa l l  and 

water use, soi l  depth and textu re, root distr ibution and activity and crop type 

and spacing. 

b. Evaporation rate and environmental factors affecting water loss ( ie . ,  

radiat ion, hum id ity, temperatu re and wind speed) as  wel l  as  the  physiologica l  

factors, leaf area and stomatal conductance. 

c. Hydrau l ic conductances of flow pathways within the plant. 

d. Water potential and its relationship with the other m easurements such as 

turgor pressure, osmotic potential and water content and the possib le 

existence of  osmotic adjustment. 

Water potential is the chem ical potential of water, and pressu re potent ia l  and 

osmotic potential are the m ain components of  water potentia l  (Kra mer, 1 983; 

Salisbury and Ross, 1 992). Tu rgor pressu re plays an important role in cel l  

enlargement (Kramer 1 983) , and the most l ike ly mechanism through which 
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water stress can affect m etabol ic processes is by changes in tu rgor pressure 

(Hsiao, 1 973). M unns ( 1 988) a rgued that wh i le tu rgor m u st be a bove zero for 

growth to occur, t u rgor does not control cell expansion. Kramer ( 1 983) pointed 

out that water stress caused a reduction in osmotic potential of plant t issue  in 

some p lants. Th is contributes to the m aintenance of turgor and presumably to 

maintenance of normal m etabolic act ivity. Part of the decrease in osmotic 

potential as plants are subjected to water stress is caused by concentration 

of cell solutes resu lt ing from water loss. Osmotic adjustment refers to net 

accumu lation of solute in the cel l and must be dist ingu ished from the passive 

increase in  concentration caused by loss of water (Turner and Jones 1 980). 

So, we are able to summarize the changes of 'I'. during the period of water 

deficit as two types: 

i. Passive changes in osmotic potential which are the result of water loss a nd 

then reduction in cel l vol u me. 

i i .  Active changes in solute wh ich result from the net accum u lation of solutes 

by transport through the cel l  membrane or b iochem ical a lteration of cel l  

material . Th is is cal led osmotic adjustment. 

In  the l iteratu re the term osmoregulation is sometimes used synonymous ly for 

osmotic adjustment. The term osmoregulation will not be u sed in th is thesis.  

Munns ( 1 988) considered the term should be used with caution , as i t  was n ot 

universally used to refer to the same phenomenon. She reported that a large 

amount of l iteratu re has been publ ished in recent years on changes in osmotic 

potential ,  but m ost stud ies looked at the s imple measurement of osmot ic 

potential rather than t rying to test the hypothesis of causes and effect of  

osmotic adjustment. So, physiological knowledge of such view has not been 

improved. l t  is clear that osm otic adj ustment itself cannot promote g rowth, and 

the accum u lation of solute wh ich accounts for the reduction in osmotic 

potential m ust be d iverted from other essentia l  processes such as prote in  and 
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cel l  wal l  synthesis. However ,  osmotic adjustment i s  one of the elements in the 

physiological adjustment of p lants to drought condit ions. 

Osmotic adjustment refers to a reduction in osmotic potent ial  ('11.) greater than 

can be explained by concentration of solute d u ring dehydration (Kramer, 

1 983) . This explanation of active osmotic adjustment agrees with that of 

Tu rner and J ones ( 1 980) as referred to by Morgan ( 1 984), and suggests 

changes in '��s must be d ist ingu ished as to whether or not they are due to a 

reduct ion of cell volume by water loss. or due to net accumu lation of solu tes. 

In  the case of passive osmotic adjustment, the osmotic potential is inversely 

related to the osmotic volume:  

where: '11 So and V o are the osmotic potential and osmotic volume at fu l l  

tu rgor. 

Red uction in '��s arises from the amount of solutes present at fu l l  turgor.  When 

solute accumu lates, the '��s corresponding to a value of V less than V0 wil l be 

lower (more negative) than that predicted by this equation (Morgan , 1 984) and 

the active osmotic adjustm ent may be calcu lated as the d ifference between 

the measured and predicted values (Morgan, 1 980). In a recent study of apple 

trees under water stress condit ions Wang and Stutte ( 1 992) explained th is 

issue of active and pass ive osmotic adjustment. They adjusted \115 to 1 00% 

RWC using the following eq uation to  el im inate the passive osmotic adjustment 

related to tissue dehydrat ion:  

meas ured 1J' 5 x RWC 1J' 5 a t  1 0  0 %  RWC = ----

1
-
0
-
0
--=-----

In  a situation of lowered leaf water potential osmotic adjustment enables cel l  

enlargement and continu i ng growth, keeping stomata open and photosynthesis 

operating (Kramer, 1 983) . Maintenance of turgor by osmotic adjustment cou ld  
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therefore be an important adaptational response in some species d u ring 

drought periods (Kramer, 1 983 and Morgan,  1 984).  

Osmotic adjustment occurs in such organs as roots and leaves and the 

capacity for adjustment is h igher in expand ing organs ( Morgan , 1 984).  The 

work on apricot by Loveys et al. ( 1 987) showed that,  at low leaf water 

potentia l ,  osmotic adj ustment al lowed the maintenance of high stomatal 

conductance and photosynthesis. In apricot leaves, when water potential was 

low, turgor was maintained because the osmotic potential had fallen to a low 

value d u ring development of the water stress. The d rop in leaf osmotic 

potential was part ly accounted for by a decrease in relative water content 

(RWC). There was a net accumu lation of solute between December and 

March (southern hem isphere) , shown by measuring osmotic potential at fu l l  

turgor. Ruggiero et al. ( 1 988) evaluated osmotic adjustment in young 'Cafona' 

apricot trees subjected to d ifferent water regimes. They found apricot showed 

a good abil ity to adjust leaf 'l' s• with a noticeable long term adaptation to 

increasing water stress. During the season as '!'5 decreased, the accum u lation 

of solub le sugars increased. 

Ranney et al. ( 1 99 1 ) found that expanding and mature leaves and roots of 

'Colt' cherry trees subjected to a period of increasing water stress maintained 

their t u rgor at water potent ials of -2 . 08 , 
-2 . 09 and - 1 .85 M Pa.  Lakso et al. 

( 1 984) found leaf osmotic potential of 'Mclntosh' apple reduced with increasing 

leaf age. Osmotic potential of leaves at the g rowing shoot tip were higher than 

mature leaves by 1 .0 to 2.0 MPa. 

Osmotic adjustment in expanding cherry leaves resu lted either from increased 

translocation of sorbitol to young leaves or from a decreased rate of sorb itol 

metabolism (Ranney et al. ,  1 99 1  ). Sorbitol is the primary photosynthetic 

Prod uct and translocated carbohydrate in m any woody Rosaceous species. 

Sorbitol is  synthesized in older leaves in apricot (B ieleski and Redgwel l  1 985) 
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and in photosynthetic t issue it can approach 60-80% of tota l soluble 

carbohydrates (Bieleski 1 982) .  Sorbitol was the solute ch iefly responsib le for 

osmotic adjustment in apricot leaves (Loveys et al. ,  1 987). Wang and Stutte 

( 1 992) found sorbitol constituted a major carbohydrate component in apple 

leaves and had an important role in osmotic adjustment d u ring water stress. 

They offered the fol lowing possible explanations for the effect of water stress 

on sorbitol accum u lat ion. 

i .  1 t  may increase the part ition ing of newly fixed carbon into sorbitol; 

i i .  l t  may induce the enzymatic pathways that break down starch and/or 

sucrose, wh ich increase the substrate (g lucose-6-p) for sorbitol synthesis; 

i i i . l t  may reduce the rate of sorbitol transport from the leaves compared with 

that of sucrose. 

In relation to p lant water status,  undoubtedly stomata have an important role. 

Hal l  et al. ( 1 993) suggested that stomata are important in contro l l ing the 

balance between water loss and carbon gain, i .e.  biomass production. 

Stomatal conductance is influenced by environmental conditions, such as 

water stress, wh ich are able to affect photosynthetic efficiency (Hal l  et al. ,  

1 993; Kramer, 1 983) . Wang and Stutte ( 1 992) found that in  apple t rees as 

water stress developed photosynthesis declined, and stomatal resistance 

increased. 

However, under water stress conditions a total water status  characterized by 

decreases in water content, t u rgor and p lant water potential may be inf luenced 

by some environmental factors l ike temperature. George and N issen ( 1 992a) 

found air temperature to be the most important envi ronm ental factor 

infl uencing plant water statu s  of Atemoya (Custard apple) in both field and 

control led environment conditions. Larsen et al. ( 1 989) evaluated d iu rnal water 

relations of apple, apricot , g rape, olive and peach under ar id environm ental 

conditions in Jordan. They reported that apricot, ol ive and g rape had s im i lar  

transpi ration rates and lost less water per un i t  leaf area than peach or aoole. 
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Apricot and peach reached maxim um leaf conductance at m idday, and apple 

and o l ive in the afternoon .  

Stomatal conductance and daily leaf and stem water potent ia l of peach trees 

decreased l inearly with decreasing water content in the upper 60 cm of soi l  

(Gamier and Berger, 1 987) . Predawn leaf water potential was insensitive unti l  

soi l  d ried to a threshold of avai lable soi l  water content. Jones { 1 990) reported 

there was some evidence that predawn leaf water potential was more sensitive 

than midday leaf water potential for measuring p lant water status. Sim i larly 

Natali et al. { 1 985) reported that predawn xylem water potential was a useful 

indicator of ava ilable soil water content. 

However, leaf water status varies with age (Steinberg et a l. ,  1 989). Predawn 

xylem water potential of immature folded leaves was 0.24 MPa lower than 

mature leaves under both wet and dry conditions. Asian pear subjected to 

water stress had lower predawn xylem water potential than fu l ly i rr igated trees, 

and xylem water potential of water stressed trees fol lowed a more rapid 

decline d uring the morning and a slower recovery d u ring late afternoon 

(Caspari et al. 1 993). P lant water use by stressed plants was lower than by 

irrigated plants. 

RDI appl ied to apple trees caused a reduct ion in soi l  m oisture and xylem 

water potential {Ebel et al. , 1 993). Chalmers and Wilson ( 1 978) found leaf 

water potential in  peach was lower and l imb shrinkage g reater during DWI I I  

than DWI I  of fruit growth . The hydraul ic gradient increased from 0 . 1 MPa m·1 

in DW 1 1  to 0.2 MPa m·1 in DW I l l .  They suggested that total p la nt water use 

increased substantial ly d ur ing periods of high assimi late demand by the fru it 

during stage I l l  of fru it g rowth . Peach trees varied in their  response to water 

stress. Wilt ing ,  the most obvious symptom of water stress, did not happen in 
unfruited peach trees until q u ite late in an i rrigation cycle even in periods of 
high temperatu re and evaporation. However, heavi ly cropped peach trees 
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wilted m uch sooner, even on the day fol lowing irrigation if the environmental 

stress was h igh. 

2.2.3.2.3 The effect of water stress on photosynthesis and assimi late 

partitioning 

These processes are critical contro l  points where environmental factors and 

physiological mechanisms interact to regu late exchange of energy and 

materials (water, carbon , oxygen and minerals) (Syvertsen, 1 985). There are 

two major contact points between plants and their environment. One exists 

between shoot tissue and the aerial environment, where C02 and 02 are 

exchanged in l eaves and H20 diffuses out of stomata. The other exists 

between root and soil, where water, m ineral n utrients and oxygen enter the 

plant system .  

The main environmental factors affect ing photosynthesis of a leaf are water, 

l ight, the ambient C02 and 02 concentrations, mineral nutrients and leaf 

tem perature (Lawlor, 1 987). However, water is often the most l im iting factor 

for photosynthesis in natural or agricu ltural ecosystems (Sal isbury and Ross, 

1 992) . Farq uhar and Sharkey { 1 982) reported that water stress causes the 

closure of stomata and uptake of C02 is therefore restricted. 

Kanemasu and Asrar ( 1 985) pointed out that transpirat ion and photosynthesis 

have a major role in crop yield models. Leaves strongly control transpirat ion 

which is an energy consuming process. However, photosynthesis is a 

quantum-requi ring process wh ich is dependent to a large extent upon the 

interception of visible l ight and the d iffusive conductance of C02. The energy 

for transpiration and the quanta for photosynthesis are p rovided by solar 

radiation. Therefore, stomatal conductance is an important factor in 

Photosynthesis, and stomatal control of leaf conductance is an important 
means by wh ich plants l im it water loss (McDermitt. 1 990) _ FlorA &lf a /  ' 1  OO t:: \ 
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showed stomatal conductance (gs) and photosynthesis were reduced in apple 

and cherry by m ild water stress. 

Part it ion ing of the carbohydrate produced by photosynthes is  is also im portant .  

Despite studies on the inf l uence of  various cu ltural factors in g rowth and 

fru it ing of fru it trees , l ittle is known about how the tree al locates its resou rces 

or the priorit ies by which it al locates them (Chalmers and van den Ende, 

1 975b).  Several experim ents, part icu larly on fru it development, suggest that 

hormones p lay a role in determ in ing sink strength. Chalmers and van den 

Ende { 1 977) demonstrated in peach that the kind and concentrat ion of 

hormones can affect the mobi l izing abil ity of a s ink-hormone d irected transport 

phenomenon. However, both growth and cropping depend on a ready s upply 

of carbohydrates and nutrients. The available carbohydrate resou rces are 

divided between the several sinks,. determ in ing the pattern of g rowth (Oi ivei ra 

and Priestley, 1 988) .  Kramer and Kozlowski ( 1 979) have suggested there is 

a ranking of sink strengths du ring the growing season: fru its and seeds > 

young leaves and stem tips > mature leaves > cambia > roots > reserves. 

In  the area of physiology, there have already been some studies on the 

relationship between production and uti l ization of carbohydrates in the 

partition ing of dry matter. Patrick { 1 988) demonstrated that part it ioning of 

photoassim i lates is the end resu lt of a coordinated set of transport and 

metabol ic processes govern ing the flow of assimilates a long an array of 

source-path-s ink system s. The activities of these processes are not static, but 

may change both during the day and during development of the p lant. 

Ward low ( 1 990) reported that it is important therefore to recognize that carbon 

Partitioning is sensit ive to envi ronmental changes that may d iffe rentia lly 

influence the re lation between growing organs and between growth and 

photosynthesis. 
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U nder water stress condi t ions the level of water-so lub le carbohydrates in the 

leaves of som e species is increased. Th is accum u lation , or  osmotic 

adj ustment ,  in the leaves of plants under water stress a lso probably resu lts 

from a reduct ion in g rowth and slowing in carbohydrate uti l ization prior to a 

reduction in photosynthesis (M unns, 1 988) . 

However, the response to water stress is dependent on the stage of p lant 

development. The work by Chalmers and van den Ende ( 1 975b) on 4- 1 5  years 

old peach trees showed that with increasing tree size and age the distribution 

of dry weight changed considerably. The ratio of vegetative growth m ade by 

the top of the tree to root g rowth changed from 1 in young trees to 4 in the 

oldest t rees, but there was a strong al lometric relation between the g rowth of 

both port ions. They suggested root growth of a large tree requ i red less than 

1 %  of the total ann ual dry weight increment, but in a young tree this proportion 

was 20%. In larger and more mature trees a greater proport ion of assimi late 

supply was distr ibuted to fru its, wh ile in the young and smal ler trees a larger 

proportion went to the frame and root growth. Under the condit ions of their 

experiment trees older than 9 years did not al locate increasing proportions of 

assim ilate to the f ru i ts .  

Chalmers et al. ( 1 975) found  the increase in photosynthesis in OWl and OWI I I  

was due to the increase i n  fruit growth rate which increased assimi late 

demand at these stages of fru it growth. They found that photosynthesis is 

closely related to changes i n  carbon requ i rements at d iffe rent stages of fru it 

growth. Over two-thirds of the dry weight of a peach fru it was accum u lated 

during the last 1 /3 of the growing season, and the rate of assim ilate use by the 
fru it increased in OWl and OWI I I  and decreased in OWI I (Chalmers and van 

den Ende, 1 975a) .  

Syvertsen ( 1 985) suggested that an awareness of the interactions among p la nt 

. nutrition ,  horm one balance, and drought stress, and their integration with in the 
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whole plant system , is im portant for understanding how water and carbon 

budgets affect horticultural plant product ivity. Sch u lze ( 1 986) s imi larly 

suggested that in understanding whole-plant performance under d rought 

conditions, the interactions between external and internal factors are important .  

The production of plant biomass is not only a function of carbon m etabol ism, 

but  also sign ificantly determined by concurrent f luxes of  water and n utr ients 

and the process by wh ich these resources are partitioned. 

2.2.3.2.4 The effect of water stress on flower initiation and fruit 

development 

The time of im posing water stress and the stage of flower bud d evelopment 

as well as of fru it growth are important factors in  i rrigation management.  Water 

stress reduced flower bud formation of apricot trees, and in the fol lowing 

season f lower n umber and yield of such stressed trees were decreased. 

However, the time of imposing water stress in  the first season was important 

as the time of flower bud development was sensitive to d rought condit ions 

(Uriu,  1 964 ) .  Discont inuing i rrigation after harvest redu ced flower bud 

formation,  fru it set and yield of apricots in  the desert areas of  Cal ifornia. Other 

work on apricot trees showed fruit number per un it length of shoot was h igher 

in i rrigated than un- irrigated trees in the subsequent year (Marangon i et al. ,  

1 988). M itch e l l  e t  al. ( 1 984) demonstrated RDI i ncreased flower density i n  the 

subsequent year on pear. The final rate of fru it growth was faster than contro l  

on trees subjected to deficit irrigation during stage one of  fru it g rowth and then 

irrigated .  

2.2.3.2.5 The effect of  water st;·ess on endogenous ABA 

Abscisic acid (ABA) , as a plant growth inh ib itor (Weaver, 1 972) , interacts with 

growth promoters and thus has important effects on growth phenomena. The 

increase of ABA level in water stressed plants has been reported i n  the 
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l iterature (eg. Davies et al. ,  1 986; Davies, 1 987; Mansfie ld, 1 987; Robinson 

and Barrit t ,  1 990), and its physiological effects have been reviewed in  the 

l ite ratu re (eg . M i lborrow, 1 974; Wa lton , 1 980; Zeevaart and Creelman,  1 988).  

Loveys and DO r ing ( 1 984) reported an increase in ABA in leaves of grapevine 

subjected to drought condit ions, the effect being doubled at m idday compared 

with predawn. Loveys ( 1 984) claimed ABA has a key role in control of stomata 

in field-grown vines ( Vitis vinifera) by optim izing the relationship between C02 
uptake and water loss. He concluded that water stress indu ced the synthesis 

of ABA in leaf mesophyll t issue, then movement of th is ABA to the stomata 

caused their closure. Flare et al. ( 1 985) suggested that the role of stomatal 

conductance in contro l l ing water  loss is obvious. They c ited Dubbe et al. 

( 1 978) who found that water stress induced ABA bui ld up in  leaves ,  and 

reduction in stomatal aperture was re lated to increase of  th is horm one. 

Downton et al. ( 1 988b) found endogenous levels of ABA increased in  leaves 

of grapevine ( Vitis vinifera L.) subjected to water stress. The leaves responded 

in a s im i lar manner to that observed when exogenous ABA was app l ied .  The 

concentration of ABA increased as leaf water potential decreased. Stomatal 

closure caused by the abscis ic acid had the major effect of reducing 

photosynthesis (Downton et al., 1 988a).  

However, Sch u lze ( 1 986) concluded the ABA content of leaves was not 

closely related to stomatal regulation . Bu rschka et al. ( 1  986) as cited by 

Schu lze ( 1 986) found the sam e ABA content in stressed and wel l  i rr igated 

Arbutus trees whether the stomata were open or closed, a lthough there were 

b ig d ifferences in  leaf water potential .  Injection of ABA into the transpiration 

stream caused rapid stomatal closure. Loveys et al. ( 1 987) found ABA to be 
relatively un important in the control of stomatal conductance in apricot. 

Schu lze (1 986) considered three responses of stomata were of m ajor 

importance in explain ing the control of gas exchange under drought cond it ions: 



i. a direct response to h u m idity 
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ii . a d i rect response to root funct ioning (probably related to the m etabol ism of 

cytokin in ,  which tended to open stomata and counteracted the effect of ABA 

in the leaves) 

i i i .  a response to m esophyl l  interna l  conditions (the metabol ism of ABA and the 

content of ABA in the b u lk leaf were not related to its act ion on stomata) .  

Apparent ly , only a very smal l  amount of the total ABA content n eeded to be 

released into the apoplast adjacent to the g uard ce l ls  for a sign ificant response 

of the stomata. 

2.2.3.3 Pract ical use of water stress 

Water is a l im ited resou rce in many areas of the world, and water 

management for i rr igation in  hort icu ltu ra l  industries is part icu larly important in 

those production regions. Water stress can be u sed to control t ree size, save 

water and reduce t ime and costs for pruning, increase early bearing and yield, 

reduce the problem of biennia l  bearing and poor fruit set, increase flowering, 

control fruit qual ity and reduce certain disorders (Chalmers et al. ,  1 985) when 

integrated in to an appropriate orchard system . These benefits have been 

documented for a number of crops including peaches (Chalmers et al. ,  1 981  

and 1 985; M itche l l  and Chalmers 1 982),  pears (Mitchell et  al. ,  1 984, 1 986 and 

1 989) , and prune (Lampinen et  al. ,  1 99 1 ) . 

In addition, water is one of the more important factors determ ining fruit s ize 

and total yield of fru it crops, so good irrigation management of fru it crops is 

essential for h igh retu rns (Jones et al. ,  1 985) .  Sometimes the h igh cost of 

irrigation ,  the l im ited avai labi l ity of good qua l ity water, and the demand for 

more efficient fruit product ion has encouraged the search for an improved 

understanding of p lant water requ irements. Chalmers et al. ( 1 985) after 

, applying RDI to peach trees conc luded that regu lated deficit i rrigation was an 

: excel lent tool for a powerfu l  new management system that wou ld be attract ive .. 
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to orchardists in su itable areas. This m ight easi ly be ach ieved us ing 1 /3 less 

irr igation water, with cu rrently ava i lable computer control led irr igation 

technology. 

2.2.3.3.1  Time and type of imposed water stress 

The regu lated deficit i rrigation strategy suggested by Chalmers and eo-workers 

has attracted the attention of other hort icu lturists due to its abi l ity to control 

excessive vegetative growth and for i ncreasing water use eff iciency without 

having a negat ive effect on yield. Reduced wetted root volume and plant water 

deficits have been studied as potential management tools for the control of 

vegetative growth of com mercial fru it t rees (Chalmers et al. 1 98 1 ;  M itchell et 

al. 1 984) . 

Chalmers et al. ( 1 981 ) reported that root competit ion (tree density) , summer 

pruning and RDI  appeared to  inhibit tree g rowth. RDI  was most effective when 

it was combined with the root competition of a h igh density plant ing.  Southwick 

et al. ( 1 993) suggested that in a h igh density sweet cherry orchard a 

combination of early season water stress and summer prun ing may be the 

best combination for growth control .  Chalmers et al. ( 1 98 1 )  pointed out that 

regu lated deficit i rrigation is based on the idea that vegetat ive growth of stone 

fru it trees can be restricted if RDI is applied during the period of slow fru it 

growth and rapid shoot and frame g rowth.  At th is stage shoot growth was 

reduced by RDI (Figure 2.2) .  Jerie et al. ( 1 989b) reported that RDI  has g reatly 

faci l itated the management of pear, cherry, peach and nash i orchards 

established on vigorous rootstocks under in density p lant ing.  

The relat ionship of shoot and fru it growth, and when growth occurs d u ring the 

season, a re crit ical factors in determ in ing the t ime of applying water deficit 

with in the RDI strategy. Chalmers et al. ( 1 985) showed vegetative g rowth of 

deciduous fru it t rees was greatest in the spring, at which time fru its g row 
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Figure 2.2 Regu lated deficit i rrigation (RDI)  applied during pit hardening of 

young h igh-density peach trees (From Seeley 1 990) .  

s lowly (Figu re 2.3) .  Vegetative growth of peach t rees was red uced by 80 and 

by 70% when their dai ly water replacement was reduced to 1 /8 and 1 /4 

respectively of the evaporation from a class A pan during the early stage of 

fru it growth (Chalmers et al. ,  1 984). 
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Figure 2.3 The period of accum u lation of shoot and fru it g rowth of 'Golden 

Queen' peach and 'Bart lett' pear proposed by Chalmers et al. ,  ( 1 984 and 

1 985) and Chalmers,  ( 1 989) . 
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M itch el l and Chalm ers ( 1 982) i rr igated at  1 00, 50,  25 and 1 2.5% replacement 

of Eps (evaporation over the planting square) u ltra-densely planted peach trees. 

Reduced irrigation during fru it 's stage one, when vegetat ive g rowth was 

greatest , reduced vegetative growth ,  summer pruning and TCSA increase. 

They concluded that frame growth cou ld be controlled without depressing yield 

by restricting irrigation in the first and second phase of fru it g rowth . The 

opt imum level of Eps replacement varied and depended on soil type, tree age 

and vigour, and environmental conditions. 

Mitchel l  and Chalmers ( 1 982) reported that replacement of 1 2 .5% Epe to m id 

January (southern hem isphere) fol lowed by 1 00% replacement to harvest 

would replace 6 megal iters of water per hectare, compared with 9 megal iters 

for 1 00% replacement throughout the season. They concluded that at the 

lower levels of water replacement a large saving in i rrigation water was 

obta ined. 

2.2.3.3.2 The effect of water stress on fruit qual ity and yield 

Using water stress com mercially to control vigour requires an u nderstanding 

of changes in fru it growth, maturity and q ual ity. In  addit ion, successfu l fru it 

growing requires good management for maintaining sufficient vegetative and 

root growth to support maxim um carbon fixat ion and assimilate partit ioning for 

good fru it s ize, yield and qual ity (Proebsting et al. 1 989) . 

Ebel et al. ( 1 993) found RDI of apple caused a reduction in fruit s ize and 

titratable acidity whi le it increased soluble solids concentrat ion. Fru it colour  and 

firmness were not affected by the water deficit. l rving and Drost ( 1  987) 

showed an increase of 0 .8% in sol uble solids and 37% redu ction in shoot 

growth when water stress was appl ied to the fi rst phase of 'Cox's Orange 
Pippin' apple. However it had no effect on fruit size. Water deficit d u ring phase 

, I l l  increased peach fru its soluble solids (Li  et al. ,  1 989). Chalmers et al. ( 1  985) 
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demonst rated that peaches grown at lower leaf water potential had h igher 

soluble sol ids, skin colour  and f irmness (after cool storage) and lower water 

content. 

M itch ell et al. ( 1 984) reported that f inal fruit size and yield were not reduced 

by RDI treatment on pear. Li et al. ( 1 989) showed it was possible to reduce 

vigour  of peach trees without affecting fru it s ize and qual ity if water stress was 

imposed at a particu lar stage of fruit development, normally stage I and 11 of 

fruit growth. Latter et al. { 1 985) suggested that a decrease in total avai lable 

soi l  water dur ing the main phase of fruit development had a negat ive effect on 

fru it s ize. Li et al. ( 1 989) found fruit s ize increased fol lowing imposed water 

deficit du r ing the f irst phase of fru it growth of peach trees, wh i le those trees 

subjected to water stress du ring either phase three or throughout the fru it 

growth period, produced smal ledruit. However, when trees were s u bjected to 

water stress at pit hardening (phase 11) o r  du ring the f i rst two phases there 

was no effect on fruit s ize. They also fou nd that such water stress reduced 

pre-matu re fru it drop. 



CHAPTER TH R EE 

O R C HARD EXPER I M E NTS: 

G E N E RA L  MATER IALS AND M ETHODS 

3.1 INTRODUCTION 

The posit ive effects of control l ing vegetative growth of fru it trees by root­

p run ing, PBZ and mi ld water stress have been reviewed in chapter 2. The 

former two treatments may be readily applied in most situations. However, the 

humid cl imate of Pa lmerston North demanded a special management 

technique to al low investigation of the use of water deficit to control t ree 

vigour. 

The method chosen was to isolate the root zone of the experimental t rees 

from natural  ra infa l l .  However, three plots of the water stress treatment in  the 

close planted experiment were flooded after heavy rain in late October 1 990 
in the fi rst season.  Subsequently, the requ i red level of water stress d id not 

develop in these p lots, and they were el im inated from the analysis. 

S i lver leaf disease (Chondrostereum purpureum) is another l im it ing factor in 

apricot growing in this part icular c l imate. In the 1 99 1 - 1 992 season some t rees 

in both the close and wide spaced blocks showed moderate to severe 

symptoms and were el iminated from the analysis. In  the close p lanted 
· ,· , experiment 4 trees (from root-pruned and RDI)  were affected by s i lver leaf, but 
' �fection in the wide planted experiment was so widespread that it was l im ited 

.�o a few measurements and observations on apparently healthy trees.  

� PLANT MATERIAL, CULTURAL AND TRAINING SYSTEMS � 

� . material selected for this study was apricot (Prunus armeniaca L. cv. 
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'Sundrop') on 'Golden Queen' peach seed ling rootstock. The two-years-old 

budded trees had been obta ined from a com mercial n u rsery (Pattu l lo's 

N ursery, Hast ings)  and planted in  winter 1 987 i n  North-South rows at spacings 

of 5 m x 1 m (close planted, 2000 tree ha-1 ) and 5 m x 2 m (wide planted, 

1 000 tree ha-1 ) ,  with a 2.5 m wide herbicide strip and 2.5 m sod al leyways 

(clover and ryegrass) . 

The trees were growing with natural rainfa l l  and trickle irrigation and normal 

orchard pract ices, and conta inment pruning was practised to maintain  tree 

height and spread on the Tatura trel l is train ing system (P late 3 . 1 ) . In making 

measu rements the tree canopy was d ivided into three sections (bottom, m iddle 

and top posit ions), in wh ich the m iddle position was at 1 20-255 cm canopy 

height. Th is technique gave a more homogeneous canopy m icro c l imate with in 

each sect ion for sampling and assessment through the experiment. 

3.3 EXPERIMENTAL SITE 

The experiments were carried out in the Fruit Crops Un it orchard, Massey 

Un iversity, Palmerston North (a ltitude of 30 metres, long itude of 1 75° 37'E and 

latitude of 40° 23 ' S),  in the North Is land of New Zealand. 

3.4 ENVIRONMENT 

3.4.1 Climate 

The climate of the a rea is typical ly humid temperate with no d ist inct summer 

-; dry season. Figure 3. 1 shows the cl imatic data of the area of th is study, based 

• on monthly means of 30 years from 1 964- 1 994 at the nearest weather stat ion, 
�. >-

; 
.
AgResearch Grasslands, Crown Research Institute (CRI) ,  Palmerston North 

.':·: <:-1 km away from experimental site) .  
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Figure 3.1 The means of 30 years ( 1 964-1 994) monthly climatic data at 
Palmerston North, New Zealand. a). Rainfall and pan evaporation 
(P.E.); b). Temperature; c.) .  Sunshine hours; d) .  Relative humidity. 
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3.4. 1 . 1  Rainfal l  and Pan Evaporation 

Figure 3. 1 a. shows the typical rainfal l  and evaporat ion for the area. Rainfal l  
(total of 966 mm) occurs on average on 1 66 days during the year, ie 45 
percent of total year days. The highest (98 mm) and lowest (68 m m )  rainfall 
were recorded in December and April respectively. Annual pan evaporation 
was 995 mm,  the h ighest occu rring in January with 1 57 mm.  

3.4.1 .2 Temperature 

Monthly min imum temperature 4.5°C and maximum 22.6°C were registered in 
Ju ly and February respectively. The lowest month ly mean temperatu re 8.4°C 
occurred in J u ly (Fig. 3. 1 b . ) .  

3.4.1 .3 Sunshine 

The total annual sunshine is 1 7 1 5  hours.  The h ighest month ly sunshine hours 
of 205 hours and lowest of 84 hours occurred in January and J une 
respectively (Fig . 3. 1 c.) .  

3.4.1 .4 Relat ive humidity 

Relative humidity during the year ranged from 74 to 87 percent ( Fig .  3. 1 d.). 

3.4.2 Soi l  

The soil type of the experimental plots was a Manawatu f ine sandy loam .  The 
� soi l profile is subdivided into three layers, 0-25 cm fine sandy to silt loam , 25-
: 1 50 cm fine sand with gravel ly coarse sand below 1 50 cm (Cowie, 1 978), but 

horizon soil depths in the area are markedly variable. 
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3.5 Duration and layout of the experiments 

Two experiments were established, one on close p lanted trees at 1 m spacing 

(Plate 3.2 a.) and another on wider spaced trees at 2 m centres (P late 3.2 b. ) .  

The experiments were in itiated in Ju ly 1 990 and conducted for two complete 

seasons on the close planted trees, but largely d iscont inued on the wider 

spaced trees in the second season. 

B locks were arranged along the rows (to al low for possible soi l  variation) with 

treatment trees selected for un iformity in trunk girth, selected t rees in each 

block were a l located random ly to treatments. 

3.5.1 Close spaced experiment 

3.5.1 .1 Experimental layout 

Treatment blocks were situated in two adjacent rows using 40 t rees with 8 
blocks. Treatments were arranged in a randomized complete block design with 

each block contain ing one three-tree plot of each treatment. Only the centre 

tree of each p lot was used for measurement, the outer trees being guards. In 

each b lock the f ive t reatments were: 

I .  Root-prun ing 

1 1 .  Low rate PBZ (L-PBZ) 

I l l .  H igh rate PBZ (H-PBZ) 

IV. Water stress (RDI) 

V. Untreated control 

3.5.1 .2 Root-pruning treatment 

Root-prun ing was by a chain trench d igger machine (Hi re Master, Palmerston 
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North) (P iate 3.3 a . ) .  A trench was dug a d istance of 3 m along two sides of 

each plot 55 cm from the row centre, to 60 cm depth . Trees were root-pruned 

whi lst soi l  was relat ively d ry at the beginn ing of flowering in August 1 990  

( Plate 3. 1 a . )  and also 1 99 1 .  

3.5.1 .3 Paclobutrazol treatments 

The growth retardant used was PBZ, formu lated as 'Cu ltar' a 250 g/1 
suspension concentrate ( IC I ,  New Zealand Lim ited) . The chemica l  and 

physical properties of PBZ are shown in Appendix 3. 1 .  

3.5.1 .3.1 Type of appl ication 

P BZ was appl ied to the soi l as a trunk base drench at either of two rates of 

0.5 g tree·, and 1 .5 g tree·1 active ingredient. Both rates were appl ied in 1 l it re 

of water (Plate 3.2 b. )  and pou red into a 5 cm depth soi l  furrow with in 25 cm 

around the trunk. 

3.5.1 .3.2 Dose and time of appl ication 

PBZ was appl ied at the beg inning of flowering .  

a) .  0.5 g tree·1 treatment appl ied t o  experimental and g uard trees i n  both 1 990 

and 1 99 1  seasons (P late 3.2 b.) .  

b) . 1 .5 g tree·1 treatment appl ied to experimental and guard trees in 1 990 only. 

3.5.1 .4 Water stress treatment 

This treatment was init iated at the beg inn ing of flowering in August 1 990  using 
.wooden sloping frames covered with water proof polyweave plastic to protect 

l, the rooting zone of experimental and g uard trees from natura l  rainfa l l  (Plate '::3.2 a.). Frames were bui lt with 50 mm x 50 mm tanalised timber to cover an 
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area 3 m x 2.6 m, isolating a 7.8 m2 area covering both s ides of each three 

tree plot (P late 3. 1 b . ) .  The i rrigation supply to these p lots was stopped du ring 

the period of water stress treatment. On the outer, lower side wal ls polythene 

covers were inserted 50 cm into a trench dug into the soil 1 .3 metres from the 

tree to prevent run-off soaking back under the covers (Plate 3. 1 a. r ight). To 

prevent water ingress around the tree trunk the area was sealed with adhesive 

tape and s i l icone sealant. 

However, in spite of these precaut ion's water stress treatments in three blocks 

were subjected to flooding in the first season from torrential rain and 

elim inated from the experiment. 

. Roll up doors in the top of each cover gave access for control of i rrigat ion 

supply and recording soil moisture (Plate 3.2 a.) .  I n  both seasons, trees did 

not receive any water during the fi rst two growth stages of fru it ,  but in the th ird 

stage of rapid fruit growth, i rrigation was suppl ied as for the untreated control. 

In  the second season water stress trees received between 1 50-300 l itres 

supplemental water per t ree on the 1 2th. ,  and 1 7th. of Decem ber 1 991  to raise 

soil moisture close to field capacity (FC) in the top 60 cm layer of soi l .  

Water stress treatment was essentially RDI except as described above, and 

was so termed. I rrigation was appl ied in the third phase of fru it g rowth as to 

the untreated control in both seasons. However, in the second season water  

stress trees received some supplemental water in addition to  the normal 

irrigation. 

3.5.2 Wide spaced experiment 

3.5.2.1 Experimental layout i 

� :� Only a s ing le row of 2m spaced trees were available for use, and 1 8  trees 
"' 
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a . 

b .  

Plate 3 . 1  · sund rop ap r iCOt t r ees in the c lose p lanted exper iment  tra ined to a 

Tatu ra t re l l is  system a) .  Po lyethylene plast ic f i lm  Inserted into a 60 cm depth 

trench to p revent water run -off access to the water stress treatment ;  b). 

Wooden s lop ing f rame b efore cover ing with p last ic sheet .  



b . 

P late 3.2 Ap p l icat ion of t reatments . a) .  Water st ress t rees under  p last ic soi l  

covers , in the close planted exper iment ;  b). PBZ, root-prun ing and water 

stress t reatm ents  in  the wide p lanted experiment .  



C!Jartar Three. General Ma tenals and Methods 72 

a . 

b .  

Plate 3.3 Root-prun 1ng .  a).  Techn ic ian , G i les Ru sse l l  operat ing the Trench 

Digger Mach ine in the c lose p lanted exper im en t ; b). Root-pruned trees in the 

wide p lanted exper iment .  
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were u sed. Treatments were arranged in a random ized complete b lock design 

with 2 blocks , using fou r  adjacent t rees per plot for root-prun ing and PBZ 

treatments and two adjacent t rees per plot for water stress and control 

treatments. The two centre trees only of each 4-t ree plot were used for 

measu rement, but in  2-tree plots both were measured. 

3.5.2.2 Root-prun ing  treatment 

Trees were root-pruned sim i larly to the close planted experiment, with the 

trenches extending a total of 7 m on both sides of t rees, to inc lude two 

experim ental and two guard trees. Trees were root-pruned wh ilst soi l was 

relat ively d ry at the beg inn ing of flowering in August 1 990 and 1 99 1  (P late 3 .3 

b. ) .  

3.5.2.3 Paclobut razol treatments 

PBZ was appl ied at e ither of two rates (0. 5 g t ree·1 and 1 .5 g t ree·1 a . i . )  as 

described for the close planted experiment (Plate 3.2 b.) .  

3.5.2.4 Water stress treatment 

Treatment was in itiated at the beginning of f lowering as described in the close 

planted experiment (see 3.5. 1 .4) .  In this experiment the wooden frames were 

designed to cover an a rea of 1 8  m2 on both s ides of two adjacent experimental 

trees. Treatment was carr ied out only dur ing the 1 990- 1 991 season, and 

cal led RDI as described in the close planted experiment (P late 3.2 b. ) .  



C HA PTE R FO U R  

EFFECTS O F  TR EATM E NTS O N  V E G ETATIVE G RO WT H  O F  

' S U N D R O P '  A P R I COT 

4.1 INTRODUCTION 

There are d ifferences in  size among trees of  apricot species and cu lt ivars 

(Meblenbacher et al. , 1 991  ) ,  and 'Sundrop' apricot g rows ta l l ,  upright and 

vigorously (G iucina et al. ,  1 990). lt is desirable for growers to be able to 

contro l vegetative growth and in the absence of a dwarfing rootstock for 

apricot th is may be possible using d ifferent vigour control techn iques. Th is 

experiment was conducted to examine the effects of some of these 

techn iques, namely root-prun ing, PBZ appl ication and RDI on close and wide 

planted 'Sundrop' apricot t rees in the hum id cl imate of Palmerston North .  

Treatment effects on shoot growth and tree prun ing requ i rements were 

eva luated. Samples of new seasons shoots and fruit were destructively 

harvested th roughout the season from some close planted non-experimental 

trees to monitor the pattern of shoot and fruit g rowth during the season . In the 

second season, the percentages of available l ight in the d ifferent he ight 

regions of the canopy were recorded in  the c lose planted experiment to 

assess the ind i rect effect of t reatments in the improvement of l ight penetration 

within the canopy. 

A study of the root system was conducted at the end of 2 year's t reatm ent of 

the c lose planted t rees to monitor the development of the root system of the 
experimental t rees with respect to pos it ion in the soil profi le and d istance from 
the tree t runk. Th is exam ined possible short term effects of treatments on the 

rooting density. R ichards ( 1 983) suggested there is close coordination 

between the root and shoot systems in which the root is entirely dependent on 

the shoot for its carbohydrate supply and the shoot ent i rely dependent on the 

root for its supp ly of m ineral nutrients and water. Some d iff icu lt ies faced in the 
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study of fru it t ree root systems have been m entioned by Atkinson ( 1 980). For 

example,  he reported high variab i l ity  in resu lts  obta ined by the core sampl ing 

method, and that  non-normal d istr ibut ion can compl icate analysis and 

interpretation of  data. Rogers and Vyvyan ( 1 934) as c ited by Atk inson ( 1 980) 

suggested that the major roots of som e fruit t rees are uneven ly d istr ibuted , so 

the excavation of only one segment can g ive m isleading res u lts un less 

repl icat ion is adequate. However, recent studies have shown that in older 

orchards the root-systems can be treated as a layered distribution of root 

length density (R LD) values rather than as bowl- or e l l ipsoidal-shapes (Hughes 

pers. comm. ,  1 994) , as shown for k iwifru it by Gandar and Hughes ( 1 988) and 

for apples by H ughes and Gandar ( 1 993) .  In young trees root d istribut ion 

varied with both radial d istance from tree trunk and soi l depth, but in mature 

trees the root systems were layered and RLD changed with soi l  depth.  

The e m phasis in this orchard study has been on the response of c lose planted 

trees. Tree n um bers were very low at the wide spacing, and in  the second 

season the n umber of healthy trees was sign ificantly reduced. The experiment 

at wide spacing was largely abandoned after the f irst season ( 1 990- 1 99 1 ) . 

4.2 MATERIALS AND METHODS 

The trees and t reatments used have been described in chapter 3.  

4.2.1 Measurements 

4.2.1 .1 Summer pruning 

In each of the two seasons of experiment summer prun ing was performed to 

remove excessive vegetative growth after a l lowing for renewal of fru it ing sites. 

All exper imental trees were pruned twice (before and after fru it harvest) as 

'part of normal o rchard pruning pract ice in both seasons. All the new season 
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prunings were col lected separately from 3 height zones (section 3.2) in the 

canopy, cut into short lengths and placed in label led paper bags. They were 

oven dr ied at 89°C for two weeks, and weighed. During oven drying the bags 

and the i r  contents were tu rned over twice to ensure that all parts w ithin the 

paper bags dried completely. 

4.2.1 .2 Seasonal  growth pattern 

4.2.1 .2.1 Shoot growth 

The length of  five tagged shoots in the m iddle region of  the canopy on each 

experimental tree was recorded at intervals with metric tape from 49 days after 

fu l l  bloom (dafb) in the fi rst season in both c lose and wide spaced trees. 

Simi lar growth measurements were m ade from 33 dafb in the second season 

on the close planted trees. I n  add it ion , at the t ime of postharvest prun ing 

(March-April) in  each season, the lengths of 1 0 randomly selected new season 

shoots from the top canopy reg ion of each tree were recorded. 

4.2.1 .2.2 Destructive shoot and fru it harvest 

Eight untreated trees, of s imi lar size and performance to the experimental 

trees were selected in the close planted rows in the second season . Trees 

Were random ly al located to 4 groups (two trees per g roup) ,  and one g roup was 

denoted for each t ime of harvest throughout the season. 

At each of 4 harvests {59, 97, 1 31 and 225 dafb) a l l  the new season shoots 

SOd fru its were harvested destructively (Plate 4. 1 )  and kept in p lastic bags. 

Shoots were d ivided into leaves and stem,  and leaf area was m easured using 

a Licor Area M eter, m odel Li-31 00 (Lambda Instruments Corp, U SA) . Leaf 
� Was determ ined on six 1 50 g .  random samples from the well m ixed total 
leaf of each harvested tree and total leaf area calcu lated based on total leaf 
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P late 4 . 1  A c lose p l a n t e d  · s u nd rop ' apricot t ree after dest ructive shoot and 

fru i t  h a rvest , 1 99 1 - 1 992 season.  
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fresh weight and the average of these random samples. The fresh we ight of 

· each plant part ( leaves, stem and fru its) was recorded immediately after 

· haNest, and oven dried at 89°C for two weeks to constant we ight ,  to 

determ ine d ry weight .  Mean fru it size was determ ined by dividing the total f ru it 

fresh weight by fru i t  number at each haNest. As commercial haNest was 

·. carried out at 1 3 1 dafb, no fruit sample was avai lable at 225 dafb. 

} 4.2.1 .3 Trunk cross sectional area {TCSA) 
�� I \ 
,1! Five weeks before applying the treatments in 1 990, the trunk of each 

. experimental tree was marked with wh ite paint 1 0 cm above the graft un ion.  

· The trunk circumference of  each tree was m easured at  th is  posit ion at 

inteNals throughout both seasons. Data were u sed to calcu late TCSA. 

4.2.1 .4 Light with i n  the canopy 

The light penetration through the canopy was recorded three t imes (at 54, 95 

and 1 53 dafb) i n  a l l  experimental t rees of the close p lanted experiment in the 

1992 season. A one metre solarimeter tube with sensor was u sed to measure 

total incident l ight, recorded by a M icrovolt I ntegrator, Type Mv2 (Delta-T 

Devices Ltd, Bu rwel l ,  Cambridge CB50ES, Eng land) , and the data read ings 

expressed as a percentage of open sky l ight. Two solarimeter tubes were 

employed to g ive a s i m u lt an eou record of l ight intensity from the reference 

point (open sky 3 metres above the ground) and that recorded with in  the 

. canopy. The solar imeters were kept horizonta l ,  either with a free stand ing 
� 
• SCaffolding fram e (open sky) or an adjustable s upporting frame attached to the 

Tatura trel l i s  support system immediately o utside the V frame. I ncom ing 

radiation was recorded for a 2 min period at each canopy reg ion with in 1 hour  

Of solar noon on days with a clear sky. Light was recorded in  each of  the 
lower, m iddle and top reg ions of the canopy. 
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This study was carried out on 1 2  experimental trees, 3 per treatment in 3 

adjacent b locks in the close planted experiment in October 1 992 after two 

complete seasons of the experim ent. Al l  treatm ents except L-P BZ were 

included in the root core sampl ing. 

The method employed for obtaining soi l  core sam ples was described by 

Welbank and Wil l iams ( 1 968) and used by Gandar and H u ghes { 1 988) and 

Hughes and Gandar ( 1 993). Stain less steel coring tubes were dr iven into the 

soi l  us ing a modified engine-powered concrete breaker (Plate 4.2 b.) and 

extracted using a tr ipod and winch (Plate 4.3 a . ) .  

Eight core samples were col lected from around each tree. A coring tube of  46 
mm internal d iameter was inserted into the soi l  to sample the top one metre 

for a ll of the samples. At the 0.2 and 1 .0 m d istance from each tree a 2-m -, ' I  
long tube o f  _3� mm internal diameter was d riven down the larger d iameter 

hole left by the first tube to col lect a fu rther sample from 1 .0- 1 .6 m depth. 

Soil core sampl ing was arranged to cover the interrow region to the m idpoint 

of the al ley at one side of the tree trunks at distances of 0.2, 0.4, 0.6, 1 .0 ,  1 .4 ,  

1 .9, 2.3, and 2 .5 m to depths of 1 . 6, 1 ,  1 ,  1 .6, 1 ,  1 ,  1 ,  and 1 metre 

respectively. Distances were measured at 90° angle to the tree rQw to 

minim ize the risk of sampl ing from g uard trees, since trees were spaced on ly 

1 m apart (see 3.2) .  However, at the 0.2 m d istance soi l  core sampl ing was 

influenced by the position of scaffold branches, and the best position for 
instal l ing the tubes was selected to avoid their damage by equ ipment (P late 

4.2 a. ) .  

The soi l  cores were placed horizonta l ly on a bench and d ivided into 200 mm 

sections for the top 1 m layer and into 1 50 m m  sections for the 1 - 1 .6 m layer 
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(P late 4 .3 b . ) .  From each of these sections one 1 00 m m  long sub-sample was 

taken and the m id-point of th is sub-sample defined as the sample depth (5 

and 4 sub-sam ples from 1 m and 1 .6 m cores respective ly) . These sub­

sam ples were col lected randomly within the 200 or 1 50 m m  sections. Th is 

method ensured all depths were representat ively samp led, and a total of 49 
sub-samples were col lected from each experimental tree. 

Roots were washed out of the samples using a commercial version (G i l l ison 's 

Variety Fabrication , Benzie, M ichigan, USA) of the sem i-automated root 

washing m achine (P late 4 .4) described by Smucker et al. ( 1 982) and u sed by 

H ughes and Gandar ( 1 993). An attempt was m ade to visual ly dist ingu ish dead 

from l ive roots, and discard the former  along with roots of g rasses and other 

organ ic debris. 

Total root length in each sample was measured using an automatic Comair 

root- length scanner (Com monwealth Aircraft Corporation Ltd. ,  Melbo u rne, 

Austra l ia). Root length density (RLD) for each sample was calcu lated using the 

formu la: 

� RLD = 
V 

where: RLD is root- length density measured in cm of roots cm·3 of soi l ;  

q total root length (cm) and V soil volume (cm3) in each sample, 1 66.2 

and 90.8 cm3 for sam ples with in 1 and 1 .6 m etre cores respectively. 

Roots from each sample were then d ivided into two categories: a) .  f ine roots 

<1 .5  m m  d iameter and b) . roots > 1 .5 mm diameter. All roots > 1 .5 mm 

diam eter were woody. Root weight density (RWD) for f ine and woody roots 

was calcu lated after oven d rying samples at 70°C for 2-3 days, to constant 

we ight. The fol lowing form ula was used for this calcu lation:  



-
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a .  

b .  

P late 4.2 R oot core sam pl ing from c lose p lanted t rees in early  spring of 1 992-

1 993 season . a) . Select 1 ng the best pos1t ion for insta l l i ng  coring t ube and 

eq u ipment for sam ple 0. 2 m from t ree. b). Dr iv ing core t ube into the so i l  us ing 

a mod if ied eng 1ne-powe red concrete breaker. 
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a . 

b .  

Plate 4.3  Root core sa mp l 'ng  from close planted ' Sun drop ' apricot . a ) .  Root 

core extract ion us ing t r ipod and w 1nch ; b) . Sect ion ing the soil column obta ined 

by the coring t u be into 1 0  cm long sub-samples with a kn i fe . 
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P late 4.4 Wash ing  ou t  root samples ext racted from close planted 'Sundrop' 

apr icot u s ing a semi -a u tom ated root washing m achine (Octobe r  1 992) .  
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R WD  = Rdwt 
V 

where: RWD is root-we ight density expressed as g of roots cm·3 of soi l ;  

Rdwt is d ry we ight of f ine or woody roots (g) ;  and V soi l  sample volume. 

The RWD of f ine roots were ignored because they m ake u p  an  in­

sign ificant amount of root we ight (H ughes pers comm. ,  1 994) . 

The sample volumes were suff iciently small relative to the root ing volume to 

treat them as point samples. Therefore each root density was assigned 

coordinates ( r, 8 ,  z) to ind icate distance from tree (r) ,  angle relat ive to row 

direction (8) which was usual ly 90°, and depth to midpoint of sam ple (z) 

(Hughes et al. ,  1 986). lt was assumed that the root d istribut ion in the resu ltant 

2-dimensional plane at r ight ang les to each t ree represented the 

characteristics of the whole soi l  vo lume in each p lot. 

4.2.2 STATISTICAL ANALYSIS 

The data were exam ined by analysis of variance using the General L inear 

Model (GLM) procedure (SAS Inst itute Inc. 1 99 1  ) . The norma l ity of data was 

confirmed us ing P roc Univariate (Fernandez, 1 992 and Gomez and G om ez, 

1 984).  All data were in it ial ly ana lysed in accordance with the random ized 
complete block design (RCBD)(Gomez and Gomez. 1 984; Steel and Torrie, 

1981 ) . For TCSA and shoot growth data (from the m iddle reg ion of canopy) 
time was considered as a factor by analysing data using repeated 

measurements ana lysis (Fernandez, 1 991 ; Gomez and Gomez, 1 984; Mead 

1988; Rowel l  and Waiters, 1 976). 

The RLD data were log t ransformed to meet the requ i rements of analysis of 
Variance (Fernandez, 1 992; G andar and H ughes 1 993; Hughes et al. ,  1 988; 
�aindonald, 1 992) .  RWD data were m u lt ipl ied by the constant 1 000 fol lowed 
by logarithmic transformat ion. Treatment effects on RLD and RWD va lues 
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were determ ined by ana lysis of variance on the root data obtained from each 

explored soil sub-vo lume,  as shown in Table 4. 1 .  

Table 4 .1 . The arrangem ent for dividing explored soi l  volumes into sub­

vo l umes for  monitoring RLD and RWD of  close planted 

'Sundrop' apricot trees in October, 1 992. 

Explored soi l  Depth (m) Distance from tree trunk (m) 
region 

a. 0 - 0.6 0 - 0.55 

b. 0 - 0.6 0.55 - 2.5 

c. 0.6 - 1 0 - 0.55 

d. 0.6 - 1 0.55 - 2.5 

e .  1 - 1 . 6 0 - 1 

f. 0 - 1 .6 0 - 2.5  

4.3 RESULTS: CLOSE PLANTED TREES 

4.3.1 Summer pru n ing  

4.3.1 .1 1 990- 1 991  season 

During the f i rst season of the experiment (Figure 4 . 1  a.) at the p reharvest 

Pruning (89 dafb) the contro l  t reatment produced the most pruning we ight. 

There was a t rend for control prunings to be greater than L-PBZ, H-PBZ and 
root-pruning (P=0.06, 0 .08 and 0.07, respectively), but the d ifference from RDI 
:WSs not s ign if icant 

�ese effects were maintained at the time of the postharvest pruning 1 38 days �r (Figure 4 . 1 a . )  when a l l  t reatments reduced the quantity of pruned 
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material relative to the control treatment (P<0.001 ) . There tended to be a 

greater reduct ion in summer regrowth by H-PBZ than by root-pruning and RDI  

(P=O.OB and 0.06 respective ly) . 

When both prunings are totalled (Fig ure 4. 1 a . )  a l l  treatments reduced 

vegetative g rowth (P<0.00 1 )  relative to control in terms of the weight of 

prunings. The analysis of postharvest prun ing (Fig ure 4.2 a . )  shows that m ost 

pruned material was removed from the top canopy region (52%) of the contro l  

treatment. There was more (P<0.05) pruned material in the top canopy region 

of control than of the other t reatments (Figure 4.3 a . ) .  Sim ila rly, a l l  t reatments 

reduced prunings in the lower and m iddle canopy zones relative to control 

(Figure 4.3 a . ,  P<0.00 1  for L-PBZ , H-PBZ and root-pruned and P<0.0 1  for RDI  

treatment) . 

4.3.1 .2 1 99 1 -1 992 season 

' At the preharvest prun ing in  December (1 01  dafb) the amount of material 

pruned from the control trees was g reater than from L-PBZ, H-PBZ and root­

pruning treatments (P<0.05) .  Differences between control and RDI were not 

significant (Fig ure 4 . 1  b. ) .  Both PBZ treatments had more effect in reducing 

vegetative g rowth in terms of summer prun ing (P<0.05) than the RDI 

treatment. 

The period between the two prunings in this season was 1 1 2 days. At the 

PQstharvest prun ing (2 1 3  dafb) shoot regrowth was not inf luenced by RDI ,  b ut 
both PBZ treatments reduced prunings relative to control (P<0.001  and 0.05 
tor l-PBZ and H-PBZ respectively) . Root-pruning reduced the amount of 

.SUmmer prun ing relat ive to control , although the d ifference was not s ign ificant (Figure d 1 h ' • • I t...J. )  • 

data from both prun ings were pooled and treated as tota l season 
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prun ing (Figu re 4. 1 b . ) ,  t reatm ents showed s imi lar stat istical d ifferences to the 

postharvest prun ing (21 3 dafb) as described above. However, the root-prun ed 

treatment produced less regrowth than RDI  in this season (P<0.05) .  

Figu re 4.3 c. shows that at the preharvest prun ing ( 1  01 dafb) most g rowth was 

removed from the lower and m iddle reg ions of the canopy zone.  The amount 

of prun ing on control was g reater than on both PBZ t reatm ents (P<0.001 and 

0.05 for L-PBZ and H-PBZ respect ive ly) . Differences between contro l ,  root­

pruned and R DI were not sign ificant in the lower and m iddle reg ions of the 

canopy. At th is t ime (F igure 4.3 c.)  the amount of growth i n  the top region of 

the canopy was greater on control  compared with both PBZ and the root­

pruned treatments (P<0.05) ,  but control and RDI were not d ifferent. 

During the t im e between pre- and postharvest pruning (Figu re 4.3 d . )  the 

amount of regrowth in the top zone of the canopy increased dramatica l ly for 

al l t reatments. RDI produced more regrowth prun ings than the other 

treatments ( P<0.0 1 for both PBZ treatments and 0.05 for root-pruned) ,  

although RDI and control were not sign ificantly different. The d ifferent in 

regrowth of control and of both PBZ treatments was not sign ificant in the top 

zone. At the postharvest prun ing (Figure 4 .3  d.) the regrowth in  the lower and 

m iddle zones of the canopy was greatest in the control treatment (P<0.0 1  for 

L-PBZ, H-P BZ and root-pruned and P<0.05 for RDI ) ,  with al l  these treatments 

producing stat ist ical ly s imi lar  amounts of regrowth. 

Figure 4.4 b.  a lso shows that the proport ion of preharvest prun ings ( 1 0 1  dafb) 
from the lower and m iddle regions of the canopy was h igher than from the top 
of the trees for all treatments. At the postharvest pruning (2 1 3  dafb) the 

greater proport ion of the prun ings came from the top of the canopy, 
· sign ificant ly m ore from the RDI t reatment than from control (P<0.05) .  I n  

Contrast, the amount of prun ings in  the lower and m iddle canopy zones was 
' reduced (P<0.05) by RDI relative to control (Figure 4.4 c . ) .  
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a . 

227 Total 
Days after ful l  bloom 

b .  

21 3 Total 
Days after ful l  bloom 

Figure 4.1 The dry weight of shoot regrowth removed in summer p run ing by 
treatment, on close planted 'Sundrop' apricot. a) . 1 990-1 991  
season; b ) .  1 99 1 - 1 992 season. Each data point represents the 

mean of 8 repl icates treatmenf1 (n=5 for RDI) . Tagged shoots 

removed at the t ime of fruit harvest added to the total p runing data. 

Vertical l ines indicate the standard error of the means. 
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a. 
Wide spacing b.  

8 Lower & middle of canopy 

Close spacing Wide spacing d .  

1 2 3 4 5 1 2 3 4 5 

Treatment 

Figure 4.2 The effect of treatment on d istribution of summer regrowth and 
mean shoot length (227 dafb) of 'Sundrop' apricot in 1 990-1 991 
season. a . ,  b) . Prunings; c . ,  d ) .  Mean shoot length in top region of 
canopy. 1 =Contro l ;  2=L-PBZ; 3=H-PBZ; 4=Root pruned and 5=RDI .  
Vertical l ines indicate the standard error of the mean. 
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a.  
Wide spacing b .  

[]] Lower & midd le of canopy 

c .  

1 2 3 

Close spacing 
11 Top of canopy 
EJ Lower & middle of canopy 

4 5 1 2 
Treatment 

d. 

3 4 5 

Figure 4.3 The dry weight of shoot reg rowth removed i n  different canopy 
zones in summer pruning by treatment on 'Sundrop' apricot. a. ,  b) . 
Postharvest pruning (227 dafb) in  1 990-1 991 season ;  c . ,  d ) .  
Prunings ( 1  01  and 21 3 dafb respective ly) in 1 991 -1 992 season.  
1 =Contro l ;  2=L-PBZ; 3=H-PBZ; 4=Root pruned and 5=RDI .  Vertical 
l ines indicate standard error of the mean. 
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Close spacing 

2 

2 

3 4 5 
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Close spacing 
1111111 Top of canopy 
[]] Lower & middle of canopy 
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Treatment 

c. 

