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Abstract

E xperiments were conducted at the University of 

California, Davis field station. Soils were deep silty loam 

with high water storage capacity. Water stress effects on 

vegetative and reproductive growth, canopy light conversion 

efficiency and single leaf p h o tosynthesis of tomato, 

c u l t i v a r  U.C. 82B w e r e  i n v e s t i g a t e d  un d e r  d i f f e r e n t  

irrigation regimes. Irrigation treat m e n t s  were: well 

irrigated (I) and non-irrigated (NI). Treatment NI received 

no more irrigation after the sixth leaf stage and thus 

depended largely on water stored in the soil.

There was little or no difference in leaf water 

potential b e tween I and NI through most of the season. 

Single leaf photosynthetic rate also showed little response 

to irrigation treatments. However, withholding irrigation 

caused marked depression on canopy expansion. Non-irrigated 

plots had much smaller canopies and the resulting incomplete 

ground cover greatly reduced biomass accumulation. A linear 

relationship was found between c u m m u l a t i v e  intercepted 

radiation and biomass accumulation. The slope of this line 

is an expression of canopy photosynthetic efficiency. Water 

stress reduced this parameter but this effect was much less 

than the reduction of canopy expansion suggesting that water 

stress depressed b i o mass accu m u l a t i o n  largely through its 

effects in inhibiting canopy growth rather than canopy 

photosynthetic efficiency.

-iv-
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Generally water stress depressed vegetative growth but 

enhanced or had no effect on reproductive growth. Water 

s t r e s s e d  p l a n t s  had h i g h e r  f r u i t  set on e a r l y  f l o w e r  

trusses. They also had higher coefficient of b i omass 

partitioning into fruits through most of the season but the 

duration of biomass accu m u l a t i o n  into fruits was reduced. 

Prevention of fruit development by continuous flower removal 

failed to stimulate canopy growth in water stressed plants 

suggesting that the preferential partitioning of biomass 

into fruits may not be explained by simple competition for 

assimilates.

Due to depression of canopy expansion, water 

stressed plants may be limited by vegetative sinks and this 

could ultimately lead to photosynthetic inhibition. Removal 

of all fruits depressed photosynthesis p r e s u m a b l y  through 

sink l i m i t a t i o n  and the m e c h a n i s m  involved was apparently 

similar to that reported for water stress limitation on 

photosynthesis. It is thus suggested that effect of water 

stress on photosynthesis could be operating through sink 

limitation.
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SECTION X

General Introduction

In the world of ever increasing population, there is 

an urgent demand to achieve a matching growth in food 

production. The use of artificial fertilizers has, in the 

past, produced a steady increase in world food supply, mainly 

through increase in yield per unit land. Recent data, 

however, suggest that we may be approaching another yield 

plate a u .  In the n e x t  d e c a d e  the p r e s s u r e  to k e e p  on 

expanding the total area of land under cultivation will 

increase, pushing agriculture into less favorable areas. 

T h e r e  is, t h e r e f o r e ,  an u r g e n t  n e e d  to f u r t h e r  our 

understanding of crop responses to the marginal environments 

in order to maximize production.

Outside the polar areas, water availability is the 

most important single environmental factor restricting the 

range of agricultural production. Of course, drought can 

be, and has been alleviated by irrigation. The increasing 

cost of irrigation together with the limited supply of good 

quality water have, however, created the need to improve 

crop water use efficiency. Much research has gone into the 

study of crop water relationships. The literature available 

on this s u b j e c t ,  h o w e v e r ,  r e v e a l s  that f i e l d  crops, 

particularly cereals and, to some extent, cotton and grain 

legumes have received much more attention than vegetable
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crops. The reasons for this disparity are probably to be 

f o u n d  in the fact that v e g e t a b l e s  are t r a d i t i o n a l l y  

c o n s u m e d  as f r e s h  p r o d u c e  w h e r e  f r e s h  j u i c y  q u a l i t y  

associated with high irrigation levels is an advantage. 

With the expansion of the processing industry, however, 

production of vegetables and particularly tomatoes, has 

become a field practice with emphasis on biomass yield.

Tomato, a crop which was first d o m e s t i c a t e d  in 

Mexico, is the world's most widely gro w n  vegetable after 

potato. Plant explorers have found wild relatives of the 

tomato in e n v i r o n m e n t s  as diverse as the tropical rain 

forests of South A m e r i c a  and the arid regions of Mexico. 

Certainly there is a gene pool that can be utilized to 

d e v e l o p  d r o u g h t  r e s i s t a n t  c u l t i v a r s .  W o r k  h i t h e r t o  

conducted in tomato water relations have been mainly geared 

towards irrigation m a n a g e m e n t  and results typically show 

that t omato yield is sensitive to water stress. I believe 

these should be considered as preliminary studies directed 

towards understanding of current cultivars. We cannot 

expect crops developed for high moisture conditions to 

always p e r f o r m  well under drought. However, we can use 

information gathered from present cultivars to chart a 

direction for future improvement. Ecophysiological work is 

needed to e x amine and integrate various responses of the 

Plant to water stress so the information can be incorporated 

in programs directed at the development of drought resistant
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tomatoes.

Much improvement in crop productivity has been derived 

from increase in harvest index rather than photosynthesis. 

There is, thus an impetus for studying partitioning of 

biomass in crops. Some literature on crop-water relations 

indicate that various phenological stages and plant parts 

exhibit different degrees of sensitivity to moisture stress, 

s u g g e s t i n g  an i n f l u e n c e  of w a t e r  s t r e s s  on b i o m a s s  

partitioning. In tomatoes, water stress often influences 

earliness, total solute content of fruits, root/shoot ratio 

and other partitioning phenomena. The objective of this 

st u d y  w a s  to tak e  a c r i t i c a l  look at s o m e  of t h e s e  

partitioning phenomena arising from water stress and assess 

their implications in yield of tomatoes under limited 

moisture. The tomato has only been used as a model crop and 

it is hoped that results emanating from this study will add 

to our understanding of general crop water relations and 

crop adaptation to marginal moisture conditions.



SECIIQM IX

Literature Review

This section discusses literature regarding the effect 

of water stress on crop yield. Deve l o p m e n t  of crop water 

deficits and its effects on b i o mass acc u m u l a t i o n  and 

partitioning are reviewed. The last part of this section 

deals with the effect of sink limitation on photosynthesis, 

as assimilate accumulation following water stress could 

a ccount, at l e a s t  p a r t l y ,  for w a t e r  s t r e s s  i n d u c e d  

photosynthetic depression (Barlow and Boersma 1976).

Development of crop water deficits in the field

Plant water deficits develop when transpiration 

exceeds absorption rate. In a normal day, a plant goes 

through a diurnal cycle consisting of a period of increasing 

internal water deficits when transpiration is greater than 

absorption, followed by a late afternoon recovery period 

when absorption is greater than transpiration (Kramer, 1937; 

Slatyer, 1967). This cycle develops irrespective of soil 

moisture status as long as transpiration occurs for at least 

part of the day. Thus water stress is a relative term which 

d e p e n d s  on the d e g r e e  and d u r a t i o n  of i n t e r n a l  w a t e r

deficits.

The progression of long term plant water deficits has
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been analysed by Slatyer (1967). It essentially begins with 

the daily cycle but as soil water potential drops, the plant 

not only experiences lower water potential but the recovery 

phase also takes longer. Ultimately, the plant water 

d e f i c i t s  get so s e v e r e  that the p l a n t  w i l l  die if no 

irrigation or rain occurs. This simple model may be 

complicated by a number of factors that are important in the 

long term deve l o p m e n t  of plant water deficits under field 

conditions. First, it has been observed that water stress 

inhibits shoot more than root growth so that the shoot-root 

ratio is increased (Bradford and Hsiao, 1982). Such a 

response reduces transpiration surface relative to the water 

absorbing surface and thus improve the plant water economy. 

Occasionally there is an absolute increase in root biomass 

in plants under mild water stress (Sharp and Davies, 1979). 

Moreover, within the drying soil itself roots grow faster in 

wet than dry portions of the profile (Portas and Taylor, 

1976). Klepper £t a l . (1973) and Taylor and Klepper (1974) 

reported a shift in rooting pattern of cotton in such a way 

that rooting density increased with depth while the opposite 

was true for the i r r i g a t e d  t r e a t m e n t .  S a l t e r  (1954) 

reported a similar shift in glasshouse tomatoes. Enhanced 

root growth in deeper, wetter soil layers would increase 

the root area effectively involved in water uptake and thus 

reduce the rate of progression of plant water stress. 

Other acclimatory responses such as increase in pubescence 

(Ehleringer, 1980), parahelionastic leaf movements (Mooney 

alj., 1977) and stomatal closure may also c o m plicate the
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long term trend of development of plant water deficits.

Relationship between leaf and soil water potentials

In studies of plant water relations, soil moisture 

potential has often been used as an index of plant water 

stress. However, little relationship exists between leaf 

water potential and soil water potential (Slatyer, 1967). 

For a plant to extract water from the soil, it must have a 

w a t e r  p o t e n t i a l  l o w e r  than that of the soil. Thi s  

difference depends on the evaporative demand (or vapor 

pressure deficit), the extent to which a plant can cope with 

the demand and the water conducting properties of the soil 

and the plant (Gardner and Nieman, 1964). Rudich £_£ al 

(1981) obtained results which suggest that hourly changes in 

the leaf water potential of tomato plants were strongly 

correlated with changes in vapour pressure deficit (VPD). 

At any one VPD level, however, leaf water potential will be 

positively correlated with soil water potential. As soil 

water potential falls, soil hydraulic conductivity declines 

rapidly so that lower root and leaf water potentials are 

required to sustain transpiration rate at desired level.

Soil w a t e r  p o t e n t i a l  a l s o  r e p r e s e n t s  the u p p e r  

possible limit of recovery by the plant during the night 

(Slatyer, 1967; Turner and Begg, 1981). However, it has 

been observed (e.g. Cary and Wright, 1971; Klepper al.. 

1973) that p l a n t  and soil m o i s t u r e  p o t e n t i a l s  do not
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equilibrate overnight even under conditions where dew 

formation preclude night time transpiration. The existence 

of soil-root interface and internal plant resistances 

dictate that leaf water potential will lag behind soil water 

potential in the recovery process. Moreover, Boyer (1974) 

found that plant resistance to water flow increases markedly 

as absorption decreases when the leaf approaches saturation. 

Lack of e q u i l i b r a t i o n  c o u l d  a l s o  be c a u s e d  by p l a n t  

expansive growth (Molz and Boyer, 1978).

Canopy development and biomass production

The rate and extent of crop growth is postulated to 

depend on amount of light intercepted and the canopy light 

conversion efficiency. Several workers (e.g. Monteith, 

1977; Shible and Weber, 1966; W i l l i a m s  £_t al. 1965) have 

reported significant linear relationship between the total 

light intercepted and crop aboveground biomass accumulated 

over specific time intervals in various field crops. A 

typical annual crop has a small canopy early in the season 

and absorbs only a part of the incident photosynthetic 

radiation. Hsiao (1982) has theorized that at this stage, 

canopy light interception is the main factor limiting 

productivity and that growth should follow first order 

kinetics, being proportional to the initial biomass and 

exponential with time. However, experimental data bearing 

0n this point are limited. Once a crop has achieved full 

canopy cover, the efficiency of light utilization (biomass
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oroduced per unit light absorbed or intercepted) controls 

biomass a c c u m u l a t i o n  rate and, if light conditions do not 

change, crop growth rate should remain constant as reported 

by W i l l i a m s  al. (1965) for maize. It is hence suggested 

that further increase in leaf area index (LAI) beyond full 

canopy cover is unnecessary and may actually be undesirable 

as it only leads to more shading of the lower leaves and 

increased respiratory load on the plant system (see Gifford 

and Jenkins, 1982). The knowledge that shaded lower canopy 

l eaves t e n d  to s h i f t  t h e i r  l i g h t  c o m p e n s a t i o n  p o i n t  

d o w n w a r d s  and stay in positive carbon balance (McCree and 

T r o u g h t o n ,  1 9 6 6  ; K i n g  a n d  E v a n s ,  1 9 6 7 )  a n d  t h a t  

photosynthetic activity of leaves decreases with age (Catsky 

et al.. 1976) may, however, suggest that there would be some 

benefits derived from increased leaf f o rmation even after 

full canopy. Absence of such leaf gr o w t h  may result in 

rapid d e c r e a s e  in c r o p  g r o w t h  rate as e f f i c i e n c y  of 

uppermost leaves falls with age.

Effects of water stress on canopy development

Bradford and Hsiao (1982) pointed out that crop canopy 

growth is very sensitive to water stress. This is probably 

due to high sensitivity of expansive growth to plant water 

deficits (Boyer, 1968). Hsiao (1973) concluded that cell 

expansive growth appears to be more sensitive to water 

stress than other physiological processes. The sensitivity 

canopy d e v e l opment to water stress may have important
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^m p l i c a t i ° n s for crop productivity. Small reductions in 

growth rates in the early growth stage due to water stress 

would, because of the the exponential nature, compound with 

time into large reductions in biomass production (Bradford 

and Hsiao, 1982). The ecological implications of canopy 

response to water stress remain to be analysed. Studies are 

needed to look at the adaptive importance of this response 

and how it can be incorporated in crop management practices 

under conditions of water stress.

The mechanisms underlying the sensitivity of expansive 

g r o w t h  to w a t e r  p o t e n t i a l  are not w e l l  u n d e r s t o o d .  

Lockhart (1965) defined a relation b e t ween cell expansion 

rate and turgor pressure:

av/vat = Eg (.,p - vpfth)
where V is the cell volume, dV/Vdt is the relative rate of 

increase in cell volume, Eg is gross extensibility of the 

cell wall, Tp is turgor pressure (or pressure potential) and

4p,th * s fche t h r e s h o l d  t u r g o r  p r e s s u r e  b e l o w  w h i c h  no 

expansion occurs. Green ££ a l . (1971) reported results 

which, in general, support the Lockhart equation. Based on 

this relationship, water stress induced inhibition of 

expansive growth may result from decrease in extensibility, 

decrease in turgor pressure or increase in threshold turgor 

Pressure.

turgor pressure can be readily reduced by water
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stress. Relationships between water content and leaf water 

potential (e.g. Tyree and Hammel, 1972) show that a small 

reduction in water content is usually associated with a 

large fall in turgor pressure. Because only the turgor 

above the threshold is effective in expansive growth and the 

threshold is high (Green al.» 1971), inhibition of growth 

by water stress has been considered in terms of turgor 

reduction (Hsiao, 1973 ; Hsiao a l ■. 1976a). Recently, 

however, some work has been reported which shows that while 

expansive growth depends on having some m i n i m u m  turgor 

pressure, the relationship is complex depending on the age 

of the tissue and its past history (Kramer, 1983). For 

example, Bunce (1977) found a linear relationship b e tween 

elongation rate and turgor in soybean leaves but leaves in 

drier field environment required less turgor for elongation 

than those grown in the more humid growth chamber. Wenkert 

et aJL.. (1978) concluded that turgor pressure is not the 

primary factor limiting leaf growth within the daily range 

of w a t e r  p o t e n t i a l  in the field. In g r o w t h  c h a m b e r ,  

Michelena and Boyer (1982) and Van Volkenburgh and Boyer 

(1985) reported that withholding water from maize plants 

i n h i b i t e d  leaf e l o n g a t i o n  eve n  t h o u g h  e n o u g h  s o l u t e s  

accumulated in the elongating region to maintain virtually 

constant turgor. Van V olkenburgh and Boyer (1985) found 

that while growing tissues of well watered plants excreted 

Protons into the apoplastic space, this acidification was 

i n h i b i t e d  in t i s s u e s  e x p o s e d  to w a t e r  stress. W a l l  

scidification has been reported to enhance expansive growth
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by increasing cell wall extensibility (Hsiao and Bradford, 

1983? Rayle and Cleland, 1977), In the case of water stress 

it is not clear if reduction in wall acidity could account 

for all g r owth inhibition? and a possible effect of an 

undetected small drop in turgor is not ruled out. There is 

clearly a need for more research to investigate the primary 

m e c h a n i s m  responsible for expansive growth reduction in 

plants.

Effect of water stress on biomass partitioning

High crop yield depends on bi o m a s s  production and 

partition in a manner that m a x i m i s e s  economic harvest. 

Partitioning is dependent on the allocation of current 

assimilates and mob i l i s a t i o n  of stored assi m i l a t e s  to 

metabolic sinks. A good partitioning strategy should ensure 

plant survival, allow for a g r o n o m i c  m a n a g e m e n t  practices 

(e.g. reduce crop lodging and hence facilitate mechanical 

harvesting) and m a x i m i s e  the proportion of total biomass 

deposited in the plant parts that constitute yield. Under 

conditions of soil moist u r e  deficits, water acquisition 

could be the single most important factor influencing yield. 

In this section crop partitioning strategies that influence 

crop yield under water stress are discussed. The effect of 

water stress on phloem transport process appears to be small 

(Slatyer, 1973? Wardlaw, 1968) and is not included in this 

discussion •
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Root growth: Roots constitute an important sink for 

assimilates. Soil water deficits affect root gro w t h  in a 

number of ways. Generally growth rate of roots decreases 

with increasing degree of water deficits (Portas and Taylor, 

1976), However, root g rowth in each soil layer appears to 

be independent of moisture content in other soil layer. As 

a result, growth may stop in roots ramifying into upper dry 

soil layers but continue in those penetrating wet zones of 

the profile (McWilliam and Kramer, 1968; Klepper al. 

1973). Arnon (1975) noted that roots grow towards water in 

the soil provided the distance from the water is small.

Water stress usually depresses shoot g rowth to a 

relatively greater extent than root g rowth so that the 

overall root/shoot ratio is increased ( Begg and Turner, 

1976; Davis, 1942; Harris, 1914; Hsiao, 1973; Martin, 1940). 