3 4 5 

Figure 4.4 The effect of tre atments on mean shoot length (21 3 dafb ) , and 
distribution of prunings preharvest ( 1  01  dafb) and postharvest (21 3 
dafb) of 'Sundrop' apricot in 1 99 1 - 1 992 season .  1 =Contro l ;  
2=L-PBZ; 3=H-PBZ; 4=Root pruned and 5=RDI.  Vertical l ines 
ind icate the standard error of the mean. a) .  Mean shoot length in 
top region of canopy; b) .  Preharvest summer pruning; c) . 
Postharvest summer pruning .  
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The resu lts from randomly sampl ing and measur ing 1 0  shoots from the top 
canopy reg ion of each tree at the postharvest prun ing are shown in F igu re 4.2 
c. Mean shoot length was g reater on the control t rees, wh i le H-PBZ and L­
PBZ (P<0.00 1 ) had the g reatest effect in reducing shoot g rowth.  H-PBZ 
resu lted in shorter shoots than root-prun ing and RDI (P<0.05) ,  and L-PBZ was 
almost as effective (P=0.07 and 0.06 for root-pruned and RDI respectively) . 

The effect of treatments on the growth shown by 5 shoots per tree in the 
middle of the canopy measured at interva ls in the first season is shown in 
Figure 4.5 a. The interaction of t ime x treatments was not signif icant. More 
effect was shown by H-PBZ and RDI ,  both of which reduced shoot e longation. 
H-PBZ reduced shoot growth throughout the season and differences relative 
to control were s ign ificant at a l l  t imes of measurement (P<0.05 and 0 .0 1  for 
"49, 56, 62 , 98, 1 05" and "70, 76, 84, 9 1 , 1 1 2, 1 23 ,  1 40" dafb respectively). 
Shoot length increased du ring the later stages of g rowth on the RDI t reatment, 
so reductions relat ive to control were sign ificant only early in the season (49 
and 56 dafb with P<0.01  and 0.05 respectively). The shoot lengths of contro l ,  
L-PBZ and root-pruned treatments were not sign ificantly d ifferent throughout 
the season , a lthough L-PBZ appeared to reduce late summer shoot extension. 

4.3.2.1 .2 1 991 -1 992 season 

In the second season on a s imi lar  set of m id-canopy shoots (Figure 4.5 b. ) the time x t reatment interaction was s ignificant (P<0.001 ) .  In th is season RDI did 
not reduce shoot growth sign if icantly re lative to contro l .  However, RDI showed 
a reduction compared with L-PBZ,  H-PBZ and root-pruned dur ing the early 
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season (P<0.05 & 0.00 1 for L-PBZ and H-PBZ respect ively at 33 and 38 dafb 
and P<0.00 1 for root-pruned at 33, 38 & 48 dafb) . RDI  treatment was s imi la r  
t o  both PBZ  treatments on 4 8 ,  53 and  60 dafb, but later both PBZ treatments 
gave greater reduction of shoot growth relat ive to control ,  root-pruned and RDI 

(P<0.001 for  control and root-pruned and P<0.0 1  for RDI after 67 dafb) .  From 
about 60 dafb both PBZ treatments strongly inh ibited shoot g rowth (P<0 .0 1  ) ,  
but RDI and root-pruning did not. 

The random ly sampled, measu red shoots in  the top portion of the canopy at 
the postharvest prun ing (2 1 3  dafb) are recorded in F igure 4.4 a.  Shoot length 
was g reatest in  the control t reatment. Compared with i t  P BZ treatments 
reduced growth (P<0.00 1  for L-PBZ and 0 .0 1 for H-PBZ) ,  but root-prun ing  and 
RDI t reatments d id not. L-P BZ showed reductions relat ive to root-pruned 
(P<0.05) and RDI  (P<0 .01  ) ,  but was s im i lar  to. H -PBZ. 

4.3.2.2 Destructive shoot and fruit harvest 

Figure 4 .6  a. and b. show that as a proportion of tota l top growth ,  shoots 
increased s ign if icantly from 97 dafb, especial ly on a dry we ight basis. While 
leaf growth was a major early contr ibutor to new growth , it 's re lative 
contribut ion to tota l growth decl ined through the season to only 20% of dry 
weight at 225 dafb (early Apri l ) .  Figure 4 .6  a. and b. a lso show that on both 
a fresh and d ry weight basis shoots represented the lowest p roportion of new 
growth unt i l  the t ime of fru it ha rvest ( 1 3 1 dafb) .  The proportion of shoots to 
leaves changed in favour  of shoots at the last date. 

The fru it as a proportion of new top growth increased on both a fresh and dry 
Weight basis , unt i l  the t ime of fru it harvest ( Figure 4.6 a. & b.) ,  and fruits 
showed a sharp increase in size up to the time of harvest (F igure 4.6 d . ) ,  but 
this increase was influenced by fru it number. Leaf area increased markedly 

, between 59 and 97 dafb (Figure 4 .6  c . ) .  



1 05 

90 

0 45 0 
.c 
en ,. , 30 
.· 

1 5  

1 05 

90 

- 75 E .2. 
i 60 
c:: 
.! 
0 45 0 
.&:. 
Cl) 

Chapter Four: Effects on Vegetative Growth 94 

• -- [J Control 
a .  • . . . . . . .  Q L-PBZ 

o · - · ·  � H-PBZ 
a1 - · � Root pruned 
0 - - · 11 RDI  

33 

-...- -....... � . . ... . . . . . . . . . . . . . . . . . . . . . . .  . 

_ .
;..�·.: · · --- · · 

-
� 

_ ..,. .· 
- � 

- � - � -

. . -�- - ...()- -4-
___. . - � 

. --o-- · -o- · -o- · - · <>- · - · - · - 0 
- .  ·"" A- _.()-- . _.o- . <>-

if'' � - -v _ o-. -- . -o 

r:·.$-� 
49 56 62 70 76 84 9 1  98 1 05 1 1 2  1 23 

- - � 
a -- · ..-l-----,- - e -

, � - - - - � � - � - � - -

1 40 

b.  

33 38 48 53 60 67 76 81  88 93 1 00 1 1 0  1 25 1 40 
DAYS AFTER F U LL B LOOM 

The e ffect of different vigou r  control techniques on cumulative shoot 
g rowth, on close planted 'Sundrop' apricot. a) . 1 990-1 991 season;  
b) . 1 991 - 1 992 season. Bars show the standard error of means. 



I . 

... Q) 
::: ftS 

1 00 

� 80 
t/) Q) ... -

-

� 60 
0 
t 
0 
g. 40 ... 

a.. 

20 

0 

25 

20 
-N 
E -
(1:1 Cl) 1 5  '-� 
-� Cl) ..J 

1 0  

5 

0 

GJ Shoots 
0 Leaves 
11111!1 Fruits 

m Leaf area 

Chapter Four: Effects on Vegetative Growth 95  

a. 

c .  
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Days after ful l bloom 

�.Figure 4.6 he pattern of new growth (shoots and fruits) throughout the 
1 99 1 - 1 992 season on close planted "Control " 'Sundrop' apricot, 
determined by destructive harvests. Each data point denotes the 
average of two trees and vertica l l i nes indicate the standard e rror of 
the mean. a) . The distribution of fresh matter; b) .  The distribution of 
dry matter; c) . The changes in leaf area and d) .  Fruit load at 
harvest. 
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4.3 .3 Trunk cross sect i ona l  area (TCSA} 

The influence of treatments on the annual increase of TCSA wi l l  be d iscussed 
in chapter 5 (see F igure 5 . 1 1  ) .  Changes in TCSA throughout both seasons for 
all treatments are shown in Table 4.2 a. The i nteraction of t ime x treatment 
was significant (P<0.001 ) .  

In the fi rst season there was no treatment effect on TCSA. I n  the second 
season there was a trend for L-PBZ to reduce growth relat ive to control shortly 
after applying the treatments (P=0.06) , and trunk s ize increase was smal ler 
than on control later in  the season (P<0.05 at January and P<0 .01  at Apri l ,  
1 992) . The trunk  size was greater i n  R D I  than L-PBZ at the end o f  th is season 
(P<0.05 Apri l) . There was also a trend for H-PBZ to reduce TCSA increase 
(P=0.06) re lat ive to that of control  at the end of the second season .  

4.3.4 Light with in  the can opy 

In general l ight intensity within the tree framework decreased wiih i ncreasing 
depth from the top to the lower reg ion of the canopy at the fi rst two 
measurement dates (54 and 95 dafb) and the interaction of canopy depth x 

treatments was sign ificant for the first two l ight measurements. However, there 
was no interact ion between canopy depth and treatment for the th ird 
measurement date ( 1 53 dafb) and the amount of incom ing l ight for a l l  
treatments at a l l  canopy levels was s imi lar (F igure 4.7 a . ,  b .  and c. ) .  The 
differences between treatments on incom ing l ight at the lowest canopy level 
Was not s ignificant throughout the season .  

L-PBZ when compared with control t reatment showed greater l ight level 
(P<0.05) at the first two measurements (54 and 95 dafb) in the top canopy 
r�gion. At the second t ime of measurement {95 dafb) incom ing l ight was �Proved i n the m iddle canopy zone by L-PBZ and root-prun ing treatments as 



..., 

' Tabl e 4 . 2 .  The e f fect o f  t rea tmen t s  o n  t runk C ro s s  S e c t i o n a l Area ( TC SA )  o f  ' Sundrop ' apr i c o t  
d u r i n g  1 9 9 0 - 1 9 9 1  a n d  1 9 9 1 - 1 9 9 2  s ea s o n s . a )  . c l o s e  p l an t ed t r e e s , a n d  b ) . w i de 
p l a n t ed t re e s . 

Da t e  o f  a )  . TC SA ( cm2 ) f o r  c l o s e - p l a n t ed t re e s  S i g n i f i c a n c e  
r e c o r d  --

Con t ro l  L - P B Z  H - PBZ Roo t  p runed RD I o f  F va l u e s  

1 5 / 0 7 / 9 0  6 1 . 6  ± 4 . 7 2 2  5 9 . 4  ± 4 . 7 2  6 5 . 3  ± 4 . 7 2  6 3 . 2  ± 5 . 1 5 6 3 . 8  ± 6 . 2 7 n s  
2 3 / 0 1 / 9 1  7 6 . 1  ± 5 . 4 7 6 7 . 7  ± 5 . 4 7 7 6 . 7  ± 5 . 4 7 7 7 . 3  ± 5 . 9 7 7 7 . 9  ± 7 . 2 6 n s  
0 3 / 0 5 / 9 1  8 2 . 8  ± 5 . 9 0 7 0 . 9  ± 5 . 9 0 8 0 . 4  ± 5 . 9 0 8 2 . 0  ± 6 . 4 4 8 6 . 3  ± 7 . 8 3 n s  
1 0 / 0 9 / 9 1  8 7 . 9  ± 5 . 7 2 7 2 . 0  ± 5 . 7 2 8 0 . 4  ± 5 . 7 2 8 2 . 9  ± 6 . 2 4 8 6 . 4  ± 7 . 5 9 n s  

0 3 / 0 1 / 9 2  9 6 . 7  ± 5 . 6 5 7 6 . 4  ± 5 . 6 5 8 5 . 0  ± 5 . 6 5 8 9 . 7  ± 6 . 1 7 9 3 . 9  ± 7 . 5 0 * I �  1 3 / 0 4 / 9 2  1 0 5 . 5  ± 6 . 2 8 7 8 . 9  ± 6 . 2 8 8 8 . 3  ± 6 . 2 8 9 5 . 9  ± 6 . 8 5 1 0 6  ± 8 . 3 4 * * (!) ..... 
� c: 

b ) . TC SA ( cm2 ) f o r  w i de - p l a n t ed t re e s  
:-, 
m 

1 5 / 0 7 / 9 0  7 2 . 3  ± 7 . 3 6 8 4 . 0  ± 7 . 3 6  7 1 . 6  ± 6 . 3 2 7 3 . 3  ± 6 . 3 2 7 6 . 8  ± 6 . 3 2 n s  
� () 
Cii 

2 3 / 0 1 / 9 1  9 1 . 1  ± 9 . 3 6 1 0 4  ± 9 . 3 6 9 0 . 7  ± 8 . 0 3 8 9 . 5  ± 8 . 0 3 1 0 1  ± 8 . 0 3 n s  g 
0 3 / 0 5 / 9 1  1 0 0  ± 1 0 . 9  1 1 2  ± 1 0 . 9  9 4 . 2  ± 9 . 3 6 9 2 . 9  ± 9 . 3 6  1 0 9  ± 9 . 3 6 n s  cr;: (Q (!) 
1 0 / 0 9 / 9 1  1 0 1  ± 1 0 . 9  1 1 3  ± 1 0 . 9  9 4 . 2  ± 9 . 3 7 9 3 . 6  ± 9 . 3 7 1 0 9  ± 9 . 3 7 ns g �· 0 3 / 0 1 / 9 2  1 1 2  ± 1 2 . 1  1 2 2  ± 1 2 . 1  1 0 1  ± 1 0 . 4  1 0 3  ± 1 0 . 4  1 2 0  ± 1 0 . 4  ns G) 
1 3 / 0 4 / 9 2  1 2 1  ± 1 2 . 7  1 2 6  ± 1 2 . 7  1 0 4  ± 1 0 . 9  1 1 1  ± 1 0 . 9  Cl 1 3 2  ± 1 0 . 9  ns � 

2 ±  S t anda rd e r r o r  o f  t h e  me a n . <D 
ne . • . • • , • • •  Nons i gn i f i ca n t  o r  s i g n i f i ca n t  a t  P < 0 . 0 5 ,  -...j 0 . 0 1 o r  0 . 0 0 1  r e s p ec t i v e l y . 
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El Control 
m L-PBZ 
� H-PBZ 
� Root pruned 
� RDI 

95 1 53 
DAYS AFTER FULL BLOOM 

Figure 4.7 The re lative l ight intensity in different reg ions down the cano py of 
close p lanted 'Sundrop' apricot in 1 991 -1 992 season. Vertical l ines 
indicate the standard e rror of the least square means. a) .  Top zone ;  
b) . The middle zone; and c ) .  The lowe r zone of  canopy. 
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compared with RDI  (P<O.OS ) ,  and there was a trend for improvement by these 
two treatments compared with control treatment (P=0.09, 0.08 for L-PBZ and 
root-pruned respectively) . No other d ifferences between treatments and contro l  
were sign if icant. 

4.3.2 Root characteristi cs 

4.3.2.1 Root-length density (RLD) 

Posit ions of core samples categorized for RLD (Fig u re 4.8) or RWD (Figure 
4. 1 1 ) were p lotted using the coord inates r and z. Th is method gave patterns 
est imat ing root-occupied and un-occup ied soi l  volume with in  the whole 
explored soil volume. A volume is defined (Gandar and Hughes ,  1 988) as 
"occupied" if it contains roots, " unoccup ied" if it does n ot, and "explored" if it 
contains roots anywhere with in  it . There was little evidence of the e l l ipsoida l 
geometry characterist ic of young root systems (Gandar and H u ghes, 1 988) , 

therefore it was assumed that R LD d istr ibution is ' layered' as described in 
Gandar and H ughes ( 1 988) and Hughes and Gandar ( 1 993) . RLD declined 
with increas ing depth in al l  t reatments, and was more concentrated for root­
pruned trees closer to the tree trunk (F igure 4.8 c . ) .  This is demonstrated by 
the relatively h igh concentration of samples in the >0.2 cm. cm·3 with in  60 cm 
of the t ree in that t reatment. 

The numbers of core sub-samples contain ing no roots (RLD=O) i ncreased with 
depth, a lthough this tends to be obscured in Figu re 4.9 because data from all 
treatment rep l icates are superimposed. In al l  t reatments, about 80% of the 
Volume of soi l  sampled was occupied (RLD>O) and 20 percent was un­
OCcupied by roots (F igure 4 .9  f . ) .  

'Cumu lative d istribut ions of RLD volumes for samples with R LD>O and 
�tegorized for selected regions (Table 4. 1 )  of soi l  are shown in Figu re 4. 1 0.  
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1 .2 1 .6 2 .0  2 .4  2 .8  
Distance from tree trunk (m) 

Coordinates of fine root (<1 .5 mm diam.)  samples from close 

planted 'Sundrop' apricot classified by RLD (0, <0.2 and >0.2 
cm/m3 of soi l ) . Each data point denotes the position of a core 

sample re lative to the tree trunk at zero .  a) . Control; b). H-PBZ; c) .  

Root p runed with position of root-prun ing sl i t  shown. and d) .  RD I .  
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a. 

c.  

e.  
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Dist. 0 .55-2 .5 m 
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Dist. 0-2.5 m 
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b.  
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4 5 

Figure 4.9 Proportion of samp les from close planted 'Sund rop' apricot with in 
selected regions of the root system which contained fine root (<1 .5 
mm diam. ) ,  based on RLD data. Treatments were: 1 = Contro l ;  3 = 
H-PBZ; 4 = Root pruned and 5 = RD I .  
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Figure 4.1 0 Effect of treatments on cumulative proportions of sample cores by 
·3 

RLD (cm.  cm ) for close planted 'Sundrop' apricot. Samples at 

depth and d istance from tree trunk as shown . 
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The basis for categorization was the posit ion of the root-prun ing s l it .  There 
was a trend for the root-prun ing treatment to have more core samples with 
h igh RLDs in  the surface soil close to the tree, when compared to the other  
treatments ( P=0.09, 0.06 and 0. 1 0  relat ive to  control, H-PBZ and RD I  
respective ly) (F igure 4 . 1 0  a . ) . S imi larly samples with h igh RLD were more 
n umerous in the root-pruned treatment in the top 0.6 m of soi l  outside the 
pruning sl it . Th is response was s ign if icantly different from the other treatments 
(P<0.05 from control and H-PBZ, and P<0.00 1 from RD I ) .  There were no 
statistical ly s ign ificant d ifferences among the other treatments in  th is reg ion 
(Figure 4. 1 0  b . ) .  

At soi l depths greater than 0 .6  m within 0.55 m from the  tree t runks (Figu re 
4. 1 0  c . )  RD I  t rees had lower numbers of samples with h igh  RLD, sign if icant 
at P<0.05 compared to the control treatment. However, a t  th is soi l  depth but 
fu rther from the tree trunk  RLD for a l l  t reatments was not s ign ificant ly d ifferent 
(Figure 4. 1 0  d . ) .  Al l  treatments at the lowest soil depth samp led (e . ,  below 1 

m) were a l so s im i lar (Table 4 . 1 & Figu re 4 . 1 0  e . ) .  

In general ,  root-pruned trees had more samples with h igh RLD (P<0.00 1 )  
compared with the other treatments (Figure 4. 1 0  f . ) .  However, when 
treatments were analysed after pool ing all samples, both those with RLD>O 
and those with RLD=O, from the whole there were no statist ical ly s ign ificant 
differences between means (Table 4 .3) . This i l lustrates the advantage of 
comparing t reatments us ing selected categories of data (F igure 4. 1 0) .  

4.3.2.2 Root-weight density (RWD) 

. 
The coord inates of samples contain ing woody roots classed for RWD are 
Shown in Figure 4 . 1 1 . Figu re 4 . 1 1 c. ind icates that in  the root-pruned treatment 

_ th.ere were more woody roots with in 0.6 m of the trunk, and fewer outside the 
' ' . root-prun ing s l it at 0.55 m .  
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Table 4.3. Root length density (RLD) and root weight density (RWD) for 
the whole exp lored and un-occup ied soil volume from c lose 
p lanted 'Sundrop' apricot recorded in October, 1 993 after 2 
years treatment. 

Explored 
soi l  
regionY 

a. 

b. 

c. 

d. 

e. 
f. 

a. 
b. 

c. 

d. 

e. 
f. 

Control 

0 .25 ± o.o5z 

0. 1 2  ± 0.20 
0. 1 5  ± 0 .05 
0. 1 1  ± 0.02 
0 .03 ± 0 .01  
0. 1 2  ± 0 .01  

3 .72 ± 1 .32 
0 .85 ± 0.54 
0. 1 7  ± 0. 1 2  
0 .53 ± 0.25 
0. 1 1  ± 0 .05 
0.99 ± 0.29 

RLD (cm of root cm -3 of soi l )  

H-PBZ 

0.2 1 ± 0.05 
0. 1 6  ± 0.03 
0. 1 7  ± 0.05 
0. 1 3 ± 0.04 
0.05 ± 0.02 
0. 1 4 ± 0.02 

Root­
pruned 

0.32 ± 0.04 
0. 1 9  ± 0 .04 
0. 1 4  ± 0.04 
0. 1 0  ± 0.02 
0.05 ± 0 .01  
0. 1 6  ± 0.02 

RDI  

0.20 ± 0 .02 
0. 1 3  ± 0 .02 
0. 1 0  ± 0 .02 
0. 1 1  ± 0 .02 
0.03 ± 0 .0 1  
0. 1 2  ± 0 .0 1  

RWD (g of root·cm-3 of soi l )  

3.59 ± 2 . 1 2  3.53 ± 1 .20 3. 1 9 ± 1 .47 
1 .04 ± 0.5 1 0.32 ± 0. 1 1 0.4 1 ± 0. 1 8  
0. 1 0  ± 0.04 4 .98 ± 3.69 0.08 ± 0 .05 
0. 1 6 ± 0.05 0.26 ± 0. 1 4  0.27 ± 0. 1 3  
0.04 ± 0 .02 0.02 ± 0.02 0.02 ± 0 .0 1  
0 .93 ± 0.35 1 .09 ± 0.38 0.66 ± 0.22 

z ± Standard error  of the mean. 

nsx 
ns 
ns 
ns 
ns 
ns 

ns 
ns 
ns 
ns 
ns 
ns 

Y a.= 0-0.6 m depth & 0-0.55 m distance; b .=  0-0.6, 0.55-2.5 ;  c.= 0 .6- 1 ,  0-
0.55; d .=  0 .6- 1 , 0.55-2 .5 ;  e .= 1 -2,  0- 1 ;  f.= 0-2, 0-2 .5 (see Table 4 . 1 ) .  
X ns Nons ign if icant. 
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Figure 4.1 1 Coord inates of woody root (> 1 .5 mm diam.) samples from close 
p lanted 'Sundrop' apricot classified by RWD (0, <1 .5 and > 1 .5 

g rarnlcm3 of  soi l ) .  Each data point denotes the position of a core 
sample relative to the tree  trunk at zero .  a) . Contro l ;  b). H-PBZ; c) . 

Root pruned with position of root-pruning sl it shown. and d ) .  RDI .  
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Figure 4.1 2 Proportion of samples from close planted 'Sundrop' apricot with in 
selected reg ions of  the root system which contained woody root 
(>1 .5  mm d iam.) ,  based on RWD data. Treatments were: 1 = 
Control; 3 = H-PBZ; 4 = Root p runed and 5 = RDI .  
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Figure 4.1 3  Effect of treatments on cumulative proportions of sample cores by 

RWD (g. cm·3) of woody roots for close planted 'Sundrop' apricot. 

Samples at depth and distance from tree trunk as shown. 
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The numbers of samples contain ing woody roots (RWD>O) was not 
sign ificant ly d ifferent among the treatments in the a .  b, c,  d and f reg ions 
(Figure 4 . 1 2  a. ,  b . ,  c . ,  d .  and f. ) .  However, below 1 m the root-pruned 
treatment had sign ificantly (P<0 .05) fewer samples with RWD>O than the 
control treatment (Figure 4 . 1 2  e . ) .  The other treatments were not s ign i ficant ly 
different from the control . 

The RWD cumu lat ive proport ion (F igure 4. 1 3  b.) shown that in root-pruned 
trees there were fewer woody roots in  the top layer  of soi l  and outs ide the 
root-prun ing cut .  Th is was sign if icant (P<0.05) against the H-PBZ t reatment, 
but not relat ive to control . Close to the trunk at the 0.6- 1  m depth (Figure 4. 1 3  

c.) the propo rt ion of samples with woody roots was greater in  the root-prun ing 
treatment relat ive to the H-PBZ treatment (P<0.05) .  When a l l  samples were 
pooled from each treatment there were no statistica l ly sign ificant differences 
between treatments (Figure 4 . 1 3  f . ) .  S imi larly, no treatment d ifferences were 
sign ificant with in soi l reg ions for data shown in Figure 4. 1 3  a . ,  d. and e.  

4.4 RESULTS:  WIDE PLANTED TREES (1 990-1 991 S EASON) 

4.4.1 Summer prun ing 

The distr ibut ion of prun ing dry m atter between the  top and lower zones of  the 
canopy a re shown in F igure 4 .2  b.  The proportion of growth in the lower and 
middle part of the canopy on the RDI  treatment was lower than on L-PBZ and 
root-pruned t reatments (P<0 .05) ,  and trended toward a reduction relative to 
control (P=0.08) . The proport ions of regrowth by zone for control and othe r  
treatments were not s ign if icant ly d i fferent. 

Figure 4 .3  b.  shows that the we ight of postharvest summer prun ings from 
�ntrol was g reater than from the other treatments in  both the top and lower 
ZOnes of the canopy. The d ifference between control and L-PBZ was not 



Chapter Four: Effects on Vegetative Growth 1 09 

sign ificant, but  control was sign ificantly greater than the other t reatm ents 
(P<0.01  for H -PBZ and 0.05 for root-pruned and RD I  treatments) . H-PBZ had 
more effect than RDI in reducing g rowth in al l parts of the canopy (P<0.05) .  

Preharvest prun ing showed l ittle d ifference between treatments, but at the 
postharvest prun ing a l l  treatments tended to reduce growth (Figure 4. 1 4  b. ) .  
The only s ign if icant effect was that H-PBZ reduced prun ings compared with 
control (P<0.05) .  

4.4.2 Shoot growth 

The data from randomly sampled shoots in the top zone of the canopy 
measured at the postharvest prun ing are shown in Figu re 4.2 d. Shoot length 
was greatest on the RDI t reatment, although al l  t reatments were statist ical ly 
simi lar. Figure 4 . 1 4  a .  shows the effect of treatments on the g rowth of m id­
zone shoots measured at intervals through the season. The data show that a l l  
experimental t reatments resu lted in lower shoot lengths th roughout the  season 
than control (P<0.01  for RDI and P<0.05 for H-PBZ, root-pruned and L-P BZ). 

These t reatments were not stat ist ica l ly d ifferent from each other during  the 
season except between RD I  and L-PBZ up to 62 dafb. 

4.4.3 Trunk cross sect ional  area (TCSA) 

The changes in trunk cross sectiona l  area a re shown in  Table 4.2 b. The re 
Were no signif icant d ifferences among the t reatments. 
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Figure 4.1 4 The effect of treatment on shoot length ( middle canopy zone) and pruning on wide planted 'Sundrop' apricot in 1 990- 1 991  season . a) .  
The cumulative shoot lengths. Bars show the standard e rror of 
means; b). Regrowth in terms of summer pruning.  Dry weight of 
tagged shoots removed at the time of fruit harvest added to total 
p runing data. Vertical  l ines indicate the standard error of the 
means. 
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I n  this study, the response of apricot trees to a n u m ber of treatments appl ied 
to reduce vegetative g rowth was mon itored on close spaced trees during two 
seasons, and in one season on wide spaced trees. The shoot growth data of 
close spaced trees showed that without vigou r reduction strong upright 
summer growth occurred. The Tatura tre l l is system trains main shoots and 
branches in a V shape at 30° to the vert ical. Laterals m ust be encouraged to 
furnish the underneath of the V shape and not to resu lt in  excessive shad ing 
with in the canopy. Summer pru n ing contributes to th is result (van den Ende 
and Chalmers, 1 978; van den Ende, 1 984) , but other m anagement techn iques 
may also play a role. 

The h ighest proportion of early season top growth was in shoots with leaves, 
but from about 90 dafb th is proport ion decreased in favour of fru its unt i l  
harvest (Figure 4 .6  a .  & b . ) .  There was a large increase in fru it s ize during 
stage I l l  of  fru it growth (from 97 dafb) , wh i le shoot growth was most rap id 
during 60-90 dafb. Usual ly at  about th is t ime (89 and 1 0 1  dafb in f irst and 
second season respect ively) preharvest summer prun ing was performed as 
part of  normal  management practice to remove excess vegetative growth and 
a l low more l ight  to penet rate into the t ree canopy. Chalmers et al. ( 1 984 & 
1 985) described a s imi lar  re lationsh ip between the t iming of shoot and fruit 
growth, and showed that by us ing it to determine the t iming of RD I  it provided 
an opportun ity to reduce vegetative vigou r  without reducing fru it g rowth .  

· 4.5. 1  Tree response to PBZ 

The resu lts from c lose spaced trees showed that both PBZ treatments reduced 
summer pru n ing and shoot extension growth during the season . A sim i lar 
r�sult was reported us ing soi l  appl ied PBZ on 'Starkrimson Del icious' apple 
(L:ehman et al. ,  1 990a) ,  'B ing' sweet cherry (Jacyna et al. , 1 989) and nectar ine 
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and peach (B ianco, 1 986) .  Loreti et a l. ( 1 989) found a soi l  or  spray appl ication 
of PBZ reduced vegetat ive g rowth of peach cv. 'San Pedro' for 2-3 years 
depending on dose of appl ication .  In  the present study, in  the season of their 
appl ication to both close and wide spaced trees H-PBZ ( 1 . 5�. i . tree-1 ) had a 
greater effect than L-PBZ (0.5� a . i .  tree- 1 ) .  For example, cumu lative shoot 
length was reduced 54% in close planted trees by H-PBZ and on ly 1 9% by L­
PBZ treatments in the fi rst season. The total year's prunings was reduced 7 1 % 
by H-PBZ and 66% by L-PBZ treatments in the first season .  A s imi lar  resu lt 
was obtained in wide p lanted t rees and cumu lat ive shoot length was reduced 
57% by H-PBZ and 34% by L-PBZ treatments. Also at th is spacing ,  total year 
pruning was reduced 66% by H-PBZ and 1 4% by L-PBZ treatments. I n  the 
second season fol lowing a repeat appl icat ion, L-PBZ inh ibited vegetat ive 
growth 42% (total year prun ing) whereas there was a 36% reduction from the 
residual H -PBZ. The inh ib itory effect of the . H-PBZ treatment  in the second 
season after it 's sing le in it ia l  appl ication was greatly reduced, for example it's 
inh ib itory effect in reducing total year prun ing was only about half of it's effect 
in the first season. Ogata et al. ( 1 989) found that soi l appl ied P BZ reduced 
peach and cherry growth in the season of appl ication and the degree of 
inhibit ion reduced over t ime,  and in the th i rd year the trees tended to grow 
more strong ly than untreated trees. They considered that annual  appl ication 
was better than a single t reatment for control l ing tree size. Multiple low-rate 
appl ications of PBZ for contro l l ing vegetative growth of fruit trees was a lso 
recommended by Qu in lan and R ichardson ( 1 986). 

In the present study, the decrease in the effect of H-PBZ treatment over time 
ib 

may have been caused by increasing the root:shoot ratio dur ing the f irst year " 
of experiment as a result of reducing shoot growth combined with a low PBZ 
residue in the soi l  in the second season. According to Anon ( 1 982) ,  Lever 
(1 986) and Reed et al. ( 1 989) the movement of soi l-applied PBZ within the 
Plant is acropetal in the xylem to leaves and buds with no phloem mobi l ity. 
After such a P BZ increase in root :shoot rat io in the 1 990- 1 99 1  season, top 
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growth m ay occur in the year fo l lowing treatment as the tree reestabl ishes its 
root :shoot rat io. The root study carried out after two years of study showed 
that H-PBZ tended to increase the amount of woody roots in the top soi l  layer 
and further from the trunk, a l though the difference from contro l  was n ot 
sign if icant (F igu re 4 . 1 3  b . ) .  Davis et  al. ( 1 988); Grossmann ( 1 992) and Hodair i  
and Canham ( 1 990a) suggested that in  general PBZ reduced shoot g rowth 
and changed the root: shoot rat io in favour of the roots. The reduction of shoot 

. growth was associated with redistr ibut ion of assim i late, so that roots received 
• more, increasing the root:shoot ratio and hence root dry weight (Hodair i  and 

Canham,  1 990a). Also, m icroscopic study of root t ip cross-sect ions of  peach 
seedl ings by Wi l l iamson et a l. ( 1 986) fo l lowing PBZ appl icat ion showed that 
root t ip diameter increased and growth development of the root cortex and 

· ste le was modified by PBZ. 

In  the f irst season , of the two PBZ rates H-PBZ had the greater effect in 
reducing summer pruning and shoot growth of t rees at both spacings. L-PBZ 
d id not  reduce preharvest summer prun ing and shoot growth in  wide spaced 
trees relat ive to control .  This presumably was due to h igher shoot growth in 
early stage I of fru i t  growth when possib ly L-PBZ had l i tt le  effect in red ucing 
shoot g rowth ,  and this contributed to more preharvest prun ing .  Trees at wide 
spacing  were the same age as those at close spacing, but usual ly had bigger 
canopy s ize ( ie .  bigger TCSA, Table 4.2) and possib ly a larger root system. 
Webster ( 1 989) suggested that rootstock, scion cu ltivar, so i l  type and tree size 
influenced the response of plum t rees to soi l appl ied PBZ us ing dosage rates 
0.4 to 3 .2 g active ingred ient. Also, Gaash ( 1 986) reported PBZ reduced 
vegetative g rowth of apple, p lum and apricot, with dose response curves being 
related to spec ies, clone, rootstock and tree size. Larger t rees with longer 

t- shoots and g reater trunk g irth needed a greater amount of chemica l .  I n  close 
� spaced trees, TCSA was sign if icantly reduced on ly when L-PBZ had been 

used for two consecut ive seasons. However, the annual  increase in  TCSA was 
' reduced by both PBZ rates in  both seasons (see chapter 5, Fig u re 5. 1 1 b .  & 



Chapter Four: Effects on Vegetative Growth 1 1  4 

d.) .  An ind i rect effect of L-PBZ treatment appeared in the increased l ight  levels 
in the top (54 and 95 dafb) and m iddle canopy zones (95 dafb) in  the second 
season. The analysis of the spatial distr ibution of pruning mater ia l  in  the first 
season (F igure 4.2 a.) revealed that control trees produced 52% of their 
annual regrowth in  the top canopy zone, whi le  the PBZ treatments red uced 
annual regrowth in the top canopy zone by 1 0% and 20% (L-PBZ and  H-PBZ) ,  
and th is patte rn cont inued to a lesser degree in the second season.  Th is 
possibly exp la ins the ind i rect effect of L-PBZ increasing l ight penetration in  the 
second season of study. The effect of H-PBZ in reducing vegetat ive g rowth 
(described earl ier in th is section , also Figure 4.2 a . )  was h igher i n  the f irst 
season , although there is no l ight measurement data from the fi rst season of 
study to i l l ustrate any h igher indirect effect on l ight penetration. Lever ( 1 986) 
reported that PBZ reduced vegetative growth of fruit t rees which had an 
indirect effect in improving l ight penetrat ion through the canopy. 

4.5.2 Tree response to root-pruning 

The amount  of  summer prunings both preharvest and postharvest was 
reduced by root-prun ing in the first year (F igure 4. 1 a . ) .  I n  the second season 
on ly the preharvest prun ings dry we ight was reduced by this treatment (Figu re 
4. 1 b.). The prun ing data revealed that the effect of root-pruning in reducing 
prun ings reduced from the fi rst season to the end of the second season , when 
postharvest prun ing was not sign ificant ly affected by root-pruning.  Harris et al. 

(1 971 )  as cited by Geis ler  and Ferree ( 1 984a) reported vegetat ive g rowth was 
reduced soon after root-prun ing trees, but the effect d imin ished as t ime 
elapsed after pruning, and 1 year after prun ing there were no d ifferences in 
shoot growth between root-pruned and unpruned trees. The present resu lt on 
close spaced trees showed that whi le measuring extension growth of shoots 

· did not show a sign ificant  effect of root-prun ing t reatment (Figure 4.2 c .  & 4.5) ,  
growth was reduced as determined by total  summer prun ing in both the fi rst 
(P<0.00 1 ) and second season (P=0.068) of the experiment (Figu re 4 . 1  ) .  Th is 
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is also reflected in a smal l  increase in l ight i n  the m iddle canopy zone (Figu re 
4.7 b .  P=0.084 at 95 dafb ) .  I n  the wide planted trees the effect of root-prun ing  
increased during the  season .  A t  the  preharvest prun ing  (89 dafb) the  treatment 
showed l ittle effect , but later at the posthaNest pruning there was m ore 
reduction of shoot growth .  This may have resu lted from the wide tree spacing  
modifying the shape and  form of  root d istr ibution with in the soil .  Atkinson et 
al. ( 1  976) and Atk inson { 1  976 and 1 978) reported that the distan ce between 
trees had an effect on root d istr ibution. For instance in wide spaced apple 
trees the root system was composed main ly of horizontal roots with relatively 
few vertical s inkers.  However, at closer spacing,  the horizontal port ion was 
reduced and the root system was composed mainly of vertical s inkers. The 
results from both close and wide spaced trees presently described (shoot 
growth and summer prun ing data) are in agreement with such types of root 
system . Thus it m ight be possible to conc lude that root-prun ing at the same 
distance and depth had a more severe effect on wide spaced trees than on 
the close spaced,  possibly removing a larger proportion of the root system. 
The canopy of the wide spaced t rees was bigger, increasing the demand for 
water a nd other materials from the root system.  The time needed for the trees 
to resto re the balance of the root :shoot ratio may have been greater. Geis ler 
and Ferree ( 1 984b) reported that in general as the severity of root-prun ing 
increased, the rate of shoot growth decreased. They reported that root-prun ed 
trees resumed shoot growth in the th ird or fourth week fol lowing root-prun ing,  
and suggested that  to rest r ict tree s ize by root-prun ing roots wou ld have to be 
removed repeated ly at intervals of several weeks. Schumacher { 1 975) as cited 
by Schu pp and Ferree ( 1 988b) found that d istance from the tree trunk had an 
effect on  the response of  4-year-old 'Maigold' apple trees to root-prun ing.  
Trees pruned at 40 cm distance showed reduced shoot g rowth, whereas 

' pruning at 60 cm increased shoot g rowth by 60%. Sch upp and Ferree ( 1 988b) 
noted that d istance of root-prun ing ,  but not pruning depth inf luenced shoot 
gr?wth and  concluded most roots were located in the top 25 cm of soi l .  
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Hence two years after the fi rst of 2 root-prunings, the trees had a greater RLD 
(Figure 4. 1 0  f . ) ,  due to  increased root g rowth in the top 60 cm of  the soi l  
profi le. There was increased RLD both with in the area of prun ing,  and also 
beyond the point at which roots had been cut (F ig u re 4 . 1 0  a. ,  b. & f. ) .  The 
RWD was not changed by root-prun ing relat ive to control .  This indicates the 
trees responded rapidly to replace the lost part of the root system , and the 
treatment increased the intens ity of soi l  exp lorat ion . Some of the regenerated 
roots were removed by the second season's prun ing,  wh ich was performed in 
the sam e  posit ion as in the fi rst season. Th is may explain why root-prun ing 
was able to reduce early season vegetative growth in the second season and 
it's inhib itory effect was less than in the fi rst season. Remaining regenerated 
roots ( in  the a. region) from the f irst season treatment, and the extra roots 
regenerated after the second season root-prun ing ,  together with removal of 
harvested fru its, may have al lowed greater assim i late partit ion ing to the shoots 
and resu lted in more shoot g rowth after the harvest per iod. This contr ibuted 
to strong postharvest shoot g rowth and h igh second season p run ings which 
were s im i la r  to contro l .  

4.5.3 Tree response to RDI 

Before d iscussing the vegetative g rowth response of trees to the RDI 
treatment it is useful to note (see chapter 3) this study was carried out in a 
deep soi l and the hum id c l imate of Palmerston North .  In  add it ion, as wi l l  be 

�· discussed in chapter s ix , the c l imat ic condit ions of the second season of study 
Were somewhat different from the first year. Th is year was sl ight ly cooler, but 
Was more hum id with more rainfa l l  du ring the main g rowing season. However, 

� the objective of RDI  was to impose a m i ld water stress dur ing the f i rst two 
stages of fru it g rowth and resume fu l l  i rrigation du ring stage I l l  of fru it g rowth.  
The general d iff icu lty in obta in ing desi red levels of water stress in th is 
�vironment was compounded in the close planted experiment by the loss of 

ree RDI p lots due to f looding (see 3 .5 . 1 .4) .  Th is has meant that many resu lts 
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from th is treatment are based on on ly 5 rep l icates (8 in control and other 
treatments) . 

On ly in the fi rst season a m i ld water stress during the first two stages of fru it 
growth reduced shoot growth and prun ings. U�der the cooler and damper 
climatic cond it ions of the second season it appears the degree of stress was 
insufficient to reduce vegetative g rowth .  The RDI  treatment did not reduce 

i .,c. rc�se 
TCSA. Hus l ig et al. ( 1 993) reported that RDI  d id not reduce growth of TCSA 

' A . 
of peach trees under cond itions of f ine- loamy soi l  in the c l imatic condit ion of 
Parkins, Oklahoma. 

In the f i rst season RDI  of close spaced t rees reduced both pre- (P=0.07) and 
post-ha rvest (P<0.00 1 )  summer prun ing .  The total dry weight of summer 
pruning was reduced by RDI  (Figure 4 . 1 a . ) ,  and extension growth of  tagged 
shoots was reduced by an average 26%: I n  1 990- 1 99 1  RD I  reduced shoot 
growth early in the season, and especial ly from 62 dafb (Figure 4 .5) ,  but it was 
not as inh ib itory as H-PBZ. 

Whi le the overa l l  effect of RDI treatment was to reduce shoot vigour by an 
average across both seasons of about 1 8% and 36% (cumu lat ive shoot growth 
and total year prun ings respect ive ly) on close spaced trees, and by 49% and 
22% in the f irst season on wide spaced t rees, the effect was not as great as 
that recorded by H iggs and Jones ( 1 99 1 ) . They found a 62% reduction in the 
Weight of shoots removed by summer pruning fol lowing R DI on apple t rees. 
Vegetative g rowth of peach trees was reduced by 80 and 70% when their dai ly 
Water replacement was reduced to 1 /8 and 1 /4 respectively of the 

A evapotranspiration from a class pan during the early stage of fru it growth 1\ 
(Chalmers et al. ,  1 984 ) .  I n  the present study, the RDI  reduced vegetative 
growth less in the -second season . This suggests there may have been • seasonal d ifferences in the implementation of the RDI  treatment .  As wi l l  be 
discussed in  chapter 6, i n  the second season more rainfa l l  occurred early in  
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the season (eg. in  September) . The covers were sealed and RDI  started at fu l l  
b loom (end of August). Dur ing early stage I of  fruit g rowth soi l  m oisture was 
st i l l h igh and wou ld not have suppressed shoot growth.  Th is cou ld expla in the 
h igh leve l  of preharvest summer prun ing ,  which was not s ign if icant ly d ifferent 
from control .  Low evaporat ion from the soil surface under the p lastic covers 
used for RDI  treatment may also have contributed to the slow dry ing out of soi l  
moisture. At early stage I the temperature was low and the covers by 

· preventing evaporation may have reta ined soi l  moisture. Such an  effect under  
black plastic mu lching on apple trees was reported by Bacon { 1 974). 

� . .  

. Jerie et al. { 1 989a) suggested that ma inta in ing  a h igh density o rchard without 
using dwarf ing rootstocks requ ired control of the wetted root zone by water 
stress with RDI .  They concluded there was good potentia l  for ach ieving th is 
in shal low but wel l drained soils and/or in a dry c l imate during periods of rapid 
shoot growth .  However the h um id and wet c l imate of Palmerston North with 
low spring temperatu res made it d ifficu lt to practise RDI (see chapter 6) .  I n  the 

· 1 99 1 - 1 992 season RDI did not red uce prun ing or shoot g rowth ,  which may 
reflect an inadequate level of water stress. Root core sampl ing of c lose 
spaced trees showed the existence of roots down to 1 .6 m soil depth, so trees 
were able to extract water from deep in the soil , wh ich it was d ifficu lt to d ry 

. during the second season (see chapter 6) . Reduction in vegetative g rowth 
� using RDI ( inducing plant water deficit by applying less water than  the plant 

uses) has been reported previously, for example Boland et al. ( 1 993); 
I 

Chalmers et al. { 1 98 1  and 1 986); M itche l l  and Chalmers ( 1 982 ) ;  M itche l l  et al. 

� (1 984) . Cha lmers et al. ( 1 984) suggested that as shoot growth is integra l ly 
linked with root g rowth, restrict ing root growth wi l l  tend to restr ict shoot g rowth . 

. Root restr iction was achieved in their  experiment by using very sha l low soi l ,  
lim iting the wetted volume with tr ickle i rrigation and by h igh t ree density. The 
P.resent resu lts of c lose spaced trees in the second year agree with the results 
Of Girona et al. { 1 993) who appl ied RDI to peach trees under  deep soi l  
COnditions. They reported that RDI produced a smal l  reduction of TCSA {8%), 

I 
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and there were no  clear indicat ions of decreased shoot growth relat ive to 
· control .  They concluded that the m inor effect on vegetative g rowth was 

·. possibly a consequence of the relatively long t ime that it took to ach ieve 
� 

moderate water stress in  the RDI treatm ents on a deep soi l .  

SUMMARY 

'Sundrop' apricot trees tended to produce a h igh p roportion (= 50%) of their 
growth in the top canopy zone in the absence of any growth contro l l i ng 
treatment (con trol) . All treatments reduced th is tendency giving - 1 0  to 40% 
reduction of regrowth in  the top of tree in the fi rst season on close spaced 
trees. 

I n  the fi rst season both P BZ treatments s ign if icantly reduced vegetative g rowth 
at both tree spac ings, w ith a h igher inh ibitory effect by H-PBZ. However, in the 
second season reapp lying the L-PBZ treatment gave a h igher inh ib itory effect 
than the carry-over from the f irst year appl ied H-PBZ treatment. Although the 
total PBZ dose over two years was lower, repeating L-PBZ treatment in the 
second season gave g reater effects . 

The response to root-prun ing in both c lose and wide spaced trees reflected 
the spacing .  In close spaced trees in the f i rst season root-pruned trees 
showed a more im med iate response to root-prun ing than in the second year 
in terms of reduced vegetative growth. However, the effect of root-prun ing 
decl ined through the season and d isappeared in the second season in spite 
of reappl ied root-prun ing .  The result from the fi rst season suggested that root­
prun ing of wide planted t rees had a longer term effect in reducing shoot 
growth than on c lose p lanted trees. 

RDI resu lted in a reduct ion of shoot growth and prun ings in both close and 
wide spaced t rees in the f i rst season, but had no effect in  reducing vegetative 
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growth in the second season of the close spacing experiment. Th is was 
possibly caused by lower temperatu re and evaporation and h igher ra infa l l  and 
h igher early season soil moisture in the second season , which possib ly 
produced an insufficient level of water stress in the second season. 

Root core sampl ing on close spaced trees revealed roots in the deeper layer 
of explored soi l ,  but the root responses to treatments were mostly in the top 
1 m of soi l .  Root-prun ing tended to increase RLD c loser to the t ree trunk  and 
part icu larly in the prun ing cut reg ion. 

The resu lts suggested that among the appl ied t reatments the most effective 
was the use of PBZ. Other treatments were short-lived or variable in response 
in terms of reducing vegetative g rowth. So, based on these resu lts and under 
the conditions of  th is  experiment RDl and root-prun ing could not be 
recommended in commercial appl ication. However, as wi l l  be d iscussed later 
(chapter 8) ,  the combination of root-prun ing and RD I  m ight offer a new area 
of investigation to increase the efficiency of both these treatments in reducing 
vegetative g rowth. 



C H A PTER FIVE 

E FF E CTS OF TR EATM ENTS ON R E P R O D U CTIVE G ROWTH 

O F  ' S U N DROP'  A P R I COT 

5.1 INTRODUCTION 

Manag ing  vegetat ive and reproduct ive growth, and contro l l ing tree size a re 
important aspects of h igh-density orchard cu lture. Forshey and E lfving ( 1 989) 
suggested that the u lt imate objective of al l  pomological practices in any 
orchard management system is the manipu lat ion of the vegetative growth­
fru it ing relat ionship. 

Any orchard management should aim to produce h igh qual ity fru its, th is being 
particu lar ly important in  New Zealand where much of the frui t  industry is export 
dependent .  'Sundrop' apricot produces good qua l ity fru its, and it has been 
suggested it was the i r  bright  orange colou r and good size that attracted 
considerable g rower attent ion in  the apricot g rowing a reas in New Zealand 
(Noiton et  al. ,  1 993) . 

One of the objectives of this study was to evaluate the effects of PBZ, root­
pruning and RDI  on vegetat ive and fruit g rowth and qua l ity of 'Sundrop' 
apricot . The effects of the d ifferent g rowth control techn iques on vegetat ive 
growth were d iscussed in the previous chapter. This chapter wil l  eva luate the 
effects of the t reatments on fru it g rowth and qual ity of c lose and wide spaced 
'Sundrop' apricot trees under the hum id c l imate of the experimental site. Data 
on the wide planted trees was restricted to the 1 990- 1 99 1  season as 
previous ly described. 

Seasonal changes in  fruit size based on destructive fru it data were d iscussed 
in the p revious chapter (Section 4 .j.2D ). In this chapter seasonal changes in 

· fru i t  g rowth based on non-destruct ive fru it measurements are p resented. The 
Yield,  stage of maturity and f ru it qual i ty factors such as colour and total soluble 
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sol ids (TSS )  were assessed at the t ime of each commercial f ru it harvest. 

Robinson ( 1 992) suggested that part it ion ing index (P- index) ind icates how wel l  

the t ree partit ioned i ts resou rces into f ru it .  l t  is the rat io of annua l  fru it 
produced to annual amount of vegetat ive g rowth .  Partit ion ing index of close 
spaced t rees based on yield and annual increase in TCSA was calcu lated, to 
al low an est imate of how eff icient the applied treatments were in reducing 
vegetative g rowth and part it ion ing the saved carbohydrates into fru i t .  

Fru it g rowth is a function of volume (or weight) increase, and d iameter by itself 
is general ly a poor measure of fruit g rowth because it is not l inearly re lated to 
volume or weight (Westwood, 1 993) .  Apricot is not a sphere-sh aped fru it , and 
destruct ive fru i t  sampl ing th roughout both seasons produced a m odel to 
predict f ru it volume and fresh we ight from non-destructive fru i t  d iameter data 
(Chalmers, 1 990 pers. comm. ) .  On ly f ru it d iameter and est imated fru i t  volume 
are presented. 

The flowering period for al l  t reatments was mon itored at the beginn ing of the 
second year  of study to evaluate the effect of f i rst year t reatments on the t ime 
and durat ion of flower ing.  The t ime of fu l l  b loom in both seasons was used as 
a reference date for most assessments in the orcha rd experim ent .  The effect 
of t reatments on flower and fruit density and on fruit set was a lso exam ined 
on the close spaced t rees. 

Th is chapter w i l l  report and d iscuss some factors related to reproduct ive 
aspects, g rowth ,  yield and qual ity of the fruit of experimenta l  trees, and the 
effects of the t reatments on these du ring the orchard exper iment .  
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5.2 MATERIALS A N D  M ETH O D S  

5.2.1 Measurements 

5.2. 1 . 1  Flowering  period, f lower and fru it density and fru it set 

Flowering pe riod was determined by est imating the percentage of open flower 
each 2-3 days from 27th .  August 1 991  on the close spaced trees. Two weeks 
before fu l l  b loom on each experimental tree 2 sim i lar s ize shoots f rom the 
m iddle canopy zone were selected and label led on each of the east and west 
sides of the tree. The total number of flower buds on each shoot was counted 
at the time of f loral bud burst and the shoot length recorded. Fru it n umber on 
each marked shoot was recorded 59 dafb and fru it set as a percentage of tota l 
flower bud number ca lcu lated. At th is t ime the number of fru its on each 
experimental t ree was a lso counted.  

5.2. 1 .2 Fruit  g rowth 

5.2. 1 .2.1 Fruit volume-d iameter relat ionship 

Because of  the l im itat ion of insufficient un iform non-experimental trees, th is 
study was performed on some exper imental trees of the close p lanted 
experiment in both seasons. Fru it samples were obtained from 24  (Contro l ,  H­
PBZ and RDI )  and 32 (Control ,  H-PBZ, Root-pruned and RDI) c lose spaced 
experimental trees in the first and second seasons of study respect ively. On 
each tree two fruits from the m iddle canopy zone were random ly samp led at 
weekly interva ls from 30 dafb unt i l  the t ime of fru it harvest in both seasons of 
study. The fru its col lected from each tree were kept separately in label led 
plast ic bags and parameters recorded immed iately after harvest. Fru it fresh 

r weight was recorded and fruit diameter measured across the suture l ine us ing 
a Dig ital Ca l iper (M itutoyo Corporation , Japan) .  Fru i t  volume was recorded by 
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a water displacement techn ique or weighing fru its under water as descr ibed 
by Westwood ( 1 993). Data was used to bu i ld up a model for pred ict ing fru it 
volume and fruit fresh we ight from non-destructive fru it d iameter 
measurements. 

5.2.1 .2.2 Seasonal fru it growth 

Five fruits of un iform s ize were tagged on the east side of the m iddle canopy 
zone of a l l  experimental trees (P late 5. 1 ) . Fru it d iameter was measured at 
weekly intervals across the sutu re l ine of fruit us ing a D ig ital Cal iper from 44 
(dafb) on both c lose and wide spaced trees in 1 990- 1 99 1  and from 33 dafb on 

close spaced trees in 1 99 1 - 1 992 season. I n  addit ion, in the f irst season on 
close spaced trees this m easurement was performed in the 3 canopy regions 
(upper, m iddle and lower) on control and H-PBZ treatments. 

Non-destructive fru it g rowth data were expressed as fru it d iameter, vo lume 
and f resh weight. Growth rate was calculated us ing  the fol lowing formu la  
(Hunt, 1 978): 

FGR 

where FGR is fruit g rowth rate (mm ,  g .  or cm3 day-1 ) ;  FT2, fru it s ize at 
t ime 2 (d iameter in mm,  volume in  cm3 or f ru it fresh weight in g . ) .  FT1 , 
fru it s ize at t ime 1 (mm,  cm3 or g . ) .  T2, t ime 2 of record in days and T, , 
t ime 1 .  

Tagged fruits were harvested at the t ime of commercia l  fru it harvest and fresh 
weight recorded. Fru its were separated into mesocarp and stone, then fresh 
weight of each part recorded. Dry weights of m esocarp and stone were 
recorded after one week drying at 89°C to constant weight. Total fru it weight 
and p roport ion of mesocarp and stone were ca lcu lated from fresh and dry 
weight data. 
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Fru it were haNested at commercial maturity based on a golden yel low 
background colour and were picked on 5 dates in the f irst season and 4 dates 
in the second season (Plate 5.2) .  The number  and tota l fresh weight of 
harvested fru its in each canopy zone ( lower, m idd le and upper) at each 
picking date was recorded. Th us tota l fruit number and yie ld were calcu lated 
in each canopy zone and for the whole tree canopy. Mean fruit s ize, yield 
effic iency (g. of fruit cm·2 TCSA) and crop d �n s ·1 y (fruit number cm·2 TCSA) 
were calcu lated based on yield, f ru it number and TCSA data. Yie ld eff ic iency 
was ca lcu lated using the formula: 

YE = TY 
TCSA 

where YE is yie ld eff iciency (g. of fruit cm·2 TCSA) ; TY, total ha rvested 
fru it per tree and TCSA is trunk cross sectional area in cm2 at the t ime 
of fru it harvest (Table 4.2 ,  TCSA used were recorded at 23/0 1 /1 991  and 
03/0 1 /1 992 during fi rst and second season respective ly) . 

Crop density was calcu lated using the formula: 

CD = 

NF 
TCSA 

where CD is crop dens ity (fru it number cm·2 TCSA) ; NF  is tota l n um ber  
of  fruits at  the t ime of  fruit haNest and TCSA is as described above. 

At each picking date, 2 fru its from the m iddle canopy zone of each tree were 
random ly selected for background colour and TSS assessment. Colour 
measu rements were made on each cheek of  each fru it using a Mino lta 
Chromameter CR - 1 00 (Mino lta Camera Co. , Ltd,  Japan) .  The m eter was 
cal ibrated at i l l um inant condit ion C using the manufacture r's white standard 
reflector p late. Skin fruit colour  was expressed in Commission lnternat ionale 
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d'Ec la i rage L·, a · ,  b. colou r-space coordinates (Francis,  1 980;  Voss, 1 992 & 
Lancaster et al. ,  1 994 ) .  H ue angle val ues decrease as skin colou r  changes 

from g reen to ye l low ( L itt le ,  1 975). Thus h igh hue angle va lues indicate an 

intense g reen colour .  The l ightness (L") value factor defines the l ightness or 

darkness of the colour,  so h igh L. value indicates a l ight colou r  (c loser to 

wh ite) and a low value ind icates a greater degree of darkness (Voss, 1 992) .  

Total sol ub le sol ids (TSS) was recorded using a hand-held temperature 

compensating Atago N-20 refractometer (Model N,  McCornick Fruit Tech. , brix 

range from 0-20% at 20°C) .  J u ice was squeezed using a gar l ic  press f rom 

pieces of f lesh cut  from each cheek of the fruit , and two readings were m ade 

for each fru i t  (4 va lues recorded for each experimental t ree at each picking 

date). The refractometer was zeroed using disti l led water. The prism s u rface 

and the l ight plate were thorough ly washed and dried with a c lean soft t issue 

between each read ing.  

5.2.1 .4 Part i t i o n i n g  i n dex 

Part it ion ing index (P- index) was calcu lated according to method described by 

Robinson ( 1 992) using the form u la :  

P . d kg yi el d - � n  ex = TCSA GR 

where P- index is part it ioning index (kg yield cm·2 TCSA yea( 1 ) ;  TCSA 

GR is g rowth rate of trunk cross sect ional area (cm2 yea(1 ) .  

Ann ual  increase of TCSA (TCSA GR) was calcu lated based on the fol lowing 

formu la (Hunt ,  1 978) : 

TCSA GR = TCSA c2 - TCSA tl 
Tz - Tl 

where TCS�2 and TCS�, a re TCSA recorded at t ime 2 (T2) and t ime 
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a .  

b .  

Plate 5 . 1 . N on -destruct 1ve f r u 1 t  g rowth m e a s urement  on close spaced 
'Sundrop' ap r icot t rees d u r i n g  1 990- 1 99 1  sea so n .  a). Tagg ing frui ts pr ior to 
fru i t  m ea s u r e m e n t .  b). F ru i ts at 40 days after  f u l l  b loom . 



P late 5 .2 .  Wide p lan ted ' S u ndrop' apncot t rees 1n  1 990- 1 99 1  season . a). 

P ick ing f ru 1 t  of  R D I  t r ea tment us 1ng  h ydrau l iC  ladder in Janua ry 1 99 1  ( 1 27 

dafb) .  b).  G en era l v iew of w ide p lan ted t rees before f ru it ha rvest. 

a .  

b .  
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1 (T, ) respect ive ly (TCSA recorded at J u ly 1 990 , May 1 99 1  a n d  Apri l  

1 992 were used in  th is calculat ion ; see Table 4.2) .  

5.2.2 STATI STICAL ANALYSIS 

The data were analysed as described previously (section 4.2 .2) .  I n  

experimental work to  evaluate changes in f ru i t  growth and s ize the 

transformation of  non-dest ruct ive fru it d iameter data to fru it volu m es is  

desirable (M itche l l ,  1 986; Chalmers, pers. comm. ;  Jerie, pers. com m .) .  Fru it 

, sampl ing data from both seasons were used to establ ish a m ode l  for 

predicting fru i t  volume and fresh weight f rom non-destructive fru it d iameter 

measurements. Data were exam ined for  d ifferences between the two seasons 

and between t reatm ents. Data from the two seasons of sam pl ing and for  a l l  

sampled treatments did not show any signif icant d ifferences , th us both sets of 

data were poo led. The model was fitted according to the method descr ibed by 

Myers ( 1 990). Data was pooled , and random ly spl it into two sub-sam ples:  a 

fitt ing sample (70 percent of data) and a val idat ion sam ple (30 percent of 

data) . This method (data spl itt ing) al lowed for c ross val idation of the m odel .  

Because of  the cub ic relat ionship between f ru it d iameter and fresh weight or  

volume, data was logarithm ica l ly (base e) t ransformed. The relat ionsh ips 

between fru i t  diameter and both fru it  volume and fru it fresh we ight were 

obtained on f itt ing sample data (F igure 5.2 a .  & b. ) .  The goodness of these f its 

and the regression eq uations was exam ined on the val idat ion data (Fig u re 5 .3 

a .  & b.) .  