Situations have also been reported where mild water stress 

induced absolute increase in root growth (Doss al, 1960; 

Hsiao and Acevedo, 1974; Sharp and Davies, 1979). It should 

be added that root/shoot ratio at any point in time portrays 

both the proportion of a s s i m i l a t e s  allocated to roots and 

the rate of turnover of roots relative to shoot (Fischer and 

Turner, 1978). Sharp and Davies (1979) observed that, as 

water stress developed, an increase in root/shoot ratio

started about the same time as a decrease in leaf elongation 

rate.

UNiyERSina Dl >AlRO*l



Both a greater density of roots and increased rooting 

depth are morphological adaptations to water deficits which 

facilitate better extraction of soil water and maintainance 

of high plant water status. Salter (1957) c o m m e n t e d  that 

wet soil regimes led to shallow rooting in contrast to 

deeper development of roots under dry conditions. Work with 

broad beans (Kauschf 1955 cited in Salter and Goode, 1967) 

showed that when the plant was grown in sodium chloride or 

sucrose solutions of of decreasing water potential, the 

growth of lateral roots was retarded before that of tap 

root. L i k e w i s e  Lundkvist (1955) (see Salter and Goode, 

1967) showed that tap root constituted a larger proportion 

of total root length under conditions of water stress. 

Development of deep root systems would be a useful adaptive 

feature if water is available in the deeper soil layers. 

Hurd (1968; 1974) showed that deeper rooting varieties of 

wheat yielded better under drought stress.

R e p r o d u c t i v e  g r o w t h  and d e v e l o p m e n t :  D ue to

differences in life history, reproductive growth in annual

crops responds to water stress in a slightly different way
*

from perennials (Fischer and Turner, 1978). This discussion 

will be limited largely to the response of annual crop 

Plants but ex amples from annual wild plants will also be 

used where necessary. There is much in literature relating 

overall crop yield to water stress (see Salter and Goode, 

1967) but data are limited on the detailed dynam i c s  of 

responses of the various stages of reproductive growth.
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Response of flower initiation to water stress seems to be 

complicated. Severe early water stress has been shown to 

delay (Marc and Palmer, 1976) or have no effect (Mott and 

McComb, 1975) on flower initiation. Flowering is generally 

hastened slightly by mild water stress (Turner and Begg, 

1977) but has been found to be unaffected in some desert 

ephemerals (Mott and McComb, 1975). Angus and Moncur (1977) 

found that, in wheat, flowering was hastened by mild water 

stress but there was d e v e l o p m e n t al  retardation in plants 

which had been heavily stressed, the retardation being 

c o m m e n s u r a t e  with the duration of severe stress. Water 

stress during fruit set and fruit filling will usually 

accelerate fruit maturation (Clarkson and Russell, 1976; El 

Nadi, 1974) although some exceptions have been observed 

among wild species (Mott and McComb, 1975). Salter (1958) 

noted that water stress shortened fruit g rowth period in 

tomatoes.

It is frequently reported that the the number of 

fruits per plant is the yield comp o n e n t  most sensitive to 

water stress and such observations are used to support the 

idea that pollination is easily inhibited by stress (see 

Salter and Goo d e ,  1967). The e v i d e n c e ,  h o w e v e r  is 

confusing, p a rticularly when based on h a r v e s t - t i m e  data 

without consideration of changes throughout the season. 

Water stress developing s lowly during crop g r o w t h  have no 

e ffect on tomato fruit set in the studies of Cannell and
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Asbell (1974) and of Haghighi (1980). When plants are well 

s u p p l i e d  w i t h  w a t e r  e a r l y  d u r i n g  rep r o d u c t i v e  phase, 

subsequent stress will increase shedding of flowers and 

developing fruit (El Nadi, 1969; also see Hearn, 1980) and 

reduce yield. Severe water stress has been reported to 

inhibit pollination but mild stress of the order usually 

encountered under field conditions has little effect (Hsiao, 

1982). Wudiri (1980) found that water stress had little 

effect on pollen viability in tomato. A liberal water 

supply early during flowering can also increase shedding of 

young bolls in cotton (Stockton si a l .. 1961; Hearn, 1975) 

apparently by stimulating internal competition between 

vegetative and reproductive growth (Hearn, 1980). Fruit 

shedding during severe water stress is possibly also induced 

by source limitation.

F o l l o w i n g  fruit set f r u i t  g r o w t h  b e c o m e s  an 

increasingly strong sink for current assimilates, and a 

large proportion of the total ass i m i l a t i o n  over the fruit 

growth period goes to the fruit (Hurd, 1979; Johnson and 

Moss, 1976). Growing fruits or seeds may also receive some 

carbon through remobilisation of assimilates stored in the 

Plant before the onset of fruit growth (e.g. Bidinger, 1977, 

see Fischer and Turner, 1978). Water stress during fruit 

9 r o w t h  not o n l y  i n c r e a s e s  the p r o p o r t i o n  of c u r r e n t  

assimilates translocated to the seed (Johnson and M o s s , 

^■976) but also increases r e m obilisation of assimilates 

stored prior to fruit growth (Boyer, 1976; Constable and
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Hearn, 1978; Passioura, 1976). Individual fruit growth was 

found to be insensitive to water stress (Salter, 1958). In 

cotton, water stress increased the number of early bells 

(Hearn, 1975). The duration of fruit gro w t h  is, however, 

often curtailed (Salter, 1958). There is need to further 

study the interactions between b i omass allocation and 

duration of reproductive growth under water stress.

Whole season partitioning of assimilates into fruits 

manifests itself in the harvest index (HI). Where water 

stress develops early or is mild and evenly distributed over 

the whole season, HI is unaffected (de Wit, 1958, see 

Fischer and Turner, 1978; Haghighi, 1980). Considering the 

influence of water stress on a s s i milate allocation into 

fruits and duration of reproductive g r owth as discussed 

earlier, there is need to study the trend of proportion of 

total b i o m a s s  a l l o c a t e d  to f r u i t s  t h r o u g h o u t  the 

r e p r o d u c t i v e  phase. S e v e r e  p l a n t  w a t e r  d e f i c i t s  

concentrated around flowering or in the fruit filling stage 

can reduce HI remarkably (see Fischer and Turner, 1978; 

Salter and Goode, 1967).

Sink Limitations on Photosynthesis.

Effect of sink/source ratio on photosynthesis: It has 

k een observed that reduction of sink-source ratio often 

inhibits photosynthetic rate (Neales and Incoll, 1968). The 

rate of photosynthate export from source leaves to sinks is
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thought to be important in regulating the CO2 assimilation 

rate in the source leaf. If rates of export are so low 

assimilates accu m u l a t e  in the source leaf, photosynthesis 

will be i n h i b i t e d .  Hence, c h a n g e s  such as i n h i b i t e d  

translocation and reduced sink demand have frequently (Guinn 

and Mauney, 1980; Lenz, 1978; Neales and Incoll, 1968) but 

not always (see Geiger and Giaquinta, 1982) been shown to 

lead to lower photosynthetic rates.

Much of the literature indicates that reduction of 

fruit load on a plant depresses leaf photosynthetic rates. 

For example, Setter &£ a l . (1980a) found that c omplete de- 

podding of soybean produced up to 70% reduction in C O 2 
exchange rate. S i m i l a r l y  Loveys and K r i e d e m a n n  (1974) 

observed about 50% decrease in p h otosynthesis following 

defruiting of grape vines. These results may be interpreted 

in terms of sink source relationships (Neales and Incoll, 

1968). It would appear that reduction of sink/source ratio 

leaves s o u r c e  l e a v e s  w i t h  e x c e s s  a s s i m i l a t e s  w h i c h  

accumulate in the leaf tissues and effect negative feed-back 

upon biochemical processes of photosynthesis. Work reviewed 

by Geiger and Giaquinta (1982), however suggest that the 

mechanisms involved in these responses are complex and that 

assimilate acc u m u l a t i o n  in leaves p^r. s_£ does not always 

cause depression in photosynthesis. Situations have also 

been reported where the onset of fruiting per se led to an 

1hCtease in photosynthetic rate. C halmers al. (1975) 

found that photosynthesis increased as the rate of fruit
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growth increased in peaches but again decreased when the 

fruits were harvested. They explained their results on the 

basis that accumulation of assimilate in leaves before rapid 

fruit growth and after harvest limited photosynthesis. 

FI inn (197 4) observed that presence of fruits enhanced 

photosynthetic rates in adjacent leaflets. The possibility 

that fruits produce some photosynthetic stimulators has been 

discussed by Guinn and Mauney (1980).

M e c h a n i s m s  of sink l i m itation on photosynthesis: The 

mechanisms involved in the inhibition of photosynthesis by 

fruit removal are not well understood. The end product 

inhibition hypothesis (Guinn and Mauney, 1980; Herold, 1980; 

Neales and Incoll, 1968) has d o minated the literature for 

over a century (Neales and Incoll, 1968) yet, although a 

number of workers (e.g. K r i e d e m a n n  £i. al, 1976; Loveys and 

K r i e d e m a n n , 1 9 7 4  ; S e t t e r  £_£ a l , 1980b) hav e  r e p o r t e d  

increase in carbohydrate concentration in leaves following 

defruiting, the b i o c h emical processes that would lead to 

such a feed-back have not been v/ell established (Geiger and 

Giaquinta, 1982; Herold, 1980). Certain phosphorylated 

sugars such as f r u c t o s e - 1 , 6 - d i p h o s p h a t e ,  g l u c o s e - 1 , 6- 

diphosphate, glucose-6-phosphate and 3-phosphoglcerate have 

been shown to c o m p e t i t i v e l y  i n h i b i t  R U B P - c a r b o x y l a s e  

activity (see Guinn and Mauney, 1980). Sucrose, glucose and 

fructose, however, had no appreciable effect. Accumulation 

°f non-phosphorylated sugars may inhibit photosynthesis by
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sequestering inorganic phosphate (Pi) (Herold £t &1, 1976) 

thereby interfering with triose-Pi translocator. Deficiency 

0 f Pi has been shown to depress photosynthesis (Terry and 

Ulrich, 1973). The sequestration of Pi by sugars could 

explain the inhibition of photosynthesis by applied sugar 

solutions (Moore £_t al, 1973).

The chloroplast m e m b r a n e  is i m p e r m e a b l e  to sucrose 

(see Geiger, 1979). It is therefore more difficult to 

conceive a m e c h a n i s m  by which sucrose which is formed 

outside the organelle could inhibit photosynthesis. Herold 

(1980) n o t e d  that i n c r e a s e d  l e v e l s  of s u c r o s e  in the 

cytoplasm, when sink activity is reduced, could lead to 

increased concentration of triose phosphate (TP) from mass 

ac t i o n  or f e e d - b a c k  i n h i b i t i o n  of e n z y m e s .  A n o t h e r  

p o s s i b i l i t y  is the i n h i b i t i o n  of s u c r o s e  p h o s p h a t e  

p h o s p h a t a s e  by s u c r o s e  (Hawker, 1967). In this cas e  

accumulation of sucrose phosphate will be acco m p a n i e d  by 

lowered concentration of Pi and increased concentration of 

TP in the cytoplasm. For further details on possible 

sucrose mediated mechanisms the reader is referred to Herold 

(1980). in intact plants, correlations between sucrose 

accumulation and decreased rate of photosynthesis are 

t e n u o u s  ( N e a l e s  a n d  I n c o l l ,  1 9 6 8 ;  H e r o l d ,  1 9 8 0 ) .  

Furthermore, the importance of sucrose concentration in 

s*ink-source interactions is com p l i c a t e d  by the paucity of 

knowledge concerning the distribution of sugar be t w e e n  

cytopla sm and vacuole and the extent of interspecific
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variation (Herold, 1980).

Because starch is insoluble in water, most of the 

proposed mechanisms for feed-back inhibition by starch are 

based on physical rather than bioc h e m i c a l  effects (Neales 

and Incoll, 1968). Guinn and Mauney (1980) have summarized 

these m e c h a n i s m s  to i n c l u d e  b i n d i n g  of M g 2 + ions, 

interference with light transmission, increased distance for 

CC>2 diffussion and physical damage to chloroplasts.

Since the review by Neales and Incoll (1968) a number 

of workers have shown that defruited plants often have lower 

leaf epidemal conductance (ge ) (Koller and Thorne, 1978; 

Kriedemann si sir 1976; Lenz, 1978; Loveys and Kriedemann,

1974; Setter si / 1980a; 1980b). Similar reduction in g e 

has been observed following inhibition of phloem transport 

in girdling e x p e riments (Setter si s.1, 1980a; Azcon-Bieto, 

1983). Setter si (1980a) reported that the reduction in 

photosynthetic rate was in direct proportion to decrease in 

9e and hence suggested that the non-stomatal factors may be 

unimportant. A zcon-Bieto (1983), on the other hand, found 

that the reduction in ge following girdling had little or no 

effect on i n t e r c e l l u l a r  C O 2 c o n c e n t r a t i o n  (Cĵ ) and 

at t r i b u t e d  the d e c r e a s e  in p h o t o s y t h e t i c  rate to non 

stomatal factors. It should be mentioned that Setter si ai 
(1980a) did not measure C ̂  therefore their findings do not 

necessarily contradict those of Azcon-Bieto.
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The depression in g e following defruiting or leaf 

girdling has drawn attention to the possibility of hormonal 

involvement in these processes. K r i e d e m a n n  <*£ &1 (1976); 

Loveys and Kried e m a n n  (1974); and Setter (1980a) 

reported that reduction in ge was associated with increase 

in abscisic acid (ABA) and phaseic acid (PA). Detailed 

kinetics involved in ABA and PA increase g e decrease and 

decrease in photosynthesis are, however, not known. Results 

reported by Azcon-Bieto (1983) indicate that decrease in ge , 

which probably arise from increased ABA production, is of 

little consequence with respect to photosynthetic depression 

following sink manipulation. Possible role of ABA and PA in 

influencing non stomatal components is certainly worth 

investigating.

The literature discussed above shows that the f e e d 

back hypothesis is still in an equivocal position because a 

direct biochemical explanation of the processes involved is 

lacking. However, there is so much evidence connecting 

accumulation of assi m i l a t e s  to decrease in photosynthetic 

rate that the feed-back hypothesis can not be disregarded. 

Evidently more biochemical studies are needed. Geiger and 

Giaquinta (1982) discussed h o r mone mediated control as 

Possible and probably more explicable alternative to direct 

Product regulated feedback mechanism. To my knowledge, the 

h o r m o n a l  c o n t r o l  is not any b e t t e r  e s t a b l i s h e d .  The 

lr‘fluence of ABA has only been linked to reduction in ge ?<£
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discussed earlier. Hence, in the absence of significant 

stomatal effect (Azcon-Bieto, 1983), the role of ABA remains 

questionable. The possible involvement of other h o r m o n e s  

has been considered (see Guinn and Mauney, 1980) but no 

direct link has been established between production of 

hormones in the sink, translocation to the source and 

subsequent response of the source (see Herold, 1980).
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SECTION 111

Effect ol Water Stress and Flcwsr RemQval on Tomato 

Canopy Development and Growth.,

Introduction

The rate and extent of plant g rowth depend on the 

amount of light intercepted by the crop, the efficiency of 

utilization of the absorbed light and the photosynthetic 

duration of the crop canopy. Water stress may influence 

plant growth through its effects on one or all of these 

parameters. Under field conditions of deep soil with high 

water holding capacity, water stress develops gradually and 

the plant has opportunity to develop acclimation mechanisms 

for survival. The result is that severe internal water 

stress may not develop until later in the season and any 

g r o w t h  r e d u c t i o n  w i l l  o n l y  be e f f e c t e d  by t h o s e  

physiological p a r a m e t e r s  that are most sensitive to mild 

water stress. In many crop plants expansive growth appears 

to be the process most sensitive to mild water stress 

(Hsiao, 1973) with the result that reduced canopy cover 

c h a r a c t e r i s e s  i n i t i a l  s t a g e s  of p l a n t  w a t e r  d e f i c i t  

(Bradford and Hsiao, 1982). An understanding of the pattern 

°f canopy development is therefore important in the study of 

crop-water relationships under field conditions.

The growth pattern of an annual crop stand follows a
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sigmoidal curve. Hsiao (1982) has defined the growth stages 

as: canopy cover limited (exponential), light limited

(linear), and s e n e s c e n c e  p h a s e s .  In t e r m s  of c r o p  

p r o d u c t i o n ,  and g i v e n  a c r o p  of p a r t i c u l a r  c a n o p y  

architecture, there is little that can be done to improve 

the l i g h t  l i m i t e d  p h a s e  s h o r t  of i n c r e a s i n g  t h e  

photosynthetic rate per unit light intercepted. Literature 

summarized by Gifford and Evans (1981) reveals that attempts 

to increase photosynthetic rate have met with little 

success. However, a linear relationship exists between 

total light intercepted and total biomass accumulated during 

the season (Monteith, 1977; Shibbles and Weber, 1966; 

Williams et al, 1965). Hence we can maximize production by 

hastening the achievement of full canopy cover.

Water stress limits the rate of leaf area development 

and hence will reduce the rate of a c h i evement of full 

canopy. Moreover, due to the exponential manner of growth 

in the phase before full canopy, a small reduction in leaf 

area development and b i o mass accumul a t i o n  rate will be 

compounded over time leading to a markedly smaller biomass 

later in the season (Bradford and Hsiao, 1982). Conversely, 

a process which hastens leaf area deve l o p m e n t  in the 

exponential phase will lead to compounded growth advantage

du ring this phase which may be realised throughout the rest

the season. Total (Murneek, 1926) or partial (Salter, 

558) deflowering has been reported to stimulate leaf

UaiVbK ' • u - 
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growth. Increase in leaf area that a ccompanies such leaf 

growth would be expected to enhance plant growth if it 

s t i m u l a t e s  the rate of a c h i e v e m e n t  of full c a n opy. 

T h e o r e t i c a l l y ,  i n c r e a s e  in leaf area r e s u l t i n g  f r o m  

deflowering would bring no growth advantage if both control 

and d e f l o w e r e d  plants already have full canopy cover. 

Murneek (1926), Salter (1958) and Hurd ai (1979) showed

that increased leaf g rowth following deflowering never 

produced corresponding increase in above ground biomass. 

There was increase in vegetative g rowth but this only 

compensated for the forfeited fruit growth so that the total 

above g r o u n d  b i o m a s s  w a s  not a f f e c t e d .  C a n o p y  size 

measurements were not reported in these studies. However, 

judging from biomass data, it is likely that the increase 

in leaf area never produced corresponding increase in canopy 

size.

In this study both canopy d e v e l opment and biomass 

accumulation were studied under two irrigation treatments. 

The objective was to examine the effects of water stress on 

canopy d e v e l o p m e n t  and g r o w t h  and the i n f l u e n c e  of 

deflowering on these para m e t e r s  in a processing tomato 

cultivar which, at commercial density, starts flowering at a 

canopy cover of less than 10 per cent.

Materials and methods

Tomatoes (Lycopersicum esculentum). cultivar UC 82B, a

(3 t*t e r m i n a t e  processing cultivar, was subjected to two
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d i f f e r e n t  l e v e l s  of i r r i g a t i o n  and f l o w e r  r e m o v a l  

( d e f l o w e r i n g ) .  The s t u d i e s  w e r e  c o n d u c t e d  at the 

experimental farm of the University of California at Davis 

during the summers of 1983 and 1984. The procedure of 1983 

season is described here. No deflowering was done in 1984. 

Other experim e n t a l  procedures were similar in both years 

unless stated otherwise. The soil was a deep profile of 

Yolo silt loam with an average in s itu field capacity of 

about 30 per cent by volume. The e x p e riment was laid out in 

a c o m pletely randomised split plot block design with 3 

replications. Only 2 replications were used in 1984. 

Each block consisted of two sprinkler lines 15 meters apart 

bearing sprinkler risers at 9.2 meter intervals. This 

s p r i n k l e r  a r r a n g e m e n t  p r o v i d e d  a p p r o x i m a t e l y  e v e n  

distribution of water between the sprinkler lines and a zone 

beyond the reach of the sprinklers for dry treatment. 

Between the wet and dry t reatment areas was an irrigation 

gradient zone. In order to achieve uniformity, irrigation 

was restricted as much as possible to calm periods of the 

day when there was little or no wind. Catch cans placed 

along the irrigation gradient from wet to dry parts of the 

block revealed a good linear relationship b e t w e e n  the 

distance from the sprinkler line and the amount of water 

aPPlied (Figure 1). Using catch can data the irrigation 

gradient zone was further divided into three watering levels 

during 1984 season. These received equivalent of 60, 25, 

ar*d 15 per cent- 0f 0 f t-he control irrigated treatment.
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DISTANCE FROM SPRINKLER (m) DISTANCE FROM SPRINKLER LINE (m)

Fig 1. Water applied in relation to distance from the 
sprinkler in 1983 (a) and 1984 (b). Each point 
represents a mean of 4 replications taken on different 
irrigation occasions.
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The plot size was 30m x 10m but each plot was divided 

into two subplots measuring 15m x 10m, Nitrogen, in the 

form of NH4NO3, was applied to the plots before planting at 

a rate of 170 Kg h a " 1 . Double row planting with 0.75m 

between rows was done on 1.5m wide beds and the seedlings 

emerged after about 10 days. The field was given light but 

frequent sprinkler irrigations during the period of crop 

establishment to ensure a good crop stand without adding too 

much to the soil water reserve. Thinning was done in the 

third week after emerg e n c e  to an intra-row spacing of 

approximately 30 cm.

Irrigation and deflowering treatments started 28 days 

after e m ergence (DAE) in 1983 and 34 DAE in 1984. This 

c o r r e s p o n d e d  to the b e g i n n i n g  of f l o w e r i n g  phase. 

Irrigation t r eatment was applied to the main plots and 

deflowering was p e r f o r m e d  on subplots. No more water was 

applied to the dry (or non-irrigated) plots after the 

beginning of the treatments so that the crop depended wholly 

on soil moisture reserves. Approximately 50 mm of water was 

applied to the w et (or i r r i g a t e d )  t r e a t m e n t s  w e e k l y .  

Deflowering treatment involved removal of all fully open 

flowers once each week throughout the growing season so that 

fruit formation was prevented. The deflowered plants were 

compared to fruited (or n o n - d e f l o w e re d  plants). Hence we 

a 2 x 2 factorial structure with the treatments:

(i) Irrigated fruited (IF),
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(ii) Irrigated deflowered (IDF),

(iii) Non-irrigated fruited (NIF),

(iv) Non-irrigated deflowered (NIDF)

V o l u m e t r i c  soil m oisture content d o w n  to 240 cm was 

monitored using neutron probe moisture sensor (Campbell 

pacific Nuclear Corp. model 503) which had been calibrated 

on the local soil. These m e a s u r e m e n t s  were taken one day 

prior to the day of irrigating the wet treatment on several 

o c c a s i o n s  d u r i n g  the s e a son, tha t  is, w h e n  the w e t  

treatments were at their driest in each irrigation cycle.

To monitor growth pattern, 1.52 m 2 sample (composite of 

two 0.76 m 2 subsamples, each derived from 1 m row lenth) of 

above ground plant material was harvested periodically from 

each replicate and separated into leaves, stems, petioles 

and fruit. The vegetative parts were dried in forced draft 

oven at 70° C for 4 days. Fruit was sliced into halves or 

quarters, depending on the size, spread out in single layer 

and oven dried at the same temperature as vegetative parts 

but over a period of one week. In 1983 fresh leaf area was 

determined prior to drying using an electronic area meter 

(Li-cor Inc, Lincoln Nebraska).

The pattern, of canopy development was determined through 
measurement of c a n o p y  l i g h t  i n t e r c e p t i o n .  A 

photosynthetically active radiation (PAR) sensor, 1 m long, 

(Li-Cor Inc, Lincoln Nebraska) was used to measure the 

Percentage of light intercepted by the plant canopy. The
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measurements were taken at or around solar noon when sun was 

directly overhead so that the percent light intercepted was 

a good indicator of percent crop canopy cover. Six such 

measurements were taken per replication each time.

Once during peak canopy cover (on 75 DAE) in 1983 and 

on four o c c a s i o n s  in 1984, c a n o p y  l i g h t  i n t e r c e p t i o n  

m e a s u r e m e n t s  and above ground biomass samples were taken 

along a gradient of decreasing irrigation from a sprinkler 

line (Fig 1). The objective of this operation was to study 

the trend of canopy size and biomass accumulation associated 

with relatively small differences in irrigation.

Leaf water status was dete r m i n e d  using a pressure 

chamber (Soil Moisture Equipment Corporation, Santa Barbara, 

California). Only uppermost, fully expanded and fully 

exposed leaves were sampled and their water potential was 

taken as indicator of leaf water status. N o r m a l l y  four 

leaves were sampled per replication. To avoid loss of water 

after the leaf was excised, each leaf was wrapped in a moist 

piece of cheese cloth immediately prior to sampling and was 

Placed in pressure chamber so wrapped. The cheese-cloth was 

wetted frequently with water then sqeezed hard to remove 

ffee w a t e r  b e f o r e  use. All leaf w a t e r  p o t e n t i a l  

Measurements were done around midday which corresponded to 

1200-1400 Pacific Standard Time (PST) on clear cloudless 

days.
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M e a s u r e m e n t s  of s t e a d y  s t a t e  m i d d a y  leaf net 

photosynthetic rates were p e r f o r m e d  on several occasions 

during the 1983 season on treatments IF and NIF. During 

1984 season such m e a s u r e m e n t s  were done along irrigation 

gradient. The measuring equipment consisted of a clamp on 

photosynthetic cup (1.8 c m 2 in area) connected to a portable 

differential infrared gas analyser for CO2 (Binos, Leybold- 

Heraeus, West Germany) in an open system. Only the youngest 

fully expanded and fully exposed leaves were used. The 

leaves were held perpendicular to incident sunlight. Air 

from a tank with C O2 concentration of about 340 ppm was 

passed over the leaf at a rate of 8.3 ml s “l until steady 

state C O 2 d i f f e r e n t i a l  w a s  o b t a i n e d .  H u m i d i t y  and 

temperature were not controlled but each m e a s u r e m e n t  took 

approximately half a minute only so that there was little 

heat build-up in the leaf cup. The leaf cup was designed to 

facilitate high velocity flow of air passing over the leaf 

(elliptical in shape; 3 cm x 0.6 cm with the long side being 

in the direction of flow, and m i n i m a l  depth) so that, 

although it was not fitted with air fans for boundary layer 

control, the boundary layer resistence was small (0.03 s m m ” 

* Jorge Bolanos. Personal communication). Three to four 

leaves were sampled in each replication.

Results

Soil moisture content: The soil moisture depletion
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pattern is shown in fig 2. These m e a s u r e m e n t s  were taken 

one day before irrigating the wet treatments, when the soil 

water content in the wet treatment was at its lowest in each 

irrigation cycle. In the wet treatment, the soil moisture 

at the top 30 cm depth was sufficiently replenished at each 

irrigation so that the moisture content before irrigation 

was almost constant throughout the season except in the last 

reading. The soil m o i s t u r e  c o n t e n t  at 30 c m  in dry 

treatments was higher on day 9 4 compared to the other 

occasions because a light irrigation (12 mm) was applied on 

day 88. There was soil moisture depletion up to 200 cm depth 
in all treatments. The marked decrease of soil water below 

180 cm is the result of sandy layer which occurred at these 

depths. Dry treatments generally had lower soil moisture 

content than the wet but this was only marked in the top 60 

cm. Between 60 cm and 120 cm soil moisture content ir. dry 

t r e a t m e n t s  w a s  o n l y  s l i g h t l y  l o w e r  t h a n  that of w e t  

treatments. Mo difference in soil water content occurred 

between wet and dry t r e atments below 120 cm. M oisture 

depletion pattern for the dry profile on 94 DAE indicates 

that at any one depth, roots could only take up moisture up 

to a certain minimum value (around 14%)and that this minimum 

moved deeper with time. In dry treatments, the depletion 

P a t t e r n  w a s  g e n e r a l l y  s i m i l a r  b e t w e e n  NID F and MIF 

treatments. This was not the case in wet treatments where 

IDF tended to have lower moisture content than IF.
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Fig 2. Soil moisture content as a function o f  depth, 
in 1 9 8 3 ,  for t h e  d i f f e r e n t  i r r i g a t i o n  a n d  
deflowering treatments on 39 DAE (a), 47 DAE (fc), 61 
DAE (c) and 94 DAE (d). Each point is a mean for 3 
replications. Water content values were calculatea 
from neutron probe counts registered in 1/4 of c 
minute.
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Plant water status: Seasonal trend of midday leaf

water potential revealed that the dry treatments generally 

had lower water potential than the wet. This difference 

was, however, rarely more than 0.1 MPa (Fig. 3a) except late 

in the s e a s o n  in 1984 (Fig 3b). T h e s e  late s e a s o n  

differences came at a time when the crop was largely mature 

(for example, full canopy cover was achieved by day 70) and 

t h e r e f o r e  had l i t t l e  e f f e c t  on c r o p  g r o w t h .  Fig. 4 

presents the m idday water potential along irrigation 

gradient on four occasions during 1984 season. The picture 

here generally agrees with that presented in Figs. 3a and 

3b. There was no difference in water potential along the 

gradient for much of the season (represented by days 46 and 

76). Late in the season, however, there was substantial 

decrease in water potential associated with decrease in 

watering level.

Leaf area, solar radiation interception and photosynthesis: 

The pattern of seasonal leaf area and canopy development (as 

indicated by percent light interception at midday) are shown 

in Fig. 5. The only leaf area index (LAI) data, those of 

i983, showed that non-irrigated t r e atments had much lower 

LAI.  Eoth NIF and NIDF achieved maximum LAI of 0.8 compared 

t° 3.3 in IF. Irrigated defl o w e r e d  treatment continued to 

develop more leaves beyond the period included in Fig. 5 and 

achieved LAI of S by the time the experiment was 

discontinued at crop harvest (125 DAE).
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Fig. 3. T r e n d  of m i d d a y  lea f  w a t e r  p o t e n t i a l  in 
irrigated (IF) and non irrigated (NIF) fruit bearing 
plants i n 1 9 8 3 (a) and 1984 (b ). Each point is a mean 

3 replications for 1983 and 2 replications for 1984 
data. Four subsamples were taken in each replication. 
Values are shown ±  1 SE.
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Fig. 3. T r e n d  of m i d d a y  leaf w a t e r  p o t e n t i a l  in 
irrigated (IF) and non irrigated (NIF) fruit bearing 
plants in l9 8 3 (a) and 1984 (b). Each point is a mean 
of 3 replications for 1983 and 2 replications for 1984 
data. Four subsamples were taken in each replication. 
Values are shown ±  1 SE.
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Fig. 4. Response of m i d d a y  leaf water p otential to 
w a t e r i n g  l e v e l  a l o n g  i r r i g a t i o n  g r a d i e n t  on 4 
o c c a s i o n s  in 19 84. E a c h  v a l u e  is a m e a n  of 2 
replications. Four s u b s a m p l e s  were taken in each 
replication. Values are shown + or - 1 SE.
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Fig. 4. Response of m i d d a y  leaf water p otential to 
w a t e r i n g  l e v e l  a l o n g  i r r i g a t i o n  g r a d i e n t  on 4 
o c c a s i o n s  in 19 84. E a c h  v a l u e  is a m e a n  of 2 
replications. Four s u b s a m p l e s  were taken in each 
replication. Values are shown + or - 1 SE.
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Fig. 5. The seasonal trend of leaf area index in 1983 
(a) and canopy ground cover in 1983 and 1984 (b and 
c, respectively). Each value is a mean of 3 and 2 
replications for 1983 and 1984 data respectively.



Flower removal had no effect on LAI of non-irrigated 

treatment but caused a remarkable increase in LAI of 

irrigated plants. This effect of deflowering on irrigated 

plants, however, did not occur until treatment IF started 

significant fruit growth, around day 50 even though flower 

removal was started on day 28.

Canopy cover responded in much the same way as LAI. 

The e f f e c t  of w a t e r  s t r e s s  in r e t a r d i n g  leaf area 

d e v e l o p m e n t  r e s u l t e d  in g r e a t  d e p r e s s i o n  of c a n o p y  

development. The dry treatments (both NIF and NIDF) 

a c h i e v e d  a pea k  c a n o p y  c o v e r  of o n l y  30% c o m p a r e d  to 

irrigated fruit bearing plants which reached peak canopy 

cover of a little less than 80%. Irrigated d e f lowered 

treatment was the only one which achieved full canopy cover. 

This occurred at LAI of about 5.5. In 1984, IF achieved 

full ground cover whereas NIF had a maximum ground cover of 

about 70%. The fact that water stress had less effect on 

canopy cover in 1984 compared to 1983 may be attributed to 

the longer crop establishment period in 1984. Pre-treatment 

irrigation lasted for 28 days in 1983 and 34 days in 1984.

The relationship between ground cover development and 

LAI is illustrated in Fig. 6 using 1983 data. Percent 

ground cover increased with leaf area d evelopment in a 

curvelinear pattern composed of a linear initial phase 

followed by a saturating phase which approached a m a x i m u m  

asymptotic value at full ground cover. Even though only IDF
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f a?‘ •6’ ™ ° lar radiation interception as a function of 
LAI i n  j983, The leaf area index and per cent ground 
cov e r  d a t a  a re s a m e  as t h o s e  in Fig. 5a and 5b
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achieved full ground cover, there was no difference amo n g  

the treatments in terms of change in percent ground cover 

associated with unit change in leaf area for the range of 

LAI that was achieved by all or seme of the treatments. 

This indicates that the t r e atments had no effect on canopy 

architecture. A positive linear relationship was found 

be t w e e n  canopy d e v e l o p m e n t  and irrigation level along the 

line source irrigation gradient (Fig. 7).

While water stress had a pronounced effect on LAI and 

canopy cover, its effect on photosynthesis was relatively 

less dramatic. Midday photosynthetic rate was depressed by 

25% - 30% through most of the season (Fig. 8). These 

values probably mask leaf age effects as discussed below. 

Effect of water stress per &£ was probably much less. 

Unpublished results obtained by Jorge Bolanos on the same 

field showed that water stress had little or no effect on 

photosynthetic rate of leaves of similar age. Figure 9 

shows the leaf photosynthetic rate along the irrigation 

gradient on three occasions during 1984 season. Water 

stress generally had little effect on photosynthesis per 

unit leaf area. L e a f  p h o t o s y n t h e t i c  rate, h o w e v e r ,  

decreased remarkably between days 73 and 100, probably due 

to leaf age effect. Water stress may inhibit leaf (and 

canopy) photosynthetic rate directly through stomatal and 

n°n stomatal factors (Sharkey and Farquhar, 1982). Canopy 

Photosynthetic rate may also be indirectly depressed through
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IRRIGATION IX of control)

Fig. 7. P e r c e n t  g r o u n d  c o v e r  as a f u n c t i o n  of 
irrigation level on 75 DAE, 1983 (a) and 60, 68 and 
73 DAE, 1984 (b). E a c h  v a l u e  is a m e a n  of t w o
replicates in all cases. .
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? l g : 9m. Net p h o t o s y n t h e s i s  as a f u n c t i o n  of 
irrigation level along irrigation gradient in 1984. 
Each value is a mean for two repl i c a t i o n s  in all 
cases.  ̂ T h r e e  s u b s a m p l e s  w e r e  t a k e n  in e a c h  
replication. Values are shown ± 1 SE.