In the comparison of seasonal fru it growth ,  fru i t  n umber at the t ime of h a rvest 

Was used as a covariate for fru it g rowth data (Steel & Torrie, 1 98 1  ) , as 

treatments had different f ru it numbers per tree du ring the experiment (Tables 

5. 1 , 5 .2 a . ,  5 . 3  a . ,  5 .7 and 5.8 a . ) .  Data adjusted for fru it number were u sed 
for com parison of the t reatments. Time was considered as a factor by 
analysing seasonal  fru i t  g rowth data as repeated measurement analysis (RM) .  
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5.3 R E S U LTS: CLOSE PLA NTE D TREES 

5.3.1 Flowering period, f ru it set, f lower and fruit dens ity 

Both L-PBZ and H -PBZ advanced flowering by 2-4 days (F igure 5. 1 b . )  in the 

fol lowing season relative to cont ro l ,  root-pruned and RDI t reatments (P<0.00 1 ) .  

The f i rst of September was adopted as the t ime of fu l l  b loom for use as the 

reference date for al l t reatments d ur ing both seasons of study (Th is date was 

also val id  for the fi rst season, but data are not presented). 

The t rend was for f lower and fru it densit ies (m·1 of shoot) to be h igher on t rees 

of the RDI t reatment in  the second season (Figu re 5 . 1  a), a lthough d ifferences 

were not sign if icant. L-P BZ and RDI  enhanced fru it set in the second season 

of study relat ive to cont rol and root-pruned treatments (P<0.05) . S im i larly the 

total n um ber  of fru its in the second season was increased following L-P BZ and 

RDI (Table 5 . 1 b . )  and differences re lat ive to contro l  and root-pruned t rees 

were sign ificant (P<0. 0 1  and P<0 .001  respect ively) . 

5.3.2 Seasonal  fru it g rowth 

There were pos it ive l inear re lat ionships (( = 0.98) between fruit d iameter and 

both fru it vo lume and fru i t  fresh weight (Figu re 5.2 a .  & b. ) .  

The interaction between t ime and treatment for  al l  fru i t  data in both seasons 

was sign ificant (P<0.00 1 ) . The changes in fru it g rowth rate based on fru it 

Volume computed from diam eter data are shown in Figu res 5.5 a .  and 5.6 a. 
These graphs show there were th ree stages of fruit  g rowth throughout the 

season: in both seasons stage I ended by 61 dafb, stage 1 1  was between 6 1  

and 9 1  dafb and stage I l l  of fru it growth started from 9 1  dafb and cont in ued 

Until harvest. 
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Figure 5.1  I nfl uence of fi rst season treatments on second season flowering 
and f ruiting of close spaced 'Sundrop' apricot. a) . Flower and fruit 
density and percentage f ruit set; b). Flowering period in 1 99 1 - 1 992 
season. Bars show the standard error of the t reatment means. 
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T•W• s. f. Tho total number of fruit on an treatments of dose spaced ·sundrop• apricot 

trees recorded 59 days after ful l  bloom. 
a). Fru it number in 1 990- 1 991 season 

Contro l  L-PBZ H-PBZ Root pruned 

Eastz 1 1 5 ± 20x 1 30 ± 20 1 00 ± 20 9 1  ± 20 

WestY 1 56 ± 22 1 55 ± 22 1 55 ± 22 1 32 ± 22 

Total 271 ± 29 285 ± 29 255 ± 29 223 ± 29 

b).  Fru i t number in 1 99 1 - 1 992 season 

East 

West 

Total 

1 26 ± 1 3  1 56 ± 1 3  1 05 ± 1 4  

1 30 ± 1 4  1 73 ± 1 4  1 24 ± 1 5  

256 ± 1 9  329 ± 1 9  229 ± 2 1  

zEast s ide of tree canopy. 
YWest side of tree canopy. 
x ± Standard error  of the mean.  

1 1 7 ± 1 3 

1 1 3 ± 1 4 

230 ± 1 9  

RDI  

1 1 8 ± 27 

1 46 ± 29 

264 ± 39 

1 73 ± 1 7  

1 92 ± 1 8  

365 ± 26 

ns , • , * * , * * *  Nonsign if icant or s ign if icant at P = 0.05, 0.0 1 or 0.00 1 respectively. 
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Y = -0.29 + 2.74X 
( = 0 .98 

Y = -0.36 + 2 .8 1 X  
( = 0.98 

1 .0 1 .2 
loge fruit d iameter (cm) 

1 .4 1 .6 

.Figure 5.2 Relationships ( log9 transformed fitti ng data) between a) .  f ru it 
diameter and measured fru it volume, and b) .  fruit diameter and 
measured fruit fresh weight on close planted 'Sundrop' apricot 
trees. Data was pooled from two seasons measurements. 
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Figure 5.3 Relationships ( log9 transformed val idation data) between a) . 
measured  fru it volume and predicted fruit volume and b) .  measured 
fruit fresh weight and predicted fruit f resh weight (g.) on close 
planted 'Sundrop' apricot trees during the fi rst and second season. 
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The changes in fru i t  d iameter throughout the season are shown in F igure 5 .4 

a. L-PBZ treatment had larger fru it d iameter throughout the season relat ive to 

contro l  and root-p runing t reatm ents (P<0.05 for stages I and 11 of fru i t  g rowth 

and P<0. 0 1  for early stage I l l ) .  H-PBZ had greater fru i t  d iamete r than control 

at early stage I l l  of f r u it g rowt h  (P<0. 05) ,  however the d i fference d isappeared 

by the end of fruit harvest. Both PBZ treatments had g reater f ru it d iameter 

throughout the season re lative to the root-pruned treatm ent (P<0.001 for L­

PBZ and P <0 .01  for H-PBZ at 63 dafb, P<0 .0 1  for L-PBZ and P<0.05 for H­

PBZ at 87 dafb and P<0.001 for both PBZ t reatments at 1 28 dafb) . Root­

pruned and control were sim i lar th roughout the season unt i l  harvest when fru it 

s ize was s ign if icantly reduced by root-pruning t reatm ent (P<0.05) .  Stage I fruit 

g rowth of RDI  and root - p r u n e d  were sim i lar, but from 63 dafb unt i l  the t ime of 

harvest RDI  treatment had greater fru it diameter (P<0 .05) and at harvest this 

t reatment p rod u ced larger f ru i t  than root-prun ing (P<0.0 1  ) .  RDI tended to 

greater fru it d iameter throughout the season than control, a lthough the 

differences were usual ly not s ign if icant. 

The rate of f ru it growth in terms of f ru it volume (cm3 day"\ F igure 5 .5  a.) at the 

end of stage 1 1  and beg inning of stage I l l  increased sign if icantly on L-PBZ 

treated trees relative to the control (P<0.0 1  ) ,  and H-PBZ t reatment showed a 

g reater  g rowth rate pr ior to fru it harvest (P<0.00 1 ) .  However, the rates of RDI  

(at 1 28 dafb) and root- p ru n in g  ( 1 23 and 1 28 dafb) decl ined relative to  control 

(P<0.05) .  

L-PBZ increased fru it volume relat ive to control treatment (F ig u re 5 .5  b . ) ,  the 

difference being s i g n if icant th roughout the season (P<0.05 at the end of a l l  3 

. stages of f ru it g rowth) .  L-PBZ showed greater fruit volume relat ive to the root­

pruned treatm ent throughout the season (P<0.01 , P<0.05 and P <0.001 for 53, 

1 0 1  dafb and the other days respect ively) . H-PBZ also increased f ru it s ize 
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relat ive to root-pruned th roughout the season (P<0 .00 1  for 1 1 5- 1 28 dafb, 

P<0.01  fo r 44, 63 and 79-94 dafb and P<0.05 for the other dates) . This 

treatment a lso showed g reater fruit  vol ume than contro l  du ring stage I l l  of fruit 

growth (P<0.05), although  di fference at haNest was not sign ificant. RDI  
increased fruit volume relat ive to  control (P<0.05) on 94 ,  1 0 1 and 1 09 dafb. 

Figure 5.7 a .  & b. show the effect of H-PBZ on f ru it size in the upper and 

lower of the th ree canopy zones. H-PBZ produced larger fru it than control in 

. .  both these zones. The t reatment diffe rences in the lower canopy zone were 

:sign ificant at 1 25 dafb (P<0.05) and in  the top canopy zone du ring stages 1 1  
and I l l  of fruit g rowth (P<0.05 for 72 and 1 05 dafb and P<0.0 1  for 94 ,  1 1 5 and 

1 25 dafb). 

The fresh and dry we ight p roport ions of stone and m esocarp of tagged fru it 

from the m iddle canopy zone are shown in F igu re 5 .8 a . ,  b. & c. On both fresh 

and dry weight bases, mesocarp constituted the larger part of the fruit .  There 

were n o  s ign if icant d iffe rences between t reatments in proport iona l  composit ion 

of the fru it .  Figu re 5 .8 c. shows that both PBZ t reatments produced larger 

amounts of frui t  d ry m atter (mesocarp and stone) relative to control and root­

pruned t reatment (P<0.05 for L-PBZ and P<0.01 for H-PBZ) ,  which a lmost 

entirely were due to differences in m esocarp dry weight. Stone dry weight 

among a l l  the treatm ents was s im i lar ,  a lthough both PBZ treatments resu lted 

in s ign if icant ly la rger stone  dry weights than the root-pruned treatment 

{P<0.0 1  ) .  

r 5.3.2.2 Season 1 991 -1 992 

Both PBZ treatments increased fru it d iameter ( Figure 5 .4  b. ) . The differences 

'between L-P BZ and contro l ,  root-pruned and RDI were s ign ificant throughout 

[the season  (P<0.001 at 60 , 93 and 1 28 dafb) . H-PBZ had g reater fruit 

diameter re lative to control and  root-pruned th roughout the season (both 

�<0.00 1 at 60 dafb, P<0.0 1  relat ive to control and P<0.00 1 to root-pruned at 
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93 dafb, and P=0.07 relative to control and P<0.00 1 to root-pruned at 1 28 

dafb) .  Also,  H - P BZ had g reater f ru it d iameter relat ive to R D I  u nt i l  67 dafb 

(P<0.0 1  ), a l though th is  d ifference d isappeared dur ing the t h i rd phase of fru it 

growth . Contro l ,  RD I  and root-pruned t reatments  had s im i la r  fru i t  d iam eters 

duri ng the second season of the exper iment .  

Final d ry weights of tagged f ru its i n  the second season a re shown i n  F ig u re 

· 5.8 d .  Contro l ,  L- PBZ, H- PBZ and root-pruned treatments d iffe rences were not 

. sign if icant ,  however RDI reduced f ina l  f ru it dry matter re lat ive to control ,  L-P BZ 

and H-PBZ (P<0.05) ,  but was not s ign ificantly d ifferent from the  root-pruned 

treatment .  

At the end of stage 1 1  (88 dafb) fru i t  vo lume increase (cm3 day"1 ) on the RDI 
treatment was lower than on H-PBZ and root-pruned (P<0. 05 ,  F igure 5.6 a . ) .  

· However the  g rowth rate of RD I  d ram atical ly increased at t he  beg inn ing  of 

stage I l l  (93 dafb) re lat ive to these two t reatm ents (P<0.05 re lat ive to contro l  

, and P<0. 0 1  to root-pruned) . A l l  treatments had s im i lar  fru it g rowth rates at t he  

end o f  stage I l l  of f ru it growth .  

; Figure 5 .6 b .  shows the  cum ulat ive increase in  fruit  volume th roughout  the 
r 

· season for a l l  t reatments. Contro l ,  root-pruned and RDI  had s im i la r  fru it 

·�Oiumes dur ing the season . L-PBZ t reatment s ign if icantly i nc reased fru it 

�olume relat ive to control ,  root-pruned and RDI  throughout the  season 

�(P<0.00 1 at 60, 93  and 1 23 dafb) .  Differences occu rred betwee n  H-PBZ and 
��DI during stage I ,  early and late stage 1 1  (67 and 88 dafb) and before h a rvest 
�

-
stage I l l  { 1 1 0 dafb) of fruit growth (P<0.05) .  H-PBZ a lso showed increased 

!�uit volume d u ring the season relat ive to control  and root-pruned ( P<0 .00 1 at � and 93 dafb and P<0.05 against control on 1 23 dafb and P<0 .00 1  aga inst 

�t·pruned on  1 23 dafb). 
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apricot throughout the g rowing season. a) .  1 990- 1 991 , and b) .  
1 99 1 - 1 992 season.  Bars show the standard error of means. Fruit  
number at the time of harvest was used as a covariate for data. 
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'Sundrop' apricot throughout the 1 990-1 991 Season. a). Dai ly rate 

of increase of fruit volume (cm3 da{
1
) and b) . Fruit volume (cm\ 

Bars show the standard error of the treatment means. Fruit number 

at the t ime of harvest was used as a covariate for data. 
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Bars show the standard error of the treatment means. Fruit number 

at the time of harvest was used as a covariate for data. 
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Figure 5 .8 The influence of treatments on close planted 'Sundrop' apricot f ru it 
(tagged fruit from middle canopy zone) recorded at the time of fru it 
haNest. a) . Proportion of d ry matter; b) .  P roportion of fresh weight; 
c). Mesocarp and seed dry matter, and d) .  Fruit d ry  matter. 
1 =Control ;  2=L-PBZ; 3=H-PBZ; 4=Root pruned and 5=RDI.  Ve rtical 
l ines represent the standard error of mean. 
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The n um ber a n d  weight of fru its h a rvested from the d ifferent canopy zones are 

shown in Table  5 .2  a .  & b.  More fru its were carried in the m iddle canopy zone 

(Table 5.2 a . ) ,  the d ifferences between treatm ents for any canopy zone were 

not sign if icant. A l l  treatments stat is t ica l ly  had s imi lar yield on a tota l canopy 

basis (Table 5 . 2  b.  & Fig u re 5 . 9  b . ) .  Whilst there were trends for P BZ 

treatments to p roduce bigger f ru it and root-pruning to red uce f ru it s ize and 

yie ld, these d ifferences were not s ign if icant {Table 5.2 c. & Figu re 5.9 d . ) .  

Figure 5 . 9  b .  s h ows t h e  y ie lds at each harvest date. At the f i rst pick ( 1 27 dafb) 

H-PBZ (P=0.052) ,  root- pruned ( P=0. 07) and RDI (P=0.09) tended to yield 

more than control .  At the second pick ( 1 3 1  dafb) RDI produced more 

harvested y ie ld  than control (P<0 . 0 5 ) .  At the th i rd picking date ( 1 42 dafb) L­

PBZ produced more than root-pruned ( P<0.05) .  At the f inal p icks ( 1 46 and 1 49 

dafb) root-pruned yielded less than control ( P <0.05) .  No other  d ifferences were 

significant. Crop densi ty of L- PBZ ( Fig u re 5.9 c. ) was h igher than control 

(P<0.05) ,  the d i fferences a m ong t h e  other treatments were not s ign if icant. 

1 Simi larly (F ig u re 5 . 9  a . )  L- PBZ yield eff ic iency was sign ificantly g reater than 

both root-pruned a n d  control t rees (P<0 . 05) .  

"Table 5.4 a.  s h ows that H ue angle of sampled fru its at the f i rst picking d ate 

(1 27 dafb) was h igher (greener) for  the RDI treatment re lat ive to contro l  
(P<0.05) and to H-PBZ ( P< 0 . 0 1  ) .  The l ightness va lue of H-PBZ (Tab le  5 . 5  a. )  

at  th is date ( 1 27 dafb) was h ig h e r  ( l ig hter  in colour) than control a n d  RD I  
(P<0.05).  The h u e  ang le of control  a t  t h e  th ird pick was h igher than the  other  
t�eatments, with d iffe rences relat ive to H - P BZ and root-pruned treatments 
�eing sign if icant ( P<0.05) .  
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In  th is  fi rst season H-PBZ fru i t  ha rvested (Table 5 .6 a . )  at the second picking 

date ( 1 3 1  dafb) , showed the h ighest TSS,  th is being s igni f icant re lat ive to 

cont ro l  (P<0.0 1 ), L- PBZ (P<0.00 1 )  and RD I  (P<0.05) . At the th i rd p ick ing d ate 

( 1 42 dafb) cont rol had the lowest TSS, s ign if icant against al l other t reatments 

(P<0.05 ,  0.00 1 , 0 .00 1  and 0.01 relative to L-PBZ, H-PBZ, root-pruned and RD I  

treatments respect ive ly) . The TSS a t  t he  last p icking date ( 1 49 dafb) was 

s ign if icant ly h igher  (P<0.05) for root-pruned than for control fru i t .  

5.3.3.2 Season 1 99 1 -1 992 

In the second season , RDI and L-P BZ produced more fru its per t ree at harvest 

(Tab le  5.3 a . )  than control and H-PBZ (P<0.05) and root-prun ed (P<0.0 1  for 

RDI and  P<0.05 for L-PBZ).  Table 5 .3  b. shows that RDI and  L-PBZ gave 

s ign if icant ly h igher yield per tree than c·ont rol (P<0.0 1  for L-PBZ and P<O.OS 
for R D I ) ,  and root-pruned (P<0 .05) .  

Fru it s ize at ha rvest was improved by both PBZ t reatm ents,  the d ifference 

between H - PBZ and root-pruned treatm ents being s ign ificant ( P<0.05) , but no 

other d ifferences were s ign if icant (Table 5.3 c. & Fig u re 5 . 1 0  d . ) .  

Figu re 5 . 1 0  c .  shows that L-PBZ a n d  R D I  showed h igher c rop dens ity than 

contro l  (P<0.00 1 for L-P BZ and P<0. 0 1  for  RD I ) ,  H-PBZ (P<0 .01  for L-PBZ 
and P<0.05 for RDI)  and root-pru ned treatm ents (P<0.001 for  L-PBZ and 

P<0.05 for  R D I ) .  S im i lar ly ,  the y ie ld  eff iciencies of  L-PBZ and RDI  were h igher 

(Figu re 5. 1 0  a. )  than control (P<0 .00 1  for  L-PBZ and P<0.0 1  for  R D I ) ,  whi le 

L-PBZ was a lso m ore yield eff ic ient than H-PBZ (P<0.0 1 )  a n d  root-pruned 

(P<0.00 1 ) .  

The b reakdown of yie ld over the  four  picking dates of the  second season is  

shown in F igu re 5. 1 0  b.  There was a t rend toward increase in harvested yield 

at the f i rs t  p ick ( 1 30 dafb) for L-PBZ re lative to control ( P=O.OB) .  The 

d ifferences among the other treatm ents were not s ign ificant  at th i s  d ate. At the 
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second ha rvest ( 1 36 dafb) a l l  t reatm ents tended to yield more than contro l ,  

a lthough only L-PBZ was s ign if icant ly greater than control  (P<0.05) ,  and RD I  

trended (P=0 .07) s im i larly. At the th i rd harvest ( 1 40 dafb) only L- PBZ showed 

a posit ive trend towa rds a d i fference re lative to the root-pruned t reatm ent 

(P=0.055) .  

Hue ang le (Table 5 .4  b . )  and l ightness (Tab le 5.5 b . )  at the f i rst 3 pick ing 

dates were s im i lar  for  a l l  t reatments.  However, at the f ina l  harvest hue and L 

va lue of L-PBZ fru it were s ign ificant ly lower than those of root-pruned (P<0.05) ,  

and the RDI  l ightness value was h igher than L-PBZ (P<0.05) .  

Treatments had a s ign if icant effect on fru i t  TSS on ly  a t  the f i rst  harvest {Table 

5.6 b . ) .  The H-PBZ mean of  1 0.6  °8rix was h igher than root-pruned, RD I  

(P<0.05) and L- PBZ (P<0. 00 1 ) . Tota l  sol ub le so l ids recorded fo r  R D I  at  1 40 
dafb ( 1 2.29 °8 rix) was the h ighest TSS va l ue  in  the second season , a l though 

the d iffe rences among t reatm ents at  th is t ime were not  s ign if icant. 

5.3.4 Partit ion ing i ndex 

Figure 5 . 1 1  shows the P- index and TCSA g rowth rate (cm2 yea(1)  in  both 

seasons of close spaced trees. TCSA growth rate (F igure 5 . 1 1  b. & d . )  of the 

PBZ treatments was great ly red uced in both seasons re lative to contro l  

{P<0.01  and P <0.05 for L-P BZ and  H-PBZ respect ively i n  t he  f i rst season and  

P<0.00 1 fo r  both P B Z  treatments i n  the  second season ) .  Root-pruned 

treatment 's  TCSA increase in the second season was lower than contro l  

' {P<0.01  ) .  I n  general_
, as TCSA growth rate decreased P-index increased, 

although the red uct ion in TCSA growth of root-pruned trees in the second 

.season d id not s ign i f icant ly a ffect P- index compared with contro l .  Both PBZ · '  
treatments showed increased P- indices relat ive to control in both season of 

study (P<0.05) ,  whi lst in ei ther season were root-pruned or R D I  P- indices 
signif icant ly d i fferent from control (F igure 5 . 1 1 a .  & c. ) .  
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Figure 5.9 The inf luence of treatments on yield of close planted 'Sundrop'  
apricot in 1 990-1 991 season. a) . Yield efficiency; b) . Early harvest 
and fru it maturity; c) . Crop density and d) .  Mean fruit weight and 
mean total number of  harvested fruits.  1 = Control ;  2 = L-PBZ; 3 = 
H-PBZ; 4 = Root pruned and 5 = RDI .  Vertical l ines represent 
standard error of the mean. 

20 

-en .:.:. ' -
1 5  � . 

1 0  

5 

Q. 
.t::. u � Cl) 
c: 

60 -;; -
-.t::. 
CJ) 
Cl) 

45 == -
� ... -
1: 

3o m :E 

1 5  



250 

c:! 
CJ) 

200 () 
t-

� E CJ ... 1 50 ·:; ... --0 
D) 1 00 

50 

5 

c:! CJ) 4 () 
t-

CB Yield efficiency 

EIID Crop density 

Chapter Five: Effects on Reproductive Growth 1 4  7 

[ill Pick 1 Yield 
b .  a .  111111 Pick 2 

0 Pick 3 
0 Pick 4 

c .  Ill Fruit size 
- Fruit numbe r  tree·1 d .  

� E CJ ... 3 4) .c E 
::::J 
c: .. 2 ::::J ... -

1 

1 2 3 4 5 1 2 3 4 5 

Treatments 

Figure 5.1 o The influence of treatments on yield of close planted 'Sundrop' 
apricot in 1 99 1 -1 992 season. a) . Yield efficiency; b) .  Early harvest 
and fru it maturity; c) . Crop density and d) .  Mean fruit weight and 
mean total number of harvested fru its. 1 = Control; 2 = L-PBZ; 3 = 
H-PBZ; 4 = Root pru ned and 5 = RDI .  Vertical l ines represent 
standard error of the mean. 
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�gure 5.1 1 The effect o f  treatments on close spaced 'Sundrop' apri�ot t rees. 
a). & c) . Partitioning index (P- index);  b) . and d). Annual increase in 
trunk cross sectional area recorded in winter (TCSA) . 1 = Control ;  2 
= L-PBZ;  3 = H-PBZ; 4 = Root p ru ned and 5 = RDI .  Each column 
represents the mean of 8 trees (5 in RDI ) .  Vertical lines represent 
standard e rror of the mean. 
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Table 5.2.  Frui t  num ber, y ie ld and adjusted fru it s ize of harvested fru it by treatment and canopy posit ion of 

close spaced 'Sundrop' apricot t rees in January 1 99 1 . 

Canopy zonez a).  Frui t  number Sign if icance 

Control L- P B Z  H - P BZ Root pruned RDI of F values 

Zone 1 1 2  ± r 29 ± 7 1 6  ± 7 1 3  ± 7 8 ± 8  ns 

Zone 2 1 24 ± 25 1 98 ± 25 1 47 ± 25 1 42 ± 25 1 32 ± 34 ns 

Zone 3 87 ± 1 6  5 1  ± 1 6  69 ± 1 6  73 ± 1 6  96 ± 2 1  ns 

Tree canopy 223 ± 37 278 ± 37 232 ± 37 228 ± 37 236 ± 48 ns 9 {)) 'tJ 
b). Yield f resh weight  (kg ) Cii .... 

Zone 1 0.75 ± 0.37 1 .70 ± 0 .37 1 .5 1  ± 0.45 0.64 ± 0.37 0.7 1 ± 0.56 ns  I �  
Zone 2 7.52 ± 1 . 24 1 0.9  ± 1 .24 8.48 ± 1 .24 6.50 ± 1 .24 9.57 ± 1 .64 • rT1 I �  () 
Zone 3 5 .42 ± 0.98 3.72 ± 0.98 5.25 ± 0.98 4.5 1 ± 0.98 4.98 ± 1 .30 ns I � :::J 
Tree canopy 1 3 .7  ± 2 .03 1 6.3 ± 2 .03 1 5 .2 ± 2.03 1 1 .6 ± 2 .03 1 5 .3 ± 2 .69 ns )J 

{g 
c). Average fru it s ize (g.) C3 Q c: () �. Q5 

G) 
Tree canopy 62 ± 4 .93 65 ± 5 .0 1  68  ± 4 .92 54 ± 4 .92 61 ± 6.50 ns I a 

� I 
z Lower, middle and upper reg ions of t ree canopy for zone 1 ,  zone 2 and zone 3 respectively. 
Y ± Standard e rror of the m ean. \ �  ns , * , * * , * * *  Nonsignif icant or s ign if icant at P = 0.05, 0 .01  or 0.00 1 respect ively. (.() 



Table 5.3. Fruit number, y ie ld and adjusted fru it s ize of harvested fruit by treatment and canopy position of 

close spaced 'Sund rop' apr icot t rees in  January 1 992. 

Canopy zonez a). Fru it n u m ber 

Contro l  L-P BZ H - P BZ Root pruned R D I  

Zone 1 1 2  ± SY 39 ± 5 25 ± 5 1 9  ± 5 26 ± 6 
Zone 2 89 ± 1 7  1 83 ± 1 7  1 04 ± 1 7  1 00 ± 1 9  2 1 2  ± 23 
Zone 3 68 ± 1 1  38 ± 1 1  46 ± 1 1  43 ± 1 2  50 ± 1 4  
Tree canopy 1 69 ± 26 260 ± 26 1 75 ± 26 1 62 ± 28 288 ± 34 

b). Yield f resh weight (kg) 

Zone 1 0.7 1 ± 0 .30 2 . 2 1  ± 0.30 1 .23 ± 0 .30 1 . 1 0  ± 0.33 1 .5 1  ± 0 .40 
Zone 2 6.38 ± 1 . 1 7  1 2.2 ± 1 . 1 7  7.62 ± 1 . 1 7  6 .54 ± 1 .28 1 2 .2 ± 1 .55 
Zone 3 3.53 ± 0 .57 2 .74 ± 0 .57 3 .60 ± 0 .57 2 .88 ± 0.62 3.49 ± 0.76 
Tree canopy 1 0.6 ± 1 .62 1 7. 1  ± 1 .62 1 2.4  ± 1 .62 1 0.5 ± 1 .77 1 7. 1  ± 2 . 1 5  

c). Average fruit s ize (gram) 

Tree canopy 64 ± 2.95 69 ± 3.05 72 ± 2.95 63 ± 3.25 64 ± 4 . 1 6  

z Lower, m iddle and upper regions of tree canopy for zone 1 ,  zone 2 and zone 3 respectively . 
Y ± Standard error of the m ean. 
re, * , ** , ** *  Nonsign�icant or  s ign if icant at P = 0.05,  0.0 1 or 0.00 1 respectively. 

Sign if icance 

of F val ues 
• •  

* * *  

ns 
* *  

* *  
• •  

ns 
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Table 5.4. The influence of treatments on m esocarp colour (Hue ang lez) of close planted 'Sundrop' apricot fruit 

recorded at d iffe rent dates during January 1 991  and 1 992. 

dafbY a). Hue angle (degrees) 1 990- 1 991  season 

Control  L-P BZ H-PBZ Root pruned RD I  

1 27 88.42 ± 4.64x 94.4 1 ± 4.06 83.38 ± 3.68 90.77 ± 3.68 1 0 1 .84 ± 4.93 
1 3 1 7 1 .29 ± 1 .89 72.74 ± 2.06 67.77 ± 1 .89 7 1 . 1 4  ± 1 .86 66 .48 ± 2.80 
1 42 74 . 1 5  ± 1 .64 7 1 .35 ± 1 .50 68.62 ± 1 .64 70. 33 ± 1 .64 73.04 ± 2.00 
1 46 72.35 ± 1 .5 1  75.39 ± 1 .64 74 .01  ± 2.03 7 1 .25 ± 1 .90 72.6 1  ± 2 .03 
1 49 76.78 ± 1 .54 74.54 ± 1 .77 73. 5 8  ± 1 .95 73.8 1 ± 2 .54 75.49 ± 3.54 

b). Hue angle (degrees) 1 99 1 - 1 992 season 

1 30 74.04 ± 1 .85 70.67 ± 1 .54 71 .25 ± 1 .96 69.84 ± 1 .53 70.99 ± 2.29 
1 36 70.38 ± 1 .2 1  70.43 ± 1 . 1 4  70.94 ± 1 . 1 4  70. 1 7  ± 1 .23 72.2 1 ± 1 .49 
1 40 72.33 ± 0.92 71 .2 1  ± 0.92 71 .37 ± 0.92 72.44 ± 1 .00 70.96 ± 1 .22 
1 47 72. 1 1 ± 1 .02 69.87 ± 1 .23 71 . 1 8  ± 1 .26 75. 1 5 ± 1 .78 7 1 .45 ± 1 .38 

1H igher hue angles ind icate g reener colour .  
YFruits harvested at 5 and 4 d iffe rent picking t imes in 1 991  and 1 992 season respect ively. 
x ± Standard error of the mean.  
re , • , • • , • • •  Nonsignif icant or s ign if icant at P = 0.05, 0.0 1 or 0.00 1 respectively. 

Sign if icance 

of F va lues 

* *  

ns 
* 

ns 

ns 

ns 

ns 

ns 
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Table 5.5. The l ightnessz (%) of fru it colour  of close planted 'Sundrop' apricot recorded at each harvest 

date du ring January 1 99 1  and 1 992. 

dafbY a). Lightness (%) 1 990- 1 99 1  season 

Control  L-PBZ H-PBZ Root pruned RDI  

1 27 52 .53 ± 1 . 3 1  X 53 .89 ± 0.99 5 5 . 9 1  ± 0.90 5 4 . 0 1  ± 0 .90 52 .80 ± 1 . 20 

1 3 1 56 .67 ± 1 .02 56.08 ± 1 . 1 1  5 5 . 5 1  ± 1 . 02 56 .57  ± 1 .00 5 4 . 8 4 ± 1 . 5 1  

1 42 58 . 1 8  ± 1 .28 5 6 . 03 ± 1 . 1 7  5 5. 6 1  ± 1 .2 8  5 5 .70 ± 1 .2 8  60.04 ± 1 . 57 

1 46 58 .43 ± 0 . 8 9  59 .99 ± 0.97 60.20 ± 1 .20 60.77 ± 1 . 1 2  57.57 ± 1 . 1 9  

1 49 59. 1 0  ± 0 .82  58 .91  ± 0.95 58 .79 ± 1 . 04 59.86 ± 1 .36 59. 1 0  ± 1 .89 

b). Lightness (%) 1 99 1 - 1 992 season 

1 30 55.53 ± 1 .03 55. 1 8  ± 0.86 56.26 ± 1 .09 53. 8 1  ± 0 .85 53.40 ± 1 .27 

1 36 56.90 ± 1 .25 56.03 ± 1 . 1 8  53.96 ± 1 . 1 8  55. 1 3  ± 1 .27 57.52 ± 1 .54 

1 40 57. 1 8  ± 0.78 58 .45 ± 0.78 57. 1 9 ± 0.78 57.85 ± 0 .85 56.39 ± 1 .03 

1 47 56.69 ± 0 .67 55 . 1 3 ± 0.8 1 56.60 ± 0.83 58 .32 ± 1 . 1 7  57.96 ± 0.90 

zA higher value indicat ing a l ighter colour and lower value ind icat ing a darker colour. 
YFru its harvested at 5 and 4 d ifferent dates in  1 99 1  and 1 992 season respectively. 
x ± Standard error of the mean .  
ns , * , * * , * * *  Nonsignif icant or  s ign ificant at P = 0.05 ,  0 .0 1  or  0.001 respectively. 

Sign if icance 

of F va lues 
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Table 5.6.  'S undrop ' apr icot f ru it total soluble sol ids at harvest on the close p lanted experiment as  infl uenced by 

d ifferent v igour  cont ro l  t reatments recorded d u ring  J a n u a ry 1 99 1  and 1 992.  

daf bz a). TSS ( · B r ix) for 1 990· 1 99 1  season 

Control  L-P BZ H-PBZ Root pruned 

1 27 1 0 . 36 ± 0 . 68y 1 1 . 49 ± 0 .60 1 1 . 43 ± 0.54 1 2.08 ± 0.56 

1 3 1 1 1 . 74 ± 0 .38 1 1 . 4 1  ± 0 .38 1 3. 3 1  ± 0 .39 1 2. 46 ± 0 .37 

1 42 1 0. 02 ± 0 .38  1 1 . 1 8  ± 0 .35  1 2 .92 ± 0.38 1 2 . 2 6  ± 0.38 

1 46 1 1 . 33 ± 0 . 4 5  1 0.49 ± 0 . 4 8  1 2.75 ± 0.59 1 2.44  ± 0.58 

1 49 9. 1 6  ± 0 . 46 9.74 ± 0 .55 1 0. 2 5  ± 0.62 1 1 .04 ± 0.75 

b).  TSS ( · Brix) for 1 99 1 - 1 992 season 

1 30 9. 1 3  ± 0.60 7.6 1 ± 0.50 1 0.59 ± 0.64 8 .91  ± 0 .49 

1 36 1 0. 34 ± 0.57 1 0.77 ± 0.57 1 0. 50 ± 0.57 1 1 . 1 4  ± 0.63 

1 40 1 2.6 1  ± 0.69 1 0.85 ± 0.69 1 1 .99 ± 0.69 1 0.9 1  ± 0.75 

1 47 1 1 . 1 6 ± 0. 7 1  9 . 3 1  ± 0.97 1 1 .26 ± 0.88 8 .08 ± 1 .82 

zFru its harvested at 5 and 4 d iffe rent dates in 1 99 1  and 1 992 season respect ively. 
Y ± Standard e rror of the mean. 
,.., , " , * * , " * *  Nonsignificant or s ignificant at P = 0.05, 0 .01 or 0.001 respectively. 

R D I  

1 1 . 86 ± 0.72 

1 1 . 77 ± 0 .56 

1 1 . 9 1  ± 0.47 

1 0. 34 ± 0 . 6 1  

1 0 . 8 2  ± 1 . 1 4  

7.95 ± 0 .74 

1 0.84 ± 0.76 

1 2.29 ± 0.92 

9 .6 1  ± 0 .97 

Sign if icance 

of F value 

ns 
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Chapter Five: Effects on Reproductive Growth 1 5 4  

5 .4 R ES U LT S :  W I D E  P LANTE D T R E E S  

5.4.1 Fruit growth 

I n  the f i rst season there we re s ign if icant ly (P<0.05) more fruit  on  the L-PBZ 
trees (Table 5 .  7 a . )  t h a n  o n  t h e  RD I .  I n  the  second season the n umber o f  fru i t  

on al l  treat ments was greater ,  wi th h igher  n u m bers of fru it on  the PBZ 
treatments, but  the on ly  s ign if icant d ifference (P<0.05)  was between L-PBZ 
and R D I .  

The changes in  f ru it s ize ,  recorded on ly during t h e  f irst season ( 1 990- 1 99 1  ) ,  

in both fru i t  d i a m eter  a n d  vo l u m e  are shown in F igure 5 . 1 2  a .  & b.  The 

inte ract ion between t i m e  and t reatm ents fo r  both fruit d iameter  and fru i t  

volume were s i g n if icant (P<0.00 1 ) .  F ina l  fru it s ize was h igher  on both PBZ 
treatm ents , but  never becomes s ign if icant ly g reater that control .  RD I  

s ign if icant ly  red u ced fru it vol u m e  a n d  d iameter i n  late stage I l l  com pared with 

H-PBZ (P<0 .0 1  at  1 09 ,  1 1 5 d afb a n d  P<0.05 at 1 23 dafb). RD I  fru it vo lume in  

stage I wa s lowe r t h a n  H-PBZ (P<0.05 a t  53 dafb) , and both i t s  fruit  d iameter 

and vol u m e  d u r ing la ter  stage I and ear ly stage 1 1  (49-67 dafb) were 

s ignif icant ly s m a l ler  than cont ro l  (P<0.05) .  At early stage I (44 dafb) the root­

pruned t reatm ent  had h i gher  fru it d iameter and volume than R D I  (P<0.05) ,  

however la ter  R D I  f ru it were la rger  than root-pruned fru it (P<0.05 at 63-72 

dafb and 94- 1 0 1 d afb) .  B oth PBZ t reatm ents showed increase i n  fru it d iameter  

and vo lume f rom 49  dafb re lat ive to  t h e  root-pruned t reatment,  the d ifferences 

remain ing s ign i f icant u n t i l  h a rvest (P<0.05 and 0.0 1  for fru it d iameter at 53 

dafb for L-P BZ and H -PBZ respect ively,  P<0 .01  at 67 dafb, P<0.00 1 at 94 and 

1 23 dafb f o r  both PBZ t reatments) .  From later stage I (53 dafb) u nt i l  ha rvest 

the fruit d iameter  a n d  vo l u m e  of the root-pruned t reatment were smal ler  than 

· contro l  (P<0.0 1 ,  0 .00 1 a n d  0.01  at 53,  67 and 94- 1 23 dafb respect ively) . 

However, at h a rvest ( 1 28 d afb) f ina l  s ize of cont rol  fru its was n ot s ign ificant ly 

different  from that  of  the oth e r  t reatments.  



Chapter Five: Effects on Reproductive Growth 1 55 

Fru it  composit ion of tagged f ru i ts  (me socarp and stone) o n  both fresh and d ry  

weigh t bases are sh own i n  F ig u re 5 . 1 3 . As a proportion of  f resh weight (F ig u re 

5. 1 3  c . )  the m esoca rp of H - P BZ ,  root-pru n ed and RDI  f ru its was less (P<0.05) 

than that  of cont ro l .  F ig u re 5. 1 3  a .  shows t h at both PBZ treatments g ave h igh  

fru it d ry we ight ,  with H - PBZ being s ign if icant ly greater than both control 

(P<0.05) and root- p r u n ed (P<0.00 1 ) whi le L-PBZ was s ign if icant ly g reater on ly  

than root-pruned ( P<0 .05) .  Th e root-pru n ed t reatment  had lower stone d ry 

weight com p a red with t h e  o ther  treatments (P<0.0 1 re lat ive to control and  L­

P BZ, P <0.00 1 t o  H-PBZ and RD I ) , these be ing the on ly s ign if icant d ifferences 

among the treatments in  th is p a rameter .  I n fru it m esocarp dry weight both PBZ 

treatm ents were s ign i ficant ly  greater than root-pruned (P<0.0 1 )  and RDI 
(P<0.05) ,  b u t  n ei ther  P BZ t reatment was s ign if icant ly d ifferent f rom contro l .  As 

a p roport ion of dry we ight  ( F i g u re 5 . 1 3  b.) L-PBZ had more m esocarp than  

RDI  (P<0 .05) ,  and RD I  h ad a h igher  proport ion o f  stone than  L-P BZ (P<0.05). 

The d ifferences a m ong the other t reatm ents we re n ot s ign if icant . 

5.4.2 Yie l d  a n d  f r u i t  q u a l ity ( 1 991  data only)  

Table 5 .8  a .  & b .  s hows that  the o n ly s ign if ican t d iffe rences between 

treatments in th e n u m ber a n d  tota l weight of f ru it harvested in each of the 3 

canopy zon e s  was that root-pruned and RDI  t reatm ents  had lower fru i t  n um ber  

in the lower canopy zone than  control  (P<0.05) .  The average fru it s ize a t  

harvest w a s  h i gher  f o r  L- PBZ t reatment (Tab l e  5.8 c. and Fig ure 5 . 1 4  d . )  than 

root- prune d  ( P<0. 0 1 ) and R DI (P<0. 05 ) .  H-PBZ had larger fru i t  than root­

pruned (P<0 . 0 1  ) , with no other  s ign if icant d ifferences between the t reatm ents . 

. At the fou rt h  p ick ing  date ( 1 46 dafb Fig u re 5 . 1 4  b. ) the weight of harvested 
fru it from t h e  contro l  t reatm en t  was h igher  than from the other  treatments (L­

PBZ, root-pruned a n d  RD I  P<0. 00 1 and H - PBZ P<0.05) .  The d i fferen ces 

among the t reatm ents a t  other p ick ing dates were not s ign if icant. 



Table 5.7. The total n u m ber of f ruit on al l  t reatments of wide planted 'Sundrop' apricot 
t rees recorded 59 days afte r fu l l  bloom . 

a). F ru it number i n  1 990- 1 99 1  season 

Cont rol  L-PBZ H -PBZ Root pruned RDI 

Ea stz 57 ± 36x 1 39 ± 36 8 1  ± 3 1  1 1 8 ± 3 i 57 ± 3 1  

WestY 1 23 ± 47 205 ± 47 84 ± 40 1 52 ± 40 63 ± 40 

Total 1 80 ± 73 3 44 ± 73 1 65 ± 63 270 ± 63 1 20 ± 63 

b). Frui t  n u m be r  in 1 99 1 - 1 992 season 

East 202 ± 47 341 ± 47 3 1 4  ± 40 209 ± 40 1 96 ± 40 

West 2 7 1  ± 45 288 ± 4 5  1 98 ± 38 2 1 5  ± 38 1 89 ± 38 

Tota l  473 ± 8 7  629 ± 8 7  5 1 2  ± 7 4  424 ± 74 385 ± 74 

zEast s ide of t ree canopy. 
YWest side of t ree canopy.  
x ± Standard erro r  of  the mean .  
,..., , • , • • , * * •  Nonsignif icant or s ign� icant a t  P = 0.05, 0 .01 or 0.00 1 respect ively. 
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Days after full bloom 

Figure 5.1 2 Seasonal changes in fruit size on wide planted . 'Sundrop ' apricot 
du ring 1 990- 1 99 1  season .  Bars show the standard e rrors of means. 

a). Fruit d iameter (mm); b). Computed fruit volume (cm\ Fruit 

n umber at the time of harvest was used as a covariate for data. 
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a .  

5 

b. 

5 
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Figure 5.1 3 The influence of treatments on  wide planted 'Sundrop' apricot fruit 
recorded at the time of fruit harvest from middle canopy zone. a) .  
Mesocarp and stone dry matter of fruit; b) . Proportion of fruit  d ry 
matter, and c) . Proportion of f ru it fresh weight; 1 =Contro l ;  2=L-PBZ; 
3=H-PBZ; 4=Root pruned and 5=RDI .  Vertical l ines represent 
standard error of the mean. 
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Table 5.8. Fru it n umber, y ie ld and adjusted fru it s ize of harvested fruit by t reatment and canopy position of 

wide spaced 'Sundrop' apricot trees in January 1 99 1 .  

Canopy zonez a). Fru i t  number 

Contro l  L-P BZ H-PBZ Root pruned RDI 

Zone 1 27 ± 7Y 1 4  ± 7 22 ± 6 1 0  ± 6 5 ± 6  

Zone 2 1 2 1  ± 5 3 1 58 ± 5 3 89 ± 45 200 ± 45 62 ± 45 

Zone 3 1 8  ± 1 1  2 8  ± 1 1  2 1  ± 9 29 ± 9 2 1  ± 9 

Tree canopy 1 66 ± 62 200 ± 62 1 32 ± 53 239 ± 53 88 ± 5 3 

b) . Yield fresh weight (kg) 

Zone 1 1 .7 1  ± 0 . 49 0.96 ± 0 .49 1 .49 ± 0 .42 0.59 ± 0.42 0.55 ± 0 .49 

Zone 2 8 . 53 ± 3.00 1 2 .4  ± 3.00 8 .02 ± 2 . 57 1 0.9 ± 2 . 5 7  5 .54 ± 2 .57 

Zone 3 1 .99 ± 0.93 2.23 ± 0 .76 1 .64 ± 0.65 1 .74 ± 0 .65 1 .4 1  ± 0.65 

Tree canopy 1 2. 2  ± 3 .7 1  1 5 .6 ± 3 .71  1 1 . 1 5  ± 3 . 1 8  1 3.2 ± 3 . 1 8  7 .50 ± 3. 1 8  

c). Average fruit s ize (gram) 

Tree canopy 68 ± 4 .22 79 ± 4 .22 76 ± 3.62 57 ± 3.62 67 ± 3 .62 

z Lower, m iddle and upper reg ions of t ree canopy for zone 1 ,  zone 2 and zone 3 respectively. 
Y ± Standard error  of the mean.  
llll , • , • • , • • •  Nonsignif icant or  s ign if icant at P = 0.05, 0 .01  or 0.00 1 respect ively. 
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[ill Pick 1 Yield 
Ill Pick 2 a .  b.  
[Z} Pick 3 
0 Pick 4 
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5 1 2 3 4 5 

Treatments 

·. Figure 5.1 4 The influence of t reatments on yield of wide p lanted 'Sundrop' 
apricot in 1 990-1 991 season. a). Yield eHiciency; b) . Early harvest 
and f ruit maturity; c) . Crop density and d ) .  Mean fruit weight and 
mean total number of harvested fruits. 1 =  Control; 2= L-PBZ; 3= 
H-PBZ; 4= Root p runed and 5= RDI. Vertical l ines represent 
standard error of the means. 
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Table 5.9. The influence of t reatm ents on  mesocarp colou r  (Hue angle and Lightness) of sample fru i ts from wide spaced 

'Sundrop' apricot t rees recorded at d ifferent harvest dates du ring January 1 99 1· 

dafbz a). Hue ang le (degrees) 

Control L-PBZ H-PBZ Root p runed 

1 27 1 00.3 ± 4. 1 9y 94. 65 ± 3 .46 97.45 ± 2 .96 93.86 ± 3.46 
1 3 1 7 1 .25 ± 2.44 68. 96 ± 2.44 66 .60 ± 2.44 66. 8 1  ± 2 .09 
1 42 66.72 ± 3.08 73 .05 ± 3.08 72.04 ± 3.08 73.20 ± 2 .64 
1 46 8 1 .06 ± 3.65 73.29 ± 3.65 73.85 ± 2.58 69.98 ± 3.01 

1 49 75. 1 5 ± 1 .90 - 68.22 ± 3.52 7 1 .80 ± 2.70 

b). Lightness (%) 

1 27 49.73 ± 1 . 82 46.74  ± 1 .50 49.57 ± 1 .29 47. 4 1 ± 1 .50 

1 3 1 55 .86 ± 1 .65 54 .9 1  ± 1 .65 5 1 .23 ± 1 .65 55. 4 1  ± 1 .4 1  

1 42 55 .62 ± 1 .83 57. 4 1  ± 1 .82 56.8 1 ± 1 .82 56.08 ± 1 .56 

1 46 59. 1 4  ± 3 .07 52.46 ± 3.07 57.59 ± 2. 1 7  5 1 .84 ± 2.54 

1 49 58.6 1  ± 1 .04 - 5 7. 78 ± 1 .92 57.04 ± 1 .47 

zFru its harvested at 5 d iffe rent  picking t ime in 1 99 1  season .  
Y ± Standard error of the mean. 
ns , • , • • , • • •  Nons ign if icant or s ign if icant at P = 0.05, 0.01 or 0.00 1 respectively. 

RD I  

98 .46  ± 3 .46 
69.87 ± 2 .44 
72.73 ± 2 .64 
72.88 ± 3.0 1 
76.27 ± 2 .26 

49.29 ± 1 .50 

55 .50 ± 1 .65 

54.98 ± 1 .56 

56.38 ± 2.54 

57.23 ± 1 .23 

Sign if icance 
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Table 5. 1 0. 'Sundrop' apricot fru it total soluble sol ids sampled f rom the wide planted exper iment  as inf l uenced by 

d iffe rent vigour  control techn iques, recorded at the time of fruit harvest du ring January 1 99 1 . 

dafbz 

1 27 

1 3 1 

1 42 

1 46 

1 49 

TS S ( • Brix) for season 1 990- 1 99 1  

Cont rol  L-PBZ H-PBZ Root p r uned RDI  

1 3 . 20 ± 1 . 1 8Y 1 2 .06 ± 0. 97 1 3 . 9 1  ± 0 .83 1 4 . 35 ± 0.97 1 2 . 2 1 ± 0 .97 

1 1 . 9 1  ± 0 . 75 1 2 .79 ± 0 . 75 1 3 . 38 ± 0 .64 1 3.86  ± 0 .64 1 5 .06 ± 0 .64 

1 2 .94 ± 0 . 74 1 2 .48 ± 0.74 1 2 .08 ± 0.74 1 3.53 ± 0.63 1 2. 1 5 ± 0.63 

1 1 . 45 ± 0 .9 1  1 2 . 94 ± 1 .00 1 2 .65 ± 0.64 1 2. 2 1  ± 0 .8 1 1 1 .68 ± 0.9 1 

9 .55 ± 0 .83  1 1 .36 ± 1 .48 1 3 . 1 4  ± 1 .22 8 .70 ± 0 . 95 

zFruits harvested at 5 d ifferent p icking dates in  1 99 1  season. 
Y ± Standard error of the mean.  
ns , * , * * , ** *  Nonsign if icant or s ign if icant at P = 0.05 , 0.01 or  0.00 1  respect ively. 

Sign if icance 
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The crop dens i ty of the root-pruned t reatm ent was h ighest ( F i g u re 5 . 1 4  c . ) .  

although s ign i f icant ly d i ffe rent on ly from RDI  (P<0 .05) .  There w e r e  no 

sign if icant d i fferences in y i e l d  eff ic i ency o f  a n y  t reatments ( F ig u re 5 . 1 4  a . ) .  

The h u e  a n g l e  a n d  l ightness o f  t h e  s u rface o f  t h e  h arvested f r u it at d i fferent 

picking dates are shown in  Table 5.9 a .  & b.  Fru it were p icked to colo u r  

standard a n d  th is  i s  reflected i n  t h e  absence o f  a m a rked effect of t re atm ent 

, on these pa ram eters .  Con trol f ru it som et imes h ad a h i g h e r  h ue a n g l e  ( less 

�· red) than H-PBZ ( P<0.05 1 3 1 dafb) a n d  root-pruned (P<0. 05 1 46 d afb) , and 

. a higher L va l u e  ( l ighter colo ur) than H-PBZ (P<0.05 1 3 1 dafb ) .  

Table 5 . 1 0  shows that a t  the second p ick ing date ( 1 3 1  d afb) RDI  t reatm ent 

had the h ig h est va lue of TSS ( 1 5 .06 °8 rix) (control P<0. 0 1 , L- PBZ P <0 .05) 

and with a t rend towa rd s a d i ffe ren ce from H-PBZ (P=0.07) .  At the f i n a l  pick 

( 149 dafb) root -pruned TSS was higher than control  and RDI (P<0.05) .  

5.5 DISCUSSION 

One of the object ives u n der ly ing th is  exper im ent was to l i m it vegetat ive g rowth 

without  hav ing u n desi rab le effects on y ie ld ,  and to m a inta in  o r  en h ance fru it  

qual ity of ' S u n d rop '  ap ricot.  P roebst ing et  al. ( 1 989) s uggested that  s uccessfu l 

fru it g rowing req u i res good m a n agem ent  i n  m ain ta in ing  s uffic ient  vegetative 

and root g rowth to s u pport m axi m u m  carbon f ixat ion and a s s i m i late p a rt i t ioning 

for good f r u it s ize,  y ie ld and q u a l i ty.  The study and u n d e rstand i n g  of the 

factors involved i n  fru it g rowth,  matu rity, y ie ld and q u a l i ty  a re i m port a nt in the 

com mercia l a p p l icat ion of any vigour control  tech n i q u e .  Th is  f ru it g rowth stu dy 

in both c lose a n d  wide s paced trees p rovided i nformat ion on t h e  eff ects of the 

appl ied t reatm ents i n  the orchard m anagement system in  wh ich the 

exper imen t  was carr ied out .  ' 
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In  both seasons f r u it g rowth data and ave rage fru i t  s ize were adjusted for crop 

load, which var ied between trees. The h ighest number of fru its and a lso the 

h ighest percentage of ha rvested y ie ld were produced in  the m iddle canopy 

zone in both c lose (Tables 5 .2 & 5 .3) and wide spaced trees (Table 5 .8 ) .  The 

m iddle canopy zone occu pied a b igger su rface a rea under the Tatu ra tre l l is  

tra in ing system (see chapter  3) .  Dann and Jerie ( 1 988) reported the existence 

of gradients in  maturity and sugar levels of peach fru it with in  a t ree canopy. 

For exam ple ,  they reported that flower opening started at the bottom of the i r  

two year  old t rees ,  but  ri pening of  fruits commenced in  the top canopy reg ion .  

On the day of  fru i t  ha rvest fru it from the tops of  t rees were over- ripe, whereas 

fru it from the bases of trees were st i l l  g reen . They d iscussed the possib i l it ies 

' of  effects of l ight  leve l ,  temperatu re and concentrat ion g rad ients of 

endogenous factors ch ang ing the  matu rity between the canopy he ight reg ions.  

Under cond it ions of the i r  exper iment mesocarp d ry we ight f rom the u pper 

canopy was consistent ly g reater throughout the season than that f ru its from 

.. 
the lower canopy reg ion . In the present study, when fru it s ize with in  treatm ents 

in each canopy reg ion was com pared the resu l ts suggested that f ru it in  the top 

canopy reg ion g rew larger than those in the lower canopy regions.  Var iat ion 

· in fru it qua l ity wi th in the tree canopy has a lso been reported by He in icke 

(1 966) and J ackson ( 1 967) as c ited by Pa lmer ( 1 989) .  They reported la rg er 

, and wel l-co lou red fru i ts on the upper and outer sect ions of t rees. Pa lmer  

(1 989) conc l uded that h igh y ie lds of  good qua lity fru i t  can on ly be prod u ced 
, in systems hav ing h igh l ight in terception enabl ing h igh d ry m atter produ ct ion ,  
. and that l ight  we l l  d is t r ibuted wi th in  the canopy is n eeded to m a inta in fru i t ing 
.and fru it qua l ity . 

. Fruit growth in  both c lose and wide planted t rees fol lowed a s im i lar pattern of 
'double s igmoid cu rve (F igu res  5 .4  to 5.7 and Figu re 5 . 1 2 ) .  Th is  resu lt agrees 
�th the previous ly reported growth pattern for apricot and  for the other stone 

fru its. For example ,  Cha lmers and van den Ende ( 1 975a) c ited the s uggest ion 

� Connors ( 1 9 1 9) who div ided the growth cu rve of peaches into three phases:  



Chapter Five: Effects on Reproductive Growth 1 65 

the in it ia l phase of exponent ia l  growth (stage 1 ) ,  the lag phase (stage 1 1 )  and 

stage I l l  the second phase of exponent ia l  g rowth unt i l  f ru it harvest. In  the 

present study,  t reatm ents d id not affect th is  pattern , the length of each stage 

was not changed but  g rowth rates d id change in some of the stages.  

Lakso et al. ( 1 989) m ent ioned the im portance of m ax im iz ing early fru it 

deve lopment to increase carbohydrate part i t ioning into the f ru it component 

over the whole season .  The present study revealed that when vegetat ive 

g rowth was decreased by appl ied t reatments the harvestable yield increased. 

For example ,  Fig ure 5. 1 1 showed that the annua l  increase of TCSA in  both 

seasons was s ign if icantly decreased by both PBZ treatments  wh i le the P- index 

was s ign if icant ly increased by these t reatments.  Chapter 4 has reported the 

decrease in shoot growth by PBZ and other treatm ents .  The reduction of 

activity of shoot t ips as a sink for carbohydrate wou ld a l low more carbohydrate 

to be part i t ioned to fru its. Anoth er poss ib le reason wou ld be that by reducing 

vigou r  the t reatments had an  ind i rect effect by improving l ight  penetrat ion into 

the canopy (see sect ion 4 .3 .4 ) .  Jackson ( 1 978) suggested that h igh yie ld ,  f ru it 

bud form at ion ,  fru it set, fru i t  s ize and fru it qua l ity, especia l ly  fru i t  co lour ,  were 

affected by l ight  intercept ion .  Lakso et  al. ( 1 989) reviewed the l itera tu re and 

suggested that variat ion in canopy l ight m icrocl imate p lays an important role 

in the carbohydrate support for fru it developm ent. 

5.5. 1  Tree response to P B Z  

PBZ is  a powerful  growth retardant. Anon ( 1 984) suggested that the 

retardat ion of vegetative g rowth by PBZ resu lts from diversion of ass imi lates 

to reproductive g rowth , g iv ing increased yield potent ia l  and increasing fruit 

size. The resu lts from both c lose and wide spaced trees revea led that the yield 

and average fru it s ize were increased ( ie .  :::6 cm3 in f ru it volume at ha rvest) 

by both P BZ treatments (Tables 5 .2  & 5 .3, and Figu res 5 .4  to 5. 7) .  The 
st im u lat ion in fru i t  g rowth in c lose spaced trees occu rred from early season 
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and in wide spaced t rees d u ring  stage I l l  of fru i t  g rowth . T h i s  presumably 

ref lects the red uced vegetat ive growth of t rees caused b y  the P BZ treatments 

(see ch apte r 4)  a l lowing more carbohydrates to be ava i lable for fru i t  g rowth.  

There was a lso some evidence of advanced fru it m atu rity at both spac ings 

(Fig u res 5 . 9 ,  5 . 1 0  & 5. 1 4) .  For  exa m p le ,  in both close and wide spaced trees 

46% of the c rop of cont rol was h a rvested i n  the f i rst two picks, compared with 

= 62% on the P BZ treatm ents. The increased propo rt ion of  h a rvested y ie ld 

prom oted b y  PBZ treatm ent d u ring the ear ly  p icks offers a g reat opportun ity 

to growers seeking to advance h a rvest date when fru its m ay o bta in a h igher  

price a n d  hence g ive a h igher  ret u rn .  I n c rease in f ru i t  y ie ld and s ize of  

'Fiavorcrest '  peach fol lowing PBZ appl icat ion has been reported by Mart i n  et 

al. ( 1 987). H i l l i e r  and R u dge ( 1 989) reported that P BZ h a d  good potent ia l  for 

g rowth con trol  and increased y ie ld a n  average of 24% in stonefruits.  Wi l l i ams 

( 1 984) rep o rted i ncreased f ru it y i e l d  and advanced m at u r i ty of apple  fol lowing 

PBZ appl i cat ion . 

, The effect of PBZ t reatments on f ru it q u a l ity in terms of TSS and colou r  at 

both spac i n g s  was not constant (Tables 5.4 to 5 .6 ,  5 .9  & 5 . 1  0) .  1 t  i s  l i kely that 

as com m ercia l  harvests removed f ru its  on the basis of col o u r, which wo u l d  

also ref lect TSS,  these colou r a n d  TSS res u lts do not,  except at the  ear ly 

l harvests,  wel l  reflect d i ffe rences between t reatments.  At e a r ly picking dates 

in both seasons on c lose spaced t rees TSS was increased by PBZ t reatment ,  

1 but usu a l ly f ru it colou r from treated t rees was not d ifferent from control .  

. However, it was obvio u s  in v isua l  observation that PBZ treatm ents advanced 
· fru it co lour  com pa red with cont ro l .  Ogata et al. ( 1 986) found that app l icat ion 

of PBZ to n ectar ine and peach trees had no effect on f ru it acid ity and TSS, 

however f lesh  f i rm n ess was decreased. Also, the work on sweet cherry by 

�actea u  a n d  Chestnut  ( 1 99 1 )  s h owed that PBZ had no effect on fruit  s ize, 

concentrat ion o r  fi rm n ess of f ru its ,  however f ru it density 



Chapter Five: Effects on Reproductive Growth 1 67 

L-PBZ i ncreased f ru i t  set a n d  f ru i t  n u mber in the second year (F ig u re 5 . 1  a .  
and Ta bles 5 . 1 b .  & 5 . 3  a . ) ,  but  f lower dens ity was n ot affected by PBZ 

treatm ents . Soi l  appl ied P BZ was reported to have e ither a neg l ig ib le or  s l ight 
benef ic ia l effect on f ru it set, y ie ld and fruit size of Eu ropean p lum,  with the 
increase i n  f ru i t  s ize being noted for several years after soil appl ication 
(Webster, 1 990a ) . PBZ has been reported to have enhanced f lower ing and 
fru it set of sweet cherry ,  sour che rry and peach (Edgerton , 1 986) and apple 
(Buban ,  1 986; M i l ler  and Swiet l i k ,  1 986;  Tukey, 1 989) .  I n  the present study, 
both PBZ treatments ten ded to advance flowering in the fol lowing season by 
2-4 days re lative to control  ( F ig u re 5. 1 b . ) .  PBZ advanced the f lower ing of 
sweet cherry by seve ra l days for 3 years (Webster, 1 990b) and by 6-7 days 
without affect ing  the length of f lowering period (Jacyna et al. , 1 989) . 