43

Fig. 9. Net p h o t o s y n t h e s i s  as a f u n c t i o n  of 
irrigation level along irrigation gradient in 1984. 
Each value is a mean for two replications in all 
cases. T h r e e  s u b s a m p l e s  w e r e  t a k e n  in e a c h  
replication. Values are shown + 1 SE.
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inhibition of new leaf formation and leaf growth so that the 

canopy consists cf a high proportion of older leaves that 

have low photosynthetic rates. In this study the youngest 

mature leaf on each plant was sampled for photosynthetic 

measurement. These leaves were generally older in dry 

compared to irrigated treatments and so the observed 

photosynthetic depression was probably a combination of both 

direct and indirect factors mentioned above.

Bi o m a s s  accumulation: Water stress depressed peak 

a b o v e - g r o u n d  b i o m a s s  to a b o u t  30% of w e l l  i r r i g a t e d  

treatment in 1983 and 50% in 1984 (Fig. 10).

Leaf area and biomass accumulation: There was a linear- 

phase when both canopy size and above ground b i omass 

increased followed by a stage in which there was little 

canopy development whereas above-ground biomass continued to 

rise (Fig 11). In treatments NIDF, NIF and IF, the latter 

phase was initiated when leaf area development ceased and, 

in consequence, grov/th of canopy also ceased before full 

ground cover was achieved. In treatment IDF, however, the 

second phase did not emerge until it had achieved LAI of 

about 4 and was only pronounced after full canopy cover. A 

close look at the linear portion (Figs. 11a and lib insets) 

showed that the non-irrigated treatments had higher rates of 

biomass accumulation associated with unit increase in LAI or 

canopy cover (slope of the lines) than the wet treatments. 

Calculated net assimiltion rate (NAR) for the linear portion
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DOTS AFTER EMERGENCE DATS AFTER EMERGENCE

10, Seasonal trend of a b o v e ground b i o mass of 
irrigated (IF) and non irrigated (NIF) fruit bearing 
plants in 1983 (a) and 1984 (b). Each point is a mean 
of 3 r e p l i c a t i o n s  for 1983 and 2 for 1984 data. 
Values are shown + 1 SE.
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Fig. 11. Seasonal trend of above.ground biomass as a 
function of leaf area index (a) and % ground cover 
(b) for 1983 season. Leaf area index and per cent 
g r o u n d  c o v e r  d a t a  are s a m e  as t h o s e  in Fig. 5. 
Aboveground biomass data are same as those in Fig. 10.
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(using the equation described by Radford, 1967) (Fig 12) and 

leaf area ratio (LAR) (Fig 13), for fruit-bearing plants, 

further indicate that the dry treatments had a greater 

return on biomass per unit increase in leaf area. This 

suggests that water stress depressed canopy expansion rate 

more than canopy efficiency.

Total biomass accumulated over time is a function of 

leaf area, incoming radiation and time. An integration of 

LAI and percent canopy cover over the time in question 

would therefore be expected to provide a better relationship 

with b i o mass than LAI or canopy size at any one time. Fig. 

14 shows that there was strong linear relationship between 

to t a l  l i g h t  i n t e r c e p t e d  ( i n t e g r a l  of p e r c e n t  l i g h t  

intercepted at midday over time) and above ground biomass. 

The slope of the integrated light intecepted against biomass 

expresses canopy efficiency in terms of biomass produced per 

unit light energy intercepted. The irrigated treatments had 

about 25% and 10% higher canopy light conversion efficiency 

than the n o n - i r r i g a t e d  t r e a t m e n t s  in 1983 and 1584, 

respectively. Within the watering regimes, fruited plants 

had slightly higher canopy light use efficiencies than the 

d e f l o w e r e d  p l a n t s  but t h e s e  d i f f e r e n c e s  w e r e  not 

significant. The integral of LAI with time has been called 

leaf area duration (LAD). It takes into account both 

duration and size of the photosynthetic activity per unit 

leaf area. Fig. 15 s h o w s  that a b o v e  g r o u n d  b i o m a s s  

increased with increasing LAD but at a decreasing rate. At



DATS AFTER EMERGENCE

Fig. 12. The seasonal trend of net assimilation rate 
during the exponential phase of growth in 1983. These 
values were calculated using sections of aboveground 
b i o m a s s  (Fig. 10) and corresponding leaf area data
(Fig. 5) using the equation described by Radford 
(1967) .
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Fig. 13. The seasonal trend of leaf area ratio in 
1983. The values were calculated by dividing fresh 
leaf area by total a b o v e ground b i o m a s s  for each 
sample.
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Fig. 13. The seasonal trend of leaf area ratio in 
1983. The values were calculated by dividing fresh 
leaf area by total abo v e g r o u n d  b i o m a s s  for each 
sample.



LIGHT INTERCEPTED (1000 WRTT)

Fig 14. A b o v e  g r o u n d  b i o m a s s  as a f u n c t i o n  of 
c u m m u l a t i v e  intercepted radiation for 1983 season 
(a) and 1984 season (b). C u m m u l a t i v e  intercepted 
radiation was calculated by integrating the area under 
the seasonal per cent ground cover (Fig. 5) for each 
treatment. Per cent ground cover days so obtained was 
m u l t i p l i e d  by the sum of total radiation for the 
period in question to obtain c u m m u l a t e d  intercepted 
radiation. Regression analysis showed that effects of 
water stress were significant at .01 level in 1983 but 
w a s  not s i g n i f i c a n t  e v e n  at 0.1 l e v e l  in 1984. 
Effects of d e f l o w e r i n g  were not significant at 0.1 
level.
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low LAD values all the treatments exhibited similar response 

in above-ground biomass production but at higher LAD values, 

the fruited treatments had higher biomass response than 

d e f lowered treatments. It should be noted, however, that 

one of the c o m p onents of LAD is LAI and that some of these 

r e s p o n s e s  p a r t l y  r e f l e c t  c h a n g e s  in LAI w i t h  time. 

Furthermore, as the rate of LA.I development decreases with 

time, time component be c o m e s  more and more p r e d o m i n a n t  in 

LAD values.

Discussion

Water stress inhibits canopy growth rate (Bradford and 

Hsiao, 1982). Expansive g rowth has been reported as the 

growth p a r a m e t e r  most sensitive to water stress (Hsiao, 

1973) so that leaf growth is typically reduced before water 

stress has any effect on photosynthsis. Hsiao (1982) has 

observed that much of the growth reduction resulting from 

water stress can often be accounted for by the effect of 

w a t e r  s t r e s s  on c a n o p y  d e v e l o p m e n t  r a t h e r  t h a n  

photosynthesis. In this study, there was little or no 

difference in plant water potential b e tween irrigated and 

n o n - i r r i g a t e d  t r e a t m e n t s  (Fig. 3) and o n l y  a s m a l l  

difference in soil water profiles (Fig. 2). However, non- 

irrigated treatments had much smaller canopy cover (Fig 5) 

and aboveground biomass accumulation was highly depressed 

(Fig.10). During 1983 season, for example, there was 68% 
depression of peak canopy cover and about equally strong
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Fig. 15. Seasonal trend of above ground b i o m a s s  as a 
function of leaf area duration in 1983. LAD was 
calculated by integrating the the area under the 
seasonal leaf area index (Fig. 5) with time.
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depression in maximum, attained aboveground biomass, yet 

photosynthesis was generally inhibited by only 25% - 30% 

(Fig. S). It should be mentioned that the photosynthetic 

d e p r e s s i o n  r e p o r t e d  h e r e  p r o b a b l y  r e s u l t e d  f r o m  a 

combination of leaf age and leaf water stress as discussed 

in r e s u l t s  s e c t i o n .  U n p u b l i s h e d  p h o t o s y n t h e t i c  dat a  

obtained by Jorge Bolanos in the same field showed that 

w a t e r  s t r e s s  £ £ £  h a d  l i t t l e  or no e f f e c t  on 

photosynthesis when leaf age was controlled. Water stressed 

plots attained peak LAI of only 0.8 and canopy cover of 30%. 

At these low values the relationship between LAI and light 

interception was linear (Fig 6). Alleviation of soil 

m o i s t u r e  s t r e s s  could, t h e r e f o r e ,  lead to i n c r e a s e d  

production since positive linear relationship also existed 

between irrigation and canopy light interception (Fig 7).

D e f l o w e r i n g  induced faster canopy d e v e lopment in 

irrigated but not in non-irrigated treatments. It would 

appear that the influence of deflowering was overridden by 

drought effects. Since water stress inhibited vegetative 

shoot growth, deflowered non irrigated plants probably 

directed their a s s i milates to root growth as suggested in 

section V. In the fruit bearing irrigated treatment, the 

rate of leaf are a  and c a n o p y  d e v e l o p m e n t s  s t a r t e d  to 

decrease at fruit initiation (around day 50) and by day 70 

there was no more canopy growth. Similar reduction in 

tomato leaf development in fruiting plants has been reported 

by Hurneek (1926), Cooper (1958) and Hurd al (1979) and
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is probably associated with preferential partitioning of 

assimilates into friuts rather than vegetative growth during 

reproductive phase of tomato growth. The d e f l o w e r e d  

i r r i g a t e d  t r e a t m e n t  had the f a s t e s t  rate of c a n o p y  

d e v e l o p m e n t  and e n d e d  w i t h  a 20% l a r g e r  c a n o p y  tha n  

treatment IF (Fig 5b). However, results reported in section 

IV show that there was no difference in the rate of a b o v e 

ground biomass accumulation between treatments IF and IDF. 

Given that they also had similar efficiencies of canopy 

light conversion (Fig. 14), and gas exchange rates (section 

VI), thi s  lack of d i f f e r e n c e  in a b o v e - g r o u n d  b i o m a s s  

a c c u m u l a t i o n  ra t e s  c o u l d  be a t t r i b u t e d  to p o s s i b l e  

differences in b i omass partitioning to the roots.

D e f l o w e r e d  tomato plants channel relatively larger 

portion of their a s s i m ilates to roots than fruit bearing 

plants (Hurd , 1979). In fact, Hurd £_£ al found that

competition by tomato fruit was more serious for roots than 

vegetative shoot and data in section V obtained on pot grown 

plants showed that whereas defl o w e r i n g  resulted in a t w o 

fold increase in vegetative shoot weight, root weight was 

increased 3-fold. Soil moisture content measurements (Fig. 

2) shows that IDF tended to have lower moisture content than 

IF treatments, suggesting a faster rate of soil moisture 

depletion by a deeper and probably larger root system. If 

the latter is true then IDF plants could have slightly 

larger total b i o mass associated with their larger canopy
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size. In any case, the significant difference in canopy 

size did not occur until late in the season (see Fig. 5) so 

we could not expect a large difference in biomass.

The sensitivity of canopy development to water stress 

is well demonstrated in this experiment. Fig. 2 illustrates 

that no significant differences in soil moisture content 

occurred be t w e e n  irrigated and non-irrigated t r e atments 

below 90 cm. It is interesting that whereas the canopy was 

reduced to about one third of the well irrigated treatments 

in 1983, canopy light conversion efficiency (Fig. 14) was 

only reduced by about 25% and photosynthesis was little 

affected as discussed earlier. Leaf water potential also 

remained largely unaffected. Similarly, in 1984, canopy 

size was reduced by about 30% while canopy light conversion 

e f f i c i e n c y  w a s  r e d u c e d  by o n l y  10% and t h e r e  w a s  no 

consistent difference in photosynthesis per unit leaf area 

along i r r i g a t i o n  g r a d i e n t  (Fig. 9). The r e l a t i v e  

insensitivity of photosynthesis per unit leaf area to water 

stress may be partly accounted for by the fact that non- 

irrigated plants had higher specific leaf weight than 

i r r i g a t e d  p l a n t s  (Fig. 16). G i f f o r d  and E v a n s  (1981) 

r e p o r t e d  that a p o s i t i v e  r e l a t i o n s h i p  occurs be t w e e n  

specific leaf weight and photosynthesis per unit leaf area. 

Enhancement in photosynthesis accruing from higher specific 

leaf w e i g h t  in n o n - i r r i g a t e d  p l a n t s  w o u l d  t e n d  to

L .... ...
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Fig. 16. Effect of water stress and flower removal on 
seasonal trend of specific leaf w e i g h t  in 1983. Each 
point represents a mean of 3 replications.
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Fig. 16. Effect of water stress and flower removal on 
seasonal trend of specific leaf w e i g h t  in 1983. Each 
point represents a mean of 3 replications.
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shoulcl be pointed out that the lower light conversion 

efficiency exhibited by the dry treatment may be partly 

attributed to higher proportion of light intercepted by 

fruits which have lower photosynthetic rates compa r e d  to 

leaves. The data reported in section IV showed that dry 

treatment had a larger fruit partitioning coefficient than 

the wet treatment for most of the season. The fact that the 

light conversion efficiency was less sensitive to water 

stress than canopy growth is further illustrated by Fig. 11, 

(insets), 11 and 12. Essentially, the above ground biomass 

gained per unit increase in leaf area was higher in dry than 

wet treatments because water stress reduced canopy expansion 

rate more than photosynthesis per unit leaf area.

Apparently the plant adapted to soil moisture deficit 

by reducing canopy size thus reducing the evaporative 

surface. The high internal water status was possibly 

maintained by developing deep roots which penetrate intc wet 

soil layers. Root data were not collected in the field 

studies but soil moisture content data (Fig. 2) indicate 

that water was adequately available in the dry treatment 

below 90 cm to 120 cm depths. In that case the degree of 

water stress would probably be a function of the proportion 

of total root suface area v/hich penetrate the deep soil 

layers with ample water and the ratio of this to the 

evaporative leaf surface. This kind of response to soil 

water deficit has been observed in other plants. Klepper 

^  (1973) found that increase in height of cotton plants
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slowed drastically even when 35% of root system was still in 

well watered soil. Their results and those of Taylor and 

Klepper (1974) also illustrated that the pattern of rooting 

shifted during a drying cycle in such a way that the rooting 

density increased with depth while the opposite was true for 

irrigated treatment. The shift resulted from death of older 

roots in the top dry soil layers and production of new ones 

in deeper moist soil. Salter (1954) reported a similar 

shift for tomatoes.

These results suggest that root turnover rate may 

increase in conditions of water stress and that roots grow 

faster in high than in low soil moisture potentials. Arnon 

(1975) noted that roots tend to grow towards water. It 

would appear, therefore, that the reduction of shoot growth 

in r e s p o n s e  to m i l d  w a t e r  s t r e s s  is a p a r t i t i o n i n g  

phenomenon linked to increase in root turnover rate. Sharp 

and Davies (1979) found a close connection between reduction 

in leaf elongation rate and increase in the ratio of root to 

shoot in maize seedlings as water stress developed. It is 

however not clear whether the shoot stops growth because of 

increased demand by the roots or the root growth increases 

r e l a t i v e  to s h o o t  g r o w t h  b e c a u s e  of an i n c r e a s e  in 

assimilate supply following reduction in shoot growth. The 

observation (e.g. Barlow and Boersma, 1976) that assimilates 

accumulate in the source leaves of water stressed plants may 

suggest that shoot g r o w t h  is not source limited. There is
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also the possibility that the total root length penetrating 

moist soil (effective root length, Klepper ££. a i r  1973) may 

limit the maximum size attainable by the shoot in the same 

way that small containers and resulting small root systems 

limit the size of pot-bound plants.

Since leaf water potential was little affected in 

t h e s e  e x p e r i m e n t s  and t o m a t o  p l a n t s  do not a d j u s t  

osmotically (Jorge Bolanos, personal communication; Cerda 

al, 1979) the reduction in expansive growth can not be 

explained in terms of turgor potential. There is, however, 

the possibility that water stress could affect cell wall 

extensibility as observed by Van V olkenburgh and Boyer 

(1985).

None of the m e c h a n i s m s  suggested above necessitate 

i m m e d i a t e  and corresponding reductions in leaf water 

potential and may therefore be plausible explanations for 

the present results. The influence of effective root length 

on canopy growth may be challenged by the results of work by 

Tan al (1981) which indicated that the application of 

water to only 25% of root systems did not reduce leaf 

s u r f a c e  area of t o m a t o  p l a n t s .  H o w e v e r ,  a c r i t i c a l  

evaluation of their data reveals that the water stress 

treatment did not affect any of the vegetative growth 

parameters in a consistent manner and that the decrease in 

shoot to root ratio was directly related to a fall in fruit 

yield. It is apparent that their experiment was conducted
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late in the season when vegetative growth had largely 

stopped. Moreover, the fact that their zero irrigation 

treatment showed signs of wilting after only 8 days suggests 

that they had a relatively small container to root area 

ratio and therefore their results may not be applicable to 

field situations involving deep soils.

In conclusion, this work has shown, using biomass and 

photosynthetic data, that canopy size is more sensitive to 

water stress than canopy photosynthetic efficiency. It has 

also been shown that the effects of deflowering in enhancing 

canopy size can be largely overridden by water stress. 

D e f l o w e r i n g  enhanced canopy size d evelopment in well 

irrigated plants but since it also influences assim i l a t e  

partitioning as discussed earlier, we may not expect a 

corresponding increase in above ground-biomass.
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SECTION IY

Effect of Wat e r  Stress on B i o m a s s  Partitioning 

BetweenVegetative and Reproductive QLQMth oL 

Field Grown Tomatoes

Introduction

Much work in crop-water relationships has been geared 

towards irrigation management for maximum economic yield. 

The c o m m o n  approach has been to study the effects of 

withholding water at different stages of crop growth on the 

final y i e l d  and the r e s u l t s  t y p i c a l l y  s u g g e s t  that 

vegetative stage is the least sensitive to water stress 

whereas early reproductive (flowering and fruit set) is the 

most sensitive stage ( Martin / 1966; Salter, 1954; 

S a l t e r  and Goo d e ,  1967). L i t t l e  w o r k  has b e e n  done, 

however, to study the specific effects of water stress on 

each phenological stage in order to understand how they 

interact to affect yield. In fact, the little evidence 

a v a i l a b l e  s u g g e s t s  that r e p r o d u c t i v e  p r o c e s s e s  are 

r e l a t i v e l y  i n s e n s i t i v e  to w a t e r  s t r e s s  c o m p a r e d  to 

vegetative growth.