In both seasons f ru it d ry we i g-h t at harvest (Figu re 5 .8 )  tended to be h igher 
, fol lowing PBZ t reatment ,  a l though the  d ifferences relative to contro l  were 
. significant o n l y  in  the  f i rst season of c lose spaced trees. The g reater fru it dry 

weight was d u e  to a n  in crease in mesocarp dry we ight. As  discussed above 
· the stim u lat ion of f ru it g rowth on close spaced trees started from early in the 

season when shoots and fru i ts were competing for assimi lates. The reduct ion 
of vegetat ive g rowth by PBZ t reatments early in the season wh ich al lowed 
more ass im i late to be d i ve rted to fru its contributed to the h igher  fru i t  growth, 
mainly by m esoca rp g rowth .  Lever ( 1 986) suggested that the d irect 
morpho l og i ca l evidence for a P BZ response is reduction in vegetative g rowth 
and the secon d a ry effect is a lte rat ion of s ink strength with in the plant, a l lowing 
greater p a rt i t ion ing of ass i m i lates to reproductive g rowth. Costa et al. ( 1 986) 
emphas ized t h at the red uct ion in  vegetative growth changed the competit ion 
between vegetative and rep rod uctive growth in favour of fruit growth and this 
Possib ly m e a n t  m o re ass im i late was diverted to fru its. 
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5.5.2 Tree response  t o  root-pru n i n g  

The resu lts from close spaced trees showed that root-prun ing had n o  
s ign if icant effect o n  f lowering period, f lower density (Figu re 5 . 1 ) ,  y ie ld 
eff iciency (F igures 5 .9  & 5. 1 0) ,  yield and mean fru it s ize (Tables 5 .2  & 5.3) .  

The annual  increase of TC SA in the second season was reduced by root­
prun ing but it did not increase the P-index (F igu re 5 . 1 1 ). I n  c lose spaced trees 
a negative effect of root-prun ing on fruit g rowth  occu rred in the f irst season ,  
when a t  the t ime o f  fru it ha rvest ( 1 28 dafb) the mean vol ume o f  f ru its in  the 
m iddle canopy zone was reduced by 5 cm3 (P<0.05,  F igu re 5.5 b.) .  H owever, 
in the wide spaced trees root-pruning more severely reduced g rowth of tagged 
fruit from late stage I unt i l  harvest (F igure 5 . 1 2) ,  and overa l l  mean f ru it s ize in  
the whole tree canopy was reduced (P<0.01 , Table 5 .8  c . ) .  Root-prun ing is  
reported to have had no  effect ' on  return bloom , fru i t  set  o r  y ie ld ,  but i t d id  
reduce fru it s ize of 'Golden Del ic ious' (Sch upp e t  al. ,  1 992) ,  and 'Me l rose' 
apples (Schupp and Ferree 1 987a). However, E lfving et al. ( 1 99 1 ) reported 
that fruit s ize of 'Mc l ntosh '  apple was not affected by root-pru n ing .  In the 
present st udy the frui t  s ize response of root-pruned apricot was not accounted 
for by any d ifference in  tree crop load either early (Tables 5 . 1 & 5 .7)  or at the 
t ime of fru i t  harvest (Tables 5.2,  5 .3 & 5.8) .  The effect of fru it n u m ber  on the 
response of apple fru i t  to root-prun ing  was considered by McArtney and Belton 
( 1 992) who reported that when the n umber of fruits was h igh ,  root-prun ing had 
a negat ive effect on fru it s ize , otherwise no evidence of decreasing fru it s ize 
was found .  Reduct ion of fruit s ize in apple was reported by Brunner  ( 1 990) 
who conc luded that trees carrying h igh fruit numbers in  the year of root­
prun ing may not be able to regenerate the i r  roots as well as those t rees with 
less crop load. Root growth and regenerat ion after root-pru n in g  was suggested 
to depend  on the inverse rat io of f ru it load , and fruit bud formation m ight be 
affected , being dependent on root act iv ity. 

Root-prun ing tended to advance matu rity in the f i rst season on both c lose 
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spaced (35 and 68% of f ru it in f i rst two picks of contro l  and root-pruned 
respect ively) and wide spaced t rees (5 1 and 84% respective ly) (Fig u res 5 .9  

b. & 5 . 1 4  b. ) .  There was a s imi lar effect in  the  second season on close spaced 

trees (58 and 73% of fruit respectively, F igu re 5. 1 0  b.) . I n  the f i rst season, but 

not in the second,  fruit from root-pruned trees tended to have h igher TSS (for 

; the same skin colour) at each pick (Tables 5.6 a. & 5 . 1 0) .  A reduction of fruit 

size and increased fru it co lou r and TSS have been reported for apple trees 

·f ollowing root-pruning either during dormancy or at J une drop (northern 

hemisphere) by Schupp and Ferree ( 1 987a, 1 988b and 1 989). 

5.5.3 Tree response to RDI 

' '  

The resu lts showed that RD I  applied during stage I and 1 1  of fru it growth 

,. followed by fu l l  i r rigat ion du ring stage I l l  had no detrimental effect on fru iting 

performance in both seasons of study. In the second year on close spaced 

r trees RDI increased percentage fru it set (F igure 5 . 1  ) ,  and fruit n umber (Table • 
· 5. 1  b.) .  The smal l  increase in flower dens ity was not significant, although 

Mitchell  et al. ( 1 984) reported increased flower density on pear trees in the 

fol lowing year. A d rought may reduce apricot fru iting density (Marangoni  et al., 

1 988) , f lower number and yield in the subsequent year  (Uriu ,  1 964) .  This 

suggests the severity of water st ress as wel l  as its t iming have important roles 

affect ing flowering and fru it ing of fruit trees . In this study, a smal l  reductions 

in soil water content and '¥xylem for 20 to 30 days in early summer had no 

, negative effects on flowering and fruit ing , and improved some cropping 
I characteristics . For example ,  the result from close spaced trees revealed that I 
RDI s ign ificant ly improved yield, yield eff ic iency , crop density (Figure 5 . 1 0), 

fru it num ber and fruit set in the second season. In  addit ion, RDI had no 

. 
negative effect on fruit development through the season and on final fruit size 

on close spaced trees (Figu res 5.4 to 5.6) .  On wide spaced trees general ly 

fruit growth (F ig u re 5 . 1 2  a. &b . )  was less than on control through the season, 

a lthough the on ly sign ificant d ifferences occurred during late stage I and early 
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stage 1 1  (49-67 dafb) , with f ina l  fru i t  size not sign ificantly affected. M itchell and 

Chalmers ( 1 982 )  found peach fru it growth was faster on RDI t rees in stage I l l  

when trees were ful ly irr igated. R D I  of pears before the period of f inal rapid 

fruit s ize i ncrease, fol lowed by fu l l  irrigation during rapid fruit expansion either 

did not affect fru it s ize or yield or increased them (Chalmers et al., 1 986; 

Mitchel l ,  et al. ,  1 984 , 1 986 & 1 989) . Reduced early season i rrigation h as been 

used to control shoot growth of pear and peach in the spring without 

detrimental effects on yield (Chalmers et al., 1 98 1 , 1 986; M itchell and 

Chalmers, 1 982; Mitchel l  et al. ,  1 984, 1 986  & 1 989). 

There was some evidence RD I  advanced maturity on both close and wide 

r spaced trees and also improved TSS and colour on some occasions. In the 

first season on c lose spaced trees yield in the fi rst two p icks was 74% of total 

harvested yield, which was 1 4% h igher than control. Reduct ion in fruit s ize and 

increasing  TSS fol lowing RD I  appl ied to apple trees has been reported by Ebel 

et al. ( 1 993) , but fru it colou r  and f irmness were not affected.  I n  contrast, fruit 

size was not affected by R D I  app l ied to 'Cox's Orange P ippin' apple ( l rving 

and Drost, 1 987) ,  pear (M itchel l  e t  al. 1 984) and peach fru it s ize was 

increased (L i  et et. , 1 989) .  

SUMMARY 

Strong relat ionsh ips were observed between fru it diameter, fru it volume and 

. fru it fresh weight in both seasons (�=0.98) ,  with no effect of treatments on 

these relationsh ips. 

PBZ advanced f lowering (by 2-4 days) in the year following appl icat ion. PBZ 
treatments increased fru it set and f inal fru it n umber and enhanced crop density 

and yield eff ic iency. P BZ treatments reduced annual  i ncrease of TCSA and 

Qave more yie ld per un it i ncrease in TCSA (P- index) in both seasons of the 

close spaced experiment. Fru it growth and final fruit s ize were increased 
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without any detrimental effect on fruit qual ity. Fruit maturity was advanced on 

both spac ings . The resu l ts suggested that trees at close spacing showed 

better performance in term s of reproductive criteria with the low but annual 

dosage of P BZ. 

Flowering period, flowe r dens ity, y ie ld effic iency, P-index and fruit dry weight 

were not affected by root-prun ing.  However, fruit size at harvest was reduced 

by root-prun ing in the first season. The effect of root-pruning on fruit growth 

, and final fru it s ize reflected its effect on vegetative growth. Only when root­

t pruning increased shoot growth was fruit size decreased. There was some 

evidence of a trend to advanced maturity and increased TSS after  root­

pruning. 

RDI appl ied in the f irst season genera l ly  enhanced flowering, flower and fruit 

density, and especia l ly fruit set and fruit n umber in the subsequent year. In  

general ,  RDI had no negat ive effect on flowering and fruit ing,  yield and final 

fru it size. There was evidence of advanced maturity and improved TSS with 

RDI .  

: Both RDI and L-PBZ had greater effects on fru it set and fruit number  in the 

· second year of t reatment. The L-PBZ treatment gave more uniform responses 

r than the H-P BZ treatment .  Genera l ly, reproductive growth performed better 

i
.
with PBZ treatment than with root-pruning or RDI .  



CHAPTER SIX 

EFFECTS OF TR EATM ENTS O N  WATE R R E LATIO N S  O F  

'S U N DROP' APRICOT 

1 6.1 INTRODUCTION 

The response of vegetative and reproductive growth of 'Sundrop' apricot t rees 

to different vigour control techniques was d iscussed in chapters 4 and 5. Th is l 
chapter reports the water relat ions responses of trees to the treatments during .; •  
the orcha rd experiment. 

�: 
1r The diff icu lt ies faced in im posing the RDI t reatment were described in chapter ' 
1 3. The object ive was to induce a m i ld water stress during stage I and 1 1  of fruit 

1 growth, and res ume i rrigat ion during stage I l l .  This was ach ieved by isolating ' 
. · the root zone of the experimental trees from rainfall and i rrigation early in fruit 

growth. I n  non-stress t reatm ents normal orchard i rrigat ion was applied a l l  

season based on tensiometer readings. In general, during the growing season r , 
· (except for the RDI in stages I and 1 1 ) when soi l  water suction reached -50 

,' 

kPa, trees were irrigated to close to field capacity i .e. -25 to -30 kPa (FC = -20 

to -25 kPa). 

l.n stage I l l  of fruit growth normal i rrigation was resumed in the RDI t reatment 

(see sect ion 3 .5 . 1 .4). However, in the second season (on 1 2th. ,  and 1 7th . ,  

December  1 99 1  in early stage I l l )  supplemental irrigat ions of  30-60 litre m·2 

�ere appl ied to raise soil m oisture of the RDI plots close to field capacity. 

Supplemental i rrigation was based on soil moisture recorded du ring the 

experiment. The aim was to supply water to maintain the soil moisture content 

· at th is level in the th ird stage of fru it growth. Jerie et al. { 1 989a) suggested 

�hat irrigation management oriented to opt im ize the proper balance between 

y�getative and reproductive growth was a major determinant in orchard 

1Productivity. I rr igation schedu l ing suggested by Elfving ( 1 982) was based on 

Pan evaporation (Epan) . The crop water req uirement was expressed as ET crop 
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(mm day" 1 ) .  R D I  is usual ly schedu led based on the principle that p redictable 

plant water deficit wil l  be obtained if a reduced proport ion of potential  

evapotranspiration is replaced at c lose intervals. So an assessment of ET is 

required. The methods of estimating evapotranspiration were described in 

detai l  by Sharma ( 1 985} .  According to that report, n umerous m ethods have 

been applied to estimate water use of plants, eg. based on the water balance 

method, m icro-meteorological and plant physiological methods. For schedul ing 

irrigation, u sing pan evaporation data and calculating the crop factor was 

suggested by Jerie (pers. comm. ,  1 994) . In  the literatu re i rrigation schedul ing 

reported by m any authors has been applied using evaporation from a U.S. 

class A pan and calculat ing percentage of water evaporated from a free water 

surface equivalent in size to the area of the tree planting square (Eps) . Water 

has been suppl ied as a percentage of replacement of evapotranspiration from 

.the Eps or l itre m·2 of row. Examples may be found in Chalmers et a l. ( 1 984); 

Chalmers et al. { 1 986) ; Ebel et al. ( 1 993); Husl ig et al. ( 1 993) ; Jerie et al. 

( 1 989b); M itche l l  and Chalmers ( 1 982); M itchell et al. ( 1 984) and M itchel l et 

al. (1 989). 

'· Elfving ( 1 982) in h is review of the response of plants to trickle i rrigation ·• 
suggested that soi l-water status monitoring is one of the major techn iques for 

· irrigation schedu ling. Th is m ethod has advantages in humid regions because 

· it elim inates the need to budget rainfa l l .  Any water entering the root zone, 

regardless of its source, becomes ava i lable to plants and also inf luences the 

operation of soi l-based i rrigation-scheduling equ ipment .  Campbell and 

Campbel l  ( 1 9 82}  pointed out that proper i rrigation schedul ing needs to answer I 
�o questions, when should i rrigation be performed and when shou ld it be 

·turned off. They concluded that as soil i s  the primary recipient of i rrigation 

�ater, so it is reasonable to conclude that these questions are answered by 

n:tonitoring soi l  moisture. However, exceptions m ight occu r  when the 

monitoring of soil moistu re is too expensive or of insufficient accu racy to ,, �tisfy i rrigation-schedul ing needs. They stated that the neutron probe is 
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widely used for mon itor ing soi l  moistu re, but its use for i rr igation schedu l i ng  
i s  re latively recent. Based on their experience Campbe l l  and Campbel l  ( 1 982) 
suggested that compared with other methods used for mon itor ing so i l  
moistu re, the neutron probe offered the best combinat ion of  featu res for 
irrigation schedul ing .  They suggested that even when a c l imatological 
schedul ing  approach,  such as pan evaporat ion, is emp loyed for i rr igation 

1 schedu l ing ,  it shou ld be checked by occasional measurements of so i l  m oisture 
to ensure that cumulative errors in the c l imatolog ica l  schedu l ing method d id  
not lead to either crop stress or  over i rrigat ion.  

Xylem water potent ial ('I' xylem) measurement, as an ind icator of plant water 
status ,  was carried out predawn and at midday du ring  both experimental 
seasons, and a lso d iu rna l ly in the second season s imu ltaneously with 
measurement of photosynthesis · and stomatal conductance.  

Osmotic adjustment has been suggested as a mechanism of drought to lerance 
by plants under shortage of water supply. Lowered osmotic potent ial i n  
response to  water deficit stress is proposed to play a s ign ificant ro le in tu rgor  
maintenance and regu lat ing plant growth processes ( Morgan, 1 984) .  The 
possible existence of osmotic adjustment was invest igated in  the second 
season by measu ring leaf and fru i t  osmotic potent ia ls .  Also, some s imple 
carbohydrates in fru it were extracted from sample fru its to invest igate the role 
of s imple carbohydrates in any possible osmotic adjustment of fru its. 

Th is chapter wi l l  establ ish the degree of internal stress, through both seasons 
of study, to ind icate its relat ionship to some physiolog ical respon ses to appl ied 
treatments on 'Sundrop' apr icot trees g rown under the h um id c l imate. For 
example, to see if root-prun in g  affected performance by inducing internal water 
stress, and examine whether  osmotic adjustment was an adapt ive mechanism 
,in either fru it or leaves u nder the condit ions of th is experiment. Data on the 
Wide planted trees was restr icted to the f i rst season as previously described. 



6.2 M ATERIALS AND M ETHODS 

6.2. 1 Measu rements 

6.2.1 . 1  C l imatic conditions 

Chapter Six: Effects on Water Relations 1 75 

The overa l l  c l imatic condit ions of the experimental s ite (mean of 30 years) 
were presented in  chapter three (Section 3 .4 . 1 ) . The daily and month ly rainfa l l  

; and evaporation , temperature, relat ive hum id ity and sunsh ine hours during th is  
'
: study were mon itored based on data from the nearest weather stat ion,  
AgResearch G rasslands, Crown Research Inst itute (CR I ) ,  Pa lmerston North 
(::::: 1 Km away from experimental s ite) . 

6.2. 1 .2 Soi l  moisture measurements 

·· Alum in ium tubes of 50.8 mm external d iameter (U I I r ich Alum in ium Company 
Ltd. ,  Pa lmerston North ,  NZ) were cut  into 1 .20 m lengths and the lower end 

. of  each tube was sealed us ing twin pack Plasti-Cast cable joint sealer (Fraser 
� Brown and Stratmore Ltd . ,  Lower Hutt, Wel l ington , NZ). Access tubes were 
: ·driven into the soi l  to a depth of 1 1 0 cm after using a 50 mm d iameter auger 
' to open a ho le (Plate 6. 1 a. )  at d istances of 50, 80 and 1 1 0 cm from t ree trunk 
· of control and RDI t reatments, and 50 and 80 cm from trunk of the root-pruned 
trees (Plate 6. 1 ) .  After instal lat ion,  the upper end of each tube was p rotected 
.from rainfa l l  and i r rigat ion using a rubber bung and an inverted tin can . 

. I n close spaced trees a total of 32 access tubes (4 repl icates on contro l ,  root­
pruned and RD I  with 1 2, 8 and 1 2  tubes respectively) were used in the f i rst 
season ( 1 990- 1 99 1 ) .  In the second season ( 1 99 1 - 1 992) the n um ber  of access 
tubes was increased to 44 to include all the RDI  p lots. H owever, in  the wide 
Planted exper iment two tubes were instal led at a d istance of 50  cm and 1 tube 
each at d istan ces of 80 and 1 1  Ocm from the t ree trunk, so a total of 1 6  access 
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tubes were instal led on the control and RDI  treatment in the two repl icates .  

Soi l  m oisture i n  0- 1 . 0 m soi l depth was determ ined us ing  a neutron 
hydroprobe (Plate 6.2 a . ) (Campbell Hydroprobe Mode i 503-DR ,  from Campbe l l  
Pacific N uclear Corporation, Mart inez, CA,  USA) which had p reviously been 
cal ibrated for the s ite by the method of Campbel l and Campbe l l  ( 1 982) .  Soi l 
m oistu re was determ ined weekly at 1 0  cm increments from 20 cm to 1 00 cm 
depth in  the soi l  th roughout the fi rst season ( .2, .3 ,  .4, . 5 ,  .6, .7, .8, .9 and 1 .0 
m )  and at 20 cm increments in the 1 99 1 - 1 992 season ( .2 ,  .4 ,  . 6 ,  . 8  and 1 .0 
m ) .  The uppermost read ing ( .2 m depth)  was mu lt ip l ied by two (year 1 )  or  
th ree (year 2) to est imate the amount of  so i l  moisture (mm)  in  the  u ppermost 
20 or 30 cm layer of soi l .  Sim i larly, in the second season measurements at 
soil depths of .4 ,  .6 and .8 m were m u lt ip l ied by two to calcu late the content 
of so i l  water in the 20 cm increments of soi l m easured in that season. 
Measu rement at 1 .0 m depth represented the amount of water in the 90- 1 00 
cm soi l  depth .  Field capacity for the 0- 1 .0 m depth of so i l  was recorded (3 1 6  
mm)  with the hydroprobe during the w inter and used for schedu l i ng i rr igat ion.  

6.2.1 .3  Xylem water pote nti a l  (qJ xylem) 

Xylem water potent ia l  (\}1 xylem) was mon itored using a pressure chamber (Soi l  
Moisture Equ ipment Corp. , Santa Barbara, CA, U SA) . Measure ments were 
made before sunrise (pre-dawn 'I' xylem) and in the hour  fol lowin g  solar noon 
(m idday \}1 xylem) on the same trees throughout the f i rst season on  close and 
wide spaced trees and in the second season on closely spaced t rees, on a l l  
_treatm ents except L-PBZ. 

In addit ion ,  d i u rnal changes of xylem water potential (qJ xylem) from 0600 to 1 900 
h were m on itored on contro l ,  root-pruned and RDI t reatments of c lose spaced 
�rees on 4 occasions in the second season during stage 1 1  and I l l  of fruit 
growth (69, 83, 1 0 1 and 1 1 0 dafb) .  
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In both seasons measu rement was made on two mature leaves shaded at the 
time of measurement i n  the m iddle canopy zone, taken from 8 rep l icat ions of 

•each treatment on close spaced trees and 4 leaves from 2 rep l icat ions of wide �-
rspaced trees. Each leaf was enclosed in a smal l  plastic bag prior to excis ion 

�to avoid rapid water loss. The reading was taken with in 30 seconds of 

�,
�xcis ion . 

.. 

,6.2.1 .4 Leaf photosynthesis and stomatal conductance 

tet CO, ass im i la t ion rate (A) and leaf conductance (g,) we re determ ined us ing t .  a Li-Cor Li-6200 Portable Photosynthesis System . Measurements were made 
I 
during stage I l l  of fruit growth , on two mature sun exposed leaves on each of 
the eight rep l icat ions of control , H-PBZ, root-pruned and RDI  t reatments i n  
close spaced trees and  4 exposed leaves o f  each o f  two repl icat ions of w ide 
!spaced trees dur ing 1 990- 1 99 1 . In the second season these measure ments 
'were carried out on a l l  t reatments of close spaced trees from late stage I unt i l  
the time of f ru i t  harvest . Al l  measurements were made at solar noon.  

In addit ion, in  the second season ( 1 99 1 - 1 992) on c lose spaced trees d iu rna l  
records of photosynthes is  and stomata l conductance were made on control ,  
,root-pruned and R D I  treatments during stage 1 1  (69 and 83 dafb) , and I l l  (1 0 1  
·and 1 1 0 dafb) of fru it g rowth from 0900 to  1 900 hours at two hourly intervals.  
piurnal measurements were made on 2 sun exposed leaves of the m iddle 
,canopy zone from a l l  8 repl icates of control ,  root-pruned and R D I  treat ments. 

6.2.1 .5 Leaf and fruit water potentia l ,  pressure potentia l ,  osmotic 

Potential and leaf relative water content 

lry the second season of the close spaced experiment predawn and m id day 
seasonal changes of water status of leaves and fruits were mon itored using 
a dew point depression method (Flower and Lud low, 1 986;  George and 
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,. Nissen. 1 992a) .  Leaf and fru i t  d isc samples were loaded into the Sample 
>' Chamber Model C-52 connected to a Wescor HR-33T M ic rovoltmeter  (Wescor, 
. JNC, Utah , USA) and the microvolt output recorded (P late 6.4) .  

t .\ . :• 
' '  ' 
' Leaf {\}11) and fru it (\}11) water potential and osmotic potent ia l  (qJ 5) were 
·\ 
. 'measu red weekly from 46 dafb unt i l  harvest on control ,  root-pruned and RD I  

·:. treatments. However, the measurements on root-pruned treatment were f .. . 
�interrupted after the f irst record in late stage I unti l  early stage  I l l  of f ru it 
growth. Th is was caused by a shortage of correctly operating sample �chambers d uring this period. Leaves and fruits were each m easured on 

1 separate days each week, samples being col lected predawn and m idday on 
the day of  measurement. At  each measu rement 1 leaf o r  fru it was sampled 

· from each of 5 repl icates of each of control, root-pruned and RDI treatments. 
Samples were put in label led black plastic bags and loaded into the sample 

:�hamber with in  5 m inutes. In al l cases delay was min im ized between sam pl ing 
. ·and measurement to  avoid any water loss from leaf or fru it samples. 
I J' f 

. Disc sam ples of 5 mm d iameter were used of both leaf and fru it. Leaf d iscs 

. were sampled from the centre of the lam ina of a ful ly expanded and mature 
leaf and loaded into the 7 mm diameter X 1 .25 mm deep sample ho lder. ,. 

tHowever, fru it samples 5 m m  X 2 mm height were taken from the mesoca rp 
of the cheek in the equatorial reg ion and loaded into the 7 mm X 2 .5 m m  deep 

� 
· Sample ho lder. Al l  precaut ions were observed accord ing to the equ ipment 
.manual .  Al l  sample holders were washed and cleaned with de-ion ized water 
and acetone after each measurement .  In addit ion, al l  sample chambers were 
·tested for contam ination pr ior to each measurement, and if needed washed 
'with de-ion ized water and d ried by a cool a ir  blast and properly tested prior to 

sample chambers were cal ibrated weekly to al low conversion of the 
output readings to either actua l  leaf (\fl1) or  fru it ('¥,) water and 
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osmotic ('¥5) potent ial .  Cal ibrat ion was carried out with a series of 
concentrations of NaCI solut ion ( range 0.05,  0.2, 0 .4 ,  0 .6 ,  0 .8  and 1 mo lar) 
prior to each set of measurements. The correlation between read ings of known 
NaCI solut ions and the standards ( recorded with a range of NaCI 

:· concentrat ions at d ifferent temperatures and provided in  the Wescor man ual) 

. · were com puted using Reg ression Procedure (SAS I nstitute I nc .  1 99 1  ) .  For the 
' 

' 20 chambers avai lable th is relat ionship varied and those with h igher  correlat ion f (f = 0.97 to 0 .99)  were selected for leaf and fruit sample assessments. I f  the I 
. correlat ion coefficient was low (r < 0.97) chambers were re-cleaned or 

replaced. Water or  osmot ic potent ia l  of fruit or  leaf samp les were determ ined 
from the m icrovolt readings using the regression equation of the form Y = 
a+bX establ ished from the standards. I n  th is equation Y is the water o r  
osmotic potent ial of leaf o r  fruit i n  MPa.  a i s  constant ,  b the  s lope and X the 
m icrovolt read ing .  

Before start ing the fi rst measurement early in the season (46 dafb) a series 
' of pre l im inary measurements and conversions were performed to determine 

the thermal and vapour  equ i l ibr ium t ime needed for apricot leaf (2 .5 h )  and 
fruit (2. 0  h) t issue.  Thereafter al l readings for leaf and fru it samples were taken 

t after a l lowing the necessary equ i l ibr ium t ime (Plate 6.4 b . ) .  

After t he  fi rst reading on  fresh t issue, leaf and fruit samp le d iscs were 
' removed from the sample chamber and wrapped with 'G iadwrap' p lastic c l ing 
· fi lm and then with a lumin i um foi l fo r protection . After  labe l l i ng ,  the samp les 

' 

1· were inserted into l iquid a i r  for 30 seconds. After unwrapping ,  frozen samp les 
were loaded back into the appropriate sample chamber, sealed and after the 
equ i l ibr ium t ime (2-2 .5  h )  a second read ing was made. This a l lowed recording 

' of osmot ic  potent ial by ruptur ing cel l  wa l ls ,  so removing pressu re potent ia l  
f�om the t issue. Pressure potent ia l  ('¥ P) was calculated accord ing  to the 
following formu la (Kramer. 1 983) : 
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"If 1 or 'I' f = lf P + "If s  

where 'f1 and 'f1 i s  leaf or fru it water potent ia l  respectively, "If P i s  
pressu re potential (turgor potential) of leaf or fru it samples and  "If s  i s  
osmotic potential (sol ute potentia l) o f  leaf or fru it samples. 

Relative water content of leaves was a lso recorded at the same time as leaf 
osmotic potential measurement to calcu late the amount of adj usted osmotic 
potent ial  and rem ove the effect of t issue dehydrat ion .  Osmotic potent ia l  of 
leaves at fu l l  tu rgor was calcu lated based on recorded "'f5 and relat ive wate r  
content (RWC) data accord ing to  t he  method described by  Wang and  Stutte 
( 1 992) with the fol lowing formula: 

lf s a t  ful l t urgor mea sured 'I' s x RWC 
= 

1 0 0  

This method a l lowed e l imination of the effect of passive t issue dehyd ration and 
adjustment of  recorded 'I' s to 1 00% RWC. 

: Discs from the same leaves used for '!'1 and '!'5 determ inat ion at solar noon 
were used to record leaf RWC. Precautions were taken to m in im ize the t ime 
between sampl ing and RWC measurement, to avoid any water loss (Bennett, 

' 1 990) . Between 1 0- 1 5 discs of 1 5  mm diameter were sampled from each leaf 
' _(with 5 repl icat ions per treatment) avoid ing main veins of leaves. I n it ial fresh 
Weights of leaf discs were recorded prior to float ing on d ist i l led water  in petri 
dishes for 4 hours at room temperatu re to constant tu rg id we ight. In the dishes 
leaf discs were separated from each other using tweezers, so that al l  f loated 
freely in  the water. Dishes were then covered with paper towels to keep 
samples under day l ight intensity approximating the photosynthetic 
COmpensation point .  After 4 hours the tu rg id weight r:rw) of surface d ried leaf Ciifocs was recorded. D ry we ight (DW) was recorded after oven drying at 70°C fo<24 h . RWC was determ ined accord ing to the method of Barrs and 
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RWC = 

( FW - DW) x 1 0 0  ( TW - DW) 

where RWC is relat ive water content in percent, FW is in it ia l  fresh 
weight (g) ,  TW is t u rgid weight (g) and DW is d ry we ight (g) of sample 
d iscs. 

6.2. 1 .6 Fruit  carbohydrates 

Samples for measurement of s imple carbohyd rates of f ru it (from 52 to 1 37 
dafb) were taken at the same t ime as the m idday fru it water status samples. 
Two fru it were random ly sampled from the m iddle canopy zone from each of 
5 rep l ications of contro l ,  H -PBZ, root-pruned and RDI treatments. Fru it were 
kept in label led plastic bags and with in 0.5 h after  sampl ing 5- 1 0  g of 
mesocarp from each cheek was sampled and fresh weight recorded. 

Samples were stored in 20 ml vials with screw l ids. Spare samples were also 
taken for prel im inary work to establ ish the levels of ca rbohydrates to be 
determ ined. Samples were kept in  a freezer (-20°C) prior to freeze d ry ing .  
Samples were freeze dried for a week and then kept in a sealed a i r  t ight 
plastic bag with s i l ica gel in the freezer (-20°C) unti l  the t ime of extract ion .  

At  the t ime of ext ract ion the dry weight of  samples was recorded and samples 
were crushed and ground manual ly using a g lass bar. Ground  samples were 
homogen ized with 20 ml  boi l ing ethanol (95%) . Accord ing to Pau l l  et al. ( 1 984) 
th is method is  effect ive in inactivat ing invertase activity and fa i l u re to fo l low 
these precaut ions leads to s ign ificant increases in g lucose and fructose of up 
to 30%. Homogenized samples were shaken at 1 00 rpm for 24 h at room 
temperature .  Samples were kept in the cool room (4°C) for a week, then 
centrifuged at 5000 rpm for 1 0  minutes. F ive ml of clear supernatant was 
taken and put into label led vials. Samples were stored for 8 weeks in the 
'reezer ( -20°C) to al low various components to precipitate before ana lysis 
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After this t ime, an a l iquot of 1 ml  cleared supernatant was removed from the 
samples and put into 1 .5 m l  Eppendorf tubes. A stream of  oxygen free 
n itrogen was passed over the samples in the Eppendorf t ubes for 2.5 h to 
remove the ethano l  (P late 6.2 b . ) .  The samples were comp letely d ried by 
placing them in a vacuum oven (60°C) overnight .  The residue was redissolved 
in 1 m l  of de- ion ized water and fi ltered (P late 6.3 a . )  th rough 0.2 J.lm N ylon 
Membrane Fi l ters fo l lowed with r insing the Eppendorf tubes with another  1 m l. 

For determ ination of s imple carbohydrates 20 J.ll  of each sample was injected 
into a high performance l iqu id chromatography (HPLC) system (Waters ,  
Mi lford, MA ,  USA) and e luted with water (Plate 6 .3  b . ) .  Samples were 
analysed for g lucose, fructose, sucrose and sorbitol. After  1 0  samples 20 J.ll 

of a standard was injected to check the retention t ime for each s imple 
carbohydrate .  The standard was a mixture of  g lucose, fructose, sucrose a n d  
sorbitol (600 J.l g  m l·1 o f  each) .  The carbohydrate column (Bio-Rad Aminex, 
HPX87C) was maintained at 85°C, and the detector (Opt i lab 5922 RI 
Chromatography Modu le ,  Tekator AB, Hognas, Sweden) at 25°C. I njected 
samples were e l uted with water at a f low rate of 0.6 m l  m in· 1 . The areas under  
the curves were computed by a �-RAM package .  

The influence of  each s imple carbohydrate on osmot ic adjustment of  fru i t  was 
computed using Van't H off's equation (Kramer, 1 983) : 

1f' cho = n mol cho X RT 
V 

where 'fl cho is osmotic pressure (MPa) of each individua l  carbohydrate 
(sucrose,  g lucose, fructose or sorbito l ) ,  n molcho is mo les of so lute,  R is 
the un iversal gas constant (0.00832 l itre M Pa/degree mo l  at 273°K) ,  T 
is fruit temperatu re in °K, and V is the vol ume of solvent in  l i tres. 
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a.  

b .  

Plate 6.2 a). Recording soi l moisture using a neutron hydroprobe; b). Using 

a stream of nitrogen gas to remove ethanol from fruit extracts for carbohydrate 

d eterm ination . 



Chapter Six: Effects on Water RelaUons 1 85 

a .  

Plate 6.3 a). Filtering fruit carbohydrate samples using Nylon Membrane Filter 

prior to injection into high pressure l iquid chromatography system; b). HPLC. 
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a .  

/ 

Plate 6.4 a). Recording '1'1 and 'l' s of samples using Wescor HR-33T; b). 

Samples loaded in the Sample Chamber Model C-52 during equi l ibration time. 

b .  



t 

6.2.2 STATISTICAL ANALYSIS 
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Data were ana lysed as described in chapter four (Section 4.2.2) .  
Soi l  moisture data were analysed in d ifferent categorised soi l  regions 
according to depth of soi l  and distance from tree trunk {Table 6. 1 ) . 

Table 6.1 . The categorisation of soi l  volume in  monitoring soi l  mo istu re 
throughout the orchard experiment during the 1 990- 1 991  and 
1 99 1 - 1 992 seasons. 

Soil regionz Depth (cm) D istance from tree trunk (cm) 

"a . • 0 - 50 0 - 50 

"b . • 0 - 50 50 - 1 50 

"c . •  50  - 100 0 - 50 

"d . "  50 - 1 00 50 - 1 50 
� ', , , � ·e . ·  0 - 1 00 0 - 1 50 

z ·a .• and "c . "  regions inc lude 1 access tube per repl ication of each 
treatment. 
"b. • and "d. • regions include 2 access tubes per rep l ication of control 
and RD I  and 1 access tube per repl icat ion of root-pruned treatment. 

· "e.• reg ion is pooled data from al l  above reg ions, and includes 2-3 
· access tubes per repl icat ion. 

RESULTS:  C LOSE S PACED TREES 

1 Cl imatic data 

long term pattern of c l imatic cond it ions at the experimental site was 
in chapter 3 (Section 3.4. 1 ). Long term average annua l  precip itation 

of 30 years) is 966 mm, of wh ich 541  mm fal l  du ring the main g rowing 
1 s·eptember to 3 1  March. The average annual pan evaporation is 995 

. the h ighest occurring in January with 1 57 mm.  Mean min im um and 
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maximum temperatures are 4.5  and 22.6°C respectively. 

F lowering t ime of 'Sundrop' in th is orchard is usua l ly in late August .  The fru it 
grows unt i l  m id  January which is the normal  harvest t ime.  Approximate t im ing 
for stage I ( i n  September and October) and 1 1  (November) is 3 months and 
stage I l l  normal ly starts in  December (see chapter 5 ) .  I rr igation was withheld 
from RDI t reatments during stages I and 1 1  then resumed in both season s  in 
early stage I l l  of fru it g rowth (from 92 dafb) .  

6.3.1 .1 Season 1 990-1 991 

The cl imatic record of the fi rst season of exper iment is shown in Figu re 6 . 1 .  
The annual precipitation in this year was 948 mm,  of which 369 m m  fel l  
between September and the end of January. However, ra infal l was n ot wel l  
d istributed du ring this period, as shown by  t he  dai ly ra infa l l  and  evaporation 
(Figure 6.2). The monthly rainfal ls in th is period were 1 6. 9, 83.7 ,  98.3, 50.7 

� and 1 20.2 mm in September, October, November, December and January 
, respect ively. 

\ 
1' The maxim u m  temperature (22.2°C) was reg istered du ring the harvest period ·' 
;: in January with h igh evaporation ( 1 63 mm) .  The sunshine hours and relat ive 
humidity (%RH) were a lso recorded and are shown in F ig u re 6 . 1 c .  and d .  

Figure 6 .3  shows the  cl imatic record for the  second season o f  experiment.  The 

�nnual rainfa l l  in this season was 1 028 mm, of which 385.4 mm fel l  between 
�eptember and the end of January (65. 1 ,  80.9, 8 1 , 8 1 .2 and 77.2 m m  m onthly 
ft:leans respectively) . The dai ly rainfal l and evaporation (F igure 6.4) showed ' '  
that rainfal l  in this season was more evenly d istributed through the 3 stages 

I 
���fru it g rowth than in the fi rst season.  However, in each stage of fru it g rowth 

·1 
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a. 

F M A M J J A 

re 6.1 The monthly climatic data for the 1 990-1 991 season (1 Km away 
from the experimental site) at Palmerston North, New Zealand. a) . 
Rainfall and pan evaporation (P. E. ) ;  b) . Temperature ;  c.) . Sunshine 
hours;  d). Relative humidity (RH).  
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.Figure 6.2 Daily rainfall and pan evaporation (P.E.) during 1 990-1 991 season 
( 1  Km away from the experimental site) at Palmerston North, New 
Zealand. a). During stage I; b) .  During stage 1 1 ;  and c) . During stage 
I l l  of fruit g rowth 
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a . 

b. 

c. 

F M A M J J A 

:. Figure 6.3 
t 

The monthly cl imatic data for the 1 99 1 -1 992 season ( 1  Km away 
from the experimental site) at Palmerston North, New Zealand. a) . 
Rainfall and pan evaporation (P.E.) ;  b). Temperature ; c.). Sunshine 
hours; d). Relative humidity ( RH). 
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\' Figure 6.4 Daily rainfall and pan evaporation (P. E.) during 1 99 1 -1 992 season 
( 1  Km away from the experimental site) at Palmerston North, New 
Zealand. a). During stage I; b) . During stage 1 1 ;  and c) . During stage 
I l l  of fruit g rowth 
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torrential ra infal l  occu rred. This season was a lso cooler than the first season 
with h igher ra infal l and lower evaporation in January ( 1 40.3 m m) ,  the 
maximum temperature 2 1 .9 oc in this month. The sunshine hours were lower 
and RH genera l ly greater than dur ing the fi rst season throughout the fru it 
growth period (F igure 6 .3) . 

6.3.2 Soi l  moisture 

The soi l  type of the experimental site was described in chapter 3 (Section 
3.4.2). Field capacity (FC) in  the 0- 1 00 cm soi l  depth was 31 6 mm water, of 

which 1 82 mm existed in the top 50 cm layer of soil and 1 34 mm i n  the 50-

1 00 cm soi l  depth. 

6.3.2.1 Season 1 990-1 991 

The record of  total so i l  moisture in  th is season is  shown in Figu re 6.5.  I n  

genera l a t  a l l  depths and  d istances the  root-pruned treatment showed h igher  
soil moisture content throughout the season. However, the d ifferences 
between th is treatment and control were s ign ificant in the reg ion beyond the 
pruning cut on ly during stage I l l  of fru it growth (P<0.05 at 1 04 ,  1 1  1 dafb; 
P<0.0 1 at 1 20 and P<0.00 1 at 1 30 and 1 37 dafb, Figure 6.5 b . ) .  Differences 
between root-pruned and control  in the ·a: , ·c: and ·d: reg ions were not 
sign ificant. When data was pooled for al l regions the d ifferences between root­
pruned and control d isappeared (F igure 6.5 e . ) .  

The RDI treatment showed lower levels of so i l  moistu re than control and root­
pruned throughout the season (P<0.01 ) when analysis was perform ed on the 
Pooled data ( Figure 6 .5 e. ) .  However, i n  the top 50 cm layer of the so i l  and 
closer to the tree trunk (F igure 6.5 a.) RDI showed l ower so i l  moisture 
(P<0.05) than root-pruned and control during stages I and 1 1  of fru it  g rowth . 

_
Deeper in  the soi l  (50- 1 00 cm soi l depth) and closer to the trunk (F igure 6.5 

' 
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c. ) no s ign if icant diHerences were observed among the treatments unt i l  the 
end of the season when the root-pruned treatment showed a h ig her soil 
moisture than RD I  (P<0.05 at 1 30 and 1 37 dafb). In the "b . "  soi l regi on (Figure 
6.5 b . )  both control and root-pruned showed more soi l  moisture than RDI 

throughout the season (P<0.05 for 48, 6 1 , and 89 dafb and P<0.001  at al l  
other dates) . In the "d." region (Figure 6 .5 d.) RDI showed signif icantly lower 
soil moisture than control and root-pruned until 54 dafb (P<0.05) ,  and than 
root-pruned again late in stage I l l  (P<0 .05 at after 1 1 1  dafb) .  

6.3.2.2 Season 1 991 -1 992 

The soi l  moisture for this season is shown in Figure 6.6. RDI soi l  m oisture was 
sign ificantly lower than control and root-pruned until early stage I l l ,  1 02 dafb 
(P<0.00 1 ,  Figu re 6 .6 e . ) .  Soi l moisture content for root-pruned trees was 
sign ificantly h igher than control on ly du ring stage I ,  unt i l  60 dafb (P<0.05) .  

The greater soi l  d rying for RDI  trees was mainly accounted for by the 
increased water loss from the top 50 cm of soil (Figu re 6 .6 a . ) .  C lose to the 
trunk RDI  was dr ier (P<0.05) than root-pruned and control only u nt i l  38 dafb 
(Figu re 6 .6 a. ) ,  but in the more d istant u b. " region it was drier than both unti l  
early stage I l l  (F igure 6.6 b . ,  P<0.01 unt i l  1 02 dafb) . At g reater depth , in the 
inne r  reg ion (F igure 6.6 c.) moisture d ifferences between treatments d id  not 
attain s ign ificant levels, and further out (Figure 6.6 d . )  the on ly s ign ificant 
d ifferences (P<0.05) occurred unti l 53 dafb, root-pruned being more moist than 
RDI . 

6.3.3 Xylem water potential 

, 6.3.3.1  Season 1 990-1 991 .. 
�� 
'· 

Seasonal changes i n  predawn and m idday xylem water potential {'¥ xy�em) during 
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Figure 6.5 The influence of treatments on soil water content (mm) of close 
spaced 'Sundrop' during 1 990-1 991 season. a). and b). Top 50 cm 
layer of soi l .  c) . and d) .  Lower 50 cm layer of soil and e) .  Top 1 00 
cm of soil (Dist. is d istance from tree trunk) .  Bars show the 
standard e rror of the mean. 
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' , ,rH fH,t t 
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c. 
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::Figure 6.6 
;. 

The influence of treatments on soi l  water content (mm) of close 
spaced 'Sundrop' during 1 99 1 -1 992 season.  a). and b) .  Top 50 cm 
layer of soi l .  c) . and d) .  Lower 50 cm layer of soil and e) .  Top 1 00 
cm of soi l .  (Dist. is d istance from t ree trunk). Bars show the 
standard error of the mean. 

' 
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the fi rst season are shown in Figu re 6.7.  I n  general no differences were 
detected e ither at predawn or midday between contro l  and H-PBZ t reatments. 
Root-prun ing had no sign if icant effect on predawn 'I' xyklm • but m idday 'I' xy1em was 
lower than control (P<0.05) throughout the season. RD I  had lower predawn 
'I' xylem than contro l  du ring early stage 1 1  (72 and 76 dafb) and early stage I l l  
(P<0.05) . RD I  m idday 'I' xylem was s ign ificantly lower than contro l  du ring later 
stage 1 1  (P<0.05 from 79 to 90 dafb) and in m id-stage I l l  of f ru it g rowth 
(P<0.05 from 1 05 to 1 1 9 dafb except day 1 1 2) .  

6.3.3.2 Season 1 99 1 -1 992 

The pattern of predawn and m idday xylem water potential ('I' xy�em) in the 
second season is shown in F igure 6.8. Both root-pruned and RD I  showed 
lower predawn 'I' xylem than contro l  (P<0.0 1 ) at a l l  dates of m easurement 
{except for day 1 0 1 when root-pruned and control were s imi lar) ,  and RDI  was 
similarly s ign ificantly lower (P<0.01 ) than H-PBZ. Predawn root-pruned showed 

, lower 'I' xylem than H-PBZ at 83, 1 04 and 1 1 0 dafb (P<0 .0 1  ) .  At m idday (Figure 
6.8 b. )  root-pruned trees 'I' xylem was always significantly lower (P<0 .0 1 ) than 
contro l  and H-PBZ (except on 62 and 1 43 dafb) .  RD I  treatment d id not 
significantly reduce noon 'I' xylem except during stage 1 1  (69 and  83 dafb) and 
early stage I l l  (96 and 1 0 1 dafb, at P<0.05) . 

6.3.3.2.1 Diurnal pattern of xylem water potential 
i 

'( .· 

,
,During the 1 99 1 - 1 992 season, 'I' xylem was recorded d iu rna l ly  on 4 occasions 

t (Figure 6 .9 ) .  I n  a l l  treatments and dates 'I' xyklm reached its m ost negative va lue by 3 pm and then started to recover. On al l  occasions root-pruned treatment 
�ad lower  'I' xylem than control by 3 pm ( P<0.0 1  ) ,  and RD I  was a lso sign ificantly 
·lower {P<0.05)  than control except at 83 dafb. During early morn ing  control rad higher 'I' xylem than root-pruned and RD I  t reatments (P<0.05) ,  except on  .�ay 1 0 1  when root-pruned and contro l  were simi lar. 
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6.3.4 Net C 02 assim i lation (A) and stomata l conductance (g.) 

6.3.4. 1 Season 1 99 0-1 991  

Figure 6 . 1 0  shows the  stomatal conductance and C02 assimi lat ion rate dur ing 
stage I l l  of fruit g rowth.  There were no sign ificant d ifferences among the 
treatments for gs (Figure 6. 1 0  a . ) .  RD I  showed lower A ( Figu re 6 . 1 0  b . )  than 
H-PBZ at 1 1 2 dafb, and at 1 40 dafb than control treatment (both P<0.05) .  

6.3.4.2 Season 1 991 -1 992 

The influence of  treatments on gs  and A during stage I l l  in th is season are 
shown in Figure 6. 1 1 .  L-PBZ treatment increased both gs and A values d u ring 
stage 1 1  and early stage I l l  of  fruit g rowth relat ive to control (P<0 .05 on day 55 
and P<0.0 1  at 76, 83, 1 0 1 and ·1 1 0 dafb) .  In early stage 1 1  (69 and 76 dafb) 
both RD I  and root-pruned showed greater gs than control (P<0.05) , but this d id  
not increase A du ring these periods. 

6.3.4.2.1 D i urnal pattern of net C02 assimilation rate and stomatal 

conductance 

The diu rnal  records of A and gs determined on four occasions du r ing 1 991 -

1 992 are shown in Figu res 6. 1 2  and 6. 1 3  respect ively. General ly, g, had 
lowest va lue for a l l  t reatments during day 83 with no major changes du ring the 
course of the day for  any treatment. The review of di urnal c l imat ic data (from 
the nearest weather station) showed that RH (57%) was lower on 83 dafb than 
on 69, 1 0 1  and 1 1 0  dafb (78%), 4.5 h sunshine were registered on  day 69 and 
9 h for the other occasions. During stage 1 1  of fruit g rowth usual ly no s ign ificant 
treatment differences occurred in A and g5• During stage I l l  a stronger d iu rna l  
Pattern occurred in A and gs  with maxima at  1 300 - 1 500 h wh ich were 
general ly h igher than in stage 1 1 ,  but treatment differences usual ly were not 
sign ificant ( Figures 6. 1 2  and 6. 1 3) .  
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Figure 6.7 The influence of treatments on xylem water potential (t/J xy�em) in 
close spaced trees in 1 990-1 991  season . a) . Predawn xylem water 
potential; b). Midday xylem water potential .  Bars show the standard 
error of the mean. Each point represents the mean of two leaves on 
each replicate (n=1 6 for Control, H-PBZ and Root pruned; and 
n=1 0 for RDI treatment). 
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Figure 6.8 The influence of treatments on xylem water potential (1/J xy�em) i n  
close spaced trees in  1 99 1 - 1 992 season. a ) .  Predawn xylem water 
potential; b) . Midday xylem water potential .  Bars show the standard 
error of the mean. Each point represents the mean of two leaves on 
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n=1 0 for RDI treatment) . 
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Figure 6.9 The influence of treatments on diurnal patterns of xylem water 
potential ( 1/J xylem) in close spaced trees in 1 991 - 1 992 season. a). 69 
dafb; b). 83 dafb; c) . 1 01 dafb; d). 1 1 0  dafb. Bars show the 
standard error of the mean. Each point represents the mean of two 
leaves on each replicate per treatment (n=1 6 for Control and Root 
pruned; and n=1 0 for ADI  treatment) . 
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Figure 6.1 0  The influence of treatments on a). Stomatal conductance (g5) and 
b) .  Net C02 assimilation (A) of close planted 'Sundrop' apricot trees 
during stage I l l  of fruit g rowth in 1 990- 1991 season. Bars show the 
standard error of the mean. Each point represents the mean of two 
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Figure 6.1 1 The influence of treatments on a). Stomatal conductance (g8) and 
· b) . Net C02 assimilation (A) of close planted 'Sundrop' apricot trees 
in 1 991 -1 992 season. Bars show the standard e rror of the mean. 
Each point represents the mean of two leaves on each repl icate per 
treatment (n= 1 6  for Control, L-PBZ, H-PBZ and Root pruned;  and 
n=1 0 for RDI treatment) . 
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Figure 6.1 2  The influence of treatments on diurnal patterns of net C02 
assimilation (A) of close spaced trees in 1 991 -1 992 season. a). 69 
dafb; b). 83 dafb; c). 1 01 dafb; d). 1 1 0  dafb. Bars show the 
standard error of the mean. Each point represents the mean of two 
leaves on each replicate per treatment (n=1 6 for Contro l  and Root 
pruned; and n=1 0 for RDI treatment) . 
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, Figure 6.1 3 The influence of treatments on diurnal patterns of stomatal 
conductance (gs) of close spaced trees in 1 991 - 1 992 season. a) .  69 
dafb; b). 83 dafb; c) . 1 01 dafb; d). 1 1 0  dafb. Bars show the 
standard e rror of the mean. Each point represents the mean of two 
leaves on each replicate per treatment (n= 1 6  for Control and Root 
pruned; and n=1 0 for RDI treatment). 
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6.3.5 Osmot ic adj us tment  (Season 1 9 9 1 -1 992 o n ly)  

6.3.5.1 Osmotic adjustment of leaf 

;: The seasonal  records of leaf predawn and m idday water status  ('1'1, 'f' P and '1'5) 
. are shown in F igures 6. 1 4  and 6. 1 5 . Treatment differences in '1'1, 'f' P and '1'11 
either at predawn or m idday during stage I were not sign ificant .  During stage 
1 1  of fruit growth RDI showed a lower predawn '1'1 on 68 dafb (P=0 .077) 
however i ts 'f' P was a lso lower than control  at this t ime (P<0.05) with no 
difference in '1'5 (Figure 6 . 1 4) .  In stage 1 1  at m idday a l l  leaf water status 
components were sim i lar (F igure 6. 1 5) .  When m idday leaf '1'5 was adjusted 
(Figure 6 . 1 6  b . )  for relative water content (RWC), '1'5 of R D I  (-2.05 M Pa) 

:· showed a s ign ificant difference from control ( - 1 .83 MP a)  on 75 dafb (P<0.05) . 

I n  stage I l l  of fru it growth predawn '1'1 of a l l  treatments were n ot sign ificantly 
different, but RD I  showed higher 'f' P than control and root-pruned treatments 
(P<0.05) on 1 24 dafb ( Figure 6. 1 4) .  M idday RDI '1'1 and '1'5 d u ring stage I l l  was 
higher than control (P<0.05) on some occasions {1 08, 1 1 5 and 1 3 1 dafb). 
However, midday 'f'P of control  was lower than RDI on 1 08 dafb and was 
h igher than root-pruned treatments on 96 and 1 08 dafb. Both RDI  and root-

, pruned showed significantly lower adjusted osmotic potent ia l  than contro l  
(P<0.05) on 1 24 dafb (F igure 6. 1 6  b . ) .  

6.3.5.2 Osmotic adjustment of fruit 

. Fru it 'f',, 'f'P and '1'5 at predawn and m idday during the second season are ' 
I shown in Figu res 6. 1 7  and 6 . 1 8. During stage I and stage 1 1 ,  genera l ly < 
' _both predawn and m idday '1'1 and '1'5 of RDI  fru it were lower than control , 
·a lthough the only sign ificant differences were on day 59 (P<0.05) .  H owever, 
rt this date both predawn and m idday 'I' p of these two treatments were not 
sign ificantly d i fferent {59 dafb). No  s ign ificant d ifferences occu rred in m idday 
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Figure 6.1 4 The influence of treatments on predawn leaf water relations of 
close spaced trees in 1 99 1 -1 992 season. a). Leaf water potential (1/J 

1) ; b). Turgor potential (1/J p) ; c) . Osmotic potential (1/J ,) ; Bars show 
the standard error of the mean. Each point represents the mean of 

one leaf on each replicate treatmenf1 (n=5 for all treatments at 

each date). 
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Figure 6.1 5 The influence of treatments on midday leaf water relations of close 
spaced trees in 1 99 1 -1 992 season. a) . Leaf water potential (1/J 1) ; b). 
Turgor potential (1/J p) ;  c). Osmotic potential (1/J .) ; Bars show the 
standard error of the mean. Each point represents the mean of one 
leaf on each repl icate per treatment (n=5 for all treatments at each 
date). 
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Figure 6.1 6 The changes of a). Relative water content ( RWC);  b) .  Osmotic 
potential at full turgor  (1/1 5) ; and c) . Simple carbohydrates (sucrose 
+ glucose + fructose + sorbitol). Midday on close spaced 'Sund rop' 
apricot during 1 99 1 - 1 992 season. Bars show the standard error of 
the mean. Each point represents the mean of five samples 
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treatment . 
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Figure 6.1 7 The influence of treatments on predawn fruit water relations of 
close spaced trees in 1 99 1 - 1 992 season. a). Fruit water potential (1/J 

1) ; b) . Turgor potential (.,P p) ; c) . Osmotic potential (.,P 5) ; Bars show 
the standard e rror of the mean. Each point represents the mean of 
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fruit '±'5 among treatments during stage 1 1  of fru it growth. At the t ime of fru it 
harvest ( 1 37 dafb) root-pruned trees showed lower \}'1 and \f1 s than control and 
RDI  (P<0.05). At the same t ime 'l' P of  root-pruned fruit remained at  the level 
of contro l  and RDI and d i fferences between these treatments were n ot 
sign ificant (F igure 6. 1 8  b . ) .  

6.3.6 Fruit s imple carbohydrates (CHO) 

The part ia l  contribution of each simple carbohydrate to osmotic adjustment in  
fru its during stage I (59 dafb) and stage I l l  ( 1 37 dafb) as calcu lated by Van't 
Hoff's equat ion in relation to the magnitude of osmotic adjustment was very 
smal l  for sucrose, fructose and sorbitol .  The resu lt showed that on both d ates 
and in a l l  treatments (contro l ,  RDI and root-pruned) g lucose had a g reater 
inf luence in decreasing \f1 s of fru its than the other recorded s imp le 
carbohydrates (\f191ucose was 0.0340 and 0.0606 for contro l and RDI respect ive ly 
on 59 dafb, and 0.0408 and 0.0560 for contro l  and root-pruned respectively 
on 1 37 dafb) . 

The seasona l  concentrat ion of the fru it s imple carbohydrates (sucrose, 
g lucose, fructose and sorbito l )  are shown in F igure 6. 1 9 and 6.20. Treatments 
had no s ign ificant effect on sucrose concentration throughout the season 
(Figure 6 . 1 9  a . ) .  F igure 6. 1 9  b. shows that both RDI and root-prun ed 
treatments conta ined more g lucose than control in later stage I and 1 1  of fru it 
growth . The d ifferences between root-pruned and control treatments were 

• signif icant at 52, 59, 73, 80 and 87 dafb (P<0.05) , and between RDI and 

. contro l  at 52, 59 and 80 dafb (P<0.05) . In  add ition, root-pruned trees tended 
to increase fru it g l ucose concentration above control at the t ime of fru it ha rvest 

· (P:::0 .09 at 1 37 dafb) .  H-PBZ increased g lucose at 80, 87 and 1 37 dafb 
i 
[ relative to contro l ,  but  showed lower g lucose at 52 and 80 dafb relative to root­� fPruned and RDI  treatments (P<0 .. 05) . 
� 
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Figure 6.1 9 The influence of treatments on seasonal concentration of simple 
-1 

carbohydrates (mg g dry weight) of close planted 'Sundrop' 
apricot fruit during 1 991 -1 992 season. Bars show the standard 

error of the mean. Each point represents the mean of five samples. 



�--
· -' S:. i' tn r -Cl) 
:)� 
· � 
·: c 
';' tn 
· en 
E -
tn Cl) -CO ... 
"D l )o. 
'J::. • o JJ ... 
' CO i U 
• Cl) 0.. 
.E 
U) 
i � r-

1 00 

80 

60 

40 

20 

0 

1 00 

80 

60 

40 

20 

0 

1 00 

80 

60 

40 

20 

0 

1 00 

80 

60 

40 

20 

0 

r 

Chapter Six: Effects on Water Relations 2 1 4  

a .  
0 - - · Sucrose 
• · · · · · ·  Glucose 
o - - · - Fructose 
& - - Sorbitol 
• - Total 

Control 

A · · · · · ·f · · · · · · - 1· .. .: ....... 
··.. 

J 

•• I . • · 
·. · r · ·. L . - · · · ·r··· · · - � · ·  � 

- - - - ..,. + - -+- - -....._ _... � ,.,.. --- - --- -- -=--o-·----�":::i-d.--:-:i.-._'"-- - · \>- · -=t=- ·-==.: :  --- - -- - - ..... - _-,.. - -; -

b. 

c. 
Root pruned 

. ·· . . . . ., 
· - -� - - - f- · · · · ·1 · · · · · · 

...... � :.i: - - - .. - t  - - - - - - - - - --+ - -
�-: - - .-: :.- - - - -�· -::t� · - · - - - =.: f-._:_<>:- - ..._..- ·-== � !  .._ - � -� - - _. _ - .... - ------, -

d. 

R DI 
. - · · · · · ·t· · · · ... . . . 

·. 
··.. . . . ! .  . . . . . . I · ·· . .J. . . ; . . · I . . I 

..,. -t - - - - ;.:.- :..· - -t- - -
! 

_... ..., :::t: . ...=w-- --� --t7 . � �-=--F'�· �- -=t"",;-..f'-· - · . - :::.:: 
October November 

52 62 77 
December 

92 1 07 
Days after full bloom 

1 22 
January 

1 37 

Figure 6.20 The influence of treatments on seasonal patterns of concentration 
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of simple carbohydrates of close planted 'Sundrop' apricot fruit 
during 1 991 - 1 992 season. Total simple carbohydrates (CHO) is the 
sum of (sucrose + glucose + fructose + sorbitol). Bars show the 
standard error of the mean. Each point represents the mean of five 
samples. 
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During later stage 1 1  the amount of fructose (Figure 6. 1 9  c . )  was increased by 
al l  treatments re lative to control . At this t ime sign ificant increases re lative to 
control occurred for the root-pruned treatment at 73, 80 and 87 dafb ( P<0.0 1  ) ,  
for RD I  at  80 dafb (P<0.05) and tor H-PBZ at 59, 80 and 87 dafb (P<0.0 1  ) .  
Dur ing later stage I and stage 1 1  of fru it growth {59, 73, 80 and 87 dafb) H-PBZ 
and root-pruned treatments ra ised the amount of sorb itol (F igure 6 . 1 9  d . )  
re lative to  control (P<0.05) . The sorbitol i n  root-pruned fru it was a lso greater 
than in RD I  fru it at later stage 1 1  (73 and 80 dafb, P<0 .05) .  However,  in  stage 
I l l no s ign ificant differences were observed in sorbitol among the t reatments. 

Figure 6. 1 9  and 6.20 show that the major fru it CHO th roughout the season 
was gl ucose in a ll treatments, although there was a marked dec l ine in stage 
I l l  when sucrose increased. On day 80 late in stage 1 1  of fruit growth there was 
a sharp drop in tota l CHO of all treatments except RDI (F igure 6. 1 6  c . ) .  At that 

� t ime fru it CHO was h ighest in root-pruned trees (67 mg  g·1 d ry weight, 
1• P<0.001 ) , and lowest in control and H-PBZ ( 1 5  and 35 mg g·1 d ry weight 
r respectively) . R DI total simple carbohydrates (48 mg g·1 dry weight) at this 
, t ime was greater  than that of control (P<0.001 ) and H-PBZ (P<0.0 1  } , but was 

lower than in the root-pruned treatment (P<0.01 ) .  The total C H O  in  al l  I 
1 treatments decl ined in stage I l l  ( 1 1 0- 1 1 5  dafb), but with no  s ign ificant 
lt ! differences among the treatments. At 1 37 dafb H-PBZ and root-pruned 
t· showed h igher CHO than control (P<0.05 and P=0.09 for H-PBZ and root­
' pruned respect ively). 

'. 6.4 R ESULTS: WIDE SPACED TREES (SEASON 1 990-1 991  ONL V) 
'• 
' �· 6.4.1  Soi l  moisture 
I 

f�The so i l  moistu re content recorded in  the fi rst season of the exper iment is  
�hown in  F igure 6.2 1 .  I rrigation was resumed on RDI p lots at the start of stage 
� 1 1 of fru i t  g rowth (from 92 dafb) . In the RD I  treatment soil m oisture was lower 
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than control in late stage I and during stage 1 1  (P<0 .0 1 )  i n  the top 50 c m  layer 
of soil (F igure 6.2 1 a. and b . ) .  No d ifferences from control were s ign if icant 
during stage I l l  in the upper part of the root zone. At lower depth {50- 1 00 cm, 
Figure 6.2 1 c.  and d.) RDl and control were essential ly s im i lar ,  a lthough unt i l  
54 dafb R D I  had h igher soi l  moisture content (P<0.05). When data for al l  soi l  
depths and regions were pooled (Figure 6 .21  e . )  this d ifference d isappeared, 
and genera l ly the control  contained greater soil moisture dur ing stages I and 
1 1  of fruit g rowth,  th is being significant between 61 and 82 dafb (P<0.05) .  

6.4.2 Xylem water potential 

The on ly s ign ificant d ifference in predawn 'f' xylem (F igure 6.22 a. )  was that RDI 
was lower (P<0.05) than control at the end of stage 1 1  of fru it g rowth (90 dafb) 
immed iately before resum ing irr i·gation . M idday 'f' xylem was lower for the RDI 
treatment (P<0.05) late in stage I and early stage 1 1  (55 to 76 dafb) and  again 
in early stage I l l  (94, 1 0 1 and 1 05 dafb) of fruit g rowth (F igure 6.22 b. ) .  

€.4.3 Net C02 assimi lation rate (A) a n d  stomatal conductance (gJ 

Figure 6.23 a and b shows gs and A dur ing stage I l l  of fruit g rowth .  No 
signif icance d ifferences occu rred between the control and RDI  in  gs  values 
(Figu re 6.23 a. ) .  However, the net C02 assim i lation rate (A) of RD I  trees was 
h igher (P<0.05) than of contro l ,  H-PBZ and root-pruned (Figu re 6.23 b . )  in 
early stage I l l  (98 dafb) , and RDI  contin ued this trend relative to control on 

._ 1 05 dafb ( P=0.055).  Also, at th is date ( 1 05 dafb) root-pruned and H-PBZ 
showed h igher  A than contro l (P<0 .01  and P<0.05 respect ive ly) . 
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Figure 6.21 The influence of treatments on soil water content (mm) of wide 
spaced 'Sundrop' during 1 990-1 991 season. a). and b) . Top 50 cm 
layer of soi l .  c) . and d). Lower 50 cm layer of soil and e). Top 1 00 
cm of soil (Dist. is d istance from tree trunk) .  Bars show the 
standard error of the mean. 



-C!S 
a. 
� -
'ii ;; c 
s 0 

· � ... . .  Cl) ... 
I C!S � � 
: e 
' .!! >-
X 

-cu Q. 
::E -
.! -c Cl) -
0 Q, '-Cl) -ea � 
E Cl) .>. ,)( 

-0. 1 

-0. 1 5 

-0.2 

-0.25 

-0.3 

-0.35 

-0.4 

-0.6 

-0.8 

- 1 . 0  

a.  

62 

b.  

0.. 

October 
55 62 

Chapter Six: Effects on Water Relations 2 1 8  

Predawn 

\ � ..... \ / ..... \ ..... / ..... ..... \ / ..... ..... � 

72 76 90 98 

\ 
\ t � �  1 \  

\ I \ 
\ I 
\ I 

November 
77 92 

\ I 
• 

December 
1 07 

Days after full bloom 

..... 

I 
\ 
\ 

• - � Control  
0 - - !2j RDI  

..... ..... ..... � - �  

1 26 1 33 

M id day 

� 
\ I \ 
• I \ ' I ' ' I \ ' I \ � \ 

1 22  
January 

1 37 

Figure 6.22 The influence of treatments on xylem water potential (t/J xy*n) in 
wide spaced trees in 1 990-1 991 season. a) .  Predawn xylem water 
potential; b). M idday xylem water potential .  Bars show the standard 
error of the mean. Each point represents the mean of fou r  leaves 
on each replicate (n=8 for each treatment). 
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Figure 6.23 The influence of treatments on a). Stomatal conductance (g5) and 
· b).  Net C02 assimilation (A) of wide planted 'Sundrop' apricot trees 

during stage I l l  of fruit g rowth in 1 990- 1 991 season. Bars show the 
standard error of the mean. Each point represents the mean of four 
leaves on each replicate per treatment (n=8 for al l treatments) . 
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The experimental trees were grown in a hum id cl imate with re lative ly h igh  
ra infa l l  and  h igh relat ive hum idity. The long term study of c l imatic data (F igu re 
3. 1 )  revealed that usual ly there is a deficit between evaporation and rai nfa l l  
between September and March and this reaches a maximum at  the t ime of 
fru it harvest (January for 'Sundrop' at this experimental s ite, F igures 3. 1 ,  6 . 1 
and 6.3) . C l imat ic data recorded during this experiment (Figu re 6. 1 to 6 .4)  
revealed that the rainfa l l  was more un iform ly d istributed throughout the m ain 
g rowing season in the second year (season 1 99 1 - 1 992) than du ring  the f i rst 
year (season 1 990- 1 991  ). When dai ly rainfa l l  and evaporation du ring  the fi rst 
growth stage was studied, it was found that in both seasons the variation in 
rainfa l l  was very h igh (ie. more than 30 mm rainfa l l  fel l in one day). 
Presumably, i f  i rrigation were establ ished based on the c l imatological approach 
described ear l ier in this chapter (section 6. 1 ) , torrential rain cou ld u pset 
i rr igation schedu l ing in th is cl imate, and in the present study th is usua l ly 
occurred d ur ing each stage of fru it g rowth in both seasons (F ig u re 6 .2 and 
6.4). 

�. 6.5.1 Tree response to PBZ 

f In close spaced trees in both seasons '¥xylem for PBZ and cont rol were the 
t same. Although soi l  water content of PBZ treatments was not evaluated in th is 
. study, it is assumed that soi l  water fe l l  to = 80 %FC dur ing stage I l l  of fru it 
g rowth. For example, soi l  water content was recorded on control treatment as 

f;having decl ined to 77 and 87 %FC by harvest in the fi rst and second seasons. 

;Over this t ime (ie. stage I l l )  \fl xylem of H-PBZ t reatment fel l  to -0.2 ( M P  a)  at 
predawn and -0. 5 at solar noon. Under the cond itions of this study, on  some 
�ccasions PBZ treatments showed an increase in gs and A and s ign ificant 
�ifferences appeared in stage 1 1  and early stage I l l  during the second season 
(,Figure 6. 1 1  ) . This m ight suggest that in the non-water stressed condit ions of 
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this study PBZ increased gs on some occasions. and a l lowed h igher net C02 
assim i lation rate, which could contribute to improved productivity (see chapter 
5 ) .  B iasi et al. ( 1 989) found  that PBZ under water stress condit ions reduced 
stomatal conductance of peach seed l ings, a lthough at 1 00% FC it increased 
stomatal conductance. The increase in A by L-PBZ treatment in  the second 
season is in agreement with the report of E lfving  and Proctor ( 1 986) ,  who 
found that general ly A was st imu lated in apple trees in the year of P BZ 
treatment. 

The fruit CHO study (F igure 6. 1 6  c.) showed that total CHO content was 
s ign ificantly increased in  later stage 1 1  and stage I l l  in the second season . The 
TSS increase in PBZ treated fru its at harvest reported in  chapter 5 (Table 5 . 6  
b.)  supports th is find ing .  A smal l  increase i n  soluble sol ids in  apple fru its 
fol lowing PBZ appl ication has been reported by M i l iou and Sfakiotaki s  ( 1 986) . 
I n  the present study, the amount of g lucose ( later stage l l  and  I l l ) ,  and 
fructose and sorb itol ( late stage I and 1 1 )  in the fru it mesocarp t issue was 
sign ificant ly increased by H-PBZ treatments (F igures 6. 1 9  and 6.20) .  These 
resu lts are in  agreement with Lever ( 1 986) who suggested that a secondary 
effect of  PBZ is a lterat ion of s ink strength with in  the plant, al lowing g reater 
part i t ioning of assim i late to reproductive growth.  Hodair i  and Canham ( 1 990a) 
found  that the decrease in  shoot growth of young apple trees by PBZ was 
usual ly associated with a redistr ibution of assim i lates with in the vegetat ive and  
reprod uctive growth. The d iversion o f  increased ass im i late to  t he  fru its as  a 
result of a reduction of vegetat ive growth was also reported by Costa et a l. 

( 1 986) .  

[ 6.5.2 Tree response to root-pruning 

t lln general the amount of soi l  moistu re around the root-pruned trees was 
sim i la r  to that around the control (F igures 6.5 and 6.6) .  H owever, on some 
occas ions in  both seasons the root-pruned soil mo istu re increased s ign if icant ly 
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relative to contro l .  Such a d ifference appeared during stage I l l  of f ru it g rowth 
in the "b . "  reg ion in the f irst season of experiment (Figu re 6 .5  b. , f rom 1 04 
dafb) .  At the same t ime, \f' xylem of th is treatment at m idday was lower than 
control. \f' xylem was also lower than control during stage I and 1 1  of fru it g rowth .  
This suggested that root-pruned trees, due to  reduced root volume,  gave a 
water stress type response. This presumably was caused by the reduction of 
absorbing roots by this treatment in  the "b . "  reg ion. After root-prun ing some 
regenerat ion of roots probably occurred in the ·a: and possib ly "b: regions. 
Apparent ly the overa l l  reduction in absorbing root surface meant i t  cou ld only 
partly supply the water requ i rements of the trees, which resu lted in the dec l ine 
in \f' xylem· M idday \f' xylem throughout the second season was s ign ificant ly lower 
than that of contro l .  Reduct ion in  water absorption and induction of water 
stress as a resu lt of root-prun ing have been reported previous ly by Randolph 
and Wiest { 1 98 1  ) . They a lso suggested reduction in  assim i late product ion, 
nutrient uptake and effects on the sou rce of g rowth reg u lat ing horm ones as 
other  possib i l it ies. 

When al l soi l  moisture data were pooled in the f i rst season the s ign ificant 
difference between contro l and root-pruned trees disappeared (F igure 6 .5  e. ) .  
Th is suggested that roots of the root-pruned treatment c loser to the t ree t runk 
· th • • · · d k 

o. \t'nou� h 
· ·f· d 'ff · · 1  1n  e a.  reg1on 1ncrease water upta e ,  f\.. no s 1gn 1  1cant 1 erence 1n so1 

moisture was observed between control and root-pruned trees in the ·a: 
region ( Figure 6.5 a.) .  S im i larly, in the second season no  s ign ificant 
d ifferences occurred in so i l  m oisture in  the "a: region between contro l  and 

: root-pruned treatment (from 1 2  dafb, F igu re 6.6  a.) .  However, when data for  
·. this season from a l l  soi l  reg ions were pooled, root-pru ned treatm ent showed 
higher  soi l  moisture during stage I of fru it g rowth (F ig u re 6 .6  e . ) .  The root 

:. sam pl ing study one year later (see chapter 4, section 4.3.2)  revealed h igher  ' 
,RLD in the ua."  region of  root-pruned p lots. The presence of a larger volume 
of roots close to  the trunk ,  with in  the area bounded by  the prun ing  cut, is  
;�onsistent with the idea of g reater water uptake occu rr ing in  this region.  
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Geis ler and Ferree ( 1 984a) suggested that immediately after root-prun ing the 
supply of water, m ineral n u trients and hormones from the roots to the shoots 
decl ined because the root :shoot ratio had decreased. They a lso proposed that 
a g reater proportion of assim i late was d irected to root growth  so that the plant 
started to recover i ts root :shoot ratio by increased root growth.  I n  the present 
study, wh i le in the first season root-pruning tended to increase soil moisture 
in m id summer, in the second season it increased soil moisture content on ly  
unt i l  the end of stage I (60 dafb, Figure 6 .6  e . ) .  l t  is concluded that root-pruned 
trees started to recover their root :shoot rat io fol lowing the f i rst season root­
prun ing,  by producing more roots within and immediately beyond the prun ing 
cut (chapter 4 ,  sect ion 4 .3 .2) .  However, root-prun ing in the second season 
was only able to remove regenerated roots in the ub: reg ion , as prun ing was 
appl ied in the same posit ion as in the first season.  So, it is possible to 
conclude that the increased roots within the ua. • region resu lt ing from the fi rst 
season prun ing added to the abi l ity of root-pruned trees for increased water 
uptake from late October in the second season with in the "a .  • reg ion.  Thus in 
the second season root-prun ing was less effective in contro l l ing vigour  of root­
pruned trees, and more shoot growth occu rred than in the f irst season. 

Assimi lat ion and gs of root-pruned trees were not affected i n  ei ther season of 
study on dates between October and late January (Figures 6 . 1 0 and 6 . 1 1 ) .  
This was different from the finding of Poni et al. ( 1 992), who reported 
reductions in A,  gs and transpiration two days after root-prun ing potted apple,  
grape, peach and pear trees, whi lst in the present study A and gs were fi rst 
.measured 55 dafb ( 1 99 1 - 1 992 season). The d iurnal study of ':P xylem revealed 
that the root-pruned treatment reached i ts minimum ':P xylem at 3 pm and was 
lower than control at this t ime of the day (F igure 6.9) ,  with no negat ive effect 
;on A and gs (F ig ures 6 . 1 2  and 6 . 1 3) .  A and gs were evaluated d u ring  stage I l l  
! 
. �from 98 dafb) i n  the f irst season and from late stage I (from 55 dafb) i n  the ' 
s.econd season . As has been described earl ier, soil moistu re data revealed ti. 
�hat root-pruned trees had s imi lar or h igher soi l  moisture than control . lt i s  
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l ikely that when root-pruning is appl ied in drought condit ion it may have 
negative effects on A, gs and transpiration . Work on 'Jonathan' apple t rees by 
Ferree ( 1 992) showed that t rees subjected to root-prun ing under severe 
drought cond itions had reduced A and transp iration, whi le root-pruned trees 
given supplemental water showed increased transpiration and also greater fruit 
size at harvest. 

Neither  predawn or m idday turgor of leaves and fru its (F igu res 6. 1 4  , 6. 1 5, 6 . 1 7  

and 6. 1 8) was reduced compared to the control by root-prun ing (except 
m idday turgor of leaves at 96 and 1 08 dafb during stage  I l l ) .  At the t ime of 
fru it harvest ( 1 37 dafb) 'f'P of fru its of root-pruned trees at m idday was sim i lar  
to that of control fru its. Th is possibly occu rred as a result of  osmotic 
adjustment (0 .29 MPa) at this t ime (Figure 6. 1 8) . The fru it mesocarp 
carbohydrates recorded at the same time revealed that the concentration of 
al l  s imple carbohyd rates were general ly h igher on root-p runed trees than on 
control at this t ime, with a trend toward sign ificant d i fferences in g lucose, 
fructose and total C HO. Calcu lation of the infl uence of the s imple 
carbohydrates on osmotic adjustment revealed that g lucose had the major 
effect on osmotic adj ustment of fruit (0.04 and 0.06 M Pa on contro l  and root­
pruned trees respectively) . 

Root-prun ing general ly increased tota l CHO concentration d uring stages I and 
1 1  of fru it growth (Figu re 6. 1 6  c . ) .  G lucose and sorbitol increased in both late 
stage I and 1 1 ,  and fructose was higher in stage 1 1  (Figures 6. 1 9  and 6 .20) . The 
possib le occurrence of osmotic adjustment was not investigated in the f i rst two 
growth stages either at predawn or m idday. However, the changes in s imple 
carbohydrates during these periods might be explained by osmotic adjustment, 
or poss ib ly by a reduction of root demand for assim i lates and increased 
carbohyd rates diversion to active young fruits. There do not appear to be any 
stud ies of fru it CHO of root-pruned apricot trees in the l iteratu re .  Ferree (1 989) 
reported that root-prun ing of young greenhouse-grown M M . 1 1 1  apple trees 
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had no inf luence on the carbohydrate fract ions in leaves and shoots, but 
i ncreased soluble and insoluble fract ions in the roots. 

6.5.3 Tree res ponse to RDI  

Experimental trees d id  not experience severe water stress. During fru it stage 
1 1 ,  the lowest m idday o/ xylem was about -0.7 MPa (Figu res 6.7 and 6 .8) ,  and at 
the t ime of greatest so i l  d rying ( late January 1 99 1 )  it was -0.8 1  MPa.  As 
described in chapter 4 (sect ion 4.3.2 . 1  ) ,  shoot growth was s ign if icantly 
reduced relative to control only during late stage I of fru it growth in the f irst 
season. This suggests that shoot growth is more sensit ive to water stress 
during stage I .  Jerie et al. ( 1 989 a) suggested that deficit i rr igation during the 
early stage of fru it growth was able to reduce shoot growth ,  wh i le fru its grow 
slowly and are insensit ive to  water stress at  th is t ime. At  later stages of fru it 
development fru its a re sens itive to water deficit, and trees sho u ld be fu l ly  
irrigated to maximize fru it size. 

Soil moisture data obtained by neutron probe revealed that under c lose 
spaced trees the top 50 cm layer of soi l  was sign ificant ly drier with RDI d u ring 
the fi rst two stages of  fruit growth (to day 92). However the amount of  so i l  
moisture in the deeper layer of  the RDI  plots was not sign ificantly d ifferent 
from control (F igures 6 .5  and 6.6) . Under wide spaced trees the so i l  dr ied 
s lowly at the beginn ing of season (Figure 6.2 1 e. ) ,  and in the top 50 cm layer 
of the soi l  (F igure 6 .2 1 a.) the amount of soi l  moisture was close to that of 
contro l  du ring stage I of fru it growth. Time was needed to reduce the amo u nt 
of soi l moisture in the RDI plots, and it becam e  lower than control du ring 

c ove rs 
stage 1 1  of fru it growth . Presumably, the design of the RDI p lots/\and low 
evapotranspirat ion red uced the drying out of the top 50 cm layer of so i l  at  the 
beginning of the season . The area covered by plastic sheeting to isolate the 
root zone of two wide spaced trees was bigger than the area covered to 
isolate three close spaced trees. So i t  may be assumed that more water was 
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extracted from the smal ler covered area of close spaced trees than from the 
bigger area of wide spaced trees .  M itchel l  et al. ( 1 989) suggested that RDI is 
more efficient in close spaced trees than in wider spacings or on deep soi ls ,  
where there is more space for growing the root system and a larger volume 
of water is available to reduce the potential effects of RDI .  They suggested 
that in wider spaced trees or in deeper soil a m ore severe level of RD I  may 
be requ i red to control vegetative growth. 

In  both years the lowest predawn and m idday '!' x
y
lem of R DI t rees was as low 

as -0.4 and -0.8 MPa, wh ich ind icates the trees developed a moderate degree 
of internal water deficit. RD I  '!'xylem was often s ign ificant ly lower than control 
from N ovember to January ( 1 990- 1 99 1  season) and to early stage I l l  ( 1 99 1 -
1 992 season ) ,  at t imes of h igh  evaporative demand and/or fol lowing a 
prolonged period of reduced so i l  moistu re (F igures 6.7 ,  6 .8 and 6 .22) . The 
l im ited deg ree of soi l d rying and internal p lant water deficit d uring stage I and 
1 1  ind icates there was only a l im ited ach ievement of  R DI cond it ions as 
described by Chalmers et al. ( 1 981  ) .  Th is ,  and the deep so i l  and c l imatic 
condit ions d iscussed previous ly, reduced the potential R D I  effect. Jerie et al. 

( 1 989a) reported that there i s  good potential for RD I  in  h ig h  density plant ings 
with sha l low but well dra ined soi l  and/or in  a d ry cl imate, during periods of 
rapid shoot growth.  Under s im i lar environmental condit ions to those in th is 
study, Durand ( 1 990) used l ucerne as a cover crop in conjunction with RDI to 
reduce soi l  water content around  'Royal Gala' apple trees early in the season . 

. S imi larly, Caspari et al. ( 1 994) have reported using annual  cover crops to 
increase the potent ia l  effect of RD I  on grapevines. 

RDJ reduced 'P x
y
lem each yea r by about 0. 1 M Pa dur ing fru it stage 1 1 and early ' � . stage I l l  (70- 1 00 dafb) , and a l ittle later in the drier f irst season ( Figures 6.7, 

�-J.6.8 and 6 .9 ) .  At these t imes in  close planted trees, and a lso with the more t�arked depress ion of 'Px
y
lem d uring stage I l l  of wide s paced t rees ( Figure (�.22) , there was no reduct ion i n  A or gs. Kramer ( 1 983) suggested that water 
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stress refers to condit ions in wh ich p lant  water potential and turgor is 
decreased enough to interfere with normal function ing.  The level of water 
stress at wh ich th is occurs depends on the type of p lant and the stage of 
development. He suggested that the degree of water deficit which causes 
wi l t ing is a plant related characteristic. Farquhar and Sharkey ( 1 982) reported 
that water stress caused stomata l closure restrict ing uptake of C02, and 9s 
and A were reduced under m i ld water stress of apple and cherry (F iore et al., 

1 985) . Salisbury and Ross ( 1 992) stated that water is often the m ost l imit ing 
factor for A. However, water, l ight, ambient C02 and 02 concentrations,  
m inera l  nutrients and leaf temperature are a l l  factors affect ing A ( Lawlor, 
1 987). I n  the present study on some occasions gs was sign ificant ly h igher i n  
R D I  trees than control ( ie. early stage 1 1  i n  the second season) whi le net C02 
assim i lation rate was sim i lar  to control .  Presumably gs responded to ambient 
RH wh ich is normal ly h igh in th is cl imate. Sch ulze et al. ( 1 972) and DeJong 
( 1 983) reported gs in apricot ranges from 2.7 to 1 1  mm s· 1 • Apricot stomata 
were sensit ive to relat ive hum idity and environment (Schu lze et al. ,  1 972). 

, They found that at high RH stomata remained open in spite of a decrease i n  

; 'f1 xylem· 

Whi le leaves responded to drying soi l ,  it is important to be aware of the effects 
� on fru it .  Leaves are often the first plant t issue to respond to a water deficit, 
tand changes in their  water status may affect fru it qua l ity. '¥ P of RD I  fru its was 
' 

not d ifferent from control fruit at m idday. During late stage I (59 dafb) both 
predawn and m idday '¥1 and t¥5 of RDI fru it was lower than contro l ,  but 'PP was 
simi lar  to contro l at both t imes (Figures 6. 17 and 6. 1 8) .  At th is t ime and unt i l  

·' 
the end of fruit stage 1 1 ,  total soi l  moisture content of RD I  p lots was lower than 
contro l (F igure 6. 6 e. )  and '¥1 was reduced wh i le fru it turgor was maintained 
(Figures 6. 1 7  and 6. 1 8). This latter effect appears due to osmotic adjustment 

I . 
(�i44 M Pa) in  RD I  fruit. The fruit g lucose concentration dramatical ly i ncreased 

.. 
'RDI fru its during stages I and 1 1 ,  with s ign ificant d ifferences from contro l  on 

?. 59 and 80 dafb (Figures 6. 1 9  and 6.20).  This suggests that of the recorded 
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s imp le carbohydrates g lucose was the solute respons ib le for osmotic 
adjustment at the end of stage I .  Ana lysis of the inf luence of s imple 
carbohydrates on the osmotic adjustment revealed that g l ucose made the 
g reatest contr ibut ion to i t  at this t ime (0 .03 and 0.06 MPa in  contro l  and RD I  
t reatments respectively) . The work on  Asian pear under g lasshouse condit ions 
by Behboudian and Lawes ( 1 994) showed 0.68 M Pa osmot ic adjustment 
occu rred in  fruits, with part ia l  contr ibutions of 0.05, 0. 1 2  and 0 . 1 3  MPa 
estimated for  g lucose. fructose and sorb itol respect ive ly when compared with 
control. 

Genera l ly, the m idday \f's of RDI leaves was lower than control d u ring  stages 
I and 1 1 .  Th is possibly demonstrates the normal adaptation of t rees to the low 
water deficit, a l though the only sign ificant d ifference detected was on day 68 
at the m idday measurement (F igure 6 . 1 5  c.) .  When the effect of t issue 

; dehydration was e l im inated , act ive osmotic adjustment at t h is t ime was 
calcu lated to be 0.23 M Pa (Figure 6. 1 6  b.) .  Kramer ( 1 983) reported that in a 
situation of lowered water potent ial ,  osmotic adj ustment enables cel l  
enlargement and continu ing growth . Maintenance of t u rgo r  by osmotic 
adjustment could therefore be an important adaptat ional  response in some 
species d ur ing drought periods (Kramer, 1 983 and Morgan ,  1 984) .  The work 
by Rugg iero et al. ( 1 988) showed the abi l ity of apricot to to lerate drought 
periods and to adjust its leaf \f'5, with a not iceable process of long term 

; adaptat ion to increasing water stress. They reported the accum u lat ion of 
{' solub le sugars in the leaves with decreasing \f'5 • 

. , 
� Dur ing fru it g rowth stages I and 1 1  both the predawn and m idday records of � 

�. \JI xylem (F igure 6 .8) showed lower va lues on RDI trees than on control ,  a lthough 
)he d ifferences were not s ign ificant. During stage I l l  both predawn and m idday 
\JI, and \}1 s were usua l ly the same in  re-watered RDI  and control .  Genera l ly \}Js 

:of RDI  fru its in stage I l l  was s imi la r  to h igher than control. Th is  was consistent 
With leaves \f'5, for example predawn \}Js ( 1 08 dafb) and m idday \}11 and \}Js 
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( 1  08, 1 1 5 and 1 3 1  dafb) of  leaves were higher than control .  These resu lts 
suggested that irrigat ion did mainta in turgor during stage I l l  of fru i t  growth. 
Behboudian et al. ( 1 994) found that m idday turgor potent ial of leaves of Asian 
pear grown under greenhouse cond it ions became progressively lower with 
cont inuation of early-season water stress. They suggested early season water 
stress which resulted in a leaf water potential of less than -2 .5  M Pa had 
negative effects on photosynthesis and fru it growth, and should be avoided in 
Asian pear. 

SUMMARY 

From th is s tudy of the effect of  treatments on the water re lations of 'Sundrop' 
apricot it is concluded that: 

PBZ treated trees had the same water status as control .  I n  addit ion net C02 
assim i lat ion rate and stomatal conductance of PBZ treated t rees w <..r;; o. nd ' ' 
t nc r- c c-. S 2:::i. on some occasions through the fruit growth period /\fruit 

carbohydrates were increased. 

Root-pruned trees, in spite of having a s im i lar or h igher soil m oisture content 
than contro l ,  showed a water stress type response in the leaves and fru its . 
The response was greatest at the t ime of h ighest evaporat ion and water 
demand d urin g  fru it stage I l l .  lt appeared that root-prun ing increased internal 
water deficit by reducing the absorb ing s ites of the root system , and  on some 
occasions trees could not ful ly recover their water status dur ing the n ight and 
early m orn ing .  As t ime elapsed after root-pruning more water was extracted 
from the top 50 cm layer of soi l  with in the area of the cut roots. Th is increased 
water uptake close to the tree and the greater RLD in this reg ion after 2 years 

:� suggested there was root regeneration and recovery of the root :shoot ratio 
� during the f i rst growing season after root-pruning. The lower 'I' xylem d u ring both ! . 
: seasons suggests the root system was st i l l  not able to fu l ly support the tree's 
.: 
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water consumption and water loss through the transpirat ion stream. However, 
under the conditions of this experiment net C02 assimi lat ion rate and stomata l 
conductance were not affected by root-prun ing .  The fruit mesocarp of root­
pruned trees conta ined more simple carbohydrates. The increase in g l u cose, 
fructose and sorbitol tended to increase total C HO in late stage I and 1 1 of fruit 
growth and increased further du ring stage I l l  of fruit growth .  In the second 
season it was recorded that fru it turgor potential was ma inta ined at the t ime 
of fruit harvest in cond it ions of rapidly dry ing soi l  th rough the mechan ism of 
osmotic adjustment in f ru its. 

Soil moistu re measu rements in the both seasons showed it was very d ifficu lt 
to apply a sufficient level of water deficit i n  the RDI  p lots in the deeper layer 
of the soi l i n  close spaced trees and also in the top layer of the soil in  the wide 
spaced trees. This was caused by low temperature, h igh rainfal l  (especia l ly 
during winter) and deep soi l .  Th is suggested that the hort icu ltu ra l  appl ication 
of RDI as a vegetat ive g rowth control techn ique under the condit ions of th is 
study is questionable,  a s ituation that has a lso been recogn ised in a n u m ber  
of  other reg ions. The g reater so i l  drying below the RD I  t rees was ma in ly 
accounted for by the increased water loss from the top 50 cm layer of so i l ,  but 
general ly so i l  mo istu re in the lower 50 cm layer of soi l  was also less than 
control .  The RDI  treatment had no s ignif icant negative effect on  net C 02 

assimi lation rate and stomatal conductance, and increased these valu es on 
some occas ions.  The study of  water status of  fru its and leaves revealed that 
both predawn and at m idday the level of stress during RD I  appl icat ion was not 
enough to produce lower \f'1 and \f's th roughout the season. However at the 
soil water  level which existed under these experimental condit ions there was 
some evidence to s uggest that \f' P of both fru it and leaves were mainta ined 
through the poss ib le occurrence of osmotic adjustment in  apricot fru it (at 59 

· dafb) and in leaves (at 68 dafb) .  The part ia l  contr ibut ions of the recorded 
• simple carbohydrates calcu lated by Van't Hoff's equation revealed that their  

contribution to osmot ic adjustment in fru its was small , but with g lucose making 
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the g reatest cont r ibut ion amongst the carbohydrates recorded. 
I n  genera l ,  the resu lts from RDI treatment and cl imatic data suggested that 
during t imes of h igh evaporat ion , adequate i rrigation dur ing fru it stage I l l  
(December, November and January) i s  essential t o  produce good qua l ity fru it 
with large fru it size with this variety of apricot. 

In general ,  the internal water stress of root-pruned t rees was more severe than 
of RDI  trees, however net C02 assimi lation rate and stomatal conductance 
were not affected by root-prun ing and were higher than RDI  trees on some 
occasions. Root-pruned trees fru it showed higher amounts of some simple 
carbohyd rates and h igher tota l CHO than the RDI  fru it on some occasions. 



CHAPTER S EVEN 

TH E EFFECTS OF WATE R STRESS A N D  CYTOKIN I N  O N  

VEG ETATIV E G R OWTH ,  WATER RELATIONS A N D 

E N DOGENOUS ABSCISIC ACID LEVEL OF 'TR EVA TT' 
APRICOT 

7.1 I NTRODUCTION 

The effects of different v igour control techniques on the vegetative, 
reproductive and water relations responses of mature 'Sundrop' apricot t rees 
g rown under orchard condit ions have been discussed i n  the last fou r  chapters . 
Th is  chapter wi l l  d iscuss the physiological responses of two-years-old 'Trevatt' 
apricot to water stress and the cytokin in 6-benzylam inopurine (BAP) g rown 
under control led environment condit ions in  an aeropon ic system du ring 1 992-
1 993. 

The relat ively cool temperate and humid cl imate under which the o rchard 
study was conducted has been d iscussed. lt was decided to carry o ut th is 
experiment under condit ions s imi lar to the natural envi ronment which exists for 
apricot cu l ture in  ar id and semi a rid areas. The g rowing system used for th is 
study a l lowed a greater degree of water stress to be ach ieved ,  c lose control 
of the stress leve l ,  and use of an improved BAP appl icat ion techn ique .  

, Meblenbacher et al. ( 1 99 1 ) noted that apricots are grown in many parts of  the 
' 

. world, and thei r  natu ral  habitat incl udes extremes in temperatu re and h um idity. 
:. However, apricots are g rown most successful ly in  two very d ifferent c l imate 
· regions. I n  central Asia, winters are long, cold,  and dry and summers are hot ,  
1. dry and have l itt le atmospheric humidity. The second set of condit ions is very 
' short, d ry and m i ld winters with a hot and dry summer, as occu rs in  the 
.Med iter ranean c l imate. 
-�-f., 

pne of the objectives of  th is experiment was to examine the effects of water 
.< 
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stress and of root appl ied BAP on the root :shoot rat io and dry matter 
part it ioning of apricot plants. Wi lson ( 1 988) d iscussed some models which m ay 
explain the mechanisms control l ing shoot : root ratio .  A hormone model was 
one he discussed and he concluded hormones have an effect on shoot: root 
ratio .  According to h im ,  one type of evidence is the effect of exogenous ly 
appl ied hormones and,  he considered it l ikely exogenous hormone appl icat ion 
wou ld mod ify shoot : root rat io .  Ch ibnal l  ( 1 954) ,  as c ited by Vaadia and l ta i  
( 1 969) , suggested that cytokinin may play a role in chemical s ignals between 
roots and shoots. Went ( 1 938) ,  as cited by Vaadia and l ta i  ( 1 969) , suggested 
the existence of hormones in the roots controls shoot g rowth .  The inf luence 
of root appl ied cytokin in  on the shoot : root ratio has been reported i n  t he  
l iterature by Richards and  Rowe ( 1 977 a & b) ; R ichards ( 1 980) and Ku ipe r  et 

al. ( 1 989) . Richards ( 1 980) found that the result of exogenous BAP appl icat ion 
varied with site of  appl ication .  

Kramer ( 1 983) suggested that water deficit caused reduction of cytokin i n  
production i n  roots a n d  reduced the supply t o  the shoots. I f  water stress 
reduces the level of  endogenous cytokinins, and leads to a change i n  the 
root :shoot rat io ,  i t  is natu ral to ask whether exogenous cytokin in  appl ied to  
water stressed t rees wou ld be ab le  to  restore th is ratio. I n  the present study 
th is was examined by adding BAP to water stress treatment. l t  was desirab le  
to  have access to  clean intact root systems for di rect observat ion , 
measu rement and experimental purposes such as the appl ication of precise 
levels of exogenous BAP and water stress. For this purpose an aeropon ic 
growing system was employed to provide a selected level of  BAP ( in  t he  
nutrient solut ion) and  of water stress (using an interm ittent mist ing system ) .  
Plant nut rition and water requ i rements were provided by h igh pressure ,  l ow 
flow nozzles, wh ich produced a fog with in a chamber wh ich enclosed the p lant 
root zone. The aeroponic system al lowed good control over the level of water 
stress by adjustment of m isting off- and on-time. Work on tomato and Asia n  
pear by Saunders ( 1 991 ) showed intermittent m isting i n  a n  aeroponic system 
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was successfu l  i n  generat ing mi ld to moderate water stress under g lasshouse 
cond it ions. 

lt was planned to carry out the experiment using 'Sundrop' apricot seedl ings ,  
however a p re l iminary study showed the seed l ings d id not adapt well d u ring 
the accl imation t ime in either a hydroponic or aeroponic system .  Budded 
'Trevatt ' trees which replaced the seedl ings were the only apricot t rees 
avai lable . 

Loveys et al. , ( 1 987) reported a low concentration of ABA in  xylem sap of 
apricot showed no inf luence on stomatal conductance. They also suggested 
a possib i l ity of osmotic adjustment occu rring in apricot leaves under the 
cond it ions of their experiments in South Austra l ia .  I n  the present experiment 
the endogenous  abscisic acid level in shoot t ips and two adjacent partial ly 
expanded leaves was evaluated to examine whether ABA p layed a role i n  
contro l l ing shoot growth under water stress condit ions. Th is  evaluat ion was 
performed us ing an ind irect enzyme-l inked immunosorbent assay (EL ISA) 
method,  which could be appl ied to the smal l quantity of plant sample avai lable 
at the beg inn ing of the experiment. In  addition the possible occurrence of 
osmotic adj ustment was examined both in part ial ly expanded leaves adjacent 
to shoot tips and in fu l ly expanded leaves. Simple carbohydrates and some 
major ions i n  fu l ly expanded leaves were analysed to i nvestigate the 
mechan ism of any osmotic adjustment. 

7.2 MATERIALS AND METHODS 

7.2.1 Prel im inary study 

A series of p re l iminary studies were conducted (at the P lant G rowth Un it , 
Massey Un ivers ity) under g lasshouse condit ions to study the adaptat ion of 
'Sundrop'  a pricot seedlings to aeroponic and hydroponic g rowing systems 
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(Plates 7 . 1 & 7.2) ,  and to estimate what level of BAP wou ld be appropriate for 
the main experiment (P lates 7.2 b .  & 7.3 b . ) .  

Seeds were extracted from == 200 overripe fru it harvested from u nt reated 
experimental 'Sundrop'  trees on 1 8th .  January 1 992. Seeds were stratif ied at 
4°C with in moist No 3 hort iculture sand for 1 0 weeks. Germinated seeds were 
sown in 2 .5 l it re plastic pots of peat and pumice media (60:40 v/v) conta in ing  
Osmocote base ferti l iser. Seedl ings were g rown under g lasshouse condit ions 
at average 1 7°C us ing overhead m isting i rrigation (P late 7.3 a. ) .  Seed l i ngs 
were sprayed with m iticide (Neoron50, 1 .8 m l  l i tre·1 ) against sp ider m ite on 
some occasions. When seedl ings reached around 70 cm he ight (==1 2 weeks 
after sowing) they were used for the pre l iminary studies. 

A total of 24  seedl ings with roots cleaned of pott ing medium were transp lanted 
on 22nd Ju ly  1 992 i nto 4 aeroponic tanks (6 plants tank. 1 ) p laced in a 
g reenhouse. The maintenance and n utrient solution of the system s im i la r  to 
those which wi l l  be described in the main experiment (section 7.2.4) . Despite 
permanent m ist ing a majority of the seedl ings showed severe wi lt ing after  two 
days and d id not recover, so were replaced with a new series of seed l i ngs. 
When transferred to the tanks the shoots were trimmed to reduce 
t ranspi rat ion, the temperatu re was reduced and the g lasshouse was covered 
with paint to prevent d i rect sun l ight (maximum temperature was 20°C) .  
However ,  du ring th is second prel iminary study over == 4 weeks more than 50% 
of the seedl ings died (Plate 7 . 1 b . )  and the remain ing seedl ings produced on ly 
smal l  amounts of new roots and showed no increase in the i r  shoot lengths. 

Seedl ings from the aeroponic tanks with new roots were transferred to a 
� hydroponic system with 3 d ifferent levels of BAP (5,  1 0, and 25 ppm) appl ied 
l in the flowing n utrient so lution .  After 4 weeks, visual examination ( Plate 7.2 a . )  
� showed the h igh  concentration of BAP (25 ppm) had caused root damage and 
/esu lted i n  death of the p lants (Plate 7.3 b . ) .  No visible root damage was 
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a .  

b .  

Plate 7.1 a). P rel iminary study with 'Sundrop' apricot seedlings i n  an 

aeroponic system under glasshouse conditions. b). A majority of seedl ings 

fai led to acclimatize with this system (after 4 weeks) . 
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PRE-BAP . .. -­

EXPERIMENT 
; ; · > DATE : 

EXPERIMENT 
BAP 5 PPM 

; . ·  

; ',� l "; , 
\ · '  

Plate 7.2 a). Visual checking of the 'Sundrop' apricot seedlings grown in a 

hydroponic system in  the prel iminary study with different BAP concentrations. 

b). After 4 weeks treatment (control and 5 ppm BAP).  

a. 

b .  
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a. 

b .  

: . .-. � �-· 
, ·_ PRE-BAP 
EXPE.R\ME.NI 

CONTROL . �- BAP 25 PPM . 
.'-·- ···<--'�' --- �------ _, ... ,.�p_.;_-.. ,-•. --

Plate 7.3 a). 'Sundrop' apricot seedlings as used for prel iminary studies. 

b). After 4 weeks treatment in a hydroponic system, (control and 25 ppm 

BAP) . 
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observed with 5 ppm t reatment (Plate 7 .2  b . ) .  Seed l ings g iven 5 ppm BAP had 
also produced new shoots, but those treated with 1 0 ppm BAP had not 
increased their shoot length . Thus 5 ppm BAP was used for the main 
experiment, although there was no physiological basis for  the select ion of th is 
level of hormone or for the frequencies of appl ication, other than to ensure a 
plant response without vis ible damage to the root or shoot t issues. 

7 .2.2 Plant material  (Main experiment) 

The materia l  selected for th is experiment was two years old apricot (Prunus 

armeniaca L. cv. 'Trevatt') on p lum rootstock. Two months before in it iati ng  the 
experiment, one hundred dormant uniform trees 1 5  months from budding were 
obtained from a commercial nursery (Pattu l lo 's N u rsery ,  Hastings) , and sto red 
in a cold room (4°C) unt i l  establ ishment of the experiment. During th is period 
roots were kept in  moistened straw to avoid drying the root system .  

At the t ime o f  establ ish ing the experiment (8th .  September 1 992) the t rees' 
roots were washed and cleaned of soi l  and organic debris, and the root 
systems of a l l  t rees were reduced to a uniform size. Trees were cut back to 
65 cm above the bud union and standardised to three branches. Before bud 
burst the  p lants were transferred to  the  aeroponic tanks located in  two c l imate 
rooms. Trees were grown with in 1 6  gauge steel wire frames mounted 
horizontal ly 1 30 cm above the aeroponic tanks ,  supported on vertical square 
alumin ium bars .  Each tree was supported by either cotton or p last ic st ri ng ,  one 
end of wh ich was t ied loosely to the bud un ion base, from where i t  was 
sp i ralled a long the stem length, and attached to the overhead steel w i res 
(Plate 7 .4  a . ) .  The roots were suspended i n  the dark in the upper part of the 
tanks.  



Chapter Seven: Controlled Environment Experiment 240 

7.2.3 Experimental site and environmenta l conditions 

The experiment was carried out in two control led environment rooms (CE)  at 
the National C l imate Laboratory1 , Hort+Research ,  C rown Research I nst itute 
(CR I ) ,  Palmerston North ,  New Zealand .  

The experiment was establ ished at  20/1 8°C day/n ight temperature reg ime,  th i s  
being gradual ly increased during the  first 4 weeks to 28/24°C (Figu re 7 . 1 b . )  

' a t  the t ime of start ing t reatments (Plate 7 .4  b . ) ,  th is in it ial period being the  
accl imation t ime. I n  t h i s  account dates a re stated, as appropriate , as days 
after establ ishment (dae) or days after treatments started (dats) . S imi larly the 
vapou r  pressure deficit (VPD) was increased gradual ly over 1 0  weeks to 1 8  
mb ( Figure 7. 1 c . )  from 7 mb at the t ime of establ ishment and 1 0  mb at the 
start of  treatments. The objective was to  apply a g radual ly increasing water 
stress by increasing VPD and l im it ing watering frequency. At the selected 
day/night temperatu res th is  was achieved by adjust ing room relative hum id ity 
(RH ) .  Usua l ly VPD was s im i lar both day and night at the selected temperatu re 
reg ime,  so RH (F igure 7 . 1 b . )  was changed to maintain constant day and n ight 
VPD based on the method described by Kramer (1  983) . For example in th is 
study at 1 0  mb VPD and 28/24°C temperature day/n ight RH was 73/66% (0 
dats ) , changed to 50/37% at 1 8  VPD (50 dats) with the same temperatu re 
reg ime2• Xylem water potential (Plate 7.6 a. & Figu re 7.3 a . )  and shoot grovvth 
(F igu re 7.4) was measu red and an overa l l  visual check ( Plate 7.7) made of the  
t rees' shoot and  root systems to determine the need for any changes i n  

· envi ronmental parameters o r  to increase the  level of water stress .  l t had  been 

1 This study ran for = 12 weeks (Plates 7.4 & 7.5), using two CE rooms. Trees grown in an 
: aeroponic system (soilless culture) with irrigation independent of the central irrigation unit. Some :objectives of this experiment outlined in the 'National Climate Laboratory' newsletter No. 18, July 
! 1993. 

i 2 According to the technical report from 51 - 55 days affer treatments started (dais) [dehumidifier failure occurred on some occasions boosting the RH up to 50-60%. 
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Plate 7.4 a). Two-years-old 'Trevatt' apricot with plum rootstock on the day of 

establishment in  the aeroponic tanks in the controlled environment rooms. 

b).  27 days later on the day treatments started (0 dats) . 

a.  
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Plate 7.5 'Trevatt' apricot (control) grown in  an aeroponic system under 

control led environment conditions, 84 days after establishment in  the tanks (57 

dats).  
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Fig u re 7.1 The cl imatic environment of cl imate room s  during the experiment.  
a) .  A typical pattern of day/night temperature (°C) ,  RH  and VPD (77 
dae) . 1 4  hour photoperiods (0800-2200 h)  were maintained; b). 
Day/night temperature (°C) and relative humid ity (RH) ;  and c) .  
Changes in  vapour pressure deficit (VPD)  dur ing the experiment .  
For the fi rst 27 days al l  plants were given graduating temperatures 
fnr ::�r.rli m�tion ouroosP.s !: 
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suggested that water stress be increased gradual ly and shoot g rowth checked 
frequently (Chalmers pers comm,  1 992) .  

The photoperiod was 1 4  hours (0800 to 2200 hou r) and the day/n ight ,  
n ight/day temperature changeovers took 4 hou rs .  Temperature was increased 
g radual ly in the cou rse of the day and reached its maximum at 1 200 hour  and 
stayed at this temperature for 6 hours (Figu re 7. 1 a . ) .  The photosynthetic 
photon f lux density (PPFD) of 680-709 �mol m·2 s· 1 at the height of the t ree 
canopy was p rovided using 4 X 1 000 W Sylvania 'Metal arc' h igh p ressu re Hg 
d ischarge lamps, together with 4 X 1 000 W Phi l l ips tungsten iodide lamps.  
Further deta i ls  on the l ighting system are provided in Warrington et al. ( 1 978) . 

The C02 was maintained at ambient levels throughout the experiment i n  both 
rooms and was mon itored daily. ·The C02 levels for dayl ight periods ranged 
from 300-526 ppm and for the night periods from 350-453 ppm.  The C02 
levels were on occasions h igher than normal because of working in  the room 
for extended periods for some measu rements. 

7.2.4 Specificat ion of the aeroponic  tanks and operation of the system 

Eight aeroponic tanks (60 X 1 20 X 55 cm) were designed by Chalmers and 
used by Thuantavee ( 1 991 ) for an experiment on tomatoes.  Some 
modificat ions were made to the m isting  system and connecting tubing and to 
the support ing system to make it appropriate for apricot p lants and the rooms 
used . 

Mic rojet nozzles ( 1 4 tank-1 ) were mounted immediately under the l id to provide 
a u niform m ist environment with in the tanks and over  the root systems. This 

r top placement resu lted in  a u niform foggy cl imate inside the tanks whi le plants 
i were i rrigated and helped prevent any nozzle blockage by roots with a floor 

placement .  Tank l ids were covered with aeroponic polythene sheet (with wh ite 
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colour outside and b lack colour inside the tanks) and sealed with stap les to 
prevent any water loss and to keep d irect l ight from inside the tanks. I nside 
the tanks were sealed with black polythene. A drainage pipe al lowed so lut ion 
to c i rculate back to reservoir  nutrient tanks, wh ich were 1 00 I black polythene 
tanks located inside each room, so that solution temperatu re was s im i lar 
through the enti re system. Each reservoi r  tank supplied two aeropon ic tanks.  
Each aeroponic tank was supported on a galvanized i ron pipe frame (front 
legs 37 and back ones 47 cm height off the floor) to g ive a 1 0  cm fal l  from 
back to front,  enabl ing •vater to flow rapidly back to the reservoir tank .  The 
nutrient solut ion with in the c i rcu lation system was f i ltered twice, before passing 
through the pumps and b_efore entering the reservoir tanks, to ensure particles 
d id not cause blockage with in the system.  The pressure flow for each 
circu lat ion system was provided by an electric pump Type C P 1 1 ( Mono 
Pumps, L im ited , New Zealand) .  

The n utrient solut ion was prepared (Append ix 7. 1 )  according to Cooper ( 1 979) 
as c ited and used by Saunders ( 1 99 1  ). Cooper used this solut ion with the 
nutrient fi lm techn ique (NFT) . Stock solut ion was stored in the dark in  a cold 
room at 4°C and d i l uted weekly for total n utrient solution replacement in each 
aeroponic system.  Ful l  strength nutrient solution at pH 6.5 was prepared from 
the stock solution ,  and used with or without BAP. Two separate reserve tanks 
located in  the same room (not connected to the system)  contained e ither 
nutrient so lut ion or plain water for solut ion replacement or adjustment .  The 
volume of n utr ient solution in each aeropon ic reservoir tank was ma inta ined 
at 60 l it res throughout the experiment. Adjustment for volume, mon itored by 
inserting a previously cal ibrated d ipstick into the n utrient solut ion ,  and 
concentrat ion were carried out twice da i ly at 0800 and 1 800 hours .  
Measu rement and adjustment of pH (us ing 5% KOH and 2 molar H N 03) and 

·· electrical conduct iv ity (EC) was made to 6 .5  and 2-2.5 mS respectively. When 
' 

' 

the EC d ropped below 2 .0 stock nut rient solution was added (fu l l  strength 
; nutrient so lut ion =2.5 mS) and when the EC rose above 2 .5  mS p la in  water 
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was added for adjustment .  The added solut ion n ut rient  o r  wate r  was ca lcu lated  

a s  p lant  wate r use (data not shown) .  

7.2.5 Experi mental layout and treatments appl ication 

Un iform apricot t rees were al located randomly to 8 aeroponic tanks (:::::: 1 3  t rees 
tank-1 ) located in two control led cl imate rooms (4 tanks in each room) set to 
s imi lar envi ronmental conditions. All t rees in a l l  of the tanks received 
contin uous mist ing with n uirient solution only d u ring the accl imat ion period. 
After  the accl imation period (4 weeks) each t reatment was located i n  two 
diagonal ly opposite aeroponic tanks with in  a room ,  each tank being one block. 

Treatments were a rranged in  a randomized complete block design (RCBD)  
with :::::: 1 3  t rees b lock- 1 • The t reatments were :  

I .  Control with  cont inuous misting 
1 1 .  5 ppm 6-benzylaminopurine (BAP) with continuous misting 
I l l .  Water stress (WS) with intermittent m isting 
IV. 5 ppm 6-benzylaminopurine with intermittent misting (BAP + WS) 
V. Water st ress b (WSb) with intermittent m isting (see 7 .2 .5 .2) 

Because space al lowed only 4 aeroponic tanks in each room , 2 control led 
environment rooms (CE) were employed for th is experiment. I rrigat ion was 
independent of  the central i rrigation system of the National C l imate 

1· Laboratories faci l ity. Because techn ical problems prevented connecting tub ing 
between the two rooms t reatments were not repeated in each room ,  so �� }reatments were randomly al located to rooms assuming that all envi ronmental  
.conditions were s imi lar ,  which was subsequently confi rmed from logs of room .. 
cond it ions. 
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7 .2.5.1  Control and 6-benzylaminopurine (BAP) 

These t reatments received fu l l  i rr igation as cont inuous m ist ing with fu l l  n ut rient 
solut ion throughout the experiment. The BAP treatment received 5 ppm (5  
m g . r 1 ) 6-benzylam inopur ine (S igma Chemical Company,  USA) in  the  m isting 
solut ion . 300 mg BAP were d issolved in 30 ml 95% ethanol  by gently shaking 
i n  a 50°C water bath for 1 0  m inutes . The d issolved BAP was made up  to 60 
l itres w ith fu l l  strength n utr ient solution and sti rred to ensure good m ix ing .  At 
the sam e  t ime a s imi lar  quantity of ethanol (without BAP) was added and 
m ixed i nto the n utrient so lut ion reservoir  tank of  the control treatment .  

7.2.5 .2 WS ,WSb and BAP+WS 

I rr igat ion was suppl ied to these stress treatments us ing intermittent m isting .  
The intention was to  sta rt with low stress, then increase i t  slowly,  and continue  
to  i ncrease stress unt i l  g rowth stopped by increasing VPD and  off-time mist ing .  
However ,  the water stress t reatments at  the beg inn ing appeared too severe 
as p lants showed some wi lt ing .  The water stress was reduced to a m in imum 
level and  later ,  as a precaut ion another water stress treatment (WSb) was 
generated.  Subsequently the water stress of al l  stress treatments was 
increased gradual ly unt i l  the end of the experiment. Stress was adj usted by 
the length and frequency of misting in the tanks (F igu re 7 .3 b . )  us ing d ig ita l  
t imers Model H3CA (Plate 7.6 b.) .  WSb treatment started one week later than 
WS, us ing trees located with in  the WS tanks with d ifferent labels but receiving 
the same i rr igat ion regime.  WS and WSb received ethanol as for the control 
treatment at the time of weekly solution replacement ,  and 5 ppm BAP i n  

· ethanol was appl ied to  t he  BAP+WS treatment as described fo r  t he  BAP 
r, treatment .  

�· 
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7.2.6.1  Environmental conditions 

Tem peratu re ,  R H ,  VPD, l ight intensity and C02 were mon itored by the central 
com p uterised system operated by the Nationa l  C l imate Laboratory. 

7 .2.6.2 Xy lem water potential  (\fl xylem) 

Xylem water potential (\flxylem) was recorded each 1 -3 days (P late 7.6 a . )  as  
described in chapter 6 (section 6.2. 1 .3) .  Measurement was made du ring  the  
period of maximum temperature between 1 200 - 1 400 hours on two fu l ly 
expanded leaves on each of two trees per t reatment at each date . 

7.2.6.2 Shoot growth 

Two shoots t ree-1 were label led at the start of treatments and shoot length  was 
recorded at intervals.  The number of recorded shoots decreased th rough the 
experiment, as destructive harvests reduced plant number. 

7.2.6.3 Leaf photosynthesis (A) and stomatal conducta nce (g5) 

Net C02 ass im i lation rate (A) and stomatal conductance (g5) were recorded 

· (from 2 dats) at weekly intervals as described in chapter 6 (sect ion 6.2 . 1 .4) .  ' 
!Measurements were made between 1 200 - 1 400 h on two leaves on each of L} 
trees per t reatment. 

: 
�7.2.6.5 Destructive harvesting 
� .  

[Prior to start ing the t reatments at the end of the accl imation period (27 dae,  
9 dats) 1 plant tank- 1 was randomly selected for destructive harvest (a tota l  of 
&·

Plants) . Destructive harvests (4 t rees treatmenr1 ) were carried out to 
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a.  

b.  

Plate 7.6 a). Xylem water potential ('Pxytem) measurement to check and adjust 

the level of water stress on 'Trevatt' apricot. b). Applying water stress using 

the intermittent m isting system by adjusting on- and off-time using digital 

timers Model H3CA. 



•· 
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Plate 7.7 The response of trees was checked frequently by visually inspecting 

the shoots and root system. a). Four days after treatments started (Arzani and 

Lawes);  b). Two weeks after treatments started (Chalmers) . 

a.  

b .  
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determine the  influence of  treatments on  the  growth of  d ifferent plant t issues, 
and were performed 8,  22,  36,  44 and 57 days after t reatment started (dats) . 
The fi rst destructive harvest of WSb treatment was performed on 22 dats. 
Trees were separated into parts, being leaves , shoots and new roots (new 
tissues) and main stem and old roots (old tissues) . 

Root length of new roots was est imated as described i n  chapter 4 ( sect ion 
4.2. 1 .5) with the except ion that root length measu red by the scanner  was 
adjusted using the fol lowing formula,  as suggested by the manual :  

A =  - 0 . 2 2 4 6  + 0 . 9 6 5 5  E +  0 . 0 0 1 2 3  E2 

Where A is adjusted est imate of root length (m)  and E is root length 
measured by the scanner. 

Total leaf fresh weight was recorded (data not presented) and leaf a rea 
measured as described in chapter 4 (section 4 .2. 1 .2 .2) ,  but a l l  leaves were 
recorded for each harvested plant . Al l  plant parts were cut i nto smal l  pieces, 

· placed in t in cans and oven dried for one week using a vacuum oven (at 
45°C) .  Plant parts d ry weights were recorded and total plant d ry weight 

: calculated.  Overa l l  root : shoot ratio was calculated by div id ing the total  root dry 
:.weight (o ld and new roots) by the total top growth d ry weight (main stem ,  ' 
lshoots and leaves) . The root :shoot ratio based on the new growth was a lso 
r 'calculated by divid ing the dry weight of the new roots by that of the new top 
·growth (shoots and leaves) .  EC}Gh plant part d ry weight was a lso calculated as 
�a proportion  of total p lant dry weight. 

·7.2.6.6 Leaf water potential ,  pressure potential and osmotic potential .\ 

ese parameters ('l'Jo 'l' P and 'l' 5) were recorded on both fu l ly expanded 
e,aves (mature leaves) and partia l ly expanded leaves immed iately below the f 
S�oot t ip (young leaves) using the dew point method (Plate 7 .9  a . )  described 
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in chapter 6 (section 6 .2 . 1 .5 ) .  The on ly difference was that l iqu id n it rogen was 
used for freezing the samples at the t ime of recording \f'5• Al l  leaf samples 
were taken from trees between 1 200 - 1 400 hours .  Measurements were made 
at weekly or b iweekly intervals on one mature and one young leaf on each of 
four t rees per t reatment. 

7.2.6.7 Leaf carbohydrates 

Determinat ion of simple carbohydrates in ful ly expanded leaves (Plate 7 . 8  a. )  
was performed prior to each destructive harvest. Between 2- 1  0 g fresh weight 
of leaves were sampled and carbohydrates (CHO) determ ined as described 
in chapter 6 (section 6.2 . 1 .6) . The only difference was that du ring extract ion 
ch lorophyl l  was removed from the ethanol extract by ch lorophyl l  part it ion ing 
prior  to inject ing into HPLC. Partit ion ing was performed on 4 m l  (of  20 m l )  
sample extract with the addition of chloroform and dist i l l ed water (4 : 1  0 :20 m l  

, respectively) . During the  process an u lt ra-centrifuge ( 1 5000 RPM)  was used 
for f inal partit ion ing and an automatic Speedvac concentrator (Savant, M odel  
AS1 60, AS290, Savant Instrument ,  NY, USA) was used in  two steps to dry off 
the sample extract for carbohydrate analysis. 

,7.2.6.8 Preparation of samples for mineral  e lement ana lysis 
' 

'At each of the 5 harvests after treatments started 2-1 0 g fresh weight of fu l ly 
' 

expanded leaves (Plate 7 .8) was sampled from each harvested plant for t�nalysis of some major elements (N .  P. K ,  Ca and M g). Sample fresh weight 

,was recorded and the sample stored in a freezer (-20°C) in a 20 m l  plast ic 
.• •.r yial. Samples were freeze d ried for one week, then kept in a i r  t ight conta iners 
·, �ith s i l ica ge l  in  the f reezer (-20°C) . At the t ime of m inera l  analysis freeze ,. 
d,ried samples were g round using a Glen Creston grinder (with 1 mm mesh) . 
�<t 

' 

Ground samples were stored at  40°C overnight to ensure they were free from 
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Plate 7.8 a). Sampling shoot tip and adjacent partially expanded leaves for 

ABA analysis, and fully expanded leaves for simple carbohydrates and mineral 

analysis of 'Trevatt' apricot. b). Mineral analysis of leaf samples. 

a .  

b .  
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moistu re , then transferred to a desiccator with si l ica gel for coo l i ng  and 
prevent ing absorpt ion of ambient humid ity p rior to analysis. Two separate 
extractions were carried out, each with d i fferent reagents and in d i ffe rent sets 
of d igestion tubes. 