In tomato plants, both fruit set (Cannell and Asbell, 

1974; Haghighi, 1980; Wudiri, 1980) and individual fruit 

9rowth (Salter, 1958) have been found to be insensitive to 

roild water stress. Aljibury and May (1970) and Martin &L ill



(1966) also found that water stress during tomato fruit 

growth hastened fruit maturation even though there was a 

highly significant reduction in t omato fruit yield. These 

studies, however, did not provide a direct comparison of the 

response of vegetative and reproductive growth processes to 

water stress. In a general note on effects of water stress 

on crops, Hsiao (1982) suggested that leaf growth is very 

sensitive to water stress followed by number of flowers per 

plant, fruit abortion and pollination and fruit set in that 

order of decreasing sensitivity.

Crop yield is a function of total biomass accumulated 

and the partitioning of biomass into organs of agricultural 

importance. The proportion of b i o m a s s  partitioned to 

economic yield at harvest is known as harvest index (HI). 

The rate of b i o m a s s  a c c u m u l a t i o n  is a function of source 

size and source activity. Water stress is known to reduce 

source size through its effects in inhibiting the rate of 

canopy d e v e l o p m e n t  (Bradford and Hsiao, 1982; Radulovich, 

1584). P h o t o s y s n t h es i s  per unit canopy cover may also be 

depressed by water stress through both stomatal and non- 

stomatal m e c h a n i s m s  ( see Farquhar and Sharkey, 1982; 

Pearcy, 1983). B i o m a s s  production per unit land area will 

thus decrease in conditions of drought. Effect of water 

stress on harvest index is not so well established. The 

observation, mentioned earlier, that differences do occur 

in the sensitivity of various plant organs to water stress
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is e v i d e n c e  that w a t e r  s t r e s s  m a y  i n f l u e n c e  b i o m a s s  

partitioning in the plant. Where water stress favors 

partitioning into organs that constitute economic yield, the 

higher harvest index may offset at least part of the yield 

reduction arising from lower accumulated biomass.

W a t e r  s t r e s s  m a y  a l s o  a f f e c t  p a r t i t i o n i n g  by 

shortening the duration that a crop takes to mature. Many 

semi-arid areas have short rainfall seasons which are also 

unpredictable. A good crop for such areas should not only 

be capable of fast growth during the rainy season but also 

be able to a c c omplish much of crop maturity during the 

drying period at the end of the rains. An even better crop 

should hasten carbon partitioning into the organs that 

c o mpose yield as water stress develops so that it can 

achieve maturity before exhausting the soil moisture 

reserves. With h o l d i n g  water has been reported to hasten 

crop maturity in tomatoes (Aljibury and May, 1970; Martin 

et a l . 1966). In cotton mild water stress around the time 

of flowering has been observed to favour reproductive growth 

such that no further vegetative growth occurs (Radulovich, 

1984). It should be realised that such water stress~induced 

earliness can make a difference between a small profit and 

total crop loss. The study of carbon partitioning under 

conditions of water stress, therefore, needs further attention 

in order to better understand the m e c h a n i s m s  involved anu 

incorporate these in crop improvement for dryland areas.
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In this study, the effect of water stress on biomass 

partitioning between vegetative and reproductive parts was 

exami n e d  in processing tomatoes under field conditions.

Materials and methods

Tomato cultivar UC S2B was subjected to two different 

levels of water stress as part of a larger study which also 

included flower removal treatments as described in section 

III. The experiments were conducted in the summer season of 

1983 and 1984. Field design and plant culture have also 

been described in section III. The treatments were started 

at the beginning of flowering stage. Irrigation was done 

using line-source sprinklers which also provided a zone of 

irrigation gradient between between wet and dry treatments. 

Watering levels consisted of a control treatment (I) which 

received 40-50 mrn of water at weekly intervals and a dry 

treatment (NI) which depended solely on stored water in the 

soil after the beginning of the treatments. Each treatment 

was replicated 3 times in 1983 and 2 times in 1984. The 

irrigation gradient zone was further divided into 4 watering
i

levels during 1983 corresponding to 70 (II), 47 (12), 33 

(13) and 16 (14) percent of I. There were only three

watering levels on the gradient zone during the 1984 season 

and these corresponded to 60 (la), 25 (lb) and 15 (Ic)

percent of I. In both seasons the watering levels were 

determined using catch cans placed at intervals along the 

watering gradient.



Deflowering was performed only during 1983 season and 

involved treatments I and NI only. Mo deflowering was done 

in the irrigation gradient plots. The idea was to compare 

the sensitivity of vegetative and reproductive growth 

p r o c e s s e s  to w a t e r  s t r e s s  by e x a m i n i n g  the b i o m a s s  

accumulation rate of deflowered vegetative plants and that 

of fruit bearing plants under conditions of similar soil 

moisture content. There were two treatments: the fruit 

bearing (or non-deflowered) plants (F) and d e f lowered (DF) 

plants. All open flowers of DF plants were removed weekly so 

that fruit formation was prevented.

Biomass samples were taken periodically and dried as 

described in section III.

A flower retention study was conducted during 1984 

season. Flowers were tagged on day 47 after emergence (47 

DAE) and on 60 DAE in trea t m e n t s  I and NI. Ten randomly 

chosen flowers were tagged per plant and a total of 5 plants 

were used per replicate. This operation was replicated 2 

times so that there were 100 flowers tagged per treatment 

on each of the two occasions. Two weeks after each tagging 

episode, the number of flowers that had set fruit and were 

retained was recorded. Typically such flowers shed their 

Petals while retaining a healthy green calyx while flowers 

'vhich were not bound to set fruits shed both calyx and
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petals.

Fruit ripeness was judged visually. Yellow and red 

fruits were considered ripe. Percent ripe fruit (ripe 

fruit/total fruit %) was determined on dry weight basis.

Results

B i o m a s s  a c c u m u l a t i o n  in fruits: W a t e r  s t r e s s

depressed fruit biomass at harvest to about a third of well 

irrigated treatment during 1983 and a half in 1984 (Fig. 1). 

In both years, however, the irrigated treatment did not have 

significantly higher fruit weight until after about 30 days 

into the fruiting period. In 1983 irrigated plants had 

higher fruit biomass for most of the season but this was not 

significant until after fruit growth in non-*irrigated plants 

had stopped (around day 70). During the 1984 season, non- 

irrigated treatments actually had higher fruit biomass early 

in the fruiting period (61 DAE and 68 DAE). Irrigated 

treatment once again did not achieve significantly higher 

biomass until fruit growth in non-irrigated treatment 

started levelling off. It would appear that water stress 

bad little effect on fruit biomass d e v e lopment (also see 

Fig. 6) and that the depression in fruit biomass later in 

the season can be largely attributed to the effect of water 

stress in shortening the duration of fruit formation.

Fruit partition coefficient: Water stressed plants
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Fig. 1. Seasonal trend of fruit biomass for irrigated 
(IF) and n o n - i rrigated (NIF) plants in 1983 (a) and 
1984 (b). Each point is a mean of 3 replications for 
1983 and 2 for 1984 data. Values are shown ± 1 SE.



had a higher proportion of total aboveground biomass 

allocated to fruits (fruit partition coefficient) than well 

irrigated plants for most of the 1983 season (Fig. 2). 

Actually, the non-irrigated treatment maintained a higher 

fruit partition coefficient (FPC) for as long as fruit 

growth continued in these plants. After fruit growth had 

stopped in the dry t r eatment (around day 70, see Fig. 1), 

however, the irrigated treatment caught up so that there was 

no significant difference in FPC at the end of the season.

The s e a s o n a l  t r e n d  of the r a t i o  of FPC b e t w e e n  

treatments MI and I for 1983 is shown in Fig. 3. The 

difference in FPC be t w e e n  NI and I was relatively large 

early in the season but decreased as the season progressed 

so that by harvest time, it was more or less the same. 

Hence, water stress had no significant effect on harvest 

index (FPC at harvest time). Both treatments achieved 

harvest index of about 50%.

The relationship between irrigation and biomass 

partitioning was further studied along the irrigation 

gradient. In 1983, samples were taken on only one occasion 

(75 DAE) when the crop was almost mature (50% ripe fruit by 

visual assessment). There was no further increase in fruit 

biomass in the dry treatment at this time while fruit growth 

c o n t i n u e d  in the w e t  t r e a t m e n t .  The fru i t  p a r t i t i o n  

coefficient remained nearly constant along the irrigation 

9radient, at approximately 50%. This is consistent with the
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F i g * 2 *. S e a s o n a l  t r e n d  of f r u i t  p a r t i t i o n  
(FPC).of irrigated (IF) and non-irrigated 

(NIF) t r e a t m e n t s  in 1983. FPC was c a l culated as the 
p e r c e n t  of f r u i t  b i o m a s s  (Fig. 1) in the t o t a l  
aboveground bi o m a s s  (section III). Each value is a 
mean of 3 replicates.



data presented in Fig. 3. In 1984 m e a s u r e m e n t s  were taken 

at four different stages of fruit growth. Fig. 4b shows 

that FPC values were generally higher at low than high 

irrigation levels for much of the season but levelled out 

towards the end of the season. The highest FPC occurred at 

25% I. The FPC at 15% I was usually lower than that at 25% 

I but it was still higher than FPC at 100% I. On a relative 

scale the effect of water stress in increasing FPC was 

higher during early fruit growth than late in the season. 

For example, FPC was 3 times higher at 25% I than 100% I on 

day 61 but onl y  1.3 t i m e s  h i g h e r  on day 89. T h i s  is 

consistent with 1983 results for I and NI treatments (Fig. 

3.)

Water stress could enhance FPC by increasing fruit 

d e v e l o p m e n t  rate or inhibiting aboveground vegetative 

growth. Results along the irrigation gradient in 1984 

showed that, during early fruit growth, actual fruit biomass 

tended to increase with decreasing irrigation (Fig. 5). 

Although a peak fruit b i o mass was reached at 25% I, fruit 

b i o m a s s  at 0% I w a s  s t i l l  hi gh er tha n  at 100% I, 

significantly so on 68 DAE. This trend was reversed later 

in the season (96 DAE). The relationship between irrigation 

level and fruit b i o mass was very similar to that between 

irrigation and FPC, suggesting that water stress enhanced 

FPC, at least partly, by stimulating fruit development. For 

example, both FPC and fruit b i o mass reached their peak at
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Fig. 3. Seasonal trend of ratio of fruit p a rtition 
coefficent of non-irrigated treatment (NI) to that of 
irrigated treatment (I) for 1983.
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Fig. 4. R e l a t i o n s h i p  b e t w e e n  fruit p a r t i t i o n  
coefficient and irrigation level along irrigation 
gradient on day 75 after emergence in 1983 (a) and 
on days 61, 68, 89 and 96 after emergence in 1984 
(b). Each value is a mean of two replicates and is 
shown + 1 SE.
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Fig. 4. R e l a t i o n s h i p  b e t w e e n  f r u i t  p a r t i t i o n  
coefficient and irrigation level along irrigation 
gradient on day 75 after emergence in 1983 (a) and 
on days 61, 68, 89 and 96 after emergence in 1984 
(b). Each value is a mean of two replicates and is 
shown + 1 SE.



Fig 5. R e l a t i o n s h i p  b e t w e e n  f r u i t  b i o m a s s  a nd 
irrigation level along an irrigation gradient on 
days 61, 68 and 96 after e m e r g e n c e  in 1984. Each 
v a l u e  is a m e a n  of t w o  r e p l i c a t e s .  T he i n s e t  
represents day 61 DAE data on an expanded ordinate.



25% I on clays 61 and 68. This raises the question of 

whether the enhancement in partitioning into fruit biomass 

was associated with inhibition in aboveground vegetative 

development.

The sensitivity of vegetative and reproductive growth 

processes to water stress was compared by analysing the 

exponential phase of each growth process. Effects of 

deflowering on biomass accumulation were also evaluated. It 

was postulated that, under water stress, deflowered plants 

would show lower biomass accumul a t i o n  compared to fruit 

bearing plants if fruit gro w t h  is less sensitive to water 

stress than aboveground vegetative parts.

In Fig. 6, the logarithm of biomass was plotted 

against time. The initial linear portions of the curve 

r e p r e s e n t  the r e l a t i v e  g r o w t h  rate (RGR) d u r i n g  the 

exponential phase of growth. Water stress depressed 

relative growth rate of vegetative shoot but enhanced that 

of fruit. F l o w e r  r e m o v a l  had no e f f e c t  on b i o m a s s  

accumulation in irrigated treatments but had a depressing 

effect in the n o n - i r r i g a t e d  treatments (Fig. 7). This 

depression did not occur until after the beginning of 

fruiting, a r o u n d  day 50. T h e s e  r e s u l t s  s u g g e s t  that 

aboveground vegetative growth is more sensitive to water 

stress than reproductive growth. Hence the enhancement in 

F?C discussed earlier can be attributed to both stimulation 

°f fruit g rowth and depression of aboveground vegetative
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Fig. 6. Seasonal trend of the logarithm of vegetative 
(a) and fruit (b) biomass in 1983. The lines join 
points which fall in the exponential phases of 
vegetative and fruit growth and the slope of each line 
represents relative growth rate during exponential 
phase of growth. Regression analysis showed that 
water stress significantly (0.1 level) depressed RGR 
of vegetative biomass. The RGR of fruit biomass was 
significantly (.05 level) increased. The first data 
Point for IF (Fig. b) w a s  not i n c l u d e d  in the 
Egression calculation.



Fig. 7. Effect of flower removal on the seasonal 
trend of above ground bi o m a s s  in n o n - i r r i g a t e d  (a) 
and irrigated (b) trea t m e n t s  during 1983 season. 
Each value is a mean of three replicates. Values for 
non-irrigated treatment are shown + 1 SE except where 
the SE value is less than 5.
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growth.

Flower retention: The enhanced biomass accumulation

in fruits in the non-irrigated treatment may arise from a 

larger number of fruits resulting from better flower 

retention or higher growth rate of individual fruits. 

Results of flower tagging (Fig. 8) showed that non-irrigated 

plants retained close to 80% of the flowers in the first 

two to three flower trusses (at 47 DAE) compared to 35% 

retained by irrigated plants. Later on (at 60 DAE) there was 

no difference in flower retention b e t w e e n  wet and dry 

treatments. Essentially, the dry t reatements had al m o s t  

constant flower retention between the two occasions as shown 

in Fig. 8. Irrigated plants showed marked increase in 

flower retention between the two occasions.

Duration to crop maturity: The percent b i o m a s s  of

ripe fruits in the total fruit b i o m a s s  was taken as 

indicator of crop maturity. Water stressed plants matured 

earlier than well irrigated plants (Fig 9). The high 

percent retention of early flowers by the non-irrigated 

treatement was, at least, partly responsible for this 

earliness. It is also important to note that fruit growth 

stopped about 30 days earlier in the dry compa r e d  to the wet 

treatments (Fig. 1). This means that, at any one time, the 

fruit load of n o n - i r r i g a t e d  t r e a t m e n t  c o n s i s t e d  of 

relatively larger proportion of early fruits. The observed 

early maturity could, therefore, be partly attributed to the
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Fia 8 Effect of irrigation t r e a t m e n t s  on flower 
r e t e n t i o n  in 1984. E a c h  v a l u e  is a m e a n  of 2 
replications and 5 s u b s a m p l e s  wer e  taken in 
replication. The points are plotted + 1 SE.
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Fig. 9. Bi o m a s s  of ripe fruit percent of total fruit 
biomass as a function of watering level as along an 
irrigation gradient on three occasions in 1984. Each 
point represents a mean for two replicates. Each 
value is shown ± 1 SE.
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e f f e c t  of w a t e r  s t r e s s  in s h o r t e n i n g  the d u r a t i o n  of 

reproductive growth.

Discussion

Due to both the limited water supply and cost of 

irrigation, much work has been done in attempts to improve 

irrigation efficiency in terms of crop yield per unit water 

s u p p l i e d .  M o s t  of this w o r k  has b e e n  b a s e d  on the 

h y p o t h e s i s  t h a t  m o i s t u r e  a v a i l a b i l i t y  at c e r t a i n  

phenological stages is critical for crop yield (Salter and 

Goode, 1967). Identification of such stages would allow 

selective water application thus reducing irrigation without 

much sacrifice on crop yield. Studies involving withholding 

water at different phenological stages have provided results 

which suggest that vegetative stage is the least sensitive 

whereas early reproductive stage (flowering and early fruit 

growth) is the most sensitive stage to water stress. Some 

of the shortco m i n g s  of such studies have been discussed by 

Salter (1958). A common limitation of the approach is that 

care is rarely taken to ensure that the plants are subjected 

to c o m parable stress intensity and duration in each of the 

phenological stages under study. In addition, these studies 

usually do not consider the progressive effects of water 

stress leading to yield reduction but instead concentrate on 

analysis of yield components at harvest time. For example, 

it is frequently reported in literature that the number of 

fruits per plant is a major compo n e n t  limiting crop yield



80

e f f e c t  of w a t e r  s t r e s s  in s h o r t e n i n g  the d u r a t i o n  of 

reproductive growth.

Bi.s.g,a£S..ion

Due to both the limited water supply and cost of 

irrigation, much work has been done in attempts to improve 

irrigation efficiency in terms of crop yield per unit water 

s u p p l i e d .  M o s t  of this w o r k  has b e e n  b a s e d  on the 

h y p o t h e s i s  t h a t  m o i s t u r e  a v a i l a b i l i t y  at c e r t a i n  

phenological stages is critical for crop yield (Salter and 

Goode, 1967). Identification of such stages would allow 

selective water application thus reducing irrigation without 

much sacrifice on crop yield. Studies involving withholding 

water at different phenological stages have provided results 

which suggest that vegetative stage is the least sensitive 

whereas early reproductive stage (flowering and early fruit 

growth) is the most sensitive stage to water stress. Some 

of the shortco m i n g s  of such studies have been discussed by 

Salter (1958). A common limitation of the approach is that 

care is rarely taken to ensure that the plants are subjected 

to compa r a b l e  stress intensity and duration in each of the 

phenological stages under study. In addition, these studies 

usually do not consider the progressive effects of water 

stress leading to yield reduction but instead concentrate on 

analysis of yield components at harvest time. For example, 

it is frequently reported in literature that the number of 

fruits per plant is a major comp o n e n t  limiting crop yield



under conditions of water stress yet work is rarely done to 

evaluate the extent to which this response can be ascribed 

to low flower set or increased fruit abortion.