For each series of analyses 0. 1 g of d ried sample was weighed in a label led 
digestion tube. The heating block used held 22 digest ion tubes, and therefore 
in each run 20 unknown plant samples and two known samples (standard ,  
Wagen ingen No  3) were analysed . The resu lts were presented as percen tages 
of dry weight. 

7.2.6.8 . 1  A nalysis of K, Ca and Mg 

: Al l  g lassware used for this analysis was acid-washed in  2M HCI (made up with 
. deion ised water) pr ior to use. Four m l  concentrated n it ric acid (70%) was 
r added to each weighed dried sample. Digestion tubes were set in a h eating  
; , block with sma l l  funnels in the top to  cause refluxing ,  and heated to 1 50°C 
; until the solut ion became clear (after :::::: 1 0  hour). Then the funne ls  were rr· t removed and the temperature ra ised to 250°C and the extract red uced to 
r dryness, which took 3 h .  

I 
; Five ml 2 M HCI  and 2 m l  25000 ppm Sr/Cs (30. 1 9  g stronti um n it rate , 

' 

�r[N03]2 and 1 5. 84 g caesium chloride ,  CsCI made up  to 500 m ls  with 
' ·�eion ised water) were added to each digestion tube wh i lst it was warm . The �olume was increased to 50 ml  by add ing deionized water and wel l  m ixed 

J . Usmg a vortex m ixer. Sufficient volume {::::::30 m l) was poured into label led g lass 
Vials and K ,  Ca and Mg were analysed using atomic emission (K) o r  
; ' 

a�sorption (Ca,  Mg) spectrophotometry ( Department of Soi l  Science , M assey 
,�iversity) . Extracts were d i luted (0.2 M HCI  and 1 000 ppm Sr/Cs) as requ i red 
O..ensu re results were with in the range of the standard curve computed at the \' 
�me t ime. 
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7.2.6.8.2 Ana lys i s  of N and P 

For analysis of n itrogen and phosphorus a separate extract ion was performed .  
The amount of  N and P were determined by calorimetric autoanalysis methods 
fol lowing Kjeldahl digestion (Twine and Wil l iams, 1 97 1  ) . Kjeldahl  d igest ion 
solut ion was made in a fume cupboard by heating a mixtu re of 250:2 .5 :2 .5  f ,  

� � 
K2S04 , selen ium powder and concentrated H2S04 respectively. 

Four ml of d igestion solut ion was added to d igestion tubes conta in ing p re­
weighed 0 . 1  g plant or standard sample, then heated (at 350°C) for 4-5 h u nt i l  
the solut ion became clear. Two known standard samples were analysed with 
each series of digest ions. The volume was increased to 50 ml  us ing d isti l led 
water and mixed using a vortex m ixer. A sufficient volume (:::::30 ml )  was 
poured into label led g lass vials and total N and P were determ ined by 
calorimet ric autoanalysis methods with in the range of a standard cu rve. 
Di lut ion was �rformed as requ i red. 

7.2.6.9 ABA analysis in  shoot t ip using ELISA method 

7.2.6.9.1 Sampl ing and procedure prior to ana lysis 

Prior to each destructive harvest of 4 plants t reatmenr1 (between 1 200- 1 400 
h) :::::2 cm long shoots t ips with 2-3 adjacent partial ly expanded leaves (P late 
7.8 a.) were col lected f rom each t ree and transferred to 20 ml plastic v ia ls and 
fresh weight recorded (2 samples t ree·\ 8 samples treatmenr 1 ) .  Samples were 
!mmediately frozen in l iqu id n it rogen then freeze dried and stored i n  a i rt ight 
'plastic bags with s i l ica gel and stored in a freezer (-80°C) unt i l  analysis .  '" ·samples were g round manual ly o r  with an electric g rinder at the t ime of 
�nalys is .  
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7.2.6.9.2 Preparat ion of purificat ion columns 

r · 
;, Insoluble Polyvinylpyrrolidone ( insoluble PVP) columns were prepared 2 days 
., ,  

i'before use by suspending the required amount of PVP in an excess of d ist i l led lfater. The PVP was al lowed to settle a l itt le, then the suspended f ines fract ion 

r-Y"as decanted off to increase the flow rate of the columns. This was repeated 
ftive t imes.  At the t ime of use most of the water was pou red off to make a th ick � lurry, and th is was poured into 1 0  ml plastic syringes with a fi lter paper d isc 
at the bottom to make PVP columns of 5 ml volume. tl ' 

Jhe preparation of Sephadex columns was as fol lows. Five days before use 
� ·  
.the requ i red amount of Sephadex (DEAE Sephadex A-25 - Pharmacia Fine 
,i 
'Chemicals AB Uppsala, Sweden. Code No 1 7-0 1 70-01 Anion exchanger Cap: 
3.5 ± 0.5 mg/g Particle size 40- 1 20) was suspended in excess 0. 1 M 
> I �mmonium acetate (pH unadjusted) . Th is buffer was replaced two days before 
.\f �se in the columns.  To make each Sephadex column a suff icient amount of 
the s lurry was poured into a 1 0 ml syringe with a filter paper disc at the bottom u 
�to make up a volume of 4 ml .  

�oth PVP and Sephadex columns were rinsed with 20 ml 1 .OM ammonium 
�.cetate (pH unadjusted) ,  fol lowed by 30 ml  of 0.01 M ammonium acetate (pH s .  
�nadjusted) . Prepared columns were used for the purificat ion of sample 

,I 
for checking recovery after adding internal 

standard (Plate 7 .9 b.) .  

r.::'' �p-Pak cartridges (Plate 7. 1 0  a . ,  insert) were prepared before use by rins ing 
�}th 4 m l  1 00% MeOH, fol lowed by 2 X 4 ml  0. 1 M acetic acid rinses. 

;�.6.9.3 Purification of sample extracts 

amples were purified (Plate 7.9 b. & 7. 1 0  a.)  fol lowing a method suggested 
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j; 3 t)'y · Wool ley (pers .  comm. ,  1 993) . A series of pre l iminary studies was ,., "'�rtormed using spare samples to test the efficiency of the method for the  

rhain sample ext ract ion . Both (±)-C4C]ABA and (±)-[G-3H]ABA were used as 
I 

i�ternal standards for this prel iminary work. However, h igh specif ic act ivity 

t'n,tiated ABA was used as the internal standard for the main sample 
e�ractions. An average of 89% recovery was obtained using (±)-[G-3H]ABA .I 
{Amersham I nternational plc, Buckinghamshire ,  HP? 9NA, Eng land) . 

• (. 

(r ml 80% methanol was added to 0.2-0.25 g d ry weight samples in 25 m l  
•· ' ·  
Jastic vials and  homogenized on  a shaker ( 1 79 RPM) overn ight i n  the cold 
q 
C?Om (4°C ) .  Homogen ized samples were f i ltered through a sintered g lass f i l ter 
nto 45 ml ;plastic vials and rinsed with 1 5  ml  80% methanol .  Then 20 J.!l . .  ,· .. 

. Internal standard (trit iated ABA) was added to the sample extracts (20 111 == ! I '  
1·1 000 dpm == 20 pg ABA) . Fi lte red samples (plus internal standard) were 
i�duced to d ryness (== 1 2  hours) using an automatic Speedvac concentrato r  

}• 
(Savant) . Dried samples were rinsed with 2 X 3 ml  of 0. 1 M ammonium �'Cetate (adjusted pH 9 with ammon ia) and after centrifuging for 1 m in  (4000 
RPM) gently l oaded using a Pasteur  pipette onto the PVP colum n ,  mounted 
.ahove the Sephadex column. Both columns were washed with 20 to 30 ml  
i �_.01 M ammonium acetate (pH unadjusted) . The PVP column was removed 
Bfd a Sep-Pak cartridge was placed under the Sephadex column .  ABA was 
�luted from the Sephadex with 1 5-20 m l  1 M acetic acid. 

�e Sep-Pak cartridge was removed and washed immediately with 5 m l  H20 't 
·a.nd then e luted with 7 ml of 70% MeOH into a labelled g lass v ia l .  At th is step 1 
�0 Jll of e luted extract were added to 5 m l  scint i l lation counter f lu id and the 
Internal standard measured using a L iquid Scint i l lation counter (Type Wallac . ' 

;1.�09 Series,  Wal lac Oy, Turku , Fin land) to check the recovery of each 
Column .  In each series of purifications 8 columns were used for p lant samples . . 

·: 3
Dr D.J. Woolley, Department of Plant Science, Massey University used this method for 

.rification of samples in analysing ABA and cytokinins by radio-immunoassay (RIA). 
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internal standard added at the beginning of extraction) and two columns 
for internal standards using 20 11 1 tritiated ABA (specific activity described 
). So ,  a total of 1 0  columns was used at each series of extract ions.  

d extracts from Sep-Pak cartridges were reduced to dryness using the 
concentrator (==5 .5 h) .  Dried samples were dissolved in 1 m l  TBS and 

for EL ISA .  A series of d i lut ions was performed as needed. 

procedu re fol lowed the method of Walker-Simmons ( 1 987) . 

g Tris, 0.20 mg MgCI2, 8 .80 g NaCI per l it re (pH 7 .8) 
ing buffer: 

contain ing 0.05% (v/v) Tween 20, and 0 . 1 %  (w/v) BSA (EL l  SA grade, 
ma) . Note that washing buffer was prepared by addition of the requ i red 
unt of BSA to TBST (TBS plus Tween 20) on the day of use (1 mg BSA 

r 1  of TBS) .  
-4' -BSA conjugate: 

The conjugate was prepared according to Wei ler ( 1 980, 1 986) and lyoph i l ized . 
r 

Conjugate was suspended in 0.05 M NaHC03 (pH 9 .6) at a concentration of 
� 

fl, mg m l"1 , and stock al iquots of 30 11 1 were frozen at -20°C . Before EL l  SA , ,  
�ssay a 60 11 1 (2 X 30 J.ll) a l iquot was thawed and d i luted with 0.05 M NaHC03 
{pH 9.6) , to final volume of 1 6  ml  (2 X 8 ml ) ,  which was sufficient to coat the 

·usable assay wells of a m icrotitration plate. 
�onoclonal antibody (MAb) : 
MAb ( Phytodetek® ABA Monoclonal Antibody [2 mg]) to free cis ,  trans(+)ABA 
Was purchased from ldetek ,  I nc . , 1 245 Reamwood Avenue,  Sunnyvale, CA 

�089, U SA. Two mg MAb was m ixed into 1 35 m l  TBS,  contain ing 0 .2% (w/v) ·. 
BSA. Al iquots of 0.85 ml  of the MAb solution were stored at -20°C. Before 
ELISA assay a 2.55 ml  al iquot (3  X 0.85 ml) was thawed and d i luted i n  TBS 
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E: buffer to a final volume of 1 2 .75 m l ,  which was sufficient for the assay wel ls � of a m icrotitration p late .  �- Secon d  antibody: �- Rabbit anti mouse alkal ine phosphatase conjugate (Sigma Chemical Co. , U SA) 
r,� � was d i l uted 1 : 1 000 prior to use with TBS ( 1 6  J.!l in  1 6  ml for ful l  p late) . � Alkal ine phosphatase subst rate (PNP) :  t The s ubstrate, p-nitrophenyl phosphate was p repared at a concentrat ion of 1 
j�. ; mg m r 1 in  0.05 M NaHC03 (pH 9 .6) .  
r ;•ABA standard :  
.,' (±)cis-trans ABA purchased from Sigma Chemical Co. was dissolved in TBS 
�! in concentrations ranging .from 0 . 1  to 1 000 pg 1 oo·, Jll .  
1: :. Microtitrat ion plates: 
\ 
, . 

. lmmu lon 2 flat bottom ,  96-wel l  microtitration plates, Dynatech Laboratories, 
Inc . ,  A lexand ria, VA, USA were uti l ized. The upper and lower row of wel ls  of 
the p late were not used. 

7.2.6 .9.5 ELISA assay procedure 

All samples and solutions were kept in  the dark du ring incubations. 
1 .  Coating of wel l with ABA-4' -BSA conjugate 
A 200 J.!l al iquot of the conjugate was added to each wel l  of the microtitration 
plate . P lates were incubated at 4°C overn ight. 
2. I ncubation of ABA samples with MAb 
A 350 J.! l  al iquot of either standard sample (ABA) or  plant sample extract was 
pipetted into a label led 1 .5 m l  Eppendorf tube, then 350 J.!l of MAb solution 
were added and mixed by vortex m ixer and centri fuged. The solutions were 
incu bated  overnight at 4°C . 
3. Addit ion of ABA samples incubated with MAb. 
Plate wells coated with conjugate were washed fou r  t imes with washing buffer. 
For th is  step only, the last two washing solut ions were left in  the p late for 5 
and 1 0  m inutes and then d iscarded. A 200 Jll a l iquot of the samples incubated 
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with MAb was added to each wel l .  P lates were incubated for 2 .5  hours .  This 
incubation and al l  the fol lowing steps were performed at room temperature .  
4 .  Addit ion o f  the second antibody 
Wells were washed four times with washing buffer. Rabbit antimouse alkal i ne  
phosphatase conjugate (200 J.l l )  was added to  each wel l .  P lates were 
incubated for 2 hours. 
5 .  Measurement of alkal ine phosphatase 
Wel ls were washed four  times with wash ing buffer. p-Nitrophenyl phosphate 
substrate (200 J.l l) was added to each wel l .  Plates were incubated for 2 .5-3 .5 
hours .  The sample absorbance was measured at  41  0 nm (Plate 7 .  1 0 b. )  us ing 
a Oynatech M icroplate Reader Model ,  MR 5000/7000 (Dynatech Laboratories 
l nc ,  VA 2202 1 , USA) . The absorbance of the sample was inverse ly 
proport ional to the amount of ABA in the original sample incubated with MAb. 
Al l  samples were assayed in 3 repl icate wel ls with in each plate (up to 1 2  
assays repl icated per treatment) and a series of d i lut ions performed as 
needed . 

7.2.6 .9.6 Estimating ABA content in  plant samples 

A l inear reg ression analysis ( logit B/80 versus In ABA standard) was computed 
using ABA standards [0. 1  - 1 000 pg welr 1 (±ABA)] (F igure 7.2), and the amount 
of A BA in the plant extract samples was calculated based on the coeff ic ient 
of the  ABA standard for each plate. 

l ogi t ( B/ B0 % )  = ln [B/ B0/ ( l O O  - B/ B0 ) ] 

Where 80 is the absorbance in the absence of any ABA, and B is the 
absorbance of the ABA standard or sample. 

7.3 STATISTICAL ANALYSIS 

(, Data were analysed as described in chapter 4 (section 4 .2 .2) . 

! 



U 0 c -
d �1 n 
Q_ 0. 

E 
0 (1j 
0 (/; 
..c 
(f) 0 

QJ c 

s 
0 
QJ 

_c 
:;; " 
> <:: G 

u 
G 

-c 
c 
<:: 
c._ X G 
> 

t: 
w 
0. -
0 

0 (f) -c Q.; 
E Q; '--:::::; (f) cu G.: 
� 
-
ro 

m 
,..._ 
Q) -ro 

a.. 

c 
w u 

Q) '-
c 

0 
.D 
(f, 
c 
E 

0 
u 
X 

c 
r.: 

Q_ 
> 
Q_ 

-
..0 

-
c 
0 
0... 

s Q) -o 
Q) ..c ....... 
CY c 
(f) :::::; 



a .  

b .  

Plate 7. 1 0  a) .  Sephadex col u m n s  atter  pu rif icat ion of sample extracts for ABA 

analys is  ( i n se rt .  Washing Sep- P a k  c a rt ridge col umn with H;O before e l ut ing 

ABA) . b) .  M easurement of sam p le absorbance at  4 1 0  n m  using Dyn atech 

M ic roplate R eader Mode l .  MR 5000/7000. 
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4 Y = 1 .80 + -0.73X 
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Figure 7.2 Typical standard curves used for determination of abscisic acid 
(ABA) i n  the plant extraCt samples using ELISA method. a) .  Logit 

(B/80) versus In  ±ABA (0. 1 - 1  000 pg welr
1
) fitted to the l inear 

reg ression;  and b) . Logit ( B/80) versus In  ±ABA (5-1 000 pg wel l - 1 ) 

fitted to the l inear regression .  Readings at 41 0 nm after 2 .45 hou rs .  
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!.4.1 Xylem water potential (\f' xylem) 

Xylem water potential (\f'xylem) was mon itored from the t ime of applying the 

treatments (0 dats) , and is recorded in Figure 7.3 a. In genera l ,  \f'xylem of 
'control and BAP was higher than for a l l  the water stress treatments during the 
I• 

Fol lowing 28 days of cont inuous m isting during the establ ishment period, 
. treatments began on 0 dats. Both WS t reatments (WS and BAP+WS) y 
commenced with 30 minutes off-t ime and 1 minute on-t ime m ist ing (Figure 7 .3 

r b. ) .  S ix hours after commencing the water stress (0 dats) \f'xylem of WS and 
BAP+WS t reatments had dropped considerably lower than control and BAP 
treatments (P<0.05) . This un intent ional ly severe early water stress was 

. responded to by immediately shorten ing the m isting off t ime (Figure 7.3 b . ) .  
: over the next 7 days (WS) and 23  days (BAP+WS) \f'xylem returned to the level 

.. · of the control  plants. BAP \f' xylem dropped on 1 3  dats and recovered to the 
� control level by 23 dats.  With in it ia l  concern over the poss ib le long term effects 

of the p rematu re stress further control trees were al located to the water st ress 
, treatment on 7 dats , identified as WSb treatment. 

From 23 dats (28 October) when \f' xylem was s imi lar  in  al l treatments the 
m ist ing off t ime and VPD were g radual ly increased (F igures 7. 1 c .  and 7.3 b . ) ,  
and  after 1 1  days \f' xylem started to decl ine in a l l  water stressed t rees. At both 
36 and 44 dats control  and BAP showed h igher \f' xylem than the stress 
t reatments (P<0.05) . \f'xylem in stressed trees (WS and WSb) cont inued to fal l  
rapidly to about -2. 1 MPa on 51 dats when the plants m ade a rapid recovery .  

4 
Leakage problems occurred in the aeroponic circulation tubing, causing interruption of the 

misting system for 1-2 hours during the following days and treatments: i. 12- 15 dats BAP and ii. 
12- 14 dats BAP+ WS (see also footnote 2). Effects will be considered in the discussion. 
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Figure 7.3 Xylem water potential response of 'Trevatt' apricot to d ifferent 
treatments under control led envi ronment condit ions. a). Xylem 
water potential ('1/J xylem) ;  Bars show the  standard e rror o f  the means. 
Each point rep resents the mean of four leaves per treatment. b) .  
Off-t ime and on-t ime mist ing (minutes) on water stress treatments 
(WS, WS+BAP & WSb).  



Chapter Seven: Controlled Environment Experiment 266 

I n  the presence of BAP , water stress trees \f'xylem fel l only to - 1 .8  MPa .  On the 
final day (57 dats) ,  control had a h igher \f'xylem than the other treatments 
(P<0.05) . 

7.4.2 Shoot growth 

The shoot lengths and shoot g rowth rates are shown in Figure 7.4. In genera l  
contro l and BAP showed greater shoot length throughout the experiment than 
the 3 water stress treatments. From about 1 5  to 48 dats the shoot g rowth rate 
was s im ilar in al l  t reatments , but then it fel l  noticeably in the 3 stress 
treatments. 

By 8 dats the shoot length of the WS trees wh ich had been subjected to the 
brief but severe water stress in  the previous week was significantly less than 
in the other treatments (P<0.001 , Figu re 7.4 a . ) .  On trees receiving the same 
water deficit i n  the presence of BAP, shoot g rowth had not been reduced.  Two 

· weeks later (22 dats) both WS and BAP+WS showed shorter shoot length 
than contro l ,  BAP and WSb treatments {P<0 .001 and P<0.05 for WS and 
BAP+WS respectively) , but BAP+WS shoot length was s ign ificantly longer 
than WS a lone (P<0.01 ) .  However at 35 dats on ly WS treatment showed less 
shoot length than the other treatments (P<0.00 1 ) .  At 44 dats WS and 
BAP+WS recorded shorter shoot length and the i r  d ifferences from the contro l  
were sign ificant (P<0.00 1 and P<0.05 for WS and BAP+WS respective ly) . On  
the  f inal day of experiment (57 dats) , a l l  stress treatments showed lower shoot 
length than control treatment (P<0.001 , P=0.084 and P=0.055 for WS ,  
BAP+WS and  WSb, respectively) . At th is t ime (57  dats) BAP showed greater 
shoot length than WS treatment (P<0.01  ) . Du ring the experiment (after  
t reatments were appl ied) general ly shoot g rowth rate responded to 
env i ronmental condit ions and water stress level (Figure 7.4 b. ) .  The shoot 
g rowth rate of stress treatments reached min ima after 50 dats, wh i le active 
shoot g rowth cont inued in  both control and BAP .  
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Figure 7.4 The effect of d ifferent treatments on shoot g rowth of 'Trevatt' apr icot 
under contro l l ed environment conditions. a) .  Shoot length (cm) and 

- 1  
b) .  Shoot growth rate (cm day ) .  The number o f  recorded shoots 

for each treatment (n=34 at day 8) decreased as days after 

treatment increased (n=4 day 57) . Bars show the standard error of 

means. 
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7.4.3 Net C02 assim i lation rate (A) and stomatal cond uctance (g5) 

Net C02 assimi lat ion rate and stomatal conductance measurements (Table 
7 . 1 )  showed treatments were s imi lar ,  values being high at the start then 
decl in ing ,  but with a s l ight peak at 50 dats. Stom atal conductance cont inued 
to recover at the f inal date, but assimi lation again fel l .  

Shortly after commenc1ng t reatments (2  dats) a l l  t reatments showed 
sign ificantly lower A than control (P<0.05) . The level of gs at th is  time was 
h igher in control than in WS (P<0.05) . However, BAP showed h igher  and WS 
lower gs than the other t reatments (P<0.05) .  One week later (8 dats) control 
showed h igher A and gs than the other measu red t reatments (P<0.05) . At 23 
dats BAP showed h igher A than control and h igher g5 than al l  other  t reatments 
(P<0.05 ) .  

The  differences between the  net C02 assimi lat ion rate values of t reatments a t  
30  dats were not sign ificant , but at this time contro l  showed lower and  BAP 
higher gs than the other  treatments (P<0.05 ) .  One week later (37 dats) a l l  
t reatments A values were sim i lar ,  but cont rol and  WS showed lower gs than 
the other t reatments (P<0.05) .  At 43 dats WS showed h igher A than the other  
t reatments (P<0.05) , bu t  at this t ime BAP recorded a bigger gs than  the other  
treatments (P<0 .05) .  One week later (50 dats) control  and BAP showed h igher  
A than the other  t reatments, whi le BAP showed h igher  and WS lower gs than 
the other t reatments (P<0.05 ) .  At  the end of  the experiment (57 dats) BAP had 
sign ificantly h igher A than the  other t reatments (P<0.05) , wh i le showing h igher  
gs (P<0.05) than  most other  t reatments (except WSb) . 

7.4.4 Dry m atter part it ioning (destructive harvest) 

Understandably, the m ajority of dry matter  was in the older tissue of the plants 
(old roots 1 8% and stem 77%) at the start of the experiment (0 dats) ,  but the 
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Table 7 . 1 . The effect o f  t reatments on a) .  N et C02 assimi lation rate (A) 

and b). Stomatal conductance (g5) of 'Trevatt' apricot in the 

aeroponic system and contro l led envi ron ment condit ions.  

datsz a).  A (.u mol m·2s-1 ) 

Control BAP ws BAP+WS WSb 

!i: ti' 
,, 1 3 . 1  aY ;: 2 9 .6  be 8.8 c 1 1 .5 b 
�· 
i s 1 4 .0 a 1 0.8  b 1 1 .2 b 

23 5.4 b 9.8 a 7.6 ab 8.7 ab 

30 4 .3 a 3 .3  a 4.3 a 4.7 a 

37 3.0 a b  3 .0  a b  3. 1 a b  4 .5  a 2 . 1  b 

43 3.3 b 2 .2 b 5.5 a 3 .6  b 2 .5  b 

50 8 .8  ab 1 0 .7 a 7 . 1  b 6.9 b 6.2 b 

57 4.3 b 9.4 a 5 .6  b 6.5 b 3 .6  b 

b). gs (m mol m·2s- 1 )  

2 224 b 306 a 87 c 1 80 b 

8 278 a 1 77 b 

23 1 45 b 271 a 1 1 8 b 1 59 b 

30 97 e 1 87 a 1 42 b 1 54 b 

37 1 57 e 263 b 1 49 e 228 b 31 1 a 

43 76 b 1 24 a 88 b 98 b 98 b 

50 1 1 2 be 236 a 1 01 e 1 4 1 b 1 1 6 be 

57 1 22 b 256 a 1 1 7 b 1 6 1 b 228 a 

z Days after t reatment sta rted (dats) . 
Y Numbe rs in  the same row with d ifferent letters are s ign ificantly d iffe rent 

at P � 0.05 by Dunean's mu lt iple range test. 
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• 

1 n  new tissues (new roots, shoots and leaves) progressively 

increased to the end of the experiment (F igure 7.5) . In  genera l ,  BAP 

treatments produced more new roots than the other t reatments (eg . F igure 7 .5  

At 8 dats total plant d ry weight ,  area and dry weight o f  leaves and new root ! ,. 
length (Figu re 7.6) of al l  t reatments were not statistical ly d ifferent .  However, 
at 22 dats control produced more dry matter than the other  t reatments 
(P<0.05) .  Control showed larger (P<0.05) leaf area and leaf dry weight than 
�the othe r  t reatments (F igure 7.6 a. & b . ) ,  but d ifferences i n  root length were 
not s ign if icant at th is date (Figure 7 .6 c . ) .  
·� 

Differences between t reatments in total plant dry we ight and new root length 
were not s ign ificant at 36 dats. However, both leaf d ry weight and leaf area of 
WS treatment were reduced relative to control  and BAP t reatments (P<0.05) . 
. Jn add it ion ,  th is treatment (WS) showed lower leaf dry weight than BAP+WS .. 
(P<0.05) . BAP and BAP+WS leaf dry weight d ifferences from control were not 

but leaf area of BAP+WS was significantly less than control 

At 44 dats root length of the BAP treatments was h igher than the other  
treatments, although on ly sign ificantly d ifferent from WS and WSb (P<0 .05) . 
At the f inal  destructive harvest (F igure 7.6 d . )  total p lant dry matter of BAP 
treatment was h igh s imi lar  to contro l ,  and significantly h igher than WS and 
BAP+WS (P<0.05) . Both contro l  (P lates 7.5 & 7. 1 2  a . )  and BAP treatments at 

, this t ime (57 dats) produced the h ighest leaf area and leaf dry weight ,  and 
1 the i r  d ifferences relative to WS (Plate 7. 1 2  b . )  and BAP+WS were significant 

(P<0.0 1  ) .  Contro l  and BAP also had larger leaf dry weight than WSb (P<0.05) ,  
·and contro l tended to have larger leaf area than WSb (P=0.066) . 

Strong new g rowth occurred in al l  t issues of control and BAP through the 57 
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days and i t  was much g reater than in WS, and to a lesser degree g reater than 
in BAP+WS. Plant g rowth in the latter two treatments was inh ib ited in 
comparison with control  plants from about 36 dats, especia lly in shoots and 
leaves . WSb inh ibited p lant growth less than WS, and t reatments inc lud ing 

�· BAP had enhanced root g rowth . 
. • ·  

Root to shoot ratio 

The root to shoot rat io determined on both new and total dry matter bases are 
shown in Figu re 7. 7 c .  & d .  respectively. The differences between t reatments 
were not s ign if icant during the fi rst week of t reatment (at 0 and 8 dats) . I n  
genera l ,  a l l  t reatments increased the root :shoot rat io, which was h ighest on 
both bases for BAP+WS.  

At 22 dats the new root :shoot ratios (F igu re 7.7 c . )  of both BAP t reatments 
were h igher  than the other treatments (P<0.01 ) ,  but thei r total root : shoot rat io 
was only h igher  than cont rol (P<0.05) . At 36 dats these d ifferences remained, 
and at th is t ime WS also showed h igher new and total root :shoot rat ios than 
control (P<0.05) . Treatment differences at 44 dats were not sign ificant . 

At the f inal  dest ructive harvest (see also P lates 7 .5 ,  7 . 1 1 & 7 . 1 2) on both dry ., 
Weight bases the control root :shoot ratio was lowest (P<0.05 relative to BAP 
�nd WSb and P<0 .0 1  to WS and BAP+WS) . BAP+WS showed the h ighest 

. ' Value on  both bases at th is t ime (57 dats ) ,  s ign ificantly g reater than WS and 
WSb ( P<0.05) , which were h igher than control  on both bases (P<0 .05) . 
. , 

7.4.5 Water potent ia l  (\f/1), turgor potentia l  (\f' p) and osmotic potentia l  ( \f' 5) 

lant leaf water  re lations (F igure 7.8) were recorded to determine if osmotic 
ustment occu rred. This was done on matu re leaves as sampled for C H O  

mineral analyses (sect ion 7.2 .6 .7 and 7 .2 .6.8) and also on  part ial ly 
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� Old roots 
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d .  

3 6  dats 
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Figu re 7.5 The inf luence of treatments on distribution of plant dry weight of 
'Trevatt' apricot grown in  an aeroponic system. a).  Destructive 
harvest prior to of start treatments ( 4 weeks after establ ishment, 
n=8); b). 8 days after treatments started (dats) ; c) . 22 dats; d). 36 
dats; e) . 44 dats; and f) . 57 dats. Treatment: 1 =Contro l ;  2=BAP; 

- 1  - 1  
3=WS; 4=BAP+WS and 5=WSb. (n=4 treatment harvest ) .  



0 8 22 36 44 57 0 8 22 36 44 57 

Days after treatments started 

Figure 7.6 The effect of treatments on plant parameters of 'Trevatt' apricot 
grown in an aeroponic system. a). Leaf dry matter (g); b). Leaf area 
(m2) ;  c) . Root length (m); and d).  Whole plant dry matter (g). Bars 
show the standard error of the mean. Each point represents the 

mean for two plants on each replicate per treatment (n=8 for day 0 
and n=4 for all other . dates for all treatments). 
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The effect of treatments on dry matter partitioning in 'Trevatt' 
apricot grown in an aeroponic system .  a) . New roots dry matter (g);  
b). New shoots and leaves dry matter; c) . New root to shoot dry 
weight ratio ;  d ) .  Overall root to shoot dry weight ratio (new and old 
parts) ; e). Root dry matter (new and old roots) ; and f) .  Top dry 
matter (stem and new shoots and leaves). Bars show the standard 
error of the mean. Each point represents the mean of two plants in  
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c expanded leaves as sampled for ABA analysis (sect ion 7.2 .6 .9 . 1 , P late 7 .8  a . )  . 
... .!'. ,,  

; : _7.4.5 . 1  Ful ly expanded leaves (mature leaves) 

' :. During the experiment general ly ,  If' P of a l l  treatments remained at s imi lar levels 
. �to contro l ,  a l though on 42 dats, control  dropped briefly with 't'P values lower ( .  
l �� 
. .  than BAP, WS ( P<0.05) and BAP+WS (P=0.07) (Figu re 7.8 d . ) .  

At 2 1 , 42 ,  49  and 56 dats BAP+WS had lower '¥1  ( P<0.05 ,  P<0.0 1 , P<0.05 ' 
� and P<0.00 1 , respect ively) and If's (P<0.0 1 ) than contro l .  BAP had lower �� •.. ' · and �s than contro l  on 21 and 56 dats (P<0.05 ,  and P<0.01 for '¥1 and �s 

;: respect ively) . No sign ificant differences occurred between WS and contro l ,  but 
· ·at 49  and 56 dats WSb had lower '¥1 and If's than contro l  (P<0.05) . 

7.4.5.2 Partia l ly  expanded leaves (young leaves) 

Genera l ly ,  � P of all treatments was maintained at s imi lar levels to contro l ,  
although at  the end of  the experiment (56 dats) , WS had a h igher  't' P  than 

. control ( P<0 .05,  Figure 7.8 c . ) .  I n  comparison with contro l ,  only BAP+WS had 
lower �� and If's at 1 7  and 35 dats (P<0.05,  Figure 7.8 a. & e . ) .  No other  
differences i n  �� and If's were significant. 

7.4.6 Leaf simple carbohydrates (CHO) 

The major s imple carbohydrate observed in fu l ly expanded leaves of al l 
t reatments was sorbitol (F igures 7.9 & 7 . 1  0). 

At the fi rst sampl ing date (8 dats) ,  the on ly s ignificant d ifference observed was 
in leaf g l ucose which was h igher in BAP+WS than in the other  t reatments 
( P<0.05 ,  F igure 7 .9  b . ) .  This t reatment a lso showed h igher  sucrose at 22 dats 
than a l l  other t reatments (P<0.05) .  At th is time (22 dats) sorb itol and total 
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Figure 7.8 The effect of treatments on leaf water status of 'Trevatt' apricot 
under control led environment condit ions. a). and b). Leaf water 
potential ('1/J 1) ; c).  and d ) .  Turgor potential ('1/J p); e). and f). Osmotic 
potential ('1/J 5) ; a . ,  c. & e. recorded on young leaves and b., d. & f. 
on mature leaves. Bars show the standard error of the mean. Each 
point represents the mean of two leaves on each repl icate 

-1  
treatment (n=4 for al l  treatments at each date) .  
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CHO s ign if icantly increased in BAP+WS relative to BAP , WS and WSb 
(P<O.OS) , but not to contro l .  

At 36 dats no sign ificant differences were observed among treatments in  any 
· simple carbohydrate .  However, at 44 dats the amounts of a l l  s imple 
' carbohyd rates decl ined in control treatment, although d ifferences with the 
. other treatments were sign ificant (P<O.OS) only in sucrose and g lucose . I n  
• contrast , on  the last day (57 dats) a l l  s imple carbohydrates i n  contro l t reatment 
' were h igher than in the other t reatments, a lthough significant differences on ly 

occurred in sucrose and g lucose relative to WS and WSb treatments ( P<O.OS) . 

7.4.7 M inera ls  ana lyses 

The resu lts of the major ions analyses are shown in Figure 7. 1 1 .  

At the fi rst sampl ing date (8 dats) , the concentrat ion of Mg was lower in  
BAP+WS leaves than in control and WS treatments (P<0.05) and lower in  
BAP than i n  control (P<0.05, Figure 7. 1 1 a . ) .  At  8 dats in control leaves the 
concentrat ion of  K ,  Ca and P was h igher and of N lower than i n  WS and 
BAP+WS treatments (P<0.05, Figure 7 .8 d . ) . 

T wo weeks later (22 dats) Mg was higher in WS than in the othe r  t reatments 
(P<O.OS) .  Both WS and WSb at this t ime showed h igher Ca, a lthough the 
difference was s ign ificant only with both BAP treatments (P<O.OS) and not with 
contro l .  WS treatment showed higher P relative to both BAP treatments and 
contro l ,  but WSb was only sign ificantly h igher in P than the BAP t reatment (al l 
P<O.OS) .  At 36 dats both WS and WSb showed more Mg than the other 
t reatments (P<0.05) and higher Ca, a lthough their d ifferences were only 
s ignificant re lative to BAP treatment. Control showed a higher K value than the 
other  t reatments (P<O.OS). The P value of control was higher than WS and 
.WSb.  No s ign ificant differences occurred in N value at this date. 
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treatment ) .  Bars show the standard error of the mean.  
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Figure 7.1 0  The influence of treatments on simple carbohydrates of 'Trevatt' 
apricot ful ly expanded leaves grown in an aeropon ic  system under 
controlled environment condit ion. a) .  BAP; b) .  BAP + WS; c) .  
Contro l ;  d) . WS; and e) .  WSb. 

Each poir.t represents the mean of two samples on each 

reprrcate (n=4 treatmenf\ Total simple carbohydrates is the sum of 

(sucrose + glucose + fructose + sorbitol) .  
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The concentrat ions of Mg, K, Ca and P decl ined in the BAP treatment at 44 
dats re lative to control (P<O.OS) . WS and WSb levels of K and Ca fe l l  relative 
to control  ( P<O.OS) . Again no sign ificant differences in N occurred . At the f inal 
sampl ing date (57 dats) , the leaf Mg of WS and WSb treatments was 
s ign ificantly i ncreased above control (P<O.OS). In contrast , the concentrat ion 
of Ca and P in WS and of K ,  Ca and P in WSb decl ined relative to contro l .  At 
th is t ime t he Mg,  K, Ca and P were lower in both BAP treatments than 1n 
control (P<O.OS) .  Treatment differences in N were not s ignificant. 

7.4.8 A BA determination in shoot tip and partia l ly expanded leaves using  

EllS A 

A strong re lat ionship was consistantly obta ined ( ie .  �=0.99 in Figure 7.2 a .  & 
b . )  between  absorption and ABA over a wfde range of concentrat ions in the 

;. ELISA assay .  The changes in ABA concentration (ng g-1 dry weight) in  the 
r shoot t ip du ring the experiment are shown in  Figu re 7. 1 2  a.  (except WSb) .  I n  ' �· genera l , WS had a higher concentration of ABA than the other treatments from 
'·· 22 dats with a maximum ach ieved at 44 dats, the final date sampled . 

... 
At the f i rst sampl ing date (8 dats) there was no s ignificant t reatment effect 
(Figure 7. 1 2  b . ) .  From 22 to 44 dats (Figure 7. 1 2  b . ,  c. and d . )  ABA 

. concentration was h igher in the WS treatment (P<O.OS) .  No s ign if icant 
d ifferences occu rred between BAP or BAP+WS and contro l .  

is  gene ral ly considered that a g reat part of  plant cytokin in synthesis takes 
-. ........... ..., i n  the roots. Cytokin ins produced in  the roots are translocated to the 

through the vascu lar tissue (Moore ,  1 979; Seeley, 1 990) , being 
obi l ized along an auxin gradient in  the active growing regions towards the 

t ip and there used for cel l d ivision .  Reduction in shoot g rowth occurs 
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when IAA and cytok in in levels are low and ABA levels are enhanced by stress 
(Seeley, 1 990) .  An objective (section 7. 1 )  was to ascertain if drought induced 
shoot g rowth inh ib ition could be amel iorated by appl ication of a synthet ic 
cytok in in .  S imu ltaneous ABA determinat ion sought to establ ish a role for shoot 
ABA in med iat ing a water stress i nduced g rowth reduction.  

, The experiment was performed under contro l led environment condit ions to 
min imize the possible interactions which usual ly exist between envi ronmental 

r conditions and p lant g rowth in f ield cond it ions. Seeley ( 1 990) demonst rated 
that environmental variables such as temperature, radiat ion, precipitat ion ,  
humidity, wind and soi l  factors interact with water stress to affect g rowth and 
development. 

In addit ion ,  the contro l led envi ronment p roduced simi lar conditions to those in 
which apricot cu lture normal ly exists in  a rid and semi ar id environments (see 

, sect ions 7 . 1  & 7.2) .  The aeroponic system provided a precise and contro l lable 
tool for applying i rrigat ion ,  hormones and water stress (see section 7.2) . This 
was an a i r  water culture technique in wh ich the apricot roots were suspended 
in air and sprayed with nutrient solution . This system provided access to c lean 

· intact roots for d i rect observation,  measurement and other experimenta l  ' 
i purposes such as appl icat ion of precise levels of exogenous cytokin in  (BAP) 
, and water stress. Krizek ( 1 985) reported that regulating water deficit i n  p lant 
;: tissues is  perhaps one of the most d ifficult of al l  environmental factors to 
t ! control experimental ly ,  because of the dynamic nature of water in the plant 
! and surrounding substrate. He stated that using some osmotic agents such as 

PEG has the advantage of applying a precise level of water stress, but often 
causes undesirable side effects. Thus the physiological responses of plants 

· to the appl icat ion of water stress by withholding water o r  by PEG are q u ite 
,different. Withhold ing water from the soi l  is the most obvious and natural 
'li 
Jnethod of inducing water stress in plants, but is also one of the most diff icult 
�o contro l .  I n  the present study the aeroponic system with i ntermittent m isting  
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gave good control of water stress in the apricot plants throughout the 
experiment .  However, this was ach ieved using continuous attention to the 
system technology and frequent checking of plant condition ,  shoot growth and 
\f'xylem measurements of the apricot trees . Saunders ( 1 99 1 )  successfu l ly used 
the aeroponic system with intermittent misting  to generate mi ld to moderate 
water  stress on tomato and Asian pear under g lasshouse cond it ions. I n  the 
present study the aeroponic system also proved useful by maintain ing and 
g rowing apricot trees for 1 2  weeks successfu l ly under  conditions of  relatively 
high temperature and VPD.  lt provided an easy way to supply and maintain 
known levels of nutr ients and BAP to the trees, and was very satisfactory for 
visual observation and harvest ing of clean good root systems. 

The level of stress appl ied to the water stress t reatments at the beg inn ing of 
the exper iment was h igh (day 0, Figure 7'.3 b.) and the plant response was 
visible wi lt ing and a drop in \f'xylem ( Figure 7.3 a . ) .  At that time p lants had a 
very smal l  amount of new roots and were possibly not able to absorb sufficient 
water du r ing the short ( 1  minute) m isting on-time. Another explanation m ight 
be that n on-adapted p lants with succulent new shoots could not adequately 
control the i r  water loss in  the long (30 minute) mist ing off-time set in it ial ly. The 
temperatu re appl ied at this t ime was 28°C (day) which was relatively h igh , and 
it became apparent with in a few hours that the plants were not able to tolerate 
the stress level created . Krame r  ( 1 983) suggested that plants subjected to 
frequent water stress accumulated modifications with adapt ive value ,  such as 
thick cutic le ,  extensive root system and low osmotic potential .  In the p resent 
study, when the degree of stress was reduced (to 1 5/2 minutes m ist ing off/on 
time at VPD 1 0 mb) and subsequently increased g radual ly ( up to 90/2 m inutes 

. misting  off/on time at VPD 1 8 mb) the plants were able to adapt and maintain 
·turgor in both ful ly and partial ly expanded leaves (F igure 7.8) . Turne r  and �Jones ( 1 9 80) suggested that the rate of stress development can be an 
important factor for  water stress adaptat ion , because rapid stress development ' 
·may not g ive sufficient t ime for adaptive mechanisms such as osmotic . 
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adjustment .  The degree of response to water deficit is a p lant related 
characteri stic (Kramer, 1 983) , although knowledge of the degree of water 
stress that can be tolerated by a plant has important management 
consequences (Lakso et al. , 1 984) . 

When the in it ia l  water stress was reduced (to 1 5  m inutes off-t ime,  and 2 
minutes m ist ing on-time) 6 hours after t reatments started (Figure 7.3 b . ) ,  both 
WS and BAP+WS treatments started to recover their \f'xylem (Figure 7.3 a . ) .  The 
speed of recovery in WS was faster than in  BAP+WS. Over the next 7 days 
(WS) and 1 3  days (BAP+WS) \f' xylem retu rned to the level of contro l .  The low 

\f'xylem in both BAP treatments between 1 2  and 1 5  dats m ight be a resu lt of 
leakage occu rring in the m isting c i rculat ing system (see footnote 4) , and it may 
have cont inued to reduce these t reatments' \f' xylem unti l  23 dats. Whi le th is may 
be explained by the leakage problem,  it could be caused by h igher 
transpirat ion from BAP+WS treatment, as suggested by the h igher stomatal 
conductance of this treatment (eg. at 2 dats Tab le 7 . 1  b . ) .  Mansfield ( 1 987) 
suggested that cytokin ins act as important regulators of stomatal movements, 
and the p lant can use cytokin ins from the root system as a chemical s ignal  to 
the shoot to mod ify stomatal behaviour according to the avai labi l ity of soi l  
water. Wh i lst water stress reduced stomatal aperture of maize plants, 
appl ication  of cytokin ins reopened the stomata (Biackman and Davies, 1 985) .  

f The in it ia l  h igh stress level severely checked shoot g rowth of WS, but after  the 
�· stress was reduced (by 8 dats) its \f' xylem and rate of g rowth were s imi lar to 

control and other treatments ( Figures 7.3 a. & 7.4) .  Steinberg et al. ( 1 990) 
suggested that in peach t rees reduction in dry matte r  p roduction under water 

, stress was related to the decl ine in  shoot extension growth and leaf 
product ion .  I n  the present study, with a simi lar in it ial wate r deficit leve l ,  but in 
the presence of exogenous root appl ied BAP, the reduction in  (BAP+WS) 
Shoot g rowth was much less than in the WS treatment.  This result was 
Consistent  with the other resu lts of plant d ry matter ,  root and shoot g rowth and 
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dry weight (Figures 7.5 to 7.7) . This suggested that in  water stress condit ions 
the presence of BAP (BAP+WS) reduced the negat ive effect of water stress 
on vegetative growth and total plant dry matte r. This m ight be explained by 
lower gs or A value in the WS treatment, although h igher gs on BAP+WS 
relative to WS treatment led to h igher A only early in  the treatments (Table 7 . 1  
a .  & b . ) .  l t  has been reported that endogenous ABA concentrat ion in  leaves 
of water stressed plants plays a role in contro l l ing stomatal apertu re of many 
plant species. The increase i n  ABA level in  leaves could read i ly i nh ib it 
stomatal opening in water stressed plants ( Mansfie ld ,  1 987) . Another 
possib i l ity m ight be that appl ied BAP increased assim ilate supply to the new 
roots and shoots on water stressed plants. Thomas ( 1  986) suggested that 
hormones may be involved in the production and movement of ass imi lates to 
the g rowing  organs, and genera l ly cytokin ins,  and possibly gibberel l i ns  and 
auxins,  m ay al l  be invo lved in  in itiat ing s ink activity. 

Destructive harvest ing revealed that 4 weeks after establishment of the 
experiment (eg. at the end of the accl imation period) , total new g rowth was 
only 2% of total plant dry matter (F igure 7.5 a . ) .  However, the proport ion of d ry  

; matter i n  the new growth increased u p  to the end of the experiment (57 dats) , 
with s ign ificant treatment effects on the proportions to each plant part .  For 
example, control and BAP treatment showed higher new g rowth in al l  t issues 

. at 57 dats (F igure 7.6) ,  more g rowth than BAP+WS, and m uch more than WS.  
, WSb was less inh ibit ing to plant growth than WS. This is presumably because ' 

WS received a severe water st ress at the beg inn ing which markedly checked 
growth ( before the plants recovered) while WSb experienced low water stress 
for the f i rst 36 days. When \f'xylem in WSb dropped after 44 dats from - 1 .2 M Pa 
to - 1 .6  M Pa,  and even to -2.2 M Pa, extension g rowth on th is treatment 

! stopped .  The longer term inh ib itory effect of WS treatment in control l i ng  shoot 
[ 
t.Qrowth m ight be expla ined as a result of long term reduced cytok in in and IAA f levels (Seeley, 1 990) and increased ABA in the shoot t ips of this t reatment 
� (Figu re 7 . 1 2) . 
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In the present study, the number of lateral shoots was not recorded, but visual 

observation during the experiment revealed that generally both BAP 

treatments produced a higher number of laterals with shorter internode 

lengths. This might be explained by movement of applied BAP via the xylem 

sap toward the lateral buds where it decreased the inhibitory effect of apical 

dominance. Increase in branching of apple trees following BAP application has 

been reported by Greene and Autio (1990). Moore (1979) suggested that 

auxin produced at the shoot tip and translocated basipetally produces apical 

dominance over the lower buds. The inhibition of buds by apical dominance 

is antagonized by cytokinin, some of which he suggested is synthesized in the 

suppressed lateral bud itself, and some of which is transported past the bud 

in the xylem sap. An increase in lateral shoot number of peach trees treated 

with foliar BAP application was reported by Richards and Rowe (1977a & b) 

and shoot:root ratio increased as a result of promotion of leaf and shoot 

number by foliar BAP application. The reduction of root growth rate in their 

study, they suggested, was caused by current season assimilates being 

preferentially used for top growth. However Richards (1980) reported that 

when BAP was applied either to the shoot or to the roots of apple trees the 

resultant growth was dependent on the site of application, and root-applied 

BAP reduced the top:root ratio. In the present study BAP application to the 

root system increased root growth, although in wheat Stenlid (1982) suggested 

that cytokinins should be considered as possible natural root growth inhibitors. 

The highest new root length was produced by BAP (""4 km at 57 dats, Figure 

7.6 c.). Both BAP treatments produced the greatest new and total root dry 

weight (Figure 7.7 a. & e.). Visual assessment showed more branching 

occurred in the root system as a result of BAP application. Increased root 

growth might have resulted from more demand by the increased shoot growth 

for nutrients and water uptake, which can also be interpreted as the need for 

plants to re-establish their root:shoot ratio. Brouwer and De Wit (1969) 

suggested the ability of plants to re-establish their root:shoot ratio to its 
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"functional  equi l ibrium" .  In the present study, on both new and total dry weight 
bases both BAP treatments produced h igher root :shoot ratios than control  
(Figure 7 .7 c .  & d . )  from 22 dats. Both WS treatments a lso produced h igher  

, root :shoot ratios than control . Another explanation for increased root g rowth 
· might be an increase in the s ink  strength of  roots for assimi lates ,  due to  
� cytokin in appl ication to the roots. Moore ( 1 979) reported that cytokin in  c reates 
f: new sou rce-sink relat ionships, causing mobi l ization of metabol ites from an 
1: untreated to a treated port ion of a leaf. Seeley ( 1 990) suggested that the Ji l 
\ relative production of cytok in ins and auxins by roots and shoots regulates the I I f root: shoot ratio. Reduction in shoot growth by water stress resu lted in  an 
! 
increase i n  the cytokin in :auxin rat io. He concluded that drought caused 

' reduction in shoot growth ,  and high ABA levels occurred concurrently with low 

� 

IAA, GA, and cytokin ins levels under d rought condit ions. In  the present study, 
the level of ABA in the shoot t ips of WS treatment from 22 dats was also 
significantly h igher than in the other t reatments (F igure 7. 1 2) .  Watts et al. 

( 1 981 ) found  that ABA l im its the g rowth of the shoot and enhances the g rowth 
of the roots . Th is m ight explain the reduced shoot: root ratio that is often found 
in plants subjected to water stress. 

� Another possibi l ity to explain the increased root g rowth of BAP treatments in 
t 
the present study might be that root appl ied BAP increased endogenous auxin �product ion and th is increased root g rowth. Kinet in  promoted increase of auxin 
production in  rape leaves was demonstrated by Engelbrecht and Conrad 

�( 1 961 ) and Con rad ( 1 96 1 ) as c ited by Hemberg ( 1 972) .  When aerial parts or 
,excised shoots of Coleus blumei p lants were treated with kinet in g rowth was ' 
rstimu lated (Hemberg ,  1 972) .  This was associated with more bound auxin in 
'stems of kinetin treated plants. He concluded that the breakdown of 
� ·endogenous auxin might be decreased by kinetin t reatment, or that the k inet in 
treatment caused new formation of auxin. Torrey ( 1 976) questioned whether 
�uxin played a role in root elongat ion.  He suggested that auxin formed in the 
�hoots is  continuously suppl ied to the root system in amounts related to its 
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f luctuating levels in the s h :z:,r .  Seeley ( 1 990) reported that auxin moves 
basipetally from growing shc;.:y; t ips  and expanding leaves and acropetal ly from 
root t ips and, through eHects o n  mobil izat ion and d i rected transport of  other  
hormones,  nutrients and meraJOi ites, maintain control  o f  where growth occu rs 
in the roots or shoots . Auxin is one factor affecting root and shoot elongation 
and when its production and oasipetal movement are reduced by water stress , 
a l lows it to exert long-term c:)fmol over tree g rowth and development. Torrey 
( 1 976) suggested that roots 2.nd root systems play an important role in the 
overal l  hormonal physiology of  the plant. Environmental influences wh ich affect 
the root system such as waier  stress, act not only on water uptake, and 
t ransport of organic substances .  but also on the hormonal flow from root to the 
shoot and vice versa. 

Both WS and to a smaller e�ent WSb reduced top growth , leaf a rea,  d ry 
matter  and total dry matter. ju: increased the root :shoot ratio (F igure 7 .6  & 
7 .7) .  The levels of net C02 assimi lation rate (A) and stomatal conductance (g5) 
at 2 and 8 dats were relative�,r higher than later, but the levels were lower in  
WS and BAP+WS than contro1 unti l 8 dats for A and lower in WS for gs (Table 
7 . 1 ) . The decrease in  vegetar�.'e g rowth of WS t reatment after 8 dats might be 
related to this decline in A va\ :e .  although thereafter the control also showed 
low values of A and g5 simi lar to the WS t reatment. However, the control had 
a large r  leaf area. The leaf area ratio (LAR) was not calculated , but Figu re 7 .6 
b .  and d .  demonstrate that c::>mrol had larger leaf a rea and LAR than WS 
t reatment .  Wi lson ( 1 988) sugg-esred i t  is not c lear whether water deficit has a 
g reater  effect on net C02 assimi lation rate or g rowth of the plant , although an 
adequate supply of water is  necessary for growth of shoots and roots. 
Landsberg and Jones ( 1 981 ) re:-orted that both stomatal closure and reduction 
in leaf a rea expansion of plan:s are important water stress responses. 

In the p resent study, gs of BAP g-enerally was higher than in control and water 
stress t reatments, supporting W! e  regulatory effect of cytokin ins on stomata 
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and enhancement of stomatal opening reported by Davies ( 1 987) and 
Mansfie ld  ( 1 987) . Stomatal closure in  water st ress plants might be caused by 
reduct ion in cytokin in suppl ied by the roots and by increased ABA in the 
leaves (Kramer, 1 983) .  However, he reported that stomata sometimes remain  
open in leaves with h igh ABA concentration , may close before the 
concentrat ion increases, or stay closed or partly c losed after the concentration 
of ABA has been reduced, causing difficu lties in  interpreting the role of ABA 
in stomatal closure. I n  the p resent study, the differences in ABA concentration 
in  the shoot tips were not s ignificant between either  of the BAP t reatments and 
contro l .  The ABA concentration in  mature leaves was not reco rded in the 
p resent study, but the work on apricot trees by Loveys et  al. ( 1 987) suggested 
that ABA was relatively un impo rtant in the control  of stomatal conductance i n  
apricot g rown in the  condit ions o f  South Austral ia .  However, Schulze ( 1 986) 

, suggested that stomata may di rectly respond to humidity or to root cytok in in ,  
which may open stomata and counteract the effect of  ABA in  the leaves. Also,  
he i l lust rated that the metabol ism of ABA and the content of th is hormone in 
the bu lk  leaf were not related to its action on stomata, in  which on ly a smal l  
amount of  the ABA content needed to be released i nto the apoplast of  the 
guard ce l ls  for a s ign ificant response of the stomata. l t  has been suggested 
(Mi lborrow, 1 983) that stomata do not make ABA and must import it from the 
mesophyl l  cel ls ,  a lthough active stomata invariably contain chloroplasts and 
they cou ld be the s ite of  ABA synthesis or  storage .  

I n  the p resent study ,  the h igh concentration of ABA i n  the shoot t ips and 
partia l ly expanded leaves of WS t reatment was associated with reduction in  
shoot g rowth and leaf a rea. ABA increased as the severity of stress was 
raised th rough the experiment. This suggested that the rate of shoot g rowth 
When t reatments sta rted was higher than at later dates as greater water stress 
?eveloped. This conclusion is supported by the shoot growth rate resu lts 
(Figu re 7 .4 b . ) .  Westwood ( 1 993) reported that ABA is a natural g rowth ' 
nhibitor which inh ib its shoot g rowth .  Robinson and Barritt ( 1 990) found that 

,, �i J!· 
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reduced shoot g rowth rate and leaf expansion rate of apple seed l ings 
subjected to water stress was associated with increase in ABA concentrat ion 
in  response to severity of water stress. In the present study, the ABA 
concentration was the same in  a l l  recorded treatments at 8 dats (F igure 7 . 1 2  
b . ) .  At the other recorded dates the ABA in  both BAP treatments was n ot 
s ign ificantly d ifferent from contro l ,  but was lower than in WS treatment (F igu re 
7 . 1 2  c . ,  d .  & e . ) .  This resu lt suggested that when the severity of water stress 
increased, the level of ABA also increased in WS t reatment, but when BAP 
was combined (BAP+WS) the level of  ABA was not affected by water stress. 
Zeevaart ( 1 977) found that water stress caused an increase in  the ABA 
concentrat ion in  the shoot t ip of 'castor' bean (Ricinus communis) , and 
i l lustrated that both young and matu re leaves have the capacity to synthesis 
ABA f rom an early stage of development. Although mature leaves are a 
pr imary site of ABA synthesis, other p lant ·t issues are also known to synthesise 
ABA (Westwood , 1 993) . 

As described previously (see section 7.2) , the environmental cond it ions  
appl ied in the  cl imate rooms (28/24°C day/n ight temperature and with VPD up  
to  1 8  mb)  normal ly produced a h igher water stress than in the  orchard 
experiment. I n  both expanding and mature leaves genera l ly \f/1 dec l ined 
through the period of  experiment (with the possible exception of  BAP) ,  and the 
'¥1  of  m ature leaves of  WSb and BAP+WS were s ign ificantly lower than control 
from 44 dats. The water status study of both mature and expanding leaves 
obtained by the dew point method (Plate 7.9 a.) revealed that the apricot 
plants were able to maintain their turgor throughout the experimental period ,  
through the  mechanism of osmotic adjustment, which occurred even in control 
plants ( Figure 7.8). General ly, at the low degree of \f/1 in young leaves ( less 
than - 1 .5  MPa) and low \f/5 ("" -2 . 0  to -3.5 MPa), without sign ificant d ifferences 

�. 
'· in 'PP relative to contro l ,  turgor maintenance can be explained as a resu lt of  

Josmotic adjustment occurring .  When mature leaves of al l  t reatments were (ompared the resu lts revealed that BAP (at 2 1 , and 56 dats) and BAP+WS (at 
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21 , 42, 49 and 56 dats) showed lower 'fl1 and 'f15 than contro l .  However, at the 
same t ime their  'fl P was maintained at the level of, or  higher than , contro l .  At 
1 7  and 35 dats the 'fl1 and 'f15 of BAP+WS was sign ificantly reduced but not 
the 'fl P ' i ndicat ing osmotic adjustment had occurred in the young leaves. Lakso 
et al. ( 1 984) found osmotic adjustment in  mature apple leaves, but not in the 
shoot t ips. The work on apricot by Loveys et al. ( 1 987) suggested that apricot 
had the abi l ity to maintain its turgor  at low water potential because the osmotic 
potential was also low at the same t ime. 

Analysis of s imple carbohydrates of the mature leaves revealed that sorbitol 
was the major  simple carbohydrate in apricot leaves, rang ing in al l  treatments 
between z45-1  00 mg g- 1 dry we ight (F igures 7.9 & 7. 1 0) , wh ich is consistent 
with the results of Bieleski and Redgwel l  ( 1 985) . They reported that sorbitol 
is the m ajor  translocatable carbohydrate in apricot leaves, and that cannot be 
metabol ized by mature leaves. In the present study, no sign ificant differences 

. occurred between control and the other t reatments in sorbitol concentrat ion ,  
but the amount of glucose was lower i n  control than in  BAP+WS (at 8 ,  and 44 
dats) . M ineral analysis revealed that general ly both BAP treatments showed 
lower minera ls  content on a d ry weight basis (F igure 7 . 1 1 ). Sign ificant 
differences relative to cont rol occurred later in the experiment ,  with lower Mg,  
Ca,  K and P concentrations in BAP (44 and 57 dats) and BAP+WS (57 dats) 

· treatments.  Decreases in Ca, Mg ,  N and P fol lowing fol iar appl ication of BAP 
· to peach trees were reported by Richards and Rowe ( 1 977 a). However, 
· Richards ( 1 9 80) , fol lowing appl icat ion of BAP to apple trees through the 
. nutrient solution , found leaf levels of Mg and Ca increased , K and P 
' decreased, whi le P levels were unaffected . I n  the p resent study contro l  
: genera l ly showed a h igher K value than the other t reatments, d ifferences 
t �
"being s ign ificant relative to WS (at 8 ,  36 ,  44 dats) and WSb (36, 44 and 57 

::dats) . The level of Mg (at 22 , 36 and 57 dats) was h igher in  WS than control. 

. However, control leaves showed a h igher Ca concentration than WS at 8 ,  44 
�and 57 dats .  lt therefore seems un l ikely that the m ine rals recorded were '} 
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involved in the osmotic adjustment occurring in  BAP treatments, but the 
occasional sign ificant increase in g lucose in BAP+WS may have been .  The 
increase in K in contro l ,  WS and WSb at 57 dats might have had an effect in  
osmotic adjustment occurring i n  these treatments at  this t ime.  The levels of  
osmotic adjustment which occurred at  57 dats were 0.86, 0.93 and 0.88 MPa 
in contro l ,  WS and WSb respect ively. The potassium level was h igher than of 
the othe r  recorded m inerals throughout the experiment (Figure 7 . 1 1  ) .  Th is 
result is consistent with that reported by Loveys et al. ( 1 987) on apricot. 

Summary 

The pre l im inary work reveaied that the emergence of new roots i n  seed l ing 
apricot plants was slow at the t ime of transplanting into an aeropon ic  system ,  
and suggested they were not able to supply the plants t ranspirat ion demand, 
so that more than 50% fai led to accl imatize to the system. The c l imate rooms 
experiment showed that i t  is important to  use larger dormant plants which are 

· able to accl imatize to the m ist ing system gradually, with less than 5% fai l ing 
to accl imatize. The stage of  g rowth and size of  apricot plants, together with 
careful environmental control are key factors for the establ ishment of plants 
under aeroponic cu lture .  

i· The aeroponic system provided access to clean intact roots for  d i rect �· observation , measurement and other experimental purposes such as the t appl ication of precise levels of BAP and water stress. The use of i ntermittent �:misting gave good contro l  of water stress on the apricot plants throughout the 
. experi ment. However, the system needed extensive care to make sure that it 
Was working properly, as the roots were suspended in air  within the aeroponic :1�anks at temperatures h igher than usual ly exists in the soi l in field condit ions.  
Any leakage with in the ci rculation system or any blockage of the nozzles m ight 
interfere with the response to applied t reatment o r  m ight cause death of the 
'plant . Proper work ing of the system was achieved by extensive visual and 
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manual checking of the c i rcu lating system to p revent any unexpected 
. interruption with in the system . For future work, instal l ing an electron ic device 
with in the c i rculat ing system may be desi rable to warn about any leakage 
problem . 

The levels of misting on- and off-t ime need to be carefu l ly adjusted when 
water stress is fi rst appl ied ,  as plants can very rapidly dehyd rate. So g radual 
increase of the level of water stress was an important factor. When water 
stress was g radually developed the apricot plants were able to maintain their 
t u rgor  despite high internal water deficit (-2.2 and -3.0  M P  a of \f' xylem and \}'1 

respective ly) , with m ist ing off-t ime of up to 1 .5 h and with h igh envi ronmental 
stress of up to 1 8  mb VPD .  lt appeared osmotic adjustment occurred in both 
part ial ly and fully expanded leaves throughout the experiment. Sorbitol was the 
major s imple carbohydrate recorded in apricot leaves in all t reatments, rang ing 
between  ==45- 1  00 mg g- 1 d ry weight. Potassium was the most abundant of  the 
recorded m inerals, although substantial amounts of  Ca and N were a lso found 
in matu re leaves. 

When BAP and water stress were appl ied together the response of t rees to 
water stress was moderated , g iving h igher dry matter p roduction , root and 
shoot g rowth .  Also compared with water stress BAP+WS caused reduction in  
ABA concentration ,  and showed b igger osmotic adjustment than WS and 
control in both ful ly and part ial ly expanded leaves on some occasions 
throughout the experiment. However, ABA increased in WS t reatment as the 
degree of water stress increased . There were no sign ificant d ifferences 
between BAP and contro l  in ABA, and in particular no s ignificant d ifferences 
between BAP+WS and contro l  in this even though without BAP water stress 

; resu lted in  a considerable e levat ion of ABA as expected . Both  BAP t reatments _!:! 
increased overal l  and new root :shoot ratios and increased b ranching both in  
the top and root port ions of  the apricot plants. Water stress caused reduct ion 
in leaf a rea in WS and BAP+WS and increased the root :shoot rat io .  



C H A PTER EIGHT 

G E N E RAL DISCUSSION AND C O N C LUSION 

Orchard ists are concerned with supplying good qual ity fruit to the market with 
low product ion cost . The management of the vigour  of t ree canopies is 
important in  determinat ion of yield , fru it qual ity and production cost. Factors 
such as cu ltivar, soi l  type , t ree spacing and envi ronmental conditions inf luence 
tree management decisions aimed at maintain ing the correct balance between 
vegetative and reproductive g rowth. U nderstanding the interacting complex of 
factors inf luencing tree performance to optimise o rchard productivity is an 
important task .  

l t  i s  obvious that vegetative growth is necessary for maintaining vigour  and 
developing new bearing wood in fruit t rees (Forshey and E lfving, 1 989; M artin ,  
1 989) .  However, excessive vegetative growth adds to p roduction cost as 
removing it by pruning is expensive (Martin , 1 989) . With the lack of dwarfing 
rootstocks for apricots, other vigour control techniques wou ld  be of g reat value 
i n  the apricot production industry at the present t ime. This  study has examined 
three possible vigour control techniques for their potential to control v igour of 
matu re 'Sundrop' apricot trees g rown on Tatu ra trel l is  at two spacings. This 
variety of apricot was chosen because whi lst i t  has attractive fru it and potential 
for export (G iucina et al. ,  1 990) , this cult ivar grows tal l ,  upright and vigorously.  
The p rimary aims of the orchard experiments were :  

+ To examine whether PBZ, root-prun ing and RDI  have potential for 
control l ing the vigour of the cu ltivar without having undesirable effects 
on yield and fru it qual ity. 

+ To examine the effects of these treatments on the interna l  water 
relat ions of th is apricot cu ltivar. 

+ To evaluate whether the mechanism of response to root-prun ing 
appeared simi lar to  the mechanism of response to water stress. 

+ To examine the mechan ism of water stress adaptation in apricot , such 
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as the possible occurrence of osmotic adjustment in fru its and leaves. 

Essential ly, these aims have been ach ieved , although the comparison between 
the two spacings was not fu l ly explored due to an insufficient number of 
healthy trees at the wide spacing.  The orchard study revealed the water stress 
type response to root-prun ing ,  however the degree of internal stress was low 
under the condit ions of the field study. l t  has been suggested (Randolph and 
Wiest , 1 98 1 ) that root-prun ing may induce water stress as a resu lt of l im ited 
water absorpt ion, and that it may reduce the source of cytokin in  supply from 
the root system.  The reduction of  cytok in in supply as a resu lt of water stress 
was reported by Kramer  ( 1 983). So it was decided to carry out the contro l led 
environment experiment (chapter 7) with the fol lowing a ims:  

+ To test if root-suppl ied cytokin in has an effect on shoot g rowth and 
whole plant physiology ( i .e .  root :shoot rat io ,  dry matter partit ion ing and 
plant dry weight) . 

+ To determine concentrat ions of ABA in  shoot t ips to  examine whether 
ABA played a role in contro l l i ng shoot g rowth under wate r stress 
condit ions. 

+ To further examine the mechanism of stress adaptat ion in apricot under 
h igher  water stress condit ions than in  the orchard study, and determ ine 
whether osmotic adjustment occur red in fu l ly and partial ly expanded 
leaves. 

In  o rder to avoid c l imatic variat ion this experiment was conducted under 
control led environment condit ions. 1t was also desi rable to have access to 
clean ,  i ntact root systems, al lowing d i rect observat ion and measurement,  and 

� the appl ication of precise levels of water stress and of exogenous cytokin in  
� .. 
· (BA P) .  Th is was arranged by g rowing the trees in  an aeroponic system.  The 
· experiment provided information relevant to the appl ication of v igour control 
techn iq ues such as RDI  and root-prun ing in the orchard .  
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In  both the orchard and control led environment studies a number of other 
areas of inqu iry were a lso developed and discussed in previous chapters. This 
chapter wi l l  d iscuss the beneficial and physiological aspects of contro l l i ng 
vegetative g rowth based on the overal l  f indings obtained through both the 
orchard and the controlled environment experiments. 

8.1 Practical and beneficial aspects of control l ing v igour 

I n  the orchard condit ions of this study 'Sundrop' apricot p roduced a lmost 50% 
of i ts g rowth in the top canopy reg ion.  A l l  treatments reduced g rowth by 1 0  to 
40% in the top canopy region of c lose spaced t rees in the fi rst season .  The 
best performance was ach ieved by PBZ application , which resu lted in an 
average 54% reduct ion in total year's prun ings and increased fru it s ize :::::6 cm3. 
The reduction of vegetative growth resulted in the al locat ion of more assimi late 
to reproduct ive g rowth so that th is treatment had a sign ificantly increased P­
index in both seasons.  On a commercial scale PBZ treatment wou ld  be able 
to g ive substantial benefits to apricot g rowers by saving in  prun ing costs and 
by producing larger fruit size . PBZ treatments a lso tended to advance fruit 
maturity which may be beneficial as the supply of early fruit to the market 
usual ly obtains h igher returns. Yoshikawa et al. ( 1 987) as cited by Mart in  
( 1 989) suggested PBZ appl ied to peach orchards increased grower returns by 
an average of US$ 201 8 ha·1 • Somervil le ( 1 994) has reported that PBZ 
reduced vegetative g rowth of cherry trees and caused early and consistent 
cropping without detrimental effects on fruit qual ity. Jacyna et al. ( 1 989) 
reported PBZ inh ib ited vegetative g rowth and increased flowering  of sweet 
cherry. 

Genera l ly a l l  treatments used in the orchard study reduced vegetative g rowth .  
Root-prun ing and RD I  were more effective in reducing vegetative g rowth in the 
f irst season .  The lower inhibitory effect of root-prun ing in  the second season 
might have been due to the removal of only a relatively small part of a root 
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system wh ich had prol iferated with in the pruning cut, as root-prun ing was 
performed in the same position as in the fi rst season .  Th is was supported by 
the root study (chapter 4) ,  as RLD was higher in the upper layer of the soi l  
with in the root-pruning cut region.  Thus the lower inh ibitory effect of th is 
t reatment in the second season resu lted from a higher potentia l  for water 
uptake closer to the tree trunk.  

The low inh ibitory effect of the RDI  t reatment in  the o rchard study can be 
explained by the deep soi l  wh ich was ful ly water charged by h igh winter 
rainfa l l .  Re latively low temperatures and humid condit ions in spring prevented 
ful ly effective water deficits being created. These were l im it ing factors at this 
experimental site for effectively applying RDI as a vigour control technique.  
G i rona  et al. ( 1 993) reported that in �deep and ferti le Cal ifornia so i l  there was 
no reduction in vegetative g rowth of peach t rees by R D I .  They suggested a 
relatively long time was needed to achieve a moderate water stress in RD I  
treatments on  a deep soi l .  The root study (chapter 4) showed root g rowth in 
the deeper so i l  zone, roots being observed down to 1 .6 m in the soi l .  U nder 
these condit ions i t  was very difficult to d ry the so i l  adequately in the early 
season ,  and this did not resu lt in a sufficiently h igh water  stress in the second 
season .  This reduced the potential effect of the RDI t reatment in reducing 
vegetative g rowth in the second season.  I n  neither  season was any 
det rimental effect of water stress observed on fru it g rowth and there was a 
tendency for an increase i n  TSS and advanced maturity on some occasions 
in both seasons. Husl ig et al. ( 1 993) showed that i rrigation before stage I l l  of 
peach fru it g rowth did not affect yield and fruit size compared to t rees i rrigated 
at the onset of stage I l l .  Ebel et al. ( 1 993) found that R D I  on 'Del icious' apple 
t rees caused a reduction in  fruit s ize at harvest, but increased soluble sol ids. 
They stated that RDI was severe under their experimental cond itions . 

. I n  RD I  the appl ication of a controlled water stress to the t rees early in  the 
: season when vegetative g rowth p redominates is important (Chalmers et al. , 
l 
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1 98 1 ; M itche l l  and Chalmers,  1 982; M itchel l et  al. , 1 986;  M itchel l et al. , 1 989;  
Proebsting et al. ,  1 989). In Palmerston North the c l imate is characterised by 
h igh ra infal l  du ring winter and early spri ng .  Plastic soi l  covers and plastic l ined 
trenches were not a complete answer in the deep soi l ,  and are hardly 
commercia l ly p ractical .  I f the supply of soi l  water during the early stage of fruit 
g rowth were control lable, then commerc ia l ly it would be possible to use th is 
techn ique. Under control led environmental condit ions and precise control of 
water supply, a water stress treatment showed that apricot t rees' vegetative 
g rowth is very sensitive to water stress (chapter 7) . Caspari et al. ( 1 994) noted 
that as removing winter ra�al l  from the root zone is  d i ff icult early in the 
season in  such a c l imate ,  g rowing herbaceous cover crops below the cropping 
t rees m ight have potential to withdraw the excess water and induce sufficient 
water stress early in the season.  In their research in  Marlborough ,  New 
Zealand on g rapevines, ryegrass (Lolium perenne L.)  or chicory ( Chicorium 

intybus L. var. sativum DC. ,  cv . Puna) were used to reduce soi l m oisture early 
in the season to make appl ication of R D I  feasible. In the more hum id c l imate 
of Pa lmerston North lucerne g round cover in conj unction with R D I  was used 
to reduce vegetative g rowth of 'Royal Gala' apple without detrimental effects 
on f ru it g rowth and qual ity (Durand,  1 990) . In her work midday \f'xylem fel l  as 
low as - 1 .5  MPa (RDI  plus lucerne and control plus lucerne) and - 1 .3 M Pa 
(control  p lus fu l l  i rrigat ion,  and control plus RD I ) ,  with predawn \f'xylem of ==-0 . 3  

M Pa for t he  fi rst 6 0  days after fu l l  bloom . However ,  i n  the present study i n  
neither seasons was midday \f'xylem lower in RD I  than -0.8 MPa with predawn 

\f'xylem of ==-0.4 MPa, and in  the fi rst 60 days stress was lower. I n  th is 
experiment the \f' xylem of root-pruned trees was at a s imi lar level o r  lower than 
the R D I  t reatment and they showed a water stress type response. lt might be 
possible to combine RDI with root-prun ing to i ncrease the inh ibitory effect on 
vegetative g rowth early in the season ,  although further research would be 
needed to determine the responses to such a combined treatment. 

The orchard study of the water relat ions of experimental trees was carried out 
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during the fruit growth period (fu l l  bloom until harvest) . However, the 
postharvest water relat ions of fru it trees are also important, for example,  
carefu l i rrigation appl icat ion and schedu l ing have d i rect effects on the 
subsequent year's f lowering and fru it ing.  U riu ( 1 964) reported that 
d iscont inuing i rrigation after fru it harvest decreased flower bud formation , fruit 
set and yield of apricot in  the desert areas of Cal iforn ia. However, fruit 
p roduction in  a humid c l imate with more rainfal l and low temperatu res such as 
at th is experimental s ite needs a different approach to i rrigation schedu l ing  
than that suited to desertic or semL.arid c l imatic reg ions. I n  the present study 
'Sundrop' apricot were harvested by ::::: 1 30 dafb (dur ing January) , and for the 
rest of summer evaporation usual ly is higher than rainfal l (F igures 3 . 1 , 6 . 1  & 
6 .3) . Du ring th is period irrigation schedul ing after consideration of soi l  water 
content, rainfa l l  and evaporation is should ensure that h igh water deficit does 
not reduce next years f lowering and fru it ing ,  but excessive i rrigation may 
stimu late an undesirable late g rowth flush . 

I n  th is study the PBZ and root-pruning treatments were applied du ring tree 
dormancy and the RDI  t reatment was appl ied during stages I and 1 1  of fruit 
g rowth ,  with i rr igation being resumed at the beginn ing of stage I l l . These t imes 
of t reatment have been reported effective in contro l l ing vegetative g rowth for 
othe r  crops. For instance, dormant season application of root-prun ing  to apple 
t rees (McArtney and Belton , 1 992; Schupp and Ferree , 1 989) and of PBZ to 
peach trees (Erez, 1 986) were effective in control l ing vegetative g rowth .  If R D I  
i s  employed a s  a vigour control technique it i s  important t o  b e  aware o f  the 
t iming of shoot and fruit g rowth .  The majority of  shoot g rowth occurred during 
stages I and 1 1  of  fruit g rowth (eg . Figure . 4 . 5 a. & b . ) ,  whi lst a sharp increase 
in fruit s ize occu rred during stage I l l  (F igure 4.6 d .  & 5.4) .  So i rr igation was 
resu med at the start of rapid fruit g rowth (stage I l l ) .  Chalmers et al. ( 1 98 1 ) 
pointed out that RD I  is based on the idea that vegetative g rowth of fruit t rees 
can be restricted if RDI is  appl ied during the period of s low fru it g rowth and 
rapid shoot g rowth (Figu re 2.3). This i rrigation strategy has greatly fac i l itated 
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the management of pear, cherry ,  peach and nashi orchards establ ished on 
vigorous rootstocks under h igh density plantings in low summer rainfa l l  areas 
of Austral ia (Jerie et al. ,  1 989 b . ) .  

I n  th is study PBZ was the most useful v igour control technique under the 
c l imatic condit ions of th is experiment, as was reported earl ier by Arzan i  et al. 

( 1 992) . RD I  had less inh ibitory effect on vegetative growth .  However, in areas 
with arid and semi arid condit ions RDI has been very successfu l in contro l l ing 
vigour of fruit trees without undesirable effects on fru it . The spring c l imate in 
most parts of I ran is  dry (P late 8 . 1 b . ) ,  for example, the monthly average 
rai nfal l  is  ::: 1 8  mm during spri ng (Apri l to June) in the b ig  fru it production area 
to the east of Teh ran (Arzan i ,  1 989) .  However, many regions of I ran have 
deep soi ls, a difference from the shal low soi ls where the techn ique was 
deve loped in Austral ia .  Nevertheless, h igh transpirat ion ,  h igher temperatu re 
and low ra infal l  would al low the appl ication of a more precise and effective R D I  
strategy i n  I ran than in  the humid cl imate and deep soi l  of Palmerston North . 

The re lationsh ip between shoot and fru it g rowth and when they occur  duri ng  
the season are crit ical factors in  determin ing the t ime o f  applying water deficit 
with i n  the RDI st rategy. lt is assumed that when shoot g rowth is  suppressed 
early in  the season by a v igour control technique then more ass im i lates a re 
avai lable for fruit growth.  Chalmers et al. ( 1 983) showed that fru it g rowth 
sensit iv ity changed with the g rowth stage. In the p resent study the h ighest 
p roportion of early season aboveground g rowth was in  shoots, but th is 
p roportion then decreased in favour of fru its (F igu res 4.6 a .  & b . ) ,  and fruit 
g rowth occu rred rapidly du ring stage I l l  (after 92 dafb) unt i l  harvest. Chalmers 
et al. ( 1 985) showed that vegetative g rowth of deciduous fruit t rees was 
g reatest in the spring ,  at which t ime fru its g row slowly ( Figure 2 .3) .  Li et  al. 

( 1 989) found it was possib le to reduce vigour of peach trees without affecti ng  
fruit size and qual ity i f  water stress was imposed a t  a particu lar stage of fruit 
development, normally in  stages I and 1 1  of fruit growth .  When PBZ is used for 



Plate 8 .1  �i ature sweet cherry orch ards in two different c l imates and planting 
systems. a) .  A high density orchard us ing PBZ as a vigou r contro l  technique 
(So uth I s land , New Zealand) . b) .  A typical I ranian wide planted orchard (""50 
Km east of Tehran,  l ran) (Arzani , 1 989) .  

a .  

b .  
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v igour control Lever ( 1 986) suggested that reduction in vegetative growth is 
a d i rect morpho logical effect of PBZ, and the secondary effect is alterat ion in  
s ink strength within the plant, al lowing greater part it ion ing of assim i lates to 
reproductive g rowth . Genera l ly in the present study a g reater reduction in  
vegetative g rowth tended to  g ive more positive effects on fru it g rowth ,  
especial ly on close spaced trees. PBZ treatments reduced vegetat ive g rowth 
throughout the season and enhanced fruit growth .  However, the reduct ion of  
fruit size in  the middle canopy zone of the root-pruned treatment at  the t ime 
of harvest ( Figure 5.5 b . )  m ight be explained by increased shoot g rowth later 
in the season on this t reatment, as shown by summer pruning and shoot 
g rowth data (Figure 4.2 c . ) .  This i ncrease in vegetat ive g rowth on root-pruned 
trees later in the season might have resu lted from regenerated root which 
reduced the overal l  inh ib itory effect of th is treatment. I n  wide spaced trees ,  
root-prun ing  had a longer term effect , possib ly caused by  a higher proportion 
of the root system be ing removed, which resu lted in a s ign ificant red uction in 
fru it s ize ( Figu re 5. 1 2) .  

George and  N issen ( 1 992b) suggested that h igher fruit g rowth on  peach t rees 
after soi l  appl ied PBZ might have been due to control of vegetative g rowth 
after bud  break which al lowed more current ass imi late to be partit ioned i nto 
fru it and not vegetative g rowth .  H-PBZ increased fruit g rowth in al l  reg ions,  
and was more inh ibitory to vegetative growth in the year of appl icat ion .  
Besides PBZ increasing fru it growth by reducing competit ion for 
phytoass imi late between fru its and shoots by reducing vegetative g rowth ,  there 
may h ave been a secondary effect. In  th is study in both seasons summer 
prun ing  was performed on al l  t reatments prior to or early in  stage I l l  to remove 
excess shoot growth in  order to a l low better l ight penetration with in the Tatu ra 
tre l l is  t ra in ing system . However reduced shoot g rowth resu lt ing from t reatment 
may a lso have given an ind irect effect of increased l ight penetrat ion.  L ight 
measu rements (chapter 4) general ly revealed that l ight decreased as canopy 
depth i ncreased . This was reflected in fruit g rowth within the various canopy 
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zones , and genera l ly fru it growth was greater in the top canopy zone than i n  
the lower region (F igure 5 .7) . However, PBZ treatments tended to  increase the 
l ight penetration on some occasions .  Pa l  mer ( 1  989) suggested that h igh y ie lds 
of good qual ity fru its can only be produced in  systems  having h igh  l i ght 
interception enabl ing h igh dry matter product ion,  and that l ight wel l  d istr ibuted 
with in  the canopy is needed to maintain fruit ing and fruit qual ity. 

8.2 Physiological aspects of control l ing vigour 

From the practical point of v iew, understanding the physio logical responses of 
fru it trees to vigou r control  techniques is essent ial  and a prerequis ite for us ing 
a techn ique at the correct t ime on a specific plant and in a specific geograph ic 
reg ion .  One of  the a ims of  th is study was to monitor the degree of  internal 
water stress produced by treatments. The results showed that PBZ d id not 
increase the internal water stress of the plants relat ive to contro l  and on some 
occas ions moderated the degree of internal stress during periods of h igh  
transp i rat ion.  l t  has been reported (DeJong,  1 986) that when vegetative g rowth 
of  peach trees was inh ib ited by PBZ appl ication ,  t rees showed h igher \f xylem 

and stomatal conductance (g5) during stage I l l  of fru it g rowth. Wang and 
Steffens ( 1 985) found the rate of  water loss was much slower from leaves on 
PBZ-treated apple t rees than on untreated plants. B iasi et al. ( 1 989) found that 
under non-water stress condit ions PBZ increased stomatal conductance of 
peac h ,  but when PBZ was combined with low soil water avai labi l ity stomata l 
conductance was reduced. Jones ( 1 990) suggested the decrease i n  \f1 under  
water stress cond it ions m ight cause stomatal closure tending to  decrease 
t ransp i ration , and stabi l iz ing \f1. In the orchard study, the response of gs to 
internal  water st ress was not consistent and may primari ly reflect ambient 
humid ity. However, at h igher  internal water stress ( i .e .  \fxylem of :::::-2.0 at 2 dats ,  
chapter 7)  in  c l imate rooms the gs of water stress trees was s ign ificantly lower 
than control (chapter 7 ,  Table 7 . 1 b . ) .  The response of apricot stomata to 
hum id ity was reported by Schulze et al. ( 1 972) who suggested that stomata 
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may d i rectly respond to humidity o r  to root cytokin in ,  and thus over-ride the 
effect of  ABA in  the leaves which may otherwise cause stomatal c losure 
(Schu lze , 1 986) . I n  the o rchard study general ly gs was increased by PBZ 
du ring stage I l l  of fru it growth (chapter 6) , although there was an increase in 
net C02 assimi lation rate (A) value only in the case of L-PBZ treatment on 
close spaced trees in the second season .  The increase i n  gs and A values in  
th is  period m ight be explained as the effect of h igher  fruit g rowth rate .  The 
effect of  fruits increasing net C02 assimi lation rate of  peach t rees was reported 
by Chalmers et al. ( 1 975) , and DeJong ( 1 986) reported that fru its influenced 
stomatal regu lation of mature peach t rees. 

So i l  moistu re was not recorded in the PBZ t reatments, but it m ight be 
assumed that PBZ reduced water consumpt ion ,  because th is chemical 
reduces vegetative growth by it 's antigibbere l l in  effect and less vegetative 
g rowth wi l l  tend to consume less water. This explanation agrees with Wang 
and Steffens ( 1 985) who found that PBZ reduced water loss of apple 
seedl ings ,  and Biasi et al. ( 1 989) found greenhouse-grown peach seed l ings 
t reated with 0. 1 g soi l  appl ied P BZ decreased their  water consumption up  to 
60% compared with cont rol at any level of FC. However in  the present study, 
root-prun ing  caused water stress, which probably contributed to a reduction 
in  vegetative growth .  In spite of soi l  moisture content with in  the several reg ions 
of the root zone of root-pruned t rees being s imi lar to ,  o r  higher than that of 
other t reatments, root-pruned t rees showed h igher internal stress than RD I  
and  other  t reatments. l t  is  l ikely th is was caused by  reduction o f  the root 
system g iv ing reduced absorbing capacity and a reduction in water uptake , 
thus the g reater d ifference between water loss and supply wou ld g ive l ower 
leaf and xylem water potent ial  in th is treatment. 

However, the water stress level induced in the orchard by either root-prun ing 
o r  RDI  was low and th is m ight explain the low inh ib itory effect of these 

. t reatments on vegetative g rowth,  especial ly in the second season of the l 
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experiment. In  control led environment conditions when the level of induced 
water st ress was higher than i n  the f ie ld experiment it resu lted in a large 
reduct ion of  vegetative g rowth (53% in shoot length at 57 dats) and thus of 
total plant dry matter (chapter 7) . This suggests RD I  is a good techn ique for 
reducing vegetative g rowth if water can be withheld in  early spring so as to 
p roduce a reasonable deg ree of internal stress. lt has been reported that 
many aspects of plant g rowth are sensitive to water stress. At the cel l u lar  
level ,  low '¥1 affects ce l l  expansion ,  stomatal regu lation , photosynthesis,  
translocation and cel l  wall synthesis (Hsiao, 1 973; K ramer, 1 983) . These 
changes on the t issue or at the whole plant level include reduced g rowth  rates 
and changes in carbohydrate partit ioning (Kramer, 1 983) . 

The g reatest difference between midday '¥xylem of field i rrigated trees and RD I  
t rees was less than 0 .2  M Pa ,  which resulted in a smal l  reduction in  vegetative 
g rowth . Chalmers et al. ( 1 986) found that during the water withhold ing period 
'Bartlett ' pear reduced it 's dawn and midday '¥xylem by about 0 . 1 and 0 .5  M Pa 
respectively compared to the control . They reported that when dawn and 
midday '¥xylem decl ined to -0.57 and -2.22 M P  a, respectively shoot g rowth 
dec l ined to zero. In the contro l led envi ronment study in aeropon ic  cu ltu re ,  
d ifferences o f  1 .0 M Pa between ful ly irrigated and  water stress t rees at the 
beg inn ing of the experiment (0  dats, Figure 7.3 & 7.4) stopped shoot g rowth  
a lmost immediately. Later, when water stress was developed g radual ly , shoot 
g rowth remained active at h igher internal water stress, but showed a lower 
shoot g rowth rate than contro l ,  th is decl in ing more rapid ly at a difference of -
1 .2 M Pa between contro l  and water stress t reatment (at 50 dats) .  Th is was 
presumably because the apricot plants had t ime to adapt with a g radua l  
i ncrease in d rought condit ions, hence they performed better and were ab le  to  
continue to  g row. I n  the fi rst season of  the o rchard experiment RDI  reduced 
n ew g rowth and total  year's prun ing ,  and in the controlled environment study 
water stress reduced shoot g rowth, leaf a rea and total plant d ry matter but d id  
n ot reduce root g rowth .  When the water stress was h igh  ( i .e .  -2.2 M Pa 'I' xylem 
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at 50 dats) leaf d ry matter, shoot d ry matter and total dry matter decl i ned in 
the stress t reatment wh i le an increased proportion of d ry matter was 
part it ioned to the root system , thus the root :shoot rat io increased . The 
root :shoot rat io was increased by al l  root applied BAP and water stress 
t reatments. Ste inberg et al. ( 1 990) found  that when young peach trees were 
subjected to 1 00 ,  75,  50 and 25% of fu l l  water requi rements, total dry matter 
p roduction was reduced with each incremental decrease i n  appl ied water, and 
the root fract ion of total dry matter increased as the level of water stress 
increased. They found that the d ifference in \fxylem between the wettest and 
d riest t reatment was not g reater than 0 .6  MPa.  George and N issen ( 1 992b) 
found that at h igher  stress level the \}1 xylem of two-year-old potted peach t rees 
decl ined to -3.2 M Pa, which caused wi lti ng .  The work on aeroponical ly g rown 
sunflower by H ubick et al. ( 1 986) showed that leaf a rea of water stressed 
plants decreased even 2 days after applying water stress. They also found 
that d rought conditions increased root:shoot rat io ,  so root g rowth was less 
affected than shoot growth by water stress. 

A BA analysis of the shoot tip and adjacent partial ly expanded leaves (chapter 
7)  revealed that as water stress developed the concentration of this hormone 
increased d ramatically. However root appl ied BAP reduced the accumulation 
of ABA in the t ips of water stressed p lants and thereby possibly moderated the 
i nh ib itory effect of  ABA in reducing vegetative growth .  The negative effect of 
the water stress t reatment on dry matter partit ion ing to new tissues was 
related with the ABA concentration in its shoot tips. In the p resence of BAP ,  
shoot g rowth was increased i n  water stressed plants, and the inh ibitory effect 
of water stress on d ry matter part ition ing to each plant part was moderated .  
This result suggests water stress may reduce endogenous cytokin in levels and 
hence have considerable effect on shoot growth ,  as proposed by Davies et al. 

( 1 986) , K ramer ( 1 983) and Seeley ( 1 990) .  Also ABA may p lay a role i n  
reducing  shoot growth and  dry matter p roduct ion. The increase in ABA level 
in  water stressed p lants (Davies et al. , 1 986; Davies, 1 987; Robinson and 



Chapter Eight: General Discussion and Conclusion 3 1  0 

Barritt , 1 990) and also in plants subjected to h igher temperatu re (Abass and 
Rajashekar, 1 993) has been reported previously. Hubick et  al. ( 1 986) found  
that when  aeropon ical ly g rown sunflower were subjected to  water stress the 
level of ABA increased sign ificantly in both roots and shoots, and shoots of 
stress p lants had 6. 7 t imes more ABA than control plants. They found the level 
of ABA in water st ressed roots was 46% g reater than in st ressed shoots, and 
that water stress reduced the level of cytokin ins in  the st ressed shoots by 
53%. Jones ( 1 980) suggested the possibi l ity that the production and export of 

· ABA is g reater for roots in dry soil than roots i n  wet soi l ,  and th is may cause 
stomatal c losure. Alternatively, i t  may be that the root t ips produce a chemical 
signal that counteracts the effects of ABA and keeps the stomata open, b ut 
on ly as long as there is adequate water flow th rough the root system for its 
t ransport to the shoot. Blackman and Davies ( 1 985) fou nd that cytok in ins may 
play such a role .  Other hormones have been reported to counteract the effect 
of ABA in reducing shoot length .  The work by Makus and Gu inn  ( 1 992) 
showed that when the ABA concentration in asparagus spears was h igh  it was 
associated with a low level of IAA concentrat ion.  H igh concentration of IAA in  
g reen spears was consistent with g reater elongat ion , h igher ABA concentrat ion 
was n ot. They suggested cytokin ins or g ibbere l l ins a lso might have effects in 
spear elongation in  re lation to ABA. 

However, the present resu lts do not suggest the reduced vegetative g rowth 
and increased ABA in water stress treatment was associated with stomatal 
closu re or a decl ine in net C02 assimi lat ion rate. Factors other  than ABA may 
have an impact on stomatal c losure .  Seeley ( 1 990) p roposed that the balance 
of A BA, IAA, and cytokin ins may be responsible for precise rapid contro l  of 
stomatal movements in  response to changing environmental characteristics . 
Hsiao ( 1 973) suggested that d ifferent p lant processes respond d ifferently to  
water stress, and ce l l  expansion which depends u pon turgor is most sensit ive , 
whi le net C02 assimi lat ion rate and translocation a re less sensit ive. Sch u lze 
( 1 973) suggested that the stomata of some p lants may be more closely l inked 
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to the water status of the atmosphere than to that of the mesophyl l t issue ,  and 
found stomata of apricot trees remained open at h igh relative humid ity even 
u nder d rought condit ions (Schu lze , 1 972) .  Later Schu lze ( 1 986) suggested that 
the product ion of plant d ry matter is  not only a function of carbon metabol ism,  
but  is h igh ly determined by concurrent fluxes of water and nutrients and the 
process by wh ich these resou rces are part it ioned. He concl uded that carbon 
flux is  dependent on both C02 uptake through the stomata and its ass imi lat ion 
during photosynthesis. When ass imi lates enter the assim i lation pool they are 
easi ly accessible and mobi le in  the phloem i n  the form of various sugars ,  
wh ich alternatively may be stored in special ized organs in condensed form l i ke 
starch o r  other polysaccharides.  Mosi ( 1 960) as cited by Schu lze ( 1 986) 
suggested that the partit ioning of ass imi lates during g rowth into e ither g reen 
leaves or supporting organs such as stem or roots is important in  p lant 
performance. 

I n  the p resent study although h igh ABA concentrat ion in shoot t ips was 
associated with reduction in shoot length and thus vegetative growth , the 
mechan ism of ABA effect on elongation may have been other than through 
contro l l i ng  stomata. lt has been reported (Seeley, 1 990) that under  water 
stress cond itions ABA increases and IAA and cytok in ins decrease, which is 
associated with control of shoot growth.  Little and Wareing ( 1 981 ) found a 
cont inuous  supply of basipetally t ransported IAA has an important role in  
active g rowth ,  whi le water stress caused an increase i n  endogenous ABA and 
red uced basipetal movement of IAA (Litt le, 1 975) .  I n  the present study BAP 
amel iorated the inh ib itory effect of  water stress on g rowth and had lower ABA 
in  the shoot t ips .  As described (see chapter 7) one possib le reason for 
increased root : shoot rat io in  BAP treatments m ight be explained as BAP 
increased shoot g rowth and thus increased auxin production and basipetal 
m ovement of th is hormone to the roots which caused g reater root g rowth . The 
inc rease in aux in level by fol iar k inetin applicat ion (Hemberg ,  1 972) was 
d iscussed earl ier. Richards ( 1 980) reported that the effect of BAP on 
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root : shoot ratio was dependent on the site of appl ication , and root-appl ied BAP 
reduced the top: root rat io.  Wi lson ( 1 988) , in h is review on the evidence of 
hormone involvement in  the contro l of shoot : root rat io ,  pointed out that the 
shoot: root rat io response to BAP appl ied to the shoot was the opposite of that 
when it was appl ied to the root. I n  addit ion , the nature and type of g rowing 
system is another possib i l ity which might change the hormonal pattern in 
e ither roots or shoots. Yang et al. ( 1 990) found that when the hormone 
contents of tomato p lants g rown under either aeroponic or NFT systems were 
compared by organs, roots from the aeroponic contained more GA3 and zeat in 
but less ABA and IAA than those from NFT, whi le the leaves from the 
aeropon ic contained a h igher amount of only zeatin than those from N FT. 
Sal isb u ry  and Ross ( 1 992) after reviewing the effect of cytokin in on root and 
shoot g rowth suggested in summary ,  that exogenous cytokin ins appl icat ion to 
the plants can promote cel l  expansion · in young leaves, cotyledons,  wheat 
coleopt i les and watermelon hypocotyles. They concluded that much remained 
to be learned about the normal ro le of cytokin ins in  cel l  expansion ,  especial ly 
in  shoots and roots, and as usual , even less is known about t rees.  

U nder f ie ld condit ions during h igh transpi ration demand when \}'1  o r  \}'5 dropped 
t rees maintained their tu rgor  through the mechanism of osmotic adjustment in 
leaves or fru its on some occasions (chapter 6) .  Under the more severe water 
and e nvironmental stress of the control led environment experiment,  apricot 
t rees were able to maintain turgor in  both ful ly and partial ly expanded leaves 
th rough th is mechan ism . The response to drought is dependent on the stage 
of  plant development (Wardlaw, 1 990) , and osmotic adjustment has been 
suggested as a mechanism of d rought tolerance by p lants under shortage of 
water supply (Morgan ,  1 984) .  Lowered osmotic potential in response to water 
deficit stress is p roposed to play a sign ificant role in  turgor maintenance and 
regu lat ing plant g rowth processes (Morgan , 1 984 ) . When i rr igat ion was 
reduced in h igh-density peach orchards during the pit-harden ing  stage 
(Chalmers et al. , 1 98 1 ) ,  shoot g rowth was terminated with l itt le o r  no effect on 
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fruit g rowth during the appl ied wate r deficit. They found that after supplying fu l l  
i rrigation fruit growth cont inued and competit ion for water and assim i lates from 
shoots was reduced.  Fruit g rowth was faster on RDI  t rees in stage I l l  when 
trees were fu l ly i rrigated (Chalmers et al. , 1 98 1 ; M itchel l  et al. ,  1 984) ,  which 
they proposed was the result of osmotic adjustment in  the fruits in  the previous 
water stress period (Chalmers et al. , 1 986) . Faster fru it g rowth on RD I  trees 
against lower '!'xylem suggested RD I  fru it had an increased turgor potentia l .  
When RDI  fru it adjusted osmotical ly early in the season fruit g rowth was 
maintained ,  and the h igher osmotic potential could have enhanced fru it g rowth 
when  the  water status of plants was improved when i rrigat ion was resumed 
at  1 20% Ew 

Study of the simple carbohydrates of  fru its from the f ie ld experiment and of 
fu l ly expanded leaves from the control led environment experiment revealed 
that g lucose and sorbitol were the major simple carbohydrates in fruit and 
leaves respectively. The concentrat ions of these simple carbohyd rates 
increased at the time of osmotic adjustment (chapters 6 & 7) . In apple ,  with in  
the so luble-carbohydrate fraction ,  the sugar alcohol sorbitol was reported to  
be the main  component i n  a l l  t issues, although sucrose , g lucose, and fructose 
m ight be found in fai r amount ( Hansen and Graus lund ,  1 973) .  Sorbitol is  the 
m ain  end product of photosynthesis in apricot leaves (Bieleski and Redgwel l ,  
1 977) , and conversion from sorbitol i nto glucose in known to occur i n  apple 
leaf t issue (Yamak i ,  1 980) . 

8.3 Some possible d i rections for future research related to th is study 

The study in both o rchard and controlled environment condit ions raises a 
n um ber  of suggestions for further research to clarify hort icu ltura l  and 
physio log ical aspects of t ree performance: 

The resu lts of root-prun ing showed it has potential for control l ing  v igour ,  
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however under condit ions of deep soi l  and c lose planting the root system was 
able to g row into deeper soi l  reg ions .  Also as time elapsed after root-prun ing  
more roots were produced c loser to  the tree trunk, which reduced the effect 
of th is  treatment and the potential for repeated root-prun ing .  Possib ly 
combin ing root-prun ing with RDI  may g ive better control of vegetative g rowth 
in deep soi ls in th is c l imate , wh ich would need further investigat ion .  

I n  control led envi ronment cond itions resu lts revealed that reduct ion of shoot 
g rowth by water stress was moderated by root appl ied cytokin in .  In  the water 
stress treatment ABA concentration increased in the shoot t ips as the degree  
o f  water stress increased and vegetative growth was also increas ing ly 
i nh ib ited . The resu lts suggest that ABA reduced shoot e longat ion possibly by 
an effect on cel l  expansion rather than by clos ing stomata , although both 
stomatal conductance and net C02 assimi lation rate were decreased by water 
stress .  The reduction in  stomatal conductance may have occu rred by volume  
changes in mesophyl l cel ls during drought ,  o r  releas ing ABA in  apoplast t o  
promote stomatal c losure .  These possib i l it ies and related physio logical  
p rocesses need further investigation. 

Does concentration of ABA in shoot tips determine the rate of shoot 
e longation , and is  its effect opposed by cytokin ins? These questions need 
further invest igat ion .  A lternatively, the reduction in shoot e longation by h igh  
A BA concentrat ion might be  explained as a change in  the  ratio o f  th is  
h ormone to  other hormones, g ibbere l l in  or  auxin as wel l as cytokin ins ,  wh ich 
a lso needs further investigation in apricot trees. 
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. The increase of  ABA concentration in the shoot t ip  of WS plants and  its 
' possib le effect in contro l l i ng  shoot growth was discussed previous ly (see 
!. sections 7 .5 & 8.2) . For instance, i .  drought caused reduction i n  shoot g rowth ,  

and h igh  shoot tip ABA levels occu rred, presumably concu rrently with low IAA,  
. GA and cytokinins as proposed by See ley ( 1 990) ; i i .  ABA may have l im ited the 
; growth of shoots (Kramer, 1 983;  Robinson and Barritt, 1 990) , and enhanced 
· the g rowth of roots and thus increased root:shoot ratio (see Figure 7.7 c .  & d . )  . . 

i i i .  Shoot ABA was not wel l  correlated with stomatal aperture at g reater levels 
: of water deficit (Table 7 . 1 b .  & Figure 7. 1 2) .  Th is inconsistency in the effect 
I 

: of ABA on stomatal aperture was reported in a review by Kramer ( 1 983) . iv .  ! -
: H igh ABA concentration was associated with reduction in shoot g rowt h ,  leaf 
area and dry matter. 

i t has been reported that under water stress the amount of ABA in the roots 
increased (Hubick et al. ,  1 986) , the level of cytokin ins decreased (Kramer, 
1 983; Seeley, 1 990) , and activity of other hormones was also affected . Under  
the conditions of the  p resent study, in the presence of BAP the negative effect 
of water stress on vegetative growth was moderated .  Poss ib ly the shoots 
received a chemical s ignal f rom roots wh ich faci l itated their g rowth .  I n  BAP ,  
BAP+WS and control treatments cytokinins from the roots might have acted 
as a chemical s ignal  p romot ing shoot growth ,  and amel iorat ing the effect of 
water stress in BAP+WS,  suggesting that shoot activity was contro l led by root 
cytok in in .  In the WS treatment possibly root cytokin in product ion was 
suppressed , which could account for the reduced shoot growth .  Cytok in ins  
have been found in  the xylem sap of a wide range of plants (Skene ,  1 975) and 
i t  has been suggested that roots exert control over shoot growth by synthes is 
and/or translocat ion of g rowth regu lator(s) , possibly cytokin ins (R ichards and 

i :· Rowe, 1 977a) . 
t· � I n  the present study the  level of cytokinins was not measured either  in  t he  �· shoots or in the roots. The response of apricot plants to BAP+WS treatment 
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revealed that the i nh ibitory effect of ABA in  droughted p lants (WS treatment 
was amel iorated by exogenous application of cytokin in  to the roots g iv ing  lo� 
ABA concentrat ion in  the shoot t ip. So the present results support thE 
hypothesis that root cytokin ins act as a chemical s ignal  to the shoot t ips ana 
in dry ing soi l  decrease in  their export resu lts in  a reduction in shoot g rowth . 

Two or  more hormones may interact under drought condit ions. Although  ABA 
and cytokin ins have received the most attention al l  f ive c lasses of plant 
hormone may have an effect in  a plant's response to drought .  The leaves of ', . I 
even wel l  watered plants can synthesise ABA and contain a lot of ABA. There 
is also strong evidence for accumulation of ABA in roots in  drying so i l  ( Davies 

· and Zhang, 1 99 1  ) . Makus and Gu inn ( 1 992) suggested that h i gh  ABA 
concentrat ion in the asparagus spear was associated with low IAA leve l .  They 
suggested other plant hormones may be involved in spear elongat ion under 
water st ress conditions ,  such as cytokin ins and gibberel l ins. During  water 
stress in  addit ion to the absence of cytokin ins possibly ABA acts as a 
chemical s ignal to the shoot t ip ,  being synthesised in the roots and t ransported 

." · to the shoot t ip.  Walton ( 1 987)1 reported that in  woody plants the comb ination 
. ,·, 

of synthesis ,  metabol ism,  import and export are probably invo lved in  
determin ing the ABA levels in plant t issue. These mechan isms wou ld  requ i re 
furthe r investigat ion in apricot plants to determine what amount of accum u lated 

1 ABA in  the shoot t ips related to those processes mentioned by Walton ( 1 987) . -<' 
Davies et al. ( 1 994) 1 suggested that an increasing degree of soi l  d ry ing  leads 

f 1 .  to increased production of root produced ABA and an increasing suppression 
of shoot activity .  They noted that dehydration of leaves caused accum u lation 
of ABA, and suggested roots also synthesize the compound in increased 

t amounts when exposed to dry soi l .  Oavies and Zhang ( 1 99 1 ) suggested that 
J the physiology of shoot g rowth can be modified as a function of so i l  d ry ing , � (, even when shoot water re lations are not altered. They suggested plants have 
� 

1 
see supplemental references on page 314-d. 
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a means of commun ication between roots and shoots other than by reduct ion  
i n  the  flux of  water to the s hoots, indicating that chemical s ignals d o  have a 
role in  the regu lation of the physio logy, g rowth and development i n  d roughted 
p lants .  The exper iment of Gowing et al. ( 1 990)2 with apple t rees h aving a 

sp l it- root system gave evidence of root-shoot commun ication and its effect o n  
g rowth i n  drying so i l .  They divided the roots of smal l  apple plants in to two 
containers. Soil dry ing in one container, whi lst the other remained wetted ,  
restricted leaf expansion and leaf init iat ion,  though there were no  obvious 
effects on shoot water re lat ions.  When roots in  contact with d ry ing soi l  were 
seve red from the plants , leaf growth rate recovered to that of p lants i n  two wel l  
watered containers .  They p roposed that restriction of  leaf g rowth rate was 
caused by supply of an inh ib itor o riginat ing in roots that  were in contact w i th  
d ry ing  soi l ,  the supply of wh ich was removed when the roots were severed .  
They mentioned that the i r  result showed a reduction in leaf area expansion o f  
p lants in  drying soi l  in  spite o f  the . fact that the  bulk water potent ia l  of the 
leaves was not affected by t reatments. This f inding is  in  agreement wi th  the 
p resent resu lts obtained from WS t reatment , which showed a reduct ion i n  leaf 
a rea and dry weight and shoot g rowth . For example ,  as discussed in chapte r 
7 ,  shoot g rowth decreased and reached its min imum level at the end  of the 
expe r iment (after  50 dats) , when it did not respond to increased '¥xylem · G owing 
et al. ( 1 990) proposed that  the i r  g rowth data provided strong evidence t hat 
shoot g rowth was contro l led by a chemical s ignal .  I n it iat ion and product ion of 
leaves was more sensit ive than leaf elongation to soil d ry ing.  They suggested 
that the i r  data on g rowth recovery after severing roots in dry so i l  strongly 
reinforced the case for a chemical inh ibitor being involved in the root-to-shoot 
s igna l l ing of dry ing soi l .  Gowing et al. ( 1 990) acknowledged that  the i r  
experiment d id  not  prov ide evidence as  to  the identity of the che m ica l  
involved , but  they proposed that the most obvious cand idate would be ABA. 

2 see footnote 1 
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The evidence for ABA as a root generated signal in  d rying soi l  is now very 
· strong .  Neales et al. ( 1 989)3 after reviewing the l i teratu re suggested that in 
dry ing soi l ,  i .  ABA is produced by roots; i i .  ABA transportation occu rs in  thE 
xylem;  and i i i .  root produced ABA appears in  the leaves.  

· The p resent study supports the hypothesis that th is s ignal  might be ABA 
produced in WS roots and accumu lated in the shoot t ip .  However, root ABA 
production and its transport to the shoots was not meas u red . Fu rther research 
is needed to  confi rm the hypothesis that ABA is produced in the roots i n  d ry ing 

, so i l  (or WS treatment) and transported to the shoot t ip  of apricot plants wherE 
!, 
, it exerts its effect of reducing shoot growth and changing  physio logy. If th is is 

confi rmed , it may he lp to explain the mechan ism of RDI  in reducing vegetativE 
g rowth . In an RDI strategy in the fie ld ,  reduction of shoot g rowth at the 
beg inn ing of the season is desirable, and provided the root p roduced ABA 
signal is sent, th is may be achieved with only a s l ight reduction in '¥" so that 

:. a very low '1'1 induced by a severe water stress is not requ i red. I f  the reduction 
of vegetative growth by the induced ABA signal in drying  soi l  is the object ive , 
then knowledge of the thresh hold soi l water content , root water potent ia l  and 

�; root A BA level are other  areas of investigation on apricot t rees . 

� " 
� As refe rred to earl ie r  in  th is d iscussion, root produced cytokin in also appears 
�. to function as a signa l  to the aerial parts of the p lant, p romoting g rowth and 
i � development. So fu rther research on ABA as a chemical s ignal  needs to 

recogn ise the opposing nat u re of the cytokinin signal . 
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APPEN D I C ES 

Appendix 3.1 . Chemical and physical properties of PBZ (from Techn ical data 
sheet 1 982. P lant Protection D ivision , I C I ,  Eng land) 

Chem ical name ( I U PAC) : (2RS, 3RS)-1 - (4-ch lorophenyl)-4 ,4-d immethyl-
2-( 1 H- 1 ,2 ,4-triazol-1 -yl)pentan-3-ol 

C ommon name (BSI 
approved and ISO 
proposed) 
Empirical form ula 
Structural formu la 

Mo lecular weight 
Appearance 
Melt ing point 
Density 
Solubi l ity 

Vapour  pressure 
Stabi l ity 

: Paclobutrazol 

:C15H20CI N30 
N N - C HCH2 -
\ \  \ LoH 
""-

N
/ �(CH,)3 

:293.5 
:Wh ite crystal l ine sol id 
: 1 65-6°C 
: 1 .22 g/cm3 

: I n  water 35 ppm, methanol 1 5%, propylene 
g lycol 5%,  acetone 1 1 %, cyclohexanone 
1 8%, methylene d ich loride 1 0%, h exane 1 %  
and xylene 6%. 

: 1 X 1 0"6 pa at 20°C 
:Stable at a l l  temperatu res up to 50°C for at 
least 6 months 

Cl 
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Appendix 7.1 The composition of the aeroponic nutrient solut ion . 

Salt Final solution Stock solut ion 

g 1 oo· 1 pp m g 2 1" 1 m lz 1 " 1 

potassium phosphate 26.3 K 78 1 3 1 .5 4 
(KH2P04) p 62 

potassium n it rate 58.3 K 254 29 1 .5 4 
(KN03) N 91 

ca lc ium nitrate 1 00.3 Ca 1 68 501 . 5  4 
(Ca(N03)2.4H20) N 1 1 7 

magnesium sulphate 5 1 .3 Mg 49 256 .5  4 
( MgS04 .7H20) s 65 

sequestrene 7 .9 Fe 5 .6 1 58 .0  1 

( NaFe chelate) 

manganous sulphate 0 .61 0 Mn 2 .2  1 2.20 
( MnS04. H20) s 3.8 

boric acid 0. 1 70 B 0.32 3 .40 
(H3803) 

copper su lphate 0.039 Cu 0 .065 0 .78 
(CuS04.5H20) s 0. 1 30 1 

ammonium molybdate 0.037 Mo 0 .007 0 .74 
( (NH4)6Mo7024 .4H20) N 0 .001 

z inc sulphate 0 .044 Zn 0 .075 0 .88 
(ZnS04.7H20) s 0 .037 

z ml 1" 1 f inal nutrient solut ion for aeroponic system. 



R E F E R E N C ES 

Abass, M . ,  and C. B. Rajashekar. 1 993. Abscisic acid accumu lation in leaves and cultured 
cells d u ring heat acclimation in g rapes. HortScience 28(1 } :50-52 . 

Alexander, D. M . ,  and D. H .  Maggs. 1 97 1 . G rowth responses of 'Sweet' orange seed l ings to 
s hoot and root pruning.  Ann. Bot. 35: 1 09- 1 1 5. 

Anon. 1 982 . Tech n ical data sheet of C u ltar. (No.  1 A) ,  Imperial Chemical Industries (/Cl), 
Fern hurst , Haslemere, Su rrey, England. 

Anon. 1 984. Techn ical data sheet : Paclobutrazol plant g rowth regulator for  f ru it .  Imperial 
Chemical Industries PLC, Fern h u rst, Haslemere,  Su rrey, Englan d .  

A n o n .  1 99 1 . N Z  ho rticulture - Highl ights. C e l l  t o  Cell ,  Report of DSIR Fruit & Trees 
(Hort+Research), Palmerston N o rth,  New Zealand. 

Anon. 1 993. Kiwifruit slump drags down exports. Export statistics (Hort+ Research) ,  The 
Orchardist of New Zealand, Fruitgrowers Federation, N ovember issue, N ew Zealand . 

. A rnold, M .  A . ,  and E. Young. 1 99 1 . CuC03-painted containers and root p ru n i n g  affect apple 
and g reen ash root g rowth and cy1okinin levels. HortScience 26(3) :242-244. 

A rzani,  K. 1 989. Selection of the best pol l in izer for sweet cherry Prunus a vium L. cv. 'Ciah 
Mashhad ' .  M S. Thesis. Depart ment of Horticultural Science, Teh ra n  U niversity, I ran .  

Arzani,  K. ,  G .  S. Lawes, D. E .  S. Wood, and H .  Varela-Aivarez. 1 992. Control of vegetative 
g rowth on ap ricot trees cv. 'Su ndrop'. New Zealand Society for Horticultural Science 
Conference, Lincoln University, New Zealand. 

Asamoa h ,  T.  E.  0 . ,  and D. Atkinson. 1 985. The effects of (2RS, 3RS)-1 -(4-chlorophenyl)-4 , 
4-dimethyl-2-(1  H-1 ,2,4 triazol-1 -yl) pentan-3-ol ( Paclobutrazoi: PP333) and root pruning 
o n  the g rowth, water use and response to drought of Colt cherry rootstocks. Plant 
Growth Regulation 3(1 ) :37-45 . 

Atkinso n ,  D .  1 976. Prel iminary observations of the effect of spacing on the apple root system .  
Scientia Horticulturae 4 :285- 290. 

Atkinso n ,  D .  1 978. The use of soil reso urces i n  high density plant ing syste ms. Acta 
Horticulturae 65:79-89 . 

Atkinson, D . ,  D. N aylor, and G .  A. Cold rick. 1 976. The effect of tree spac i n g  on the apple root 
system. Hart. Res. 65:89- 1 05. 

Atkinson, D .  1 980.  The distribution and effectiveness of the roots of tree crops. Horticultural 
Review 2 : 425-490. 

Bacon, P.  1 97 4. More fruit with polyethylene mulch. Agric. Gaz. N.S.W. 85(6) :7 4. 

Bai ley, C .  H . ,  and L. F. Hough . 1 975. Apricot. [ In]  Advances in fruit breeding, eds J. Janick 
and J. N. Moorr, Purdue University P ress, West Lafayette, Indiana, U SA, p.367. 

Barden ,  J.  A. ,  R .  G.  Hai Facre, and D.  J .  Pa rrish. 1 987. Plant science. McG raw-Hi l l  Book 
Company, USA. 



References 3 1 8  

Barrs, H .  D . ,  and P. E.  Weathe rley. 1 962. A re-exa mi nation of the relative turgidity technique 
for estimating water deficits in leaves. Australian Journal of Biological Sciences 
1 5:41 3-428. 

Begg ,  J. E . ,  and N. C. Turner. 1 976. Crop water deficits. Adv. Agronomy 28: 1 6 1 -2 1 7. 

Beh boud ian, M. H. ,  and G .  S. Lawes. 1 994. Fruit qual ity in 'N ijisseiki '  Asian pear under deficit 
i rrigation: physical att ributes, sugar and mineral content, and development of f lesh 
spot decay. New Zealand Journal of Crop and Horticultural Science 22 : i n  press. 

Behboudian, M. H., G. S. Lawes, and K. M.  G riffiths. 1 994. The i nfl uence of wate r deficit on 
water relations, photosynthesis and fruit g row1h i n  Asian pear (Pyrus serotina Rehd . ) .  
Scientia Horticulturae : i n  press. 

Bennett, J. M.  1 990. Problems associated with measurement of plant water status. 
HortScience 25(1 2): 1 55 1 - 1 554. 

Biasi ,  R . ,  G. Costa, F.  Succi ,  C.  Nishij ima, and G. C. Martin .  1 989 .  Paclobutrazol a n d  root 
zone water content i nfluence peach seedling behavior. J. Amer. Soc. Hart. Sci. 
1 1 4(6) :923-926. 

Bieleski ,  R .  L. 1 982. S ugar alcohols. In: 'Plant carbohydrates I. Intercellular carbohydrates' . 
( Eds. ,  F.A. Loewus and W. Tanner.) Encycl. Plant physiol .  New Ser. , Vol.  1 3A, pp. 
1 58-92, Spring ler- Verlag : Berl in.  

Bieleski ,  R .  L. ,  and R .  J .  Redgwel l .  1 985. Sorbitol versus sucrose as photosynthesis and 
t ranslocation products in deve loping apricot leaves. Aust. J. Plant Physiol. 
1 2 :657-668. 

Bie leski,  R. L., and R. J. Redgwel l .  1 977. Synthesis of sorbitol in ap ricot leaves. Aust. J. Plant 
Physiol. 4 : 1 - 1 0. 

B lackma n ,  P. G . ,  and W. J. Davies. 1 985. Root to shoot communication in maize plants of the 
effects of soil d rying.  Journal of Experimental Botany 36:39-48. 

B la nco, A.  1 986. Effects of paclobutrazol on shoot g row1h and f ru it thinning of peach trees. 
Acta Horticulturae 1 79:573-574. 

Blanco, A. 1 987. Fruit thinning of peach trees (Prunus pe rsica (L . )  Batsch.) :  the effect of 
paclobutrazol on fruit d rop and shoot g row1h. Journal of Horticultural Science 
62(2) : 1 47-1 55. 

Boland,  A .  M., P. D .  M itchel l ,  P .  H .  Jerie, and I .  Goodwin. 1 993. The effect of regu lated d eficit 
i rrigation on t ree water use and g row1h of peach. Journal of Horticultural Science 
68(2):261 -274. 

Bonomo ,  R . ,  P. Monta lti, and U. Palara. 1 986. Time of paclobutrazol fol iar application i n  
y o u n g  Golden Delicious apple trees. Acta Horticulturae 1 79:553-554. 

Boswel l ,  S. B . ,  C. D. McCarty, K. W. Hench, and L. N.  Lewis. 1 975a. Effects of t re e  d ensity 
on the first ten years of g row1h and p roduction of 'Wash i ngton' Navel o range trees .  
J.  Amer. Soc. Hart. Sci. 1 00 (4):370-373. 

Boswell ,  S. B . ,  C. D. McCarty, and L. N. Lewis. 1 975b. Tree density affects large-root 



References 3 1 9 

d istribution of 'Washington' Navel orange trees. HortScience 1 0 (6) :593- 595. 

B radford, K. J. ,  and T. C. Hsiao. 1 982. Physiolog ical responses to moderate water stress , p .  
264-31 2 . I n :  O . l .  Lange, P .S.  Nobel ,  C.B.  Osmond,  and H .  Zieg ler (ed s . ) .  
Physiological ecology 11. Water relations and carbon assimilation. Encyclopedia of 
plant physiology. N.S.  vol. 1 28.  

B rouwer, R . ,  and C .  T. D e  Wit. 1 969. A simu lation model o f  plant g rowth with special attention 
to root g rowth and its conseque nces. [ In] Root Growth. p. 224-244, W. J. Whittington, 
Plenum Press, New York. 

Brunner,  T.  1 990. Physiological fruit tree training for intensive g rowing .  pub. by Akademiai 
Kiad6, Budapest, H ungary .  

B u ban,  T.  1 986. Changes in g rowth p roperties o f  young apple t rees treated with 
paclobutrazol, P P333. Acta Horticulturae 1 79:549- 550. 

Campbel l ,  G. S . ,  and M. D. Campbell .  1 982. I rrigation sched ul ing using soil moisture 
measurements: Theory and p ractice. I n :  D. Hi l le l  (ed . ) .  Advances in Irrigation. Vo l . 1 . 
Academic Press, New York. 