In this study there was little difference in water 

potential between irrigated and non irrigated treatments for 

most of the season (see section III). In 1984, significant 

decrease in water potential occurred late in the season but 

this coincided with the maturity stage when there was little 

g r o w t h .  T h e  e x p e r i m e n t s  t h e r e f o r e  p r o v i d e d  a g o o d  

opportunity to compare vegetative and reproductive growth 

under conditions of mild and more or less similar stress. 

Furthermore, the flower removal experiment was used to study 

vegetative and reproductive growth in plants growing side by 

side under conditions of similar soil moisture content.

Vegetative growth was found to be more sensitive to 

water stress than reproductive growth. Actually, water 

stress had a depressing effect on vegetative growth but had 

no effect on or slightly stimulated reproductive growth. 

The vegetative phase of non-irrigated plants had lower 

exponential phase RGR than irrigated plants while the 

exponential phase RGR for fruit growth was higher in non 

irrigated than irrigated plants (Fig. 6). It was also 

found that deflowered, vegetative plants had lower biomass 

accumulation rate than fruit bearing plants under conditions

°f water stress even though no such differences occurred in
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irrigated plants (Fig. 7). Biomass accumul a t i o n  in fruits 

was either unaffected or slightly stimulated by water stress 

(Fig. 1) as long as fruit growth continued in non-irrigated 

plants. The depression of fruit yield by water stress was 

attributed mainly to hastened maturity and hence shorter 

duration of fruit growth. Water stress inhibited growth of 

vegetative shoot apices thus precluding further formation of 

new flower nodes and shortening the duration of reproductive 

growth.

The fact that fruit growth was favored by water stress 

may be attributed to differential partitioning in favor of 

fruit growth as shown in Figs. 2 to 4. The physiological 

basis of this p h e n o m e n o n  is not clear. T o m a t o  fruits are 

protected from rapid evaporative water loss by thick cuticle 

covering the pericarp. Consequently the water content 

w o u l d  u n d e r g o  l i t t l e  c h a n g e  d u r i n g  w a t e r  stress. 

Furthermore, as a storage organ and a major sink during 

reproductive growth, fruits would have high concentration of 

solutes that might be used for osmotic adjustment in the same 

way as wheat apices reported by Barlow ££. iLl 1980. Fruit 

cells may thus maintain turgor and continue to grow and 

serve as active sinks long after vegetative growth has 

s t o p p e d . Unpublished results of Jorge Bolanos obtained 

from the same field as this study showed that water stress 

had little effect on photosynthesis per unit leaf area even 

though shoot g rowth was markedly depressed (see section 

ill). It is thus conceivable that leaves of water stressed
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plants had surplus of assimilates.

During the reproductive stage, fruit growth formed a 

major sink which was also less sensitive to water stress as 

m e ntioned earlier. Although the difference in growth 

b e t w e e n  leaf and f r u i t  in r e s p o n s e  to s t r e s s  is not 

understood, it is conceivable that developing fruit benefits 

f r o m  s u r p l u s  a s s i m i l a t e s  that a c c u m u l a t e  f o l l o w i n g  

depression of leaf growth. Johnson and Moss (1976) reported 

that the proportion of assimilates translocated to the grain 

was increased following water stress in wheat. This would 

explain the higher fruit partition coefficient exhibited by 

water stressed plants and the increase in absolute fruit 

biomass relative to the irrigated treatment observed early 

in fruit in 1984. Apparently, therefore, water stress 

stimulated fruit growth by inhibiting vegetative growth. 

Under well watered conditions vegetative growth continued 

over a l o n g e r  p e r i o d  and p r o b a b l y  p r o v i d e d  a s t r o n g  

competition to fruit growth. This could be responsible for 

the poor fruit set in early flower trusses (Fig. 8) and 

lower fruit partition coefficient (Figs. 2 to 4). As fruit 

formation and g rowth increased, however, they probably 

formed a strong sink which suppressed vegetative growth and 

this led to a rapid increase in partition to fruits late in 

the season so that there was no difference in harvest index 

between wet and dry treatments at harvest time. This study 

s h o w s  that the h i g h e r  t o m a t o  y i e l d  o b s e r v e d  in w e l l
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irrigated treatments resulted mostly from larger canopy 

size and accompanying higher number of flower nodes and a 

longer period of reproductive growth. During the 1983 

season, fruit growth levelled out around 80 DAE in the dry 

t r e a t m e n t  but c o n t i n u e d  for a n o t h e r  30 d a y s  in w e l l  

irrigated plants (Fig. 1). Partitioning into fruit was 

favoured by water stress. Probably the mildly water 

stressed plants could have had a higher yield if only they 

could develop more flower nodes.

The response of reproductive gr o w t h  to water stress 

has been reported by other workers. Hsiao &L (1976)

noted that reduced vegetative growth resulting from water 

stress would lessen comp e t i t i o n  for a s s i m ilates and thus 

help frud-t growth. Hsiao (1982) further suggested that 

pollination and fruit set are generally insensitive to water 

stress. Wudiri (1980) found that water stress had little 

effect on pollen viability. Turk si al (1980) reported that 

cowpeas subjected to water stress in the field are probably 

sink limited so that they produced fewer but larger seeds 

than well irrigated plants. Stockton al (1961) and Hearn 

(1975) observed that when cotton plants were liberally 

supplied with water there was increased shedding of young 

b o l l s  p r o b a b l y  due to i n t e r n a l  c o m p e t i t i o n  b e t w e e n  

vegetative and reproductive g r owth (Hearn, 1980). Hearn 

(1975) found that mild water stress during reproductive 

growth led to an increase in the number of fruits set on 

early flowers. The results of this study showed that mild
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water stress actually enhanced flower retention and fruit 

partitioning coefficient and stimulated early maturity. 

T h e s e  r e s u l t s  are to a l a r g e  e x t e n t  s i m i l a r  to t h o s e  

observed in cotton (see Hearn, 1980). In other studies with 

tomatoes, Cannell and Asbell (1974) and Haghighi (1930) 

found that water stress had no effect on fruit set under 

field conditions. It should be noted, however, that these 

workers did not pe r f o r m  detailed studies of fruit set at 

different stages of flowering. Their results, therefore, 

represent average fruit set and thus potentially masked the 

possibility that water stressed plants had higher fruit set 

on early flower trusses. Aljibury and May (1970) and Martin 

et al (1966) found that water stress during reproductive 

growth hastened matur i t y  but did not study fruit set. In 

this study, water stress promoted early fruit set (Fig. 8) 
and short fruiting period (Fig. 1). Stressed plants could, 

therefore, tend to show an early m aturity simply because 

their fruit load coonsists of relatively high proportion of 

early fruits. In view of these findings, the results of 

Aljibury and May (1970) and of Martin (1966) could be 

attributed, at least partly, to early termination of fruit 

formation in water stressed plants.

In summary, the results of this study and those of the 

other workers discussed above have shown that mild water 

st r e s s  d u r i n g  r e p r o d u c t i v e  p h a s e  f a v o r s  a s s i m i l a t e  

Partitioning into reproductive rather than vegetative
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growth. Thus, in plants such as tomatoes whose flowering 

spread over a long period of time, yield reduction results 

from fewer flower nodes rather than flower abscission and 

retarded fruit growth. Mauney (see Jordan, 1982) made a 

similar observation for cotton.
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SECTION Y

Effects of Flower Removal OR Plant Water Status 

Under Conditions oL Water Stress

Introduction

F l o w e r  r e m o v a l  has bee n  r e p o r t e d  to s t i m u l a t e  

vegetative shoot g r owth (Hurd, 1979; Murneek, 1929; Lenz, 

1978; Lenz and Williams, 1973) and root growth (Hurd a l ,  

1979) . Hurd al (1979) observed an increase in root biomass 

which was relatively higher than that in shoot b i omass in 

defl o w e r e d  tomato plants. Similarly, Lenz and W i l l i a m s  

(1973) found a p p r o x i m a t e ly  four-fold increase in root 

biomass .following d e f l o w e r i n g  of soybean compared to only 

two-fold increase in above-ground vegetative biomass. It is 

apparent, therefore, that flower removal not only increases 

root gr o w t h  but also root-shoot ratio. All these findings 

were obtained under conditions of favourable plant water 

status and effect of flower removal on root growth under 

conditions of water stress is not known.

Increase in root g rowth that a ccompanies flower 

removal would increase the soil moisture available to a 

plant (Kramer, 1983) and thus improve plant water status 

under conditions of limited soil moisture. Loewing (194C) 

and Salter and Drew (1965) observed that root g r owth is 

d e p r e s s e d  at the o n s e t  of r e p r o d u c t i v e  g r o w t h .  T h e y
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SECTION Y

Effects of Flower Removal o r  Plant Water Status 

Under Conditions oL Water Stress

Introduction

F l o w e r  r e m o v a l  has b e e n  r e p o r t e d  to s t i m u l a t e  

vegetative shoot g r owth (Hurd, 1979; Murneek, 1929; Lenz, 

1978; Lenz and Williams, 1973) and root growth (Hurd £t al# 

1979) . Hurd £t a l  (1979) observed an increase in root biomass 

which was relatively higher than that in shoot biomass in 

defl o w e r e d  tomato plants. Similarly, Lenz and W i l l i a m s  

(1973) found a p p r o x i m a t e ly  four-fold increase in root 

biomass .following d e f l o w e r i n g  of soybean compared to only 

two-fold increase in above-ground vegetative biomass. It is 

apparent, therefore, that flower removal not only increases 

root g r o w t h  but also root-shoot ratio. All these findings 

were obtained under conditions of favourable plant water 

status and effect of flower removal on root growth under 

conditions of water stress is not known.

Increase in root growth that a ccompanies flower 

removal would increase the soil moisture available to a 

plant (Kramer, 1983) and thus improve plant water status 

under conditions of limited soil moisture. Loewing (1940) 

and Salter and Drew (1965) observed that root growth is 

d e p r e s s e d  at the o n s e t  of r e p r o d u c t i v e  g r o w t h .  T h e y



postulated that this phenomenon could be responsible for the 

high sensitivity of crops to water stress during early 

reproductive growth (see Salter and Goode, 1967). More 

research is needed to study the interaction b e t ween root 

g r owth and reproductive growth and how these affect plant 

water status particularly in situations of soil water 

deficits.

This experiment was conducted to examine the influence 

of flower removal on plant water status under conditions of 

water stress.

Materials and methods

~ T o m a t o  cultivar UC 82B was subjected to different 

levels of water stress and deflowering during 1983 and 1984 

s u m m e r  seasons. There were two levels of irrigation: 

irrigated (I) and non-i r r igated (NI) and two levels of 

deflowering; defl o w e r e d  (DF) and no n - d e f l o w e re d  or fruit 

bearing (F). The treatments were arranged in a 2 >: 2 

factorial structure sc that we had: Irrigated defl o w e r e d  

(IDF), i r r i g a t e d  fru i t  b e a r i n g  (IF), n o n - i r r i g a t e d  

d e f lowered (NIDF), and non-irrigated fruit bearing (NIF). 

The field design, plant culture, irrigation and deflowering 

procedures have been discussed in section III. Deflowering 

involved removal of all flowers at weekly intervals so that 

fruit formation was prevented. Leaf water potential was 

measured using a pressure chamber as discussed in section
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III.

During the 1583 season, leaf water potential was 

measured on several occasions during the growth period. In- 

1984, however, these measurements were not done until late 

in the season when the fruit bearing plants were already 

getting into the maturity stage.

Results

The effects of d e f l o w e r i n g  on leaf water potential 

under field conditions is shown in Figs. 1-3. During the 

1583 season, there was no difference in leaf water potential 

be t w e e n  defl o w e r e d  and fruit bearing non-irrigated plants 

early in the season, up to around 70 days after e m e r g e n c e  

(70 DAE). Subsequently, however, the deflowered plants had 

a consistently higher water potential (0.1 to 0.2 MPa) than 

the fruit bearing plants (Fig. la). In the irrigated 

t e a t m e n t s ,  d e f l o w e r i n g  had no e f f f e c t  on leaf w a t e r  

potential throughout the season (Fig. 1 b).

Leaf water potential was measured only in the-late 

part of the season in 1984. Fig. 2 illustrates midday leaf 

water potential on several occasions. Once again it is 

demonst r a t e d  that d e f l owering had no effects on the leaf 

water status of irrigated plants but improved that of non- 

irrigated plants. Diurnal trend of leaf water potential was 

followed on two occasions (Fig. 3) and the results are
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c o n s i s t e n t  w i t h  the m i d d a y  t r e n d  s h o w n  in Fig. 2. 

Throughout the day, deflowered plants had higher leaf water 

potential than fruit bearing plants under conditions of 

water stress.

On 100 DAE, sections of both NIDF and NIF plots were 

re-irrigated. Diurnal leaf water potential taken on the 

f o l l o w i n g  day (101 DAE) s h o w e d  that r e - i r r i g a t i o n  

e l i m inated the difference in water potential b e tween 

deflowered and fruit-bearing, non-irrigated plants (Fig. 4). 

Sections of NIF plots which were not re-irrigated maintained 

lower w^ter potentials on that day.

Discussion

For a plant to extract water from the soil it must 

have water potential lower then that of the soil. This 

difference depends on the evaporative demand and the water 

conducting properties of the soil and the plant. For plants 

growing in the same field, the evaporative demand would be 

largely comp a r a b l e  and any differences in leaf water 

potential would mainly arise from differences in soil 

moisture potential and resistance to water flow in the soil 

(Rs ) and plant (Rp.)

In this study d e f l owering improved the leaf water 

status of non-irrigated plants while having no effect on 

irrigated plants (Figs 1-3). In the 1983 season it was shown
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that n o h-irrigated trea t m e n t s  (NIF and N I D F ) had similar 

soil m oist-ure content through much of the season (see 

s e c t i o n  m )  and, h e n c e  can be a s s u m e d  to h a v e  had 

comparabxe s0ix moisture potential. It can also be assumed 

that the e v a p o r a t i v e  d e m a n d  w a s  s i m i l a r  in the t w o  

treatments since it is mainly d e t e r m i n e d  by atmospheric 

conoitions^ F u r t h e r m o r e  the two treatments had similar 

canopy S f 2e (see section III) and hence similar potential 

for evapotranSpiration water loss. The differences in leaf 

water Potential could, therefore,be explained mainly by 

possible differences in soil and plant resistances.

d e p e n d e n c e  of R s on root g e o m e t r y  and Soil 

hydraulic conductivity (K) has been discussed by a number of 

workers (e.g# Greacen, 1977; Hsiao et al, 1976; Jordan and 

Miller, 1 9 q o ; Passioura, 1982 and Taylor, 1980). The root 

geometry term is usually d o m i n a t e d  by the root length 

density (Lv ) expressed in cm root per cm^ soil. An increase

in L v 01 R reduces R s . In wet soil K is very high and R s is 

almost n egfj^it)ie. As soil water potential falls in a 

drying cycye# soil hydraulic conductivity declines rapidly 

and a high root length density would be desirable as it 

reduces t h G distance water has to travel to reach the root 

surface. j n ttis study it was found that re-irrigation 

e l i m i n a t e ^  {-he difference in leaf water potential between 

treatments and NIDF (Fig 4). This result suggests that

< d i f f e r e n c ^ s j,n w e r e  p r o p o r t i o n a l l y  ver y  s m a l l  or 

p e g l i g i b l e % Hence the increase in leaf water potential
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effected by deflowering under dry conditions can mostly be 

attributed to difference in R s . Since the soil moisture 

content between the two treatments were similar as reported 

in section III, K is not likely to have been important in 

d e t e rmining these differences. It may, therefore, be 

concluded that the differences in leaf water potential were 

probably due to differences in Lv . It should, however, be 

pointed out that NIDF plants could also reduce Rs by growing 

deeper roots which penetrate into soil layers with ample 

water content.

Deflowering has been shown to stimulate root growth 

in tomato (Hurd, 1979) and soybean (Lenz and Williams, 

1973). If similar increase in root growth relative to shoot 

g r o w t h  oc c u r  u n d e r  c o n d i t i o n s  of d r o u g h t  it s h o u l d  

contribute i mportantly to improving plant water status. 

The ecological significance of this response is obvious. 

Plants often shed their flowers and developing fruits when 

exposed to high water stress. Increase in root growth which 

may follow such flower shedding would be useful in plant 

acquisition of water from soil and thus impart drought 

resistance. This subject deserves more research since it 

c o u l d  be i m p o r t a n t  in c r o p  m a n a g e m e n t .  A p p a r e n t l y ,  

forfeiting some fruit yield may impart drought resistance.
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SECTION SI

PhQtQsynthetic RgSBQng.fi. of XgmatQfig ifi Fruit 

Removal# Stem Girdling# and Deflowering.

Introduction

Assimilate sink strength is thought to influence C02 
exchange rate of source leaves. Literature on sink-source 

relations studies indicate that reduction in the sink/source 

ratio can lead to depression in photosynthetic rate (Azcon- 

Bieto, 1983; Guinn and Mauney, 1980; Neales and Incoll, 

1968, Setter a l .. 1980a and 1980b) but the m e c h a n i s m s

involved are not well understood.

Neales and Incoll (1968) reviewed work on this subject 

which in general suggests that sink/source ratio controls 

photosynthesis through its influence on a s s i milate export 

from source leaves. A low sink/source ratio is postulated 

to favor assimilate accumulation in leaves and this inhibits 

photosynthesis through b i o c h emical feedback inhibition. 

Recently, a number of workers (e.g. Azcon-Bieto, 1983; 

Roller and Thorne, 1978; Setter £jt al, 1980a; 1980b) have 

reported depression in leaf conductance following sink 

reduction. Setter (1980a) reported a reduction in

leaf conductance following soybean pod removal which could 

account for observed photosynthetic inhibition. The work 

of Azcon-Bieto (1983), however, revealed that reduction in
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stomatal conductance following sink reduction was unlikely 

to be the cause of photosynthetic inhibition since it had 

e f f e c t  on i n t e r n a l  C O 2 c o n c e n t r a t i o n  (C^). His wor|^ 

suggested that sink limi t a t i o n  on photosynthesis operate^ 

mainly through non-stomatal mechanisms.

Much of the literature on this subject is based 0  ̂

short term studies using abrupt and drastic reduction î  

sink/source ratio. Consequently little attention has been 

given to the deve l o p m e n t  of alternative sinks and theij 

influence on photosynthesis following initial reduction in 

sinjc/source ratio. This study reports the effect of sudden 

f r u i t  r e m o v a l  and c o n t i n u o u s  d e f l o w e r i n g  on tomato 

photosynthetic rates in the field. Effects of fruit 

removal and source leaf girdling on photosynthesis was also 

e x a m i n e d  in g r o w t h  c h a m b e r  p l a n t s  and gas exchange 

characteristics were analysed on the basis of relative 

contribution of stomatal and n o n - s t o m a t a l  C O 2 exchange 

parameters.

Materials and methods

Field experiment: Tomatoes, cultivar U.C. 82B, were

g r o w n  in the f i e l d  d u r i n g  the s u m m e r  of 1983. Plant 

culture, defl o w e r i n g  procedure ana b i o mass sampling and 

d r y i n g  m e t h o d s  h a v e  b e e n  d e s c r i b e d  in s e c t i o n  III, 

Deflowering involved weekly removal of all flowers so that 

fruit development was prevented. On two occasions, 76 days
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a f t e r  e m e r g e n c e  (76 DAE) and 86 DAE, all f r u i t s  w e r e  

removed from a section of 40 plants in the well irrigated 

treatment. Neighboring fruit-bearing plants served as 

controls. Two different plots were used, one for each 

occasion. This operation was timed to coincide with the 

stage when fruit growth constituted more than 85 per cent of 

total above ground biomass growth (Fig. 1). Phenologically 

it coincided with the yellowing stage of early fruits.

Leaf net photosynthetic rate was measured on randomly

chosen uppermost, mature and fully exposed leaves using a 
/

portable infra-red gas analyser as described in section III. 

Epidermal conductance of abaxial side of a leaf was also 

determined on the uppermost, mature and fully exposed leaves 

using a steady state diffusion porometer. Air flowing 

through the leaf cup (covering an area of 1.7 c m 2 ) was 

maintained at a constant relative humidity near that of the 

canopy by passing dry air through the cup at a rate that 

comp e n s a t e d  for increases in hu m i d i t y  resulting from leaf 

transpiration. Whenever leaf epidermal conductance and 

photosynthetic m e a s u r e m e n t s  were taken together, two 

different leaflets (on for each measurement) were used for 

each sampled compound leaf.

Growth chamber experiment: Well watered plants were

g r o w n  in 5 - l i t e r  p o t s  f i l l e d  w i t h  p o t t i n g  m i x  in a 

c o n t r o l l e d  e n v i r o n m e n t  g r o w t h  c h a m b e r  ( C o n t r o l l e d
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Fig. 1. Seasonal p a t tern of ratio of fruit g r o w t h  
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irrigated trea t m e n t s  shown in sections III and IV 
respectively.
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Env i r o n m e n t s  Ltd. Winnipeg, Canada). The temp e r a t u r e  was 

p r o g r a m m e d  to simul a t e  a typical diurnal s u m m e r  regime in 

Davis, California. Light was maintained at 1000 uE m"2 S~1 

in a*14 hour day period. Humidity was not controlled.

Seeds were planted in shallow trays filled with 

c o m m e r c i a l  potting mix (Supersoil). At the third leaf 

stage, twelve seedlings were selected for u n i f o r m i t y  and 

t r a n s p l a n t e d  into 5 liter p o t s  (one p l a n t  per pot). 

Nutrients were supplied in form of full strength modified 

Hoag l a n d i s o lu t i o n  (Johnson al, 1957) applied twice a 

week. The pots were kept well watered.

At flowering time the plants were divided in groups of 

four for deflowering and defruiting treatments and control. 

Source leaf girdling was done on the same group of plants as 

defruiting. The defl o w e r i n g  procedure involved weekly 

r e m o v a l  of all f l o w e r s  so that f r u i t  f o r m a t i o n  w as 

prevented. On one occasion, when the fruit bearing plants 

were in the ye l l o w  fruit stage, the p h o tosynthetic rate of 

fully exposed mature leaves of both deflowered and control 

fruit bearing plants was determined in a laboratory infra

red gas exchange s ystem at am b i e n t  C O 2 c oncentration and 

1000 uE m “ 2 s " 1. The leaves had been tagged earlier and 

were known to be of similar age.

Generally the growth chamber plants had lower fruit
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load than field plants and p r e l i m i n a r y  e x p e r iments showed 

that l e a v e s  s e l e c t e d  at r a n d o m  in the c a n o p y  had no 

consistent response to overall defruiting. Defruiting 

treatments were, therefore, restricted to units consisting 

of a stem subtending a single leaf and a truss of fruits. 

The gas e x c h a n g e  c h a r a c t e r i s t i c s  of suc h  a leaf w e r e  

measured before and after fruit removal in the infra-red gas 

exchange apparatus.

To isolate a source leaf from its sinks and effect 

assimilate accumulation, the stem of a determinate branch 

subtending a single mature leaf or a leaf and a fruit truss 

was girdled. A ring of bark tissue (including the phloem) 

was cut out just below the leaf axil. Caution was taken not 

to cut out the xylem wood and no signs of water stress were 

observed in the leaves. Gas exchange parameters of such a 

leaf were also monitored in the gas exchange system.

The l a b o r a t o r y  gas e x c h a n g e  e q u i p m e n t  has b e e n  

described by Wolfe (1984). Air of known C O 2 an<3 water 

vapour concentration was passed over a leaf in a chamber 

measuring 20.8 x 11.3 cm in size with a glass top. The 

chamber interior was stirred vigorously with two miniature 

fans (Micronel, Fallbrook, California) to minimize boundary 

layer resistance. The fan block occupied close to half of 

the leaf chamber so that the chamber available for leaf was 

only 9.3 x 8.8 cm. Water vapour concentration of the inlet 

air was controlled by passing the air over warm water then
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condensing out excess moisture in a copper coil maintained

at a known temperature. Leaf temperature was controlled by

four peltier modules fastened to a l u m i n i u m  bottom of the

chamber which bore a l u m i n i u m  fins extending within the

chamber itself. *The difference in CO2 concentration between

incoming and outgoing air was monitored with an infrared gas

analyser (Horiba, Model VIA 500, Kyoto, Japan). Vapour

pressure was monitored with a dewpoint hygrometer (EG and G

Environmental Equipment, Model 880, Walttham, Mass.). Rate 
v

of air flow was controlled with a m a s s - f l o w  controllers. 

P h o t o s y n t h e t i c  m e a s u r e m e n t s  w e r e  d o n e  w i t h  the leaf 

t emperature maintained at 27°-28° C, and vapour pressure 

d e f i c i t s  at 1.2-1.5 KPa. E p i d e r m a l  c o n d u c t a n c e  was 

calculated from transpiration, vapour pressure and leaf 

temperature measurements.

Results

Effect of defruiting and girdling: Sudden removal of

all fruits caused a reduction in leaf photosynthetic rate in 

f i e l d  p l a n t s  (Figs. 2). O ne day a f t e r  d e f r u i t i n g  

photosynthetic rate was already depressed by as much as 50% 

at c e r t a i n  t i m e s  of the day (Figs. 2). D e c l i n e  in

photosynthetic rate was realized as early as 6 h after fruit 

removal and persisted even after 4 days (Fig. 3). Fruit 

removal also appeared to depress leaf epidermal conductance 

(Fig 4b) but the response here was not as marked as that of 

photosynthesis (Fig. 4a).
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Fig. 3. Response of photosynthesis to fruit removal 
showing the persistence of photosynthetic inhibition. 
Day zero indicates m e a s u r e m e n t s  taken just before 
fruit removal. Fruits were r e m o v e d  at 10 a.m., and 
the first m e a s u r e m e n t s  taken at 4 p.m. 75 D A E , 1983 . 
The other two measurements were taken at midday on the 
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D e fruited plants. Each point is a mean for 6 leaves 
each from a different plant. Each value is sh o w n  ±  1 
SE.
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F r u i t  r e m o v a l  a l s o  c a n  c a u s e  d e p r e s s i o n  in 

photosynthetic rate in growth chamber plants. The relative 

depression appeared to be larger at high light intensity 

(Fig. 5) and high internal CO2 concentrations (Fig. 6). Stem 

girdling caused similar response in photosynthetic rate (Fig

7) . Girdling inhibited photosynthesis more than defruiting 

(Figs. 5 and 6). However, whereas stem girdling always 

caused a depression in photosynthetic rate, the effect of 

growth chamber fruit removal procedure were often variable. 

Results reported here were typical of fruit trusses 

which had 3 or more fruits each having a diameter of 2.5 cm 

or more. In situations where the fruits were smaller or 

fewer, the effect was less marked or absent.

Analysis of gas exchange characteristics at ambient 

CO2 concentration (about 340 ppm) and 1000 uE m -^s” -̂ light 

(similar to conditions in growth chamber), showed that 

d e f r u i t i n g  and g i r d l i n g  h ad d e p r e s s i n g  e f f e c t  on net 

photosynthetic rate, leaf epidemal conductance (ge) and, to 

a much less extent, internal C O 2 concentration (C-̂ ) (Fig.

8) . The inhibition of photosynthesis associated with 

stomatal closure and fall in C^, however accounted for a 

relatively small proportion of the total photosynthetic 

depression. This is shown by a re-ex a m i n a t io n  of the data 

of Fig. 7 (see Fig. 9). The reduction in photosynthesis 

attributable to the reduction in is small. Most of the 

reduction appears to be due to effects not related to C^.
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Measurements were first taken before (initial) and at 
one and three days after fruit removal. Then the stem 
subtending the same leaf was girdled (4 days after 
fruit removal) and another m e a s u r e m e n t  taken three 
days later.
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%

Fig. 6. The pattern of p h otosynthetic C 0 2 curves 
f o l l o w i n g  f r u i t  r e m o v a l  a nd g i r d l i n g  of s t e m  
subtending the source leaf. Measurements were taken 
at 1000 uE m 2 s “ l on the s a m e  l e a f  and s a m e  
occasions as the light curve (Fig. 5). The arrows 
point to the ph o t o s y n t h e ti c  rate at Ci corresponding 
to ambient C02 for each curve.
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I
Fig. 7. The pattern of photosynthetic C O 2 curves 
following girdling of stem subtending source l e a f .  
The a r r o w s  p o i n t  to p h o t o s y n t h e t i c  rate at C; 
corresponding to ambient C02» Measurements were taken 
at 1000 uE m ~2 s 1 .
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Fig. 8. Influence of fruit removal and girdling of 
stem subtending source leaf on photosynthesis (a), 
leaf epidermal conductance (b), and internal CO? 
concent ratipn (C^) at ambient C O2 concentration and 
1000 uE m s-1 light intensity. Values were 
obtained from the experiment depicted in Fig. 6. One 
more value was taken on the girdling day.
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Fig. 9. A n a l y s i s  of s t o m a t a l  a n d  n o n - s t o m a t a l  
c o m p o n e n t s  of p h o t o s y n t h e t i c  d e p r e s s i o n  at a m b i e n t  
e x t e r n a l  C O ^ c o n c e n t r a t i o n  a r i s i n g  f r o m  s t e m  
girdling. This analysis is based on the data shown in 
Fig. 7. A C ;  = d e p r e s s i o n  in f o l l o w i n g  girdling* 
The total pnotosynthetic depression consisted of the 
stomatal (s) and non-stomatal (ns) components.
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This observation suggests that depression of photosynthesis 

arising from fruit removal or source leaf girdling can be 

attributed largely to n o n-stomatal rather than stomatal 

factors•

Effect of continuous deflowering: In contrast to the

effect of one-time defruiting, prevention of fruit formation 

by deflowering at regular intervals had no consistent effect 

on midday photosynthesis measured in the field (Fig. 10). 

However, the measurements taken throughout the day on 86 DAE 
showed that deflowered plants had higher photosynthetic rate 

in the later part of the day (Fig. 11). They also had 

higher leaf epidermal conductance all day but there was no 

close relationship between the trend of conductance and that 

of photosynthesis. The field measurements were performed on 

randomly chosen uppermost, mature and fully exposed leaves. 

B e c a u s e  lea f  g r o w t h  c o n t i n u e d  in d e f l o w e r e d  p l a n t s  

throughout the season (see section III), the sampled leaves 

were generally younger in these plants. This difference was 

particularly marked late in the season and could explain why 

deflowered plants had higher photosynthesis at the last 

determination. D e f l o wering also appeared to delay leaf 

senescence so that towards the end of the season f r u i t 

bearing plants had yellowish, aging canopy while the 

deflowered plants showed no signs of senescence. Laboratory

measurements in which leaf age was controlled showed that
\

there was no s i g n i f i c a n t  d i f f e r e n c e  in gas e x c h a n g e  

parameters between continuously deflowered and fruit bearing
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Fig. 10. Effect of continuous flower removal on 
seasonal trend of m i d d a y  p h o t o s y n t h e si s  of youngest 
mature and fully exposed leaves in the field. IDF = 
D e f l o w e r e d  plants and IF = Fruit bearing control. 
Each point is a mean for 8 leaves from different 
plants and is shown ±  1 SE.
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Fig. 11. Effect of continuous flower removal on 
diurnal trend of photosynthesis (a) and leaf epidermal 
conductance (b) in the field at 86 DAE. Each point is 
mean for 6 leaves from different plants and is shown + 
1 SE. For each leaf, p h o t o s y n t h e ti c  and c onductance 
m e a s u r e m e n t s  were taken on separate leaflets. The 
notations are the same as in Fig. 10.
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control (Table 1).

A b o v e g r o u n d  b i o m a s s  w a s  very s i m i l a r  b e t w e e n  

continuously irrigated defl o w e r e d  and fruit-bearing field 

plants (see section IV). Vegetative growth fully compensated 

for the forfeited fruit g rowth in d e f lowered plants. For 

example, while fruit composed about 50% of total aboveground 

biomass in fruit bearing field plants at crop maturity (see 

section IV), the deflowered plants compensated by doubling 

biomass of all the aboveground vegetative organs (Fig. 12).

Discussion

In s t u d y i n g  t h e  e f f e c t s  of s i n k  d e m a n d  on 

photosynthesis, it is necessary to identify the dominant 

sinks for the source leaves in question and to have an 

understanding of the availability or ease of formation of 

possible alternative sinks. Plants in vegetative growth 

phase have their active sinks spread in growing points all 

over the root and shoot. This makes it difficult to induce 

effective sink reduction by manipulation of one or a few of 

the sinks except in studies that involve petiole girdling of 

source leaf. During peak fruiting, on the other hand, 

plants often deposit a large proportion of the current 

a s s i m ilates into fruits (Fig. 1) which, therefore, form 

easily identifiable dominant sink. Little vegetative growth 

usually occurs at that time so that availability of strong 

alternative sinks or their rapid formation is precluded.



T a b l e  1. N e t  p h o t o s y n t h e s i s  l e a f  e p i d e r m a l  
c o n d u c t a n c e  and i n t e r n a l  C O 2 c o n c e n t r a t i o n  of 
continuously deflowered and fruit bearing plants. 
Each value is a mean for 3 plants. Two leaves were 
sampled per plant. All leaves were of similar age 
(about 3 weeks old) and plants were in the yellow 
fruit stage. The measurement conditions were same as 
in growth chamber (1000 uE m “ 2 S -1 light and ambient
CO?) .

Deflowered

Fruit-bearing

Net
Photosynthesis
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. 7 6  
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Fig. 12. Response of vegetative biomass accumulation 
in the field to continuous flower removal in irrigated 
t r e a t m e n t s  of 1983. Eac h  p o i n t  is a m e a n  for 3 
replications. Notations are the same as in Fig. 10.
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The results of this study show that tomato fruit 

removal and disruption of a s s imilate export from leaves 

through stem girdling depressed photosynthetic rate. The 

effect of fruit removal in inhibiting photosynthesis has 

been reported for other plants. Setter al (1980a; 1980b) 

found that removal of all pods depressed carbon exchange 

rate in soybean. Similarly, Loveys and Krie d e m a n n  (1974) 

reported about 50% decrease in photosynthesis following 

defruiting of grape vines. Most of the earlier work on this 

subject has, however, been limited to growth chamber and 

glass-house plants. Results of this study show that field 

plants respond to defruiting treatment in much the same way.

M e c h a n i s m s  i n v o l v e d  in t h e  i n h i b i t i o n  of 

photosynthesis by fruit removal are not well understood. 

The end product inhibition hypothesis (Guinn and Mauney, 

1980; Herold, 1980; Neales and Incoll, 1968) has domi n a t e d  

literature for over a century (Neales and Incoll, 1968). 

Basically the hypothesis states that any process that 

enhances assimilate accumulation in source leaves would lead 

to inhibition in photosynthesis. Azcon-Bieto (1983) found a 

positive relationship between concentration of carbohydrates 

and depression of assimilation. Thus it would be a s s u m e d  

that a process which favors accumulation of more assimilates 

should lead to a larger depression of assimilation. Present 

r e s u l t s  s h o w  that s t e m  g i r d l i n g  p r o d u c e d  a l a r g e r  

photosynthetic depression than fruit removal (Figs. 5 and 

6). Defruiting may remove a major a s s i m i l a t e  sink but as
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long as the leaf maintains p hloem contact with the rest of 

the plant it will continue to export some assimilates. 