Caspari, H. W. , M.  H. Behboudian, D. J .  Chalmers, and A. R. Renquist. 1 993. Pattern of 
seasonal water use of Asian pears determi ned by lysimeters and heat-pu lse 
tech nique. J. Amer. Soc. Hart. Sci. 1 1 8(5):562-569. 

Caspari, H. W., A. Naylor, and M. T rought: 1 994. Less water into bette r wine? In: WISPAS, 
a newsletter publ ished by Hort+ Research, Palmerston N o rt h ,  New Zealand 58:Ju ly 
issue. 

Casper, J.  A.,  and B. H. Taylor. 1 989. G rowth and development of young 'Lori ng'  peach trees 
after foliar sprays of paclobutrazol and GA3. HortScience 24(2) :240-242. 

Chal mers, D. J. 1 989. A physiological examination of regulated deficit irrigation .  N.Z. J. Agric. 
Sci. 23:44-48. 

Chal mers, D. J . ,  G. Surge, P.  H. Jerie, and P.  D. Mitchel l .  1 986. The mechanism of reg u lation 
of 'Bartlett' pear fruit and vegetative growth by i rrigation withholding and reg u lated 
d eficit i rrigation.  Journal of the American Society tor Horticultural Science 
1 1 1  (6):904-907. 

Chal mers, D. J . ,  R. L.  Canterford , P. H. Jerie, T. R. Jones, and T. D. U galde. 1 975. 
P h otosynthesis i n  relation to g rowth and d istribution of fruit in peach trees. Austral. 
J. Plant Physiol. 2:635-645. 

Chal mers, D. J . ,  P. D. Mitchel l ,  and L. v. Heek. 1 98 1 . Control of peach t ree g rowth and 
p roductivity by regulated water supply, tree density, and s u m mer pruning. J. Amer. 
Soc. Hart. Sci. 1 06(3):307-31 2 .  

Chalmers, D. J . ,  P.  D .  M itchel l ,  and P. H .  Jerie. 1 984. T h e  physiology o f  g rowth contro l  of 
peach and pear trees using reduced i rrigation .  Acta Horticulturae ( 1 46) : 1 43- 1 49 .  

Chalmers, D .  J . ,  P .  D .  M itchel l ,  and P .  H.  Jerie.  1 985. The relations between i rrigation, g rowth 
and p roductivity of peach t rees. Acta Horticulturae (1 73) :283-288. 



References 320 

Chal mers, D. J . ,  K. A. Olsson , and T. R.  Jones. 1 983. Water relations of  peach trees and 
o rchards. p .  1 97-233. I n :  T.T.  Kozlowski (ed . ) .  Water deficits and plant growth. vol. 
VII. Academic Press, New York. 

Chalmers, D.  J . ,  and B .  van den Ende. 1 975a. A reappraisal of the g rowth and development 
of peach fruit .  Austral. J. Plant Physiol. 2:623-634. 

Chal mers, D. J . ,  a nd B.  van den Ende. 1 975b. Productivity of peach t rees: Factors affecti n g  
dry-weight d istribution during t ree g rowth. Ann. Bot. 39:423-432. 

Chal mers, D. J . ,  and B. va n den Ende. 1 977. The relation between seed and fruit 
development in the peach (Prunus persica L.) .  Ann. Bot. 4 1 :707-7 1 4. 

C h al mers, D. J . ,  and I .  B. Wilson. 1 978. Productivity of peach trees: T ree g rowth and water 
stress in relation to fruit g rowth and assimilate demand. Ann Bot. 42:285-294. 

C h i lders, N. F. 1 983. Modern fruit science. Horticultural Publ ications, 3906 NW 31 Place, 
Gainesvi l le ,  Florida 32606, U SA. 

Cobianchi ,  D .  1 989. Paclobutrazol and S3307 effects on che rry and pear t rees. Acta 
Horticulturae 239:293-296. 

Cooper, A.  J .  1 979. "The ABC of N FT".  G rower Books, London. 

Costa, C . ,  R .  Biasi ,  A. Ramina, and P.  Tonutti. 1 986. Effect of paclobutrazo! soil  applicatio n  
on g rowth a n d  fru iting o f  nectarine cv. ' I ndependence'. Acta Horticulturae 
1 79: 567-570. 

Cost on, D. C. 1 986. Effects of paclobutrazol on peaches. Acta Horticulturae 1 79:575. 

Cowa n ,  I .  R .  1 965.  T ransport of water in the soil-plant-atmosphere system. J. Appl. Ecol. 
2 :221 -239. 

Cowie , J. D.  1 978. Soils and agriculture of Kairanga County, North Is land,  New Zealand. Soi l  
Bu reau Bul letin, No.  33,  We l l i ngton,  Soi l  Bureau, DSIR. 

C rossa- Raynaud , P . ,  and J. M. Audergon. 1 987 . Ap ricot rootstocks. [ I n] Rootstocks for fruit 
crops, eds. Roy C. Rom and Robert F.  Carl son, Pub. by A Wi l ley-interscience 
publ ication.  p.295. 

C u rry, E.  A. , A. N .  Reed, and M.  W. Wil l iams. 1 989. Tra nsitory control of vegetative g rowth 
of pome and stone fruit trees with less persistent triazole derivatives. Acta 
Hortfculturae 239 : 229-233. 

Dann,  I. R . ,  and P. H. Jerie. 1 988. G radients in matu rity and sugar levels of fruit with in peach 
trees. J. A mer. Soc. Hart. Sci. 1 1 3( 1  ) :27 -31 . 

Davies, P. J .  1 987. The plant hormones: Their nature, occurrence, and functions. I n :  Plant 
hormones and their role in plant growth and development. pp. 1 - 1 1 ,  P.J. Davies, eds. ,  
M a rti n us N ij hoff publ ishers, The N etherlands. 

Davies, R. 1 99 1 . D i rectors have long experience and wide responsibi l it ies. The Orchardist of 
New Zealand, Fruitgrowers Federation, Special Historical Supplement, N ovember 
issue, New Zealand . 



References 321 

Davies, W .  J . ,  J .  M etca lfe, T.  A.  Lodge, and A. R .  d .  Costa. 1 986. P lant g rowth substances 
a nd the regulation of g rowth u nder droug ht. Austral. J. Plant Physiol. 1 3: 1 05- 1 25.  

Davies, W. J. ,  and J .  Zhang.  1 991 . Root signals and the reg u lation of g rowth and 
developme nt of plants i n  d rying soi l .  Annual Review of Plant Physiology and Plant 
Molecular Biology (42):55-76. 

Davis ,  T.  D., G. L.  Steffens, and Sankhla Narendra .  1 988. Triazole plant g rowth reg ulators.  
Horticultural Reviews 1 0: 63-96. 

DeJong,  T.  M.  1 983. C02 assimi lation characteristics of five Prunus t ree fru it species. J. 
Amer. Soc. Hart. Sci. 1 08:303-307. 

DeJo ng, T. M.  1 986. Effects of reproductive and vegetative sink activity on leaf conductance 
and wate r potential in Prunus persica L .  Batsch .  Scientia Horticulturae 
29( 1 /2) : 1 31 - 1 37.  

Downton ,  W. J .  S . ,  B.  R .  Loveys, and W. J .  R. G rant. 1 988a. Stomatal clos u re fu l ly accounts 
for the inh ib ition of photosynthesis by abscisic acid.  New Phytol. 1 08:263-266. 

Downton ,  W. J. S . ,  B.  R. Loveys, and W. J .  R.  G rant. 1 988b. Non- uniform stomatal clos u re 
i nd uced by water stress causes putative non-stomatal i n hibition of photosynthesis.  
New Phytol. 1 1 0:503- 509. 

D u rand,  G. 1 990. Effect of RDI on apple tree (cv. Royal Gala) g rowt h ,  yieid and fruit qual ity 
i n  a humid environment. P h D  thesis. Department of Horticultu ra l  Science, M assey 
U niversity, Palmerston North,  New Zealand. 

Ebe l ,  R .  C . ,  E.  L. P roebsti ng ,  and M.  E. Patterson.  1 993. Regu lated deficit i rrigation may alte r 
apple matu rity, quality, and storage life. HortScience 28(2) : 1 41 - 1 43.  

Edgerton ,  L .  J .  1 986. Some effects of  paclobutrazol on g rowth and f ruit ing of  apple,  peach 
and cherry. Acta Horticulturae 1 79:467- 472. 

Elfv ing,  D. C.  1 982. C rop response to t rickle i rrigation. Horticulturai Reviews 4 : 1 -48. 

Elfv ing,  D .  C. 1 988. Economic effect of excessive vegetative g rowth i n  deciduous fruits. 
HortScience 23:461 -463. 

Elfving,  D. C . ,  E. C. Lougheed, and R. A. Cl ine.  1 99 1 . Daminozide, root pruning,  trunk 
scoring,  and trunk r inging effects on fruit ripening and storage behavior of 'Mclntosh' 
apple. J. Amer. Soc. Hart. Sci. 1 1 6(2) : 1 95-200. 

Elfv ing,  D. C . ,  and J. T. A. Proctor. 1 986. Long-term effects of paclobutrazol (Culta r) on 
apple-tree shoot g rowth,  cropping and fruit-leaf relations. Acta Horticulturae 

1 79:4 73-480. 

E rez, A. 1 986. Effect of soil-applied paclobutrazol in d rip i rrigated peach o rchards. Acta 
Horticulturae ( 1 79) : 5 1 3-520. 

Facteau ,  T.  J . ,  and N. E. Chestnut. 1 99 1 . G rowth, fruit ing,  flowering a nd fruit qual ity of sweet 
cherries treated with paclobutrazol .  HortScience 26(3) :276-278. 

Farq u har,  D. G . ,  a nd T.  D. Sharkey. 1 982. Stomatal conductance and photosynthesis. Ann. 



Rev. Plant Physiol. 33:31 7-345.  

References 322 

Fernandez, G .  C.  J .  1 99 1 . Repeated measurement analysis of l ine-sou rce spri nk ler  
experiments. HortScience 26(4) :339. 

Fernandez, G. C. J .  1 992. Residual analysis and data transformations: I m portant tools i n  
statistical analysis. HortScience 27(4):297. 

Ferree, D .  C.  1 989. G rowth and carbohyd rate d i stribution of young apple trees i n  response 
to root p runing and tree density. HortScience 24(1 ) :62-65. 

Ferree, D .  C .  1 993. I nfluence of lon g-term root pruning on apple tree root d istributi o n .  
HortScience 28(5) :474 abstract. 

Ferree, D. C. 1 992. Time of root pruning influences vegetative g rowt h ,  fru it size, b iennial  
bearing,  and yield of  'Jonathan' apple. J. A mer. Soc. Hart. Sci. 1 1 7(2) :  1 98-202 . 

Ferree, D. C. ,  and D. G eisler. 1 984. Root p runing as a means of size control .  Acta 
Horticulturae 1 46:269-275. 

Flare, J. A., A. N.  Lakso, and J .  W. Moon. 1 985. The effect of wate r stress and vapou r  
p ressure g radient o n  stomatal cond uctance, water use efficiency, and p hotosynt hesis 
of fruit crops. Acta Horticulturae 1 7 1 :207-21 8. 

Flower, D. J . ,  and M. M. Ludlow. 1 986. Contribution of osmotic adjustment to the dehyd ration 
tolerance of water-stressed pigeonpea ( Caianus cajan (L.) mil lsp.) leaves. Plant, Cell 
and Environment 9:33-40. 

Forshey, C. G . ,  and D.  C .  Elfving. 1 989. The relationship between vegetative g rowt h a n d  
fruiting i n  apple trees. Horticultural Reviews 1 1 :229-287. 

F ra ncis, F .  J .  1 980. Calor qual ity evaluation of horticultural c rops. HortScience 1 5( 1  ) : 1 4- 1 5 .  

G a a s h ,  D .  1 986. G rowth retardation o f  apple, plum a n d  apricot trees b y  paclobutrazol i n  a 
mediterranean cl imate. Acta Horticulturae 1 79 :559-562. 

Gandar,  P.  W., and K .  A. Hughes. 1 988. Kiwifruit root systems 1 . Root-length de nsities. New 
Zealand Journal Experimental Agriculture 1 6:35-46. 

Gamie r, E., and A. Berger. 1 987. The influence of d rought o n  stomatal conductance a n d  
water potential o f  peach trees g rowi ng in  t h e  field. Scientia Horticulturae 32:249-263. 

Gathercole, F .  J. 1 988. Apricot cultivars in Austral ia. Acta Horticulturae 209:55-6 1 .  

G eis ler, D . ,  and D. C. Ferree .  1 984a . Response of plants to root pruning.  Horticultural 
Reviews 6 : 1 55- 1 88. 

Geisler, D., and D .  C. Ferree . 1 984b. The influence of root p runing o n  water relations, net 
p hotosynthesis, a nd g rowth of young 'Golden Delicious' apple trees.  J. Amer. Soc. 
Hart. Sci. 1 09 (6) :827-831 . 

George, A. P . ,  and R. J .  Nissen. 1 992a. Effects of environmental variables and cropping o n  
p lant water status o f  custard apple (Annona cherimola X Annona squamosa). Journal 
of Horticultural Science 67(4) :445-455. 



References 323 

G eorge,  A.  P . ,  and R. J .  Nissen.  1 992b. Effects o f  wate r stress, nitrogen and paclobutrazol 
on flowering,  yield and fruit qual ity of the low-chi l l  peach cu lt ivar, ' Fiord aprince' .  
Scientia Horticulturae 49(3-4) : 1 97-1 99. 

G i rona,  J . ,  M. Mata, D. A. Goldhamer,  R.  S. Johnson, and T.  M.  DeJong.  1 993. Patterns of 
soil and tree water status and leaf fu nctioning d u ring reg u lated deficit i rr igation 
schedul ing in peach. J. Amer. Soc. Hart. Sci. 1 1 8(5) :580-586 . 

G l ucina,  P . ,  G. Hosking, and R. Mi l ls .  1 990. Evaluation of apricot cultivars for Hawke's Bay. 
Orchardist of New Zealand 63( 1  ) : 2 1 -25. 

Gol lan ,  T . ,  J. B. Passioura ,  and R. Mun ns. 1 986. Soil water status affects the stom atal 
cond uctance of ful ly turgid wheat and sunflower leaves. Austral. J. Plant Physiol. 
1 3:459-464. 

G omez, K. A., and A. A. Gomez. 1 984. Statistical procedures for a g ricultural research.  
Second edition, John Wil ley and Sons, New York. 

G raebe, J. 1 987. G ibberel l i n  biosynthesis and control. Ann. Rev. Plant Physiol. 38:41 9-465. 

G reene, D .  W., and W. R .  Autio. 1 990. Vegetative responses of apple t rees fol lowing 
benzyladenine and g rowth reg ulator sprays. J. Amer. Soc. Hart. Sci. 1 1 5(3) :400-404 . 

G rossmann,  K. 1 992. Plant g rowth retardants: Their mode of action and benefit for 
p hysiological research. In P rogress in

-
plant g rowth regulation ,  Proceedings of the 14th 

International Conference on Plant Growth Substances, Amsterdam, 2 1 -26 July, 1 99 1  
e d .  C .  M.  Karssen, L C .  Van Loon ,  and D.  Vreugdenhi l ,  p. 788-797, Kluwer Academic 
Publ ishers, London. 

G u e rriero, R . ,  J .  M. Audergon,  and A. Martinez-Cut i llas. 1 988. Apricot cultiva rs for 
Med iterranean cl imate. Acta Horticulturae (209) :39-47. 

Hal l ,  D. 0 . ,  J. M. 0. Scurlock, H. R. Bol har-Nordenkampf, R. C. Leegood,  and S. P. Long.  
1 993. P hotosynthesis and production i n  a changing e nvironment: A f ield and 
l abo ratory manual . F i rst editio n ,  Chapman & Hal l ,  London. 

Hansen, P., and J. G rauslund. 1 973. 14C-studies on apple trees. V I I I .  T h e  seasonal variat ion 
a n d  nature of reserves. Physiol. Plant 28:24-32. 

Hartmann,  H. T . ,  D. E. Kester, and F. T. Davies. 1 990. Plant propagation ( Fifth Ed itio n )  . 
P rintice-Hal l ,  I nternational I nc. 

Hemberg , T.  1 972. The effect of kinet in  on the occurrence of acid a uxin  i n  Coleus blumei. 
Physiol. Plant 26:98-1 03. 

Higgs,  K. H . ,  and H. G. J ones. 1 99 1 . Water relations and c ropping of apple cultivars on a 
dwa rfing rootstock in response to imposed d rought. Journal of Horticultural Science 
66(3) :367-379. 

H i l ler, G .  R . ,  and T. G. Rudge. 1 989. Acceptance of Guitar (paclobutrazol) by stonefruit 
g rowers in Austral ia.  Acta Horticulturae 239:305-308. 

Hodairi ,  M.  H .  E. ,  and A. E. Canham. 1 990a. The effects of paclobutrazol on the g rowth and 
movement of  1 4C labelled assimilates i n  red delicious apple seedl ings.  Acta 



Horticulturae 279:34 7-356. 

References 324 

Hodair i ,  M. H. E., and A. E .  Canham. 1 990b. The effects of paclobutrazol on the movement 
of 1 4C- Iabel led assimi lates in fruit bearing Bramley's apple trees. Acta Horticulturae 
279:357- 362. 

Hoff man n ,  G .  1 992. Use of p lant g rowth regulators in arable crops: Su rvey a nd outlook. I n  
P rog ress in plant g rowth regulat ion,  Proceedings of  the 14th International Conference 
on Plant Growth Substances, Amsterdam, 21 -26 July, 199 1  ed. C. M. Karssen ,  L. C .  
V a n  Loon,  and D .  V reugdenhi l ,  p.  798-808, Kluwer Academic Publ ishers ,  London. 

Hsiao, T .  C . ,  E.  Acevedo, E.  Fereres, a n d  D. W. Henderson. 1 976. Stress metabol ism:  water 
stress, g rowth, and osmotic adj ustment. Philosophical Transactions of the Royal 
Society of London. Ser. B 273:479-500. 

Hsiao, T. C. 1 973. Plant responses to water stress. Ann. Rev. Plant Physiol. 24: 5 1 9-570. 

H ubick, K. T . ,  J. S .  Taylor, and D. M.  Reid. 1 986. The effect of d rought on levels of abscisic 
acid, cytokinins, g ibberel l ins and ethylene i n  aeroponical ly-grown sunflower plants. 
Plant Growth Regulation 4: 1 39- 1 51 . 

Hughes, K. A . ,  and P. W. G andar. 1 993. Length densities, occupancies and weig hts of apple 
root systems. Plant and Soil 1 48:21 1 -221 . 

Hughes, K. A . ,  P. W. Gandar, P. H. Menalda, and V. 0. Snow. 1 986. A s u rvey of kiwifruit root 
systems. Technical Report, Plant Physiology Division, O. S. I. R. ,  Palmerston North,  
New Zealand 22: 1 -52 . 

H u nt, R .  1 978. Plant g rowth analysis. Edwa rd Arnold Li mited , London. 

Husl ig ,  S. M . ,  M .  W. Smith,  and G. H. Brusewitz. 1 993. I rrigation sched ules and a n n ua l  
rygrass a s  a g ro u nd cover to conserve water a n d  control peach tree g rowth.  
HortScience 28(9):908-91 3. 

l rvi n g ,  D. E . ,  and J. H. D rost. 1 987. Effects of water deficit on vegetative g rowth,  fruit g rowth 
and fruit qual ity in Cox's Orange P ippin apple. Journal of Horticultural Science 
62 (4) :427-432 . 

Jackson ,  D. I .  1 969. Effects of water, l ight ,  and nutrition on flower-bud in itiation in ap ricots. 
A ustral. J. Bioi. Sci. 22:69- 75. 

Jackso n ,  D .  1 . ,  and G. B .  Sweet. 1 972. Flowe r i nitiation i n  temperate woody plants. 
Horticultural Abstracts 42 :9-24 . 

J ackson ,  J .  E .  1 978. Uti l ization of l ight resources by HDP system. Acta Horticulturae 65:61 -70. 

Jacyna, T.,  D .  E.  S. Wood, and S.  M.  Trappitt. 1 989. Application of paclobutrazol and 
p romal in (GA4+7 + BAP) in the t raining of 'Bing' sweet cherry trees. New Zealand 
Journal of Crop and Horticultural Science 1 7:4 1 -47. 

Jerie,  P. H . ,  P. D. Mitchel l ,  and I. G oodwin .  1 989b. G rowth of William's Bon C h retien pear f ruit  
u nder regulated deficit i rrigation (RDI) .  Acta Horticulturae 240:271 -27 4.  

Jerie, P .  H . ,  B .  van d e n  E n de, a n d  I .  R. D a n n .  1 989a. Managing tree vigour and f ru itf u ln es s  



i n  deciduous orc hards. Acta Horticulturae 240: 1 27-1 34 . 

References 325 

ones, H.  G.  1 980. I nteraction and integration of adaptive responses to water stress: t h e  
implications of an unpredictable environment. I n :  Adaptation of  plants to water and 
high temperature stress. ed. N. C. Turner, P.  J .  Kramer, pp. 353-65 . ,  New York: Wi ley. 

ones, H .  G. 1 990. Physiological aspects of the control of water status in horticultural crops. 
HortScience 25( 1  ) : 1 9-26. 

nes, H. G., M. T.  Luton ,  K. H. Higgs, and P.  J. C. Hamer. 1 983. Experimental control of 
water status in an apple orchard . J. hart. Sci. 58:30 1 -3 1 6. 

nes, H. G . ,  A. N. Lakso, and J. P. Syve rtsen. 1 985. Physiological control  of water status i n  
temperate and subtropical fruit trees. Horticultural Reviews 7:301 -344. 

nemasu, E.  T . ,  and G. Asrar. 1 985. Remote sensing techniques for assessing water deficits l and modeling crop response. HortScience 20(6) : 1 043-1 046. 

ufmann,  M.  R., S.  B.  Boswel l ,  and L. N. Lewis. 1 972. Effects of t ree spacing on root 
d istribution of 9-year-old 'Washington' Navel o ra nges. J. Amer. Soc. Hart. Sci. 
97(2) :204-206. 

l ight,  J. N . ,  and G. Brown ing.  1 986. Regulat ion of Conference pea r  cropping with g ibberel l ic 
acid and ethephon or paclobutrazol. Acta Horticulturae ( 1 79) :337 -342. 

towles, S. E . ,  G .  F. Mclaren, P. G .  G lucina, and P. Alspach.  1 994. Rootstocks for 'Sundrop' 
apricot. The Orchardist of New Zealand, 67(7) :24-3 1 .  

3mer, P.  J .  1 988. C hang i ng concepts regard ing plant water relations. Plant Cell and 
Environment 1 1  :565-568. 

:� mer, P. J. 1 983. Water relations of plants. Academic Press, New York. 

� me r, P. J . ,  and T. T. Kozlowski.  1 979. Physiology of woody plants. Academic P ress, New 
York. 

z:ek D. T. 1 985. Methods of i nd ucing water stress in plants. HortScience 20(6) : 1  028- 1 038. 

per, D. ,  J .  Schuit, and P .  J .  C .  Kuiper. 1 989. Effect of internal and external cyto k i n i n  
concentrations on root growth a n d  shoot t o  root ratio o f  Plantago major ssp 
pleiosperma at different n utrient conditions. B.C.Loug h man et a l .  ( Eds) , Structural and 
functional aspects of transport in roots, by Kluwer Academic Publishers : 1 83- 1 88. 

:so,  A. N. ,  A.  S .  Geyer, and S .  G .  Carpenter. 1 984. Seasonal osmotic relations i n  apple 
leaves of d ifferent ages. J. Amer. Soc. Hort. Sci. 1 09(4) : 544-547. 

so, A. N . ,  T. L. Robinson , and R. M.  Pool .  1 989. Canopy microclimate effects on patterns 
of fruit ing and fruit development in apples and g rapes. [ In] Manipulation of fruiting. eds 
C .  J .  Wright, pub.  by Butterworth & Co. Ltd . p263-274, London. 

1pinen, B.  D., K. S hacke l ,  S. Southwick, and D .  Goldhamer. 1 99 1 . Effects of water stress 
on flowering i n  prune.  HortScience 26(6) :729. 

:aster, J. E . ,  J. E .  G ra nt, C. E. Lister, and M. C.  Taylor. 1 994. Skin calor i n  apples -



References 326 

Inf luence of copigmentation and plastid pigments on shade and darkness of red color 
i n  five genotypes. J. Amer. Soc. Hart. Sci. 1 1 9(1  ) :63-69. 

Landsberg ,  J .  J. ,  and H .  G. Jones. 1 98 1 . Apple orchards, p. 4 1 9- 469. In:  T.T. Kozlowski 
(ed . ) .  Water deficit and plant growth. Vol VI. Academic Press, New York. 

Larsen,  F .  E., S.  S. H i gg i ns, A. A. I .  Wir, and A. AI-Wi r. 1 989. Di urnal water relations of apple, 
apricot, g rape, ol ive and peach in an a rid environment (Jordan).  Scientia Horticulturae 
39(3): 2 1 1 -222. 

Lawlor, D. W. 1 987. P hotosynthesis : metabol ism, control and physiology . Longman Scientific 
& Tech nical. John Wi ley & Sons, I nc. ,  New York. 

Lehman, L.  J . ,  C. R.  Unrath, and E.  Young. 1 990a. Mature 'Starkrimson Delicious' apple tree 
response to paclobutrazol application method. HortScience 25(4):429-430. 

Lehman, L.  J . ,  E.  Young, and C. R.  Unrath.  1 990b. Apple tree vigor i nfl uences floweri ng and 
d ry  weight after paclobutrazol appl ication.  HortScience 25(8) :933-935. 

Lever, B. G. 1 986. 'Cultar' - a technical overview. Acta Horticulturae 1 79:459-466 .  

Lever, B .  G . ,  S .  J .  Shearing,  a n d  J .  J .  Batch.  1 982. PP333 - a new b road spectru m g rowth 
retardant. Proceedings of the 1 982 British Crop Protection Conference - Weeds 
1 :3- 1 0. 

Li ,  S. H . ,  J .  G .  Huguet, P .  G .  Schoch,  and P .  Orlando. 1 989. Response of peach t ree g rowth 
and cropping to soil water deficit at various phenological stages of fruit development.  
Journal of Horticultural Science 64(5):541 -552. 

Little ,  A.  C. 1 975. A research note off on a tangent. Journal of Food Science 40:4 1 0-4 1 1 .  

Little, C. H .  A. 1 975. I n hibition of cambial activity i n  Abies balsamea by internal water stress: 
Role of abscisic acid. Canadian Journal of Botany 53:3041 -3050. 

Litt le,  C. H. A. ,  and P. F. Wareing.  1 98 1 . Control of cambial activity and do rmancy in Picea 
sitchensis by i ndol-3-ylacetic and abscisic acids. Canadian Journal of Botany 
59: 1 480- 1 493. 

Loreti ,  F . ,  G. Scalabrel l i ,  and 0. Musso. 1 989. Effect of paclobutrazol on productive behaviour 
of  peach u nder p rotected cultivation. Acta Horticulturae 239:285-288. 

Latter, J. d .  V . ,  D. J.  Beukes, and H. W. Weber. 1 985. G rowth and qual ity of apples as 
affected by d ifferent irrigation treatments. Journal of Horticultural Science 
60(2) : 1 8 1 - 1 92 .  

Loveys, B .  R .  1 984. D iu rnal changes i n  water relations a n d  abscisic acid i n  f ield-g rown Vitis 

vinifera cultivars I I I .The i nfl uence of xylem-derived a bscisic acid o n  leaf gas 
exchange. New Phytol. 98:563-573. 

Loveys, B. R . ,  and H. During. 1 984. Diurnal changes in water relations and a bscisic acid i n  
field-grown Vitis vinifera cultivars I I .Abscisic acid changes u nder semi-arid conditions. 
New Phytol. 97:37-47. 

Loveys, B. R . ,  S. P. Robinson, and W. J.  S. Downton. 1 987. Seasonal and d i u rnal  changes 



References 327 

i n  abscisic acid and water relations of ap ricot leaves (Prunus armen iaca L.) . New 
Phytologist 1 07( 1 ) :  1 5-27. 

Maggs, D.  H .  1 965. G rowth rates in  relation to assimilate supply and demand. 1 1 .  The effect 
of particu lar leaves and g rowing regions in determin ing the dry matter d ist ri bution i n  
young apple-trees. J. Exp. Bot. 1 6: 387-404. 

Maindonald,  J. H. 1 992. Statistical desi g n ,  analysis ,  and presentation issues. New Zealand 
Journal of Agricultural Research 35: 1 2 1 - 1 41 .  

Makus, D .  J . ,  and G .  Guinn.  1 992. Higher levels of ABA and IAA are found in g reen than i n  
wh ite asparagus spears. HortScience 27(9): 1  047. 

Mansfield,  T. A. 1 987. Hormones as regulators of water balance. I n :  Plant hormones and their 
role in plant growth and development. pp. 4 1 1 -430, P.J.  Davies, eds. ,  Mart inus N ij h off 
publ ishers ,  The Netherlands. 

M a rangon i ,  B . ,  D. Scudellari ,  N. Gaspari, and P. R .  Pisa. 1 988. Effects of i rrigation depth and 
systems on yield , tree s ize, canopy and fruit d ist ribution of  apricot. Acta Horticulturae 
228:205-2 1 2. 

Mari n i ,  R. P. 1 987. G rowing and cropping of 'Redhaven' peach trees fol lowing soi l  application 
of paclobutrazol. J. A mer. Soc. Hart. Sci. 1 1 2( 1  ) : 1 8-2 1 .  

Marshal ! ,  H .  D .  1 991 . Federation has played a pivotal role. The Orchardist of New Zealand, 
F ruitgrowe rs Federation, Special Historical Supplement, November issue, N ew 
Zealand.  

Mart in ,  G.  C. ,  F .  Yoshi kawa, and J .  H .  LaRue. 1 987. Effect of soi l  appl ications of 
paclobutrazol on vegetative g rowth, pruning t ime, flowering,  yield, and qual ity of 
' Fiavorc rest' peach. J. Amer. Soc. Hart. Sci. 1 1 2(6): 9 1 5-92 1 . 

Mart i n ,  G .  C .  1 989. Control of vegetative g rowth. [ I n] Manipulation of fruiting. ed. C. J. W right,  
pub. by Butterworth & Co. Ltd . p363-376, London. 

McArtney, S .  J. ,  and R. P.  Belton. 1 992. Apple shoot g rowth and c ropping responses to root 
p ru n i n g .  New Zealand Journal of Crop and Horticultural Science 20:383-390. 

McDermitt, D .  K. 1 990. Sources of error in  the estimation of stomatal cond uctance and 
transpiration from parameter data . HortScience 25( 1 2) : 1 538-1 548. 

M ead, R. 1 988. The design of experiments: statistical p ri nciples for practical appl ications. 
C ambridge University P ress, Cambridge. 

Meblenbacher, S. A., V.  Cociu,  and L .  F .  Hough .  1 991 . Apricots (Prunus). Acta Horticulturae 
290(1  ) :65- 1 07. 

M i ka ,  A. 1 986. Physiological responses of fruit trees to p run ing.  Horticultural Reviews 
8 : 337-367. 

M il bo rrow, B. V.  1 974. The chemi stry and physiology of abscisic acid .  Ann. Rev. Plant 
Physiol. 25:259-307. 

M i l borrow, B .  V .  1 983. Pathways to and from abscisic acid. I n :  Abscisic acid. pp. 79-1 1 1 ,  



Fred rick T. Addicott, eds. ,  Praeger Pub l ishers, New York, USA. 

References 328 

M i l ieu,  P .  G . ,  and E .  M .  Sfakiotakis. 1 986. G rowth retardation activity of paclobutrazol on 
Del icious apples. Acta Horticulturae 1 79:551 -552. 

M il ler, S.  S . ,  and D .  Swiet l ik. 1 986. Growth and fruiting response of decid uous fru its t reated 
with paclobutrazol .  Acta Horticulturae 1 79:563-566. 

M il ler, S. S. 1 982. G rowth and bra nching of apple seedl ings as i nf luenced by 
pressu re-i njected plant growth reg ulators. HortScience 1 7(5) :775-776. 

M itchel l ,  P. D. 1 986. Pea r fruit g rowth and the use of diameter to estimate fruit vol u me and 
weight. HortScience 21 (4) : 1 003- 1 005. 

M itchel l ,  P. D., and D. J .  Chal mers. 1 982. The effect of reduced water supply o n  peach tree 
g rowth a nd yields.  J. Amer. Soc. Hart. Sci. 1 07(5):853-856. 

M itchel l ,  P. D . ,  P. H. Jerie, a nd D. J.  Chalmers. 1 984. The effects of reg ulated water deficits 
on pear t ree g rowth, f lowe ring,  f ru it g rowth,  and yield. J. Amer. Soc. Hart. Sci. 
1 09(5) :604-606. 

M itchel l ,  P .  D . ,  D .  J. Cha lmers, P.  H.  Jerie, and G .  Burge.  1 986. The use of i n itial with holding 
of i rrigation and tree spaci ng to en hance the effect of regulated deficit i rrigation on 
pea r trees. J. Amer. Soc. Hart. Sci. 1 1 1  (6) : 858-861 .  

Mitchel l ,  P. D . ,  B .  van den Ende, P.  H .  Jerie, and D .  J .  Chalmers. 1 989. Responses of 
'Bartlett' pear to withholding i rrigation, regulated deficit irrigation and tree spacing. J. 
Amer. Soc. Hart. Sci. 1 1 4:1 5-1 9 .  

Monigatt i ,  R .  1 99 1 . F ru itfu l  f ields: The development of New Zealand's fruitg rowing i ndustry 
1 966 to 1 99 1 . Publ ished by New Zealand F ruitgrowers Federation, Well i n gton,  New 
Zealand.  

Moore ,  T. C.  1 979.  Biochemistry and physiology of plant hormones. Spring ler-Verlag, New 
York. 

Morgan,  J. M .  1 980.  Osmotic adjustment i n  the spikelets and leaves of wheat. J. Exp. Bot. 
31 :655-665. 

Morgan,  J. M .  1 984. Osmoregu lation and water stress. Ann. Rev. Plant Physiol. 35:299-3 1 9 .  

Munns,  R .  1 988.  W hy measure osmotic adjustment? Austral. J. Plant Physiol. 1 5:71 7-726. 

Myers, R. H .  1 990. C lassical and modern regression with applications. PWS-KENT Publ ishing 
Company, London. 

Natal i ,  S . ,  C .  Xi loya nnis,  and B .  Pezzarossa. 1 985. Relationship between soi l  wate r content, 
leaf water potential and fruit g rowth d u ring different fruit g rowing phases of peach 
trees. Acta Horticulturae 1 71 : 1 67-1 80. 

Noiton ,  D .  1 994. Apricots for Central Otago. [ In] Seasons (Summer, Issue No. 7), 
H o rt+ Research,  Crown Research I nstitute, New Zealand. 

Noiton, D . ,  A.  C u rrie,  J. Davidson, and S.  Knowles. 1 993. Breeding new ap ricots - g etting gold 



out of a stone. The Orchardist of New Zealand, 66(7) :22-24. 

References 329 

Nye, P .  H. ,  and B. Tinker.  1 977. 'Solute Movement in the soi l-root system' .  B lackwel ls ,  
Oxford. 

Ogata, R., H .  Kikuchi, K .  Ts ukahara, H .  Koike, Y. Tojo, and H .  Ueno. 1 986. I nfl uence of the 
growth retardant paclobutrazol on g rowth of fruit trees. Acta Horticulturae 
1 79:497-504. 

Ogata, R . ,  T. Saito, J. A raya, I. Nakagawara, and T. Kubo. 1 989. Effect of paclobutrazol o n  
vegetative g rowth and cropping o f  peach a n d  che rry. Acta Horticulturae 239:297-300. 

O l ien,  W. C . ,  R.  W. Wil l iamson, C. E. Hood, and M. H.  Hard i n .  1 993. Root-pruning effects on 
peach t rees over 2 years. HortScience 28(5) :474 abstract. 

Ol iverira, C. M . ,  and C. A.  P riestley. 1 988. Carbohyd rate reserves in deciduous fruit t rees. 
Horticultural Reviews 1 0:403- 425. 

O'Rou rke, A. D. 1 994. The world apple market. Food P rod ucts P ress, New Yo rk. 

Palmer, J .  W. 1 989. Canopy manipulation for optimum uti l ization of l ight.  [ I n] Manipulation of 
fruiting. ed C. J .  W right, pub. by Butterworth & Co. Ltd .  p245-262, London. 

Passioura ,  J.  B. 1 988. Response to Dr P.J.  Kramer's article,  'Changing concepts regarding 
plant water relations' ,  Volume 1 1 ,  Nu mber 7,  pp. 565-568. Plant Cell and Environment 
1 1  : 569-571 . 

Patrick, J .  W .  1 988. Assimi late partitioning in relation to crop p roductivity. HortScience 
2 3 ( 1  ) : 33-39. 

Paul ! ,  R. E . ,  N. J. Chen, J. Deputy, H. Huang, G. Cheng, and F. Gao. 1 984. Litchi  g rowth and 
compositional changes during fruit  development. J. Amer. Soc. Hart. Sci. 
1 09 (6):81 7-82 1 . 

Paun ovic, S .  A. 1 988. Apricot germplasm, breeding, selection, cultivar, rootstock and 
environment. Acta Horticulturae 209: 1 3-28. 

Poni ,  S . ,  M. Tagl iavi n i ,  D. Neri ,  D.  Scudellari,  and M. Tosel l i .  1 992.  I nfl uence of root pruning 
a n d  water stress o n  g rowth and physiological factors of potted apple, g rape, peach 
a n d  pear trees. Scientia Horticulturae 52:223-236. 

P rive , J. P . ,  D. C. Elfving , and J. T.  A. P roctor. 1 989.  Paclobutrazol, gibberel l in ,  cytokinin 
effects on growth,  development, and h istology of apple pedicels and fruits. J. Amer. 
Soc. Hart. Sci. 1 1 4(2) :273-278. 

P roebstin g ,  E. L . ,  P. H. Jerie,  and J. l rvine. 1 989. Water deficits and rooting vol u me mod ify 
peach tree g rowth and water relations. J. Amer. Soc. Hart. Sci. 1 1 4 (3) :368-372 . 

)uarta, R . ,  E .  Arias, C. Fideghel l i ,  M. Sco rtichin i ,  and Y. U .  Shin .  1 985. Genetic dwa rf 
a pricots. Acta Horticulturae 1 92:329- 335. 

:lu inlan, J .  D . ,  and P. J. R ichardson. 1 984. Effect of paclobutrazol (PP333) on apple s hoot 
g rowt h .  Acta Horticulturae 1 46 : 1 05-1 1 1  .

. 



References 330 

Ouinlan,  J .  D. ,  and P.  J .  Richardson. 1 986. Uptake a n d  t ranslocation o f  paclobutrazol a n d  
impl icat ions f o r  orchard use. Acta Horticu/turae 1 79:443-451 .  

R ademacher, W. 1 988. New types of plant g rowth retartants: Additional perspectives for 
practical application in ag ricultu re and horticulture. [ I n] Plant Growth Substances, by 
R. P. Pharis and S .  B.  Rood (Eds. )  pub. by Springer-Ve rlag :61 1 -6 1 8. 

Ramina,  A . ,  P. Tonutti , R. Biasi ,  and G .  Costa. 1 986. Effects of root p runing and SADH o n  
t h e  control  o f  g rowth and cropping i n  G ranny Smith. Coltura del melo verso gli anni 
'90. Conference, Cordenons, Italy :455-462. 

Randolph, W. S . ,  and S.  C. Wiest. 1 981 . Relative impo rtance of tractable factors affect ing the 
establ ishment of t ransplanted hol ly. J. Amer. Soc. Hart. Sci. 1 06(2) :207- 2 1  0.  

Ranney, T .  G . ,  N .  L. Bassuk, and T. H .  Whitlow. 1 99 1 . Inf luence of rootstock, scion ,  and 
water deficits o n  g rowth of 'Colt' and 'Meteor' cherry t rees. HortScience 
26(9) : 1 204-1 207. 

Reed, A. N . ,  E. A. C u rry, and M.  W. Wil l iams. 1 989. T ranslocation of t riazole g rowth 
retardants in plant tissues. J. Amer. Soc. Hart. Sci. 1 1 4 (6) :893-898. 

Rezeg hi ,  I. 1 982. Apricot varieties in I ran (Prunus armeniaca). Acta Horticulturae 1 2 1 :263-266. 

R ichards, D .  1 980. Root-shoot interactions: Effects of cytokin in  appl ied to the root and /or 
s hoot of apple seedl i ngs. Scientia Horticulturae 1 2: 1 43- 1 52. 

R ichards,  D . ,  and R .  N .  Rowe- 1 977a. Effects of root restriction, root pruning and 
6-Be nzylaminopurine on the g rowth of peach seedl ings. Ann. Bot. 4 1 :729-740. 

Richards,  D . ,  and R .  N .  Rowe-1 977b. Root-shoot i nteractions i n  peach: The function of the 
root. Ann. Bot. 4 1 : 1 21 1 - 1 2 1 6. 

R ichard s ,  D. 1 983. The g rape root system. Horticultural Reviews 5 : 1 27-1 68. 

R ieger, M . ,  and G .  Scalabrel l i .  1 990. Paclobutrazol ,  root g rowt h ,  hydraul ic cond uctivity, and 
n utrie nt uptake of 'Nemaguard '  peach.  HortScience 25 ( 1  ) :95-98. 

Robinson ,  T.  L . ,  and B. H. Ba rritt. 1 990. Endogenous abscisic acid concentrations, vegetative 
g rowth, and water relations of apple seed l ings following PEG-induced wate r stress. 
J. Amer. Soc. Hart. Sci. 1 1 5(6) :991 -999. 

Robinson,  T. L .  1 992 . P hysiolog ical basis of orchard system performance. Compact Fruit Tree 
25:24-28. 

Rogeres , W. S., and G. C. H ead . 1 969. Factors affecting the d istribution and g rowth of roots 
of perennial woody species. [ In]  Root growth, p.280-295, Whilt ington, W. J . ,  P lenum 
Press, New York. 

Rom, R. C. 1 991 . Apricot rootstocks: perspective, util ization and outlook. Acta Horticulturae 
293:345-353. 

Rowel ! ,  J. G . ,  and D. E. Waiters. 1 976. Analysis of data with repeated observations on each 
experimental u nit. J. agric. Sci. , Camb. 87:423-432. 



References 331 

Ruggiero,  C . ,  P .  Angeloro, V. Mag l iu lo , and F.  Busiello. 1 988. Leaf osmotic potential and 
osmotic adjustment of apricot, u nder d ifferent water regi mes d uri ng the years of 
establ ishment. Acta Horticulturae 228:281 -285. 

Sal isbury, F .  B . ,  and C. W. Ross. 1 9!?2.  Plant physiology. [Fourth ed.] Wadsworth Publ ishing 
Company, Belmont, California,  U SA. 

Sansavin i ,  S., and G .  F. G iannerin i .  1 99 1 . Advances in apricot g rowing and management. 
Acta Horticulturae 293:409-429. 

Santos, R . ,  B.  H. Taylor, and R .  Kjelgre n .  1 991 . Effect of root pruning on water relations and 
s hoot g rowth of  'Bel laire' peach.  HortScience 26(6) :748 abstract. 

SAS I nstitute I nc. 1 991 . SAS user's guide:  Statistics. Version 5. (ed . )  SAS I nstitute , Inc . ,  Cary, 
N . C . ,  U SA. 

Saunders, A. B. 1 991 . The effect of m i ld water stress on vegetative g rowth in tomato 
( Lycopersicon esculentum Mill.) and Pyrus betulaefolia Bunge. PhD thesis. 
Depart ment of Horticultural Science, Massey U niversity, Palmerston North,  New 
Zealand. 

Schneider,  G .  W.,  C .  E. Chapl in,  and D.  C. Martin. 1 978. Effects of apple rootstock, tree 
spacin g ,  and cultivar on fruit and t ree size , yield, a nd fol iar mineral  composition . J. 
A mer. Soc. Hart. Sci. 1 03(2) :230-232. 

Sch ulze, E. D. 1 986. Whole-plant responses to d rought. Austral. J. Plant Physiol. 1 3: 1 27-1 4 1 . 

Schulze, E .  D . ,  0. L. Lange, U .  Buschbom, L. Kappen, and M. Evanari .  1 972. Stomatal 
responses to changes in humidity in plants g rowing in the desert.  Planta 1 08 :259-270. 

Sch ulze, E. D . ,  0. L. Lange, L.  Kappen, U.  Buschbom, and M. Evanari .  1 973. Stomatal 
responses to changes in temperature at i ncreasing water stress. Planta 1 1 0:29-42. 

Sch upp,  J. R., D .  C .  Ferree, and I .  J .  Warrington .  1 992. I nteractions of root pruning and 
deblossoming on g rowth ,  development and yield of 'Golden Delicious' a pple. Journal 
of Horticultural Science 67(4) :465-480. 

Schupp, J .  R . ,  and D. C.  Ferree. 1 987a .  Effects of root p runing at d ifferent g rowth stages o n  
g rowth and fruiting o f  apple trees. HortScience 22(3) :387-390. 

Schupp, J .  R . ,  a nd D. C. Ferree. 1 988a. Cytokinin i njections are ineffective in overcoming the 
response of young apple trees to root pru ning.  Research Circular, Ohio Agricultural 
Research and Development Centre 295:20-22. 

Schupp, J. R . ,  and D. C. Ferree. 1 988b. Effects of root pruning at fou r  levels of severity on 
g rowth and yield of 'Melrose'/M .26 apple trees. J. Amer. Soc. Hart. Sci. 
1 1 3(2) : 1 94- 1 98. 

Schupp, J. R . ,  and D. C. Fe rree. 1 989. Root pruning for g rowth control i n  apple t rees . Acta 
Horticulturae 243: 1 03-1 09. 

Schupp, J .  R . ,  and D. C. Ferree. 1 990. I nf l uence of time of root pruning on g rowt h ,  mine ral  
n utrit ion, net photosynthesis and transpiration of young apple trees. Scientia 
Horticulturae 42: 299-306. 



References 332 

Seeley, S. 1 990. Hormonal t ransduction of environmental stress. HortScience 
25( 1 1 ) :  1 369- 1 376. 

Sharma, M. L. 1 985.  Estimating evapotranspiration .  I n :  D. Hi l lel  (ed .) .  Advances in Irrigation. 
Vo1.3. Academic Press, New York. 

Shea rin g ,  S. J . ,  and T. Jones. 1 986. Fru it tree control with Cultar - Which method of 
appl ication? Acta Horticulturae 1 79:505- 5 1 2.  

Short ,  K. C . ,  and J .  G .  Torrey. 1 972. Cytokinins in seedl ing root of pea.  Plant Physiology 
49: 1 55- 1 60 .  

Sinclair ,  T. R . ,  a n d  M .  M.  Ludlow. 1 985. Who taught plants thermodynamics? The u nfu lf i l led 
potential  of p lant water potentia l .  Austral. J. Plant Physiol. 1 2:21 3-2 1 7. 

Skene, K. G .  M .  1 975. Cytokinin production by roots as a factor in the contro l  of p lant g rowt h .  
p .  365-396. I n :  J .G.  Torrey and D.T. Clarkson (eds.) The development and function 
of roots. Academic Press, New York. 

Slatye r, R. 0. 1 967. Plant water relationships. Academic P ress, New York. 

Smucker, A. J. M., S .  L.  McBurney, and A. K. S rivastava. 1 982. Quantitative separation of 
roots from compacted soil profi les by the Hyd ropneumatic el utriation system .  
Agronomy Journal 7 4:500- 503. 

Somervi l le ,  W. E.  1 994. The use of paclobutrazol as a bark paint in development of a h igh 
density cherry orchard p lanted on standard rootstocks. (p.242) Procs. XXIVth 
International Horticultural Congress, Kyoto, Japan :Abstract. 

Southwick, S. M. ,  B. Lampi nen, K. Shackel ,  and J. T. Yeager. 1 993. Deficit i rrigation and 
s u mmer prun ing integ rated for  h igh density sweet cherry orchards.  HortScience 
28(5):461 abstract. 

Sta n ,  S . ,  and N. Burloi .  1 989. Performance of paclobutrazol (Cultar) in control l ing vegetative 
g rowth and c ropping of stone f ru its. Acta Horticulturae 239:22 1 -228. 

Stee l ,  R .  G. D. ,  and J .  H .  Torrie. 1 98 1 . P ri ncip les and proced u res of statistics: a biometrical 
approach. McG raw- Hi l l ,  lnc, Aukland, New Zealand. 

Steffens,  G. L., and S. Y. Wang. 1 984. Physiological changes ind uced by paclobutrazol 
( P P333) in apple.  Acta Horticulturae 1 46 : 1 35- 1 42.  

Steffens,  G .  L . ,  and S.  Y. Wang. 1 986. B iochemical and physiological a lterations in apple 
trees caused by a gibbe rel l in  biosynthesis inhibitor, paclobutrazol.  A cta Horticulturae 
1 79 :  433-442. 

Ste inbe rg ,  S.  L . ,  M. J. McFarland, and J. C. jr. Mi l ler. 1 989. Effect of water stress on stomatal 
conductance and leaf water relations of leaves along cu rrent-year b ra nches of peach.  
A ustralian Journal of Plant Physiology 1 6(6) :549-560. 

Steinberg, S. L . ,  J. C. Mi l ler, and M. J. McFarland. 1 990. Dry matter partit ioning and 
vegetative g rowth of  young peach t rees u nder water stress. Australian Journal of 
Plant Physiology 1 7 ( 1  ): 23-36. 



References 333 

Stenl id ,  G. 1 982. Cytokinins as inhibitors of root g rowth. Physiologia Plantarum 56:500-506. 

Syvertsen,  J. P. 1 985. I ntegration of water stress in fruit trees. HortScience 20(6) : 1  039-1 043. 

Thomas, T. H. 1 986. Hormonal control of assimi late movement and compartmentation. I n :  
Plant growth substances 1985: Proceedings of  the 12th International Conference on 
Plant Growth Substances, eds. M .  Bopp, Springer-Ve rla g ,  New York. 

Thuantavee, S. 1 991 . Shoot-root al lometry and g rowth of nashi and tomato: Effects of 
buddi ng,  g ibberel l ins and cytokinins.  PhD thesis. Department of Horticu l tura l  Science, 
M assey University, Palmerston North, New Zealand. 

Torrey, J .  G. 1 976. Root hormones and plant g rowth. Ann. Rev. Plant Physiol. 27:435-459. 

Tukey, L .  D. 1 986. C ropping characteristics of bearing apple t rees annual ly sprayed with 
paclobutrazol ( PP333). Acta Horticulturae 1 79:481 -488. 

Tukey, L. D. 1 989. G rowth factors and plant regulants in the manipu lation of p lant 
development and cropping in tree fruits. [ I n) Manipulation of fruiting. eds C .  J .  W right, 
pub. by Butterworth & Co. Ltd. p343-36 1 ,  London. 

Turner, N. C . ,  and M. M .  Jones . 1 980. Turgor maintenance by osmotic adjustment: a review 
and eva luation, p.  87- 1 03.  I n: N .C. Turner and P.J. Kramer (eds.) .  Adaptation of 
plants to water and high temperature stress. Wiley- l nterscience, New York. 

Twi ne,  V .  R., and C. H .  Will iams. 1 971 . The determination of p hosphorus in Kjeldahl d igests 
of plant material by automatic a nalysis .  Communications in Soil Science and Plant 
Analysis 2: 485-489. 

Ur iu ,  K. 1 964. Effect of post-harvest soil moistu re depletion on subsequent yield of a pricots. 
Proceedings of the American Society for Horticultural Science 84: 93-97. 

Vaadia ,  Y., and C .  ltai .  1 969. I nter-relationship of g rowth with reference to the distribution of 
g rowth substances. [ In) Root growth, p.65-79, Whiltington, W. J . ,  P lenum P ress, New 
York. 

van den Ende, B. 1 984. Training peach and nectarine trees on Tatura t re l l is. Agnate, 
Depa rtment of Agriculture, Victoria, A ustralia 2 1 5{23) : 1 -4.  

van den Ende,  B. ,  and D.  J .  Chalmers. 1 978. The Tatura trel l is and t ree manageme nt. 
Agnate, Department of Ag riculture, Victoria, Austral ia 2 1 0 ( 1 0 ) : 1 -3. 

van den Ende, B . ,  and J .  E.  Kenez. 1 985. The Tatura trel l is- A high i ntensity ap ricot orcha rd 
tor e a rly and high production. Acta Horticulturae 1 92:93-97. 

Voss, D. H. 1 992. Relating colorimeter meas u rement of plant calor to the Royal Horticultura l  
Society Calor Chart.  Hart Science 27{1 2):  1 256- 1 260. 

Walker-Si m mons, M.  1 987 . ABA level and sensitivity in developing wheat embryos of 
sprouting resistance and susceptible cu ltivars. Plant Physiol. 84 : 6 1 -66. 

Walto n ,  D .  C. 1 980. Biochemistry and p hysiology of abscisic acid. Ann. Rev. Plant Physiol. 
3 1  : 453-489. 

--



References 334 

Wang, S. Y . ,  and G. L .  Steffens. 1 985. Effects of paclobutrazol on water stress-ind uced 
ethylene biosynthesis and polyamine accumu lation in  apple seed l i n g  leaves. 
Phytochemistry 24( 1  0): 2 1 85-21 90. 

Wang, Z., and W. Stutte. 1 992. The role of carbohydrates in active osmotic adjustment in 
apple under water stress. J. Amer. Soc. Hart. Sci. 1 1 7(5) :81 6-823. 

Ward law, I. F .  1 990. The control of carbon partit ioning in plants. New Phytol. 1 1 6: 34 1 -38 1 . 

Warri ngton, I .  J . ,  T. Dixon, R. W. Robotham, and D. A. Rook. 1 978. Lighting systems i n  major 
New Zealand control led envi ronment facil it ies. Journal of Agricultural Engineering 
Research 23: 23-26 . 

Watts, S . ,  J. L. Rod riues, S. E .  Evans, and W. J .  Davies. 1 98 1 . Root and shoot g rowth of 
plants t reated with abscisic acid. Ann. Bot. 47:595-602. 

Weaver, R.  J .  1 972. Plant g rowth substances i n  ag riculture. W. H .  Freeman and company, 
San F rancisco. 

Webster, A. D.  1 990a. Chemical control of tree g rowth of plum (Pru nus do mestica L . ) .  1 1 .  
Comparison between foliar and soi l  treatments and different dose rates of 
paclobutrazol on growth and cropping of three cu ltivars. Journal of Horticultural 
Science 65(3):275-287. 

Webster, A. D. 1 990b. The inf luence of paclobutrazol on the growth and cropping of sweet 
che rry cu ltivars. 1 1 .  Rootstock effects on scion sensitivity and the longevity of residual  
effects . Journal of Horticultural Science 65(5) : 5 1 9-527. 

Webster, A. D. 1 989. Opportun ities for high density plantings of European plum and sweet 
cherry. Acta Horticulturae 243:309-3 1 7. 

Webster, A. D . ,  and L .  And rews. 1 985. Fruit th inning Victoria plums (Prunus domestica L . ) :  
Prel iminary studies with paclobutrazol . Journal of  Horticultural Science 60(2) : 1 93- 1 99.  

Webster, A. D . ,  and J .  D. Quin lan .  1 984. Chemical control of  tree g rowth of p lum ( P ru nus 
domestica L. ) .  I .  Pre l iminary studies w ith the g rowth retardant paclobutrazol ( P P333) .  
Journal of Horticultural Science 59(3):367 -375. 

Wei ler, E. W. 1 986. Plant Hormone immu noassays based on monoclonal and polyclonoal 
antibodies. [ I n] Immunology in Plant Science, edited by H.F .Li nskens and J . F .J ackso n ,  
pub. S pri nger- Verlag,  Berl in  Heidelberg New York, London : 1 -5 .  

Weiler, E.  W .  1 980.  Radioimmunoassays f o r  the differential and d irect analysis o f  free a n d  
conju gated abscisic acid in  plant extracts. Planta 1 48 :262-272. 

Welbank, P.  J . ,  and E. D. Wi l l iams. 1 968. Root g rowth of a barley crop estimated by sampl ing 
with portable powered soi l-coring equipment. Journal of Applied Ecology 5:477-48 1 .  

Westwood, M .  N . ,  a nd A. N .  Roberts. 1 970. The relation between cross-sectional a rea and 
wei g ht of apple trees. J. Amer. Soc. Hart. Sci. 95:28-30. 

Westwood, M .  N .  1 993. Temperate zone pomology. Third Edition by Timber P ress, Port land, 
Oregon,  USA. 



References 335 

Wil l iamson, J .  G. ,  D.  C.  Coston, and L. W. G rimes. 1 986. G rowth responses of peach roots 
and shoots to soi l and fol iar-appl ied paclobutrazol .  HortScience 21 (4 ): 1 00 1 - 1 003. 

Wi l l iams, M.  W. 1 984. U se of bioregulators to control vegetative growth of fruit t rees and 
improve fruit ing efficiency. Acta Horticulturae 1 46: 97- 1 04 .  

Wi l l iams, M.  H . ,  E .  A .  C u rry, a n d  G .  M. G reene. 1 986. Chemical control of vegetative g rowth 
of pome and stone fruit trees with GA biosynthesis inhibitors. Acta Horticulturae 
1 79:453-458. 

Wilson, J. B.  1 988. A review of evidence on the control of shoot: root ratio, in re lation to 
models. Annals of Botany 61 :433-449. 

Yamaki ,  S.  1 980. A sorbitol oxidase that converts sorbitol to g l ucose in apple leaf.  Plant Cell 
Physiol. 2 1  :591 -599. 

Yang, W. M . ,  S. J .  Chung, and Y .  D .  Kim. 1 990. Comparative studies o n  the 
physico-ecological and morphological adaptations of g reenhouse tomato g rown in 
aeroponics and nutrient f i lm technique.  I l l .  Characteristics of physico-ecological 
adaptations. J. Kor. Soc. Hart. Sci. 3 1  (3) :226-237. 

Young,  E. 1 982. Pruning effects on f i rst-year g rowth of apple on four rootstocks. Compact 
Fruit Tree 1 5:99-1 03. 

Young,  E . ,  and D.  J .  Werner. 1 982. Early season root and shoot g rowth of 'Golden Delicious' 
apple on fou r  rootstocks as affected by pruning at planti ng.  J. Amer. Soc. Hart. Sci. 
1 07(5) :822-826. 

Zeevaart, J. A.  D. 1 977. Sites of abscisic acid synthesis and metabol ism i n  Ricinus communis 
L. Plant Physiol 59:788-791 . 

Zeevaart, J .  A. D. ,  and R. A. C reelman. 1 988. Metabolism and physiology of abscisic acid. 
Ann. Rev. Plant Physiol. 39:439-473. 


	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104
	10105
	10106
	10107
	10108
	10109
	10110
	10111
	10112
	10113
	10114
	10115
	10116
	10117
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10172
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182
	10183
	10184
	10185
	10186
	10187
	10188
	10189
	10190
	10191
	10192
	10193
	10194
	10195
	10201
	10202
	10203
	10204
	10205
	10206
	10207
	10208
	10209
	10210
	10211
	10212
	10213
	10214
	10215
	10216
	10217
	10218
	10219
	10220
	10221
	10222
	10223
	10224
	10225
	10226
	10227
	10228
	10229
	10230
	10231
	10232
	10233
	10234
	10235
	10236
	10237
	10238
	10239
	10240
	10241
	10242
	10243
	10244
	10245
	10246
	10247
	10248
	10249
	10250
	10251
	10252
	10253
	10254
	10255
	10256
	10257
	10258
	10259
	10260
	10261
	10262
	10263
	10264
	10265
	10266
	10267
	10268
	10269
	10270
	10271
	10272
	10273
	10274
	10275
	10276
	10277
	10278
	10279
	10280
	10281
	10282
	10283
	10284
	10285
	10286
	10287
	10288
	10289
	10290
	10291
	10292
	10293
	10294
	10295
	10296
	10297
	10298
	10299
	10300
	10301
	10302
	10303
	10304
	10305
	10306
	10307
	10308
	10309
	10310
	10311
	10312
	10313
	10314
	10315
	10316
	10317
	10318
	10319
	10320
	10321
	10322
	10323
	10324
	10325
	10326
	10327
	10328
	10329
	10330
	10331
	10332
	10333
	10334
	10335
	10336
	10337
	10338
	10339
	10340
	10341
	10342
	10343
	10344
	10345
	10346
	10347
	10348
	10349
	10350
	10351
	10352
	10353
	10354
	10355
	10356
	10357
	10358
	10359
	10360
	10361
	10362
	10363
	10364