Girdling, however, severs this phloem contact so that the 

leaf is likely to build up assimilates more rapidly.

Although a number of workers (e.g. Azcon-Bieto, 1S83; 

Kriedemann si/ 1976; Loveys and Kriedemann, 1974; Setter 

s i  s i , 1980b) h a v e  r e p o r t e d  i n c r e a s e  in c a r b o h y d r a t e  

concentration in leaves following defruiting and petiole 

girdling, the biochemical sequence of events that would lead 

to a s s i m i l a t e - i n d u c e d  n e g a t i v e  f e e d b a c k  e f f e c t  on 

photosynthesis has not been well established (Geiger and 

Giaquinta, 1982; Herold, 1980). The hypothesis thus remains 

equivocal and workers are in constant search for alternative 

hypotheses.

Since the review of Neales and Incoll (1968), a number 

of workers have shown that sink-li m i t e d  plants often have 

lower leaf epidermal conductance (ge ) (Azcon-Bieto, 1983; 

Roller and Thorne, 1978; Kriedemann, 1976; Lenz, 1978; 

Setter al, 1980a; 1980b). Field results of this study 

showed that leaves of defruited plants tended to have lower 

ge (Fig. 4b) and laboratory results indicated a clear decrease 

(Fig. 8) following defruiting and stem girdling. Setter 

al (1980a) reported that the reduction in photosynthetic 

rate following soybean pod removal and leaf girdling could 

be attributed to the decrease in g e . Results presented in

u e - S S x ' " ” 0 "



Figs, 6 and 7 show that although fruit removal and stem 

girdling produced a fall in ge , the accompanying decrease in 

Ci was small and accounted for only a small proportion of 

total photosynthetic depression (see Fig. 9). These results 

agree with those reported by A zcon-Bieto (1983) following 

heat girdling of wheat leaves and may account for the fact 

that ge differences were not only less marked, but also bore 

no close relationship with differences in photosynthesis on 

day 86 (Fig. 4).

Results of this study suggest that n o n - s t o m a t a 1 

f a c t o r s  are p r i n c i p a l l y  i m p o r t a n t  in p h o t o s y n t h e t i c  

depression in conditions of sink limitation. It should be 

mentioned that Setter £.1 (1980a) did not measure Ci«

Their findings, therefore, do not necessarily contradict 

results of this study or those of Azcon-Bieto. Direct 

product regulated feedback and h o rmone mediated control 

(Guinn and Mauney, 1980; Herold, 1980) are the non-stomatal 

mechanisms commonly mentioned with respect to sink-limited 

photosynthesis. Geiger and Giaquinta (1982) discussed 

h ormonal control as possible and probably more viable 

alternative to direct product regulated feedback hypothesis. 

Evidence supporting this hypothesis, however, does not 

appear to be any better established. Abscissic acid (ABA) 

a c c u m u l a t i o n  in leaves has been observed following fruit 

removal or girdling (Kriedemann &JL, 1976; Setter a l .

1980a; 1980b). Its influence has, however, only been linked 

to reduction in g e (Setter 3JL, 1980b). Hence in the

121
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absence of significant stomatal effect as discussed earlier, 

the role of ABA remains questionable. The possibility of 

involvement of other hormones has been considered but no 

direct link has been established between their production in 

sink, translocation to source and subsequent response of 

source (see Herold, 1980).

The effect of flower removal on photosynthesis has 

also been studied under the general topic of sink-source 

relationships and their influence on source activity. In 

that context d e f l o wering has been reported to depress 

photosynthetic rate (Lenz, 1974; 1978; Lenz and Williams, 

1973) p r e s u m a b l y  through feedback inhibition. Results of 

this study, however, showed that continuous flower removal 

which prevented fruit formation had no consistent effects on 

leaf photosynthesis (Fig. 10) with the exception of the data 

for day 86 (Fig. 11). These m e a s u r e m e n t s  were done on 

randomly selected uppermost, mature and fully exposed 

leaves. Suc h  l e a v e s  w e r e  g e n e r a l l y  y o u n g e r  in the 

d e f lowered plants particularly late in the season (see 

Results) and this could explain the results of day 86. In 

growth chamber plants where leaf age was controlled, there 

was no significant difference in gas exchange para m e t e r s  

between deflowered and fruit bearing plants (Table 1).

The sink demand hypothesis described earlier is based 

on the principle that source leaves that have the capacity
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to supply a certain sink size accumulate excess assimilates 

upon removal or exclusion of such sinks. These surplus 

assimilates inhibit photosynthesis through some not well 

established mechanism. It is easy to visualise that such 

a s s imilate accumul a t i o n  can occur following source leaf 

girdling or fruit removal. A s s i m i l a t e  acc u m u l a t i o n  when 

continuous d eflowering prevented fruit formation is more 

difficult to conceive. In the work of Lenz (1974; 1978) and 

Lenz and Williams (1973), plants from which flowers had been 

removed developed vegetative growth that fully compensated 

for the forfeited fruit load. There was no difference in 

total b i omass suggesting that total sink was probably 

comparable to that of control plants. However, they also 

reported some puzzling results: the non-fruiting plants had 

lower assimilation rates and higher assimilate accumulation 

in their leaves, suggesting sink limitation. It should be 

pointed out that their observations were mainly based on 

b i o m a s s  dat a  and w h o l e  p l a n t  C 0 2 e x c h a n g e  rates and 

therefore represent average assimilation per unit leaf area. 

Leaf area was usually higher in d e f l o w e r e d  plants but, in 

the absence of information regarding canopy cover, it is 

difficult to tell whether or not there were any differences 

in terms of effective source size between the treatments.

C o m p e n s a t o r y  v e g e t a t i v e  g r o w t h  s i m i l a r  to that 

reported by Lenz and coworkers was observed in this study. 

There was no difference in total aboveground biomass (see 

. At harvest, fruits constituted approximatelysection IV)
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50% of the aboveground biomass in the fruit bearing plants 

(see section IV) and this was c o m p e n s a t e d  by doubling in 

vegetative parts in defl o w e r e d  plants (Fig, 12). It would 

appear that there was no sink limitation in the deflowered 

plants. Vegetative growth apparently compensated at least 

partly for the loss of fruit formation potential as an 

alternative sink. The deflowered plants had about twice the 

leaf area of fruit bearing plants so that they had a lower 

sink to source ratio. This wide difference in leaf area, 

however, produced only 20% increase in canopy size (see 

section III). The difference in canopy size p r e s u m a b l y  

represents the difference in effective p h o tosynthetic 

surface area. Actually deflowered irrigated plants showed a 

slightly faster rate of soil moisture depletion (see section 

III) thus suggesting a deeper and possibly larger root size. 

Since deflowered plants tend to have larger root/shoot ratio 

(Hurd, ££ al, 1979), it is conceivable that this difference 

in canopy size caused little or no difference in aboveground 

biomass because differences in root growth accounted for the 

use of the extra assimilates.

Results of this study suggest that while sudden and 

drastic reduction in sink/source ratio such as caused by 

d e f r u i t i n g  and s t e m  g i r d l i n g  lea d  to d e p r e s s i o n  of 

photosynthesis, continuous flower removal allowed the plants 

to develop vegetative alternative sinks. There was thus no 

sink limitation in deflowered plants and no photosynthetic
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inhibition. It is also suggested that sink limitation on 

photosynthesis may be attributed largely to non-sto m a t a l  

factors. In sections III and IV it was suggested that since 

water stress depressed canopy gro w t h  before having any 

effect on photosynthesis, the plants were probably limited 

by vegetative sinks. Such a limitation could lead to 

assimilate a c cumulation in the source leaves (Barlow and 

B o e r s m a ,  1979) and, c o n s e q u e n t l y  to p h o t o s y n t h e t i c  

inhibition by negative feedback in the same way as fruit 

removal and girdling discussed in this section. Indeed, 

recent workers (e.g. Farquhar and Sharkey, 1982 and Pearcy, 

1983) h a v e  i n d i c a t e d  t h a t  w a t e r  s t r e s s  i n h i b i t s  

photosynthesis largely through non - s t o m a t a l  m e c h a n i s m s  

similar to the ones potrayed in Fig. 9. This apparent 

similarity in mechanism, however, does not establish cause- 

effect relationship and more research is needed to explore 

the possibility that water stress may depress photosynthesis 

through vegetative sink limitation.
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General Discussion
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Crop yield is a function of b i omass production and 

partitioning of assimilates into plant parts that constitute 

economic yield. In this study attention has been given to 

the effects of water stress on biomass accumulation (section 

III) and partitioning (sections IV and V). Section VI deals 

with sink limitation on photosynthesis. Detailed discussion 

of the results for each topic has been given in the relevant 

sections. An effort is made in this section to provide an 

overall synthesis of the data by examining how the different 

plant responses to water stress considered in the previous 

sections interact to affect crop yield.

As a l r e a d y  d i s c u s s e d  in s e c t i o n  III, the l a r g e  

depression in aboveground biomass under conditions of water 

s t r e s s  can be a t t r i b u t e d  m a i n l y  to r e d u c e d  light 

interception per unit land area resulting from incomplete 

ground cover. Unpublished results obtained by Jorge 

Bolanos on the same field showed that there was little or no 

difference in single leaf photosynthesis between irrigated 

and non-irrigated treatments. His results, however, showed 

that leaf age had significant influence on photosynthetic 

rate. A f t e r  full leaf e x p a n s i o n ,  p h o t o s y n t h e t i c  rate 

decreased with leaf age. Since water stress depressed leaf 

area development, as shown in section III, it is likely that 

canopy of water stressed plants had higher proportion of



o l d e r  and p h o t o s y n t h e t i c a l l y  less e f f i c i e n t  leaves. 

Apparently lower canopy light conversion efficiency of the 

unirrigated treatment (Fig 12, section III) may thus be a 

result of older canopy rather than a direct effect of water 

stress through stomatal or non-sto m a t a l  mechanisms. The 

author's photosynthetic data (Fig. 7a, section III), showed 

that the unirrigated plants generally had 25%-30% lov/er 

photosynthetic rates than well watered plants. However 

these data were derived from randomly selected uppermost 

leaves without control of leaf age and it is likely that the 

leaves from water stressed plots were older on the average 

as discussed earlier.

The effect of water stress in depressing vegetative 

growth was not associated with significant difference in 

leaf water potential. For example, during 1983 season, 

there was no difference in leaf water potential b e tween 

irrigated and dry treatments througout the season (see Fig 

3a, section III). Furthermore, tomatoes show very little 

osmotical adjus t m e n t  under drought (J. Bolanos. personal 

c o m munication; Cerda £_£ &1, 1979). It is, therefore 

unlikely that there were any differences in turgor potential 

between the irrigation treatments. However, the leaf water 

potential measurements were taken on mature leaves and it is 

not known whether or not growing leaves (or portions of 

leaves) behaved in a similar way. Differences in solute 

accumul a t i o n  and turgor m aintanance have been reported
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between growing and mature leaves (e.g. Michelena and Boyer 

1982). Water stress may also reduce leaf growth, and hence 

canopy development, by reducing cell wall extensibility (see 

relationship between leaf growth and turgor potential, 

Lockhart 1965). For example Van Volkenburgh and Boyer 

(1985) reported that water stress may depress cell wall 

extensibility by inhibiting proton extrusion into the 

apoplast. With increasing amount of evidence showing that 

m i l d  w a t e r  s t r e s s  o f t e n  has l i t t l e  e f f e c t  on t u r g o r  

potential (Michelena and Boyer, 1982; Van Volkenburgh and 

Boyer, 1985), studies of water stress effects on cell wall 

extensibility and threshold turgor should be given more 

attention.

While water stress depressed vegetative shoot growth 

as discussed above, reproductive growth was relatively less 

affected. Plants of the unirrigated treatment had slightly 

higher fruit relative growth rate and higher fruit partition 

coefficient through most of the season. Retention of early 

flowers and absolute weight of early fruits were also higher 

in dry plots. The duration of bi o m a s s  accumulation in 

fruits was, however, longer in irrigated than in the dry 

treatments. These results have been discussed in more 

detail in section IV. The fact that fruit growth was less 

affected by water stress may be attributed to differential 

partitioning in favour of fruit growth as shown in Figs. 2, 

3 and 4a of section IV. The physiological explanation of 

this phenomenon is not clear. Tomato fruits are protected



from rapid evaporative water loss by thick cuticle covering 

the pericarp. Consequently fruit transpiration is low and 

water potential and water content would be high relative to 

leaves. Moreover, as a storage organ and a major sink during 

reproductive growth, fruits are likely to have higher 

concentrations of solutes that can be used for osmotic 

adjustment in a manner similar to that reported by Barlow 

al (1980) for wheat shoot apices. Fruits may thus be able 

to minimize internal water stress and continue to grow and 

serve as active sinks even after vegetative growth has 

stopped. Results reported in section III showed that water 

stress remarkably depressed canopy growth. Reference has 

also been made earlier to unpublished data of Jorge Bolanos 

w h i c h  s h o w e d  that w a t e r  s t r e s s  had l i t t l e  e f f e c t  on 

photosynthesis in the same field. It is thus conceivable 

that water stressed plants were limited by vegetative sinks 

and had surplus of a ssimilates in their leaves. Such 

assim i l a t e  accu m u l a t i o n  in conditions of inhibited leaf 

growth has been reported by B a rlow and Boersma (1976). 

Since fruit growth continued after vegetative g rowth had 

stopped (see setions III and IV), they probably formed 

active sinks which utilized the excess assimilates. This 

explanation would be supported by the work of Johnson and 

M o s s  (1976) w h i c h  s h o w e d  that w a t e r  s t r e s s  e n h a n c e d  

a s s i m i l a t e  translocation to reproductive growth in wheat. 

A p p a r e n t l y ,  t h e r e f o r e ,  w a t e r  s t r e s s  had a r e l a t i v e  

stimulation on fruit growth by inhibiting vegetative growth.



The response of reproductive growth to water stress 

has been studied by other workers (see Fischer and Turner, 

1978 and Salter and Goode, 1967) and seems to be complicated 

depending on the stress intensity and crop history. Mild 

w a t e r  s t r e s s  te n d s  to e n h a n c e  or h a v e  no e f f e c t  on 

reproductive growth (Fischer and Turner, 1978). Hsiao al 

(1976) noted that reduced vegetative growth resulting from 

water stress would lessen c o m p e t i t i o n  for a s s i m ilates and 

thus h e l p  f r u i t  g r o w t h .  T h i s  s u g g e s t i o n  s e e m s  to be 

supported by the observation (e.g. Stockton &1, 1961;

Hearn, 1975) that a liberal supply of water during flowering 

can increase shedding of young bolls in cotton. Hsiao 

(1982) further suggested that pollination and fruit set are 

generally insensitive to water stress and Hearn (1975) found 

that water stress induced early fruit set in cotton. Wudiri 

(1980) reported that mild water stress stimulated fruit set 

in early flower trusses in some tomato cultivars but not 

others. The results of this study seems to be in general 

agreement with these earlier studies. Water stressed 

processing tomato plants seemed to be limited by vegetative 

sink so that m o r e  a s s i m i l a t e s  w e r e  a v a i l a b l e  for 

reproductive growth. Yield reductions, therefore, resulted 

mainly from fewer flower nodes rather than flower abscission 

or retarded fruit growth.

Since mild water stress depresses vegetative growth 

more than photosynthesis so that the plant may be limited by
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vegetative sink and accumulate assimilates in source leaves, 

a r e l a t i o n s h i p  m a y  be d r a w n  b e t w e e n  d e p r e s s i o n  of 

photosynthesis and inhibition of canopy deve l o p m e n t  under 

c o n d i t i o n s  of m i l d  w a t e r  stress. The m e c h a n i s m  of 

photosynthetic depression in situations of water stress is 

not clearly understood. Earlier workers (see Hsiao, 1973) 

tended to suggest that water stress inhibits photosynthesis 

through its effects in reducing stomatal conductance. 

Recently, however, with the use of sophisticated gas 

exchange equipments, workers have increasingly questioned 

the contribution of stomatal closure in water stress induced 

photosynthetic depression. This school of thought has been 

highlighted by the work of Farquhar and Sharkey (1982). 

E s s e n t i a l l y  t h e i r  a n a l y s i s  s h o w s  that photosynthetic 

inhibition arising from water stress is caused largely by 

non-stomatal factors.

In this study it is speculated that water stress 

which depresses canopy growth markedly with minor effects on 

photosynthesis would cause a s s i m i l a t e  accu m u l a t i o n  in 

leaves. Barlow and B o e rsma (1976) found that decrease in 

leaf elongation increased assim i l a t e  build up in source 

l e a v e s  and this w a s  a c c o m p a n i e d  by d e p r e s s i o n  in 

photosynthesis. The fruit removal and stem girdling 

treatments of this study depressed photosynthesis presumably 

through sink limitation which causes assimilate build up in 

leaves (Setter a l . 1980b). Gas exchange analysis data
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(see section VI) revealed that photosynthetic depression 

resulting from both defruiting and stem girdling could be 

accounted for largely by non-stomatal factors. Similar 

results have been reported by Azcon-Bieto (1983) for heat 

girdled wheat leaves. A hypothesis is here suggested that 

water stress may inhibit photosynthesis indirectly by 

inhibiting canopy growth and thus enhancing assimilate build 

up in leaves. Ass i m i l a t e s  build up is thought to inhibit 

photosynthesis through negative feedback (see Neales and 

Incoll, 1968).

Data emanating from this study certainly do not 

provide enough proof for this hypothesis but it has been 

s h o w n  that s o m e  s i m i l a r i t i e s  p r o b a b l y  occ u r  in the 

mechanisms of sink limitation and water stress limitation on 

p h o t o s y n t h e s i s .  In o r d e r  to e s t a b l i s h  c a u s e - e f f e c t  

relationship, it has to be unaquivocally established that 

build up of assimilates does indeed cause photsynthetic 

depression. Biochemical evidence for the this requirement 

has proved elusive (see Herold, 1980).
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