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fruit growth (stage III) carbohydrates should be diverted from vegeta-
tive growth into fruit growth.

POSTHARVEST WATER STRESS

Larson et al. (1988), working with a June-harvested peach cultivar
in California reported no loss of production or fruit size when RDI
treatments were imposed between mid-June and mid-October in a
flood-irrigated orchard. Continuing this same experiment for 4 years,
Johnson et al. (1992) demonstrated continued productivity, reduced
vegetative growth, substantial savings of water and no indication of
decreased tree health or vigor. The main drawback to the RDI treat-
ment was an increase in fruit doubles (Fig. 2A). A single postharvest
irrigation in early August effectively reduced the level of this disorder
but still provided substantial water savings. Subsequent work with a
May-harvested peach cultivar using microsprinkler irrigation docu-
mented another fruit quality disorder, termed “deep suture” (Fig. 2B),
associated with late-season water stress (Handley, 1991; Handley and
Johnson, 2000). Alleviation of water stress by irrigating between early
August and early September reduced the incidence of both doubles and
deep sutures to the level of the fully irrigated control (Table 1).
Microscopic examination of developing fruit buds showed that carpel
differentiation was occurring in late August and early September.
Therefore, the practice of reducing or eliminating irrigation after
harvest of early maturing peach cultivars appears to be a feasible
means of saving water without reducing production, as long as stress
is alleviated during the period of carpel differentiation.

Similar treatments were imposed on an early-maturing plum (P.
salicina L.) cultivar irrigated with foggers (Johnson et al., 1994). Even
under extensive water stress, no double fruit or deep sutures were
induced. However, completely cutting off irrigation led to partial
defoliation within a few weeks and subsequent loss of yield. In trees
that were irrigated daily, but at half the rate of the fully irrigated
control, no reduction in yield or fruit quality occurred over a 3-year
period.

Other researchers have reported negative effects of postharvest
water stress on apricot (P. armeniaca L.) fruit (Brown, 1953; Uriu,
1964). This could be due to the severity of stress but may also reflect
differences in species. Additional research is needed to determine how
well different species under different conditions can tolerate posthar-
vest stress.

Water stress almost always reduces yield in agricultural crops.
Numerous studies have demonstrated the negative impact of water
stress on various plant processes (Bradford and Hsiao, 1982). A close
correlation exists between water use or evapotranspiration and final
yield in annual crops (Hanks, 1983), so stress should be avoided at all
stages of development. However, for mature fruit trees, this relation-
ship may not hold in many situations, thus providing the opportunity
for saving water without reducing production.

The perennial nature of fruit trees helps provide this opportunity.
Because a mature tree already has grown a supporting structure of
scaffolds and branches, it can rapidly grow a full canopy of leaves in
the spring to maximize light interception and provide renewal fruiting
wood for the following year. Further vegetative growth does not
substantially increase total light interception and is generally undesir-
able growth that must be pruned out later. Therefore, imposing
moderate water stress to reduce vegetative growth may have no
negative effect on total photosynthate production and continued produc-
tivity. In fact, even beneficial results may be obtained because of less
shading of lower and interior fruiting wood, better light distribution
throughout the tree, and reduced need for summer and dormant pruning.

Reduced canopy development (shoot growth and leaf expansion)
is one of the earliest responses to water stress, occurring before
stomatal closure and reduction of photosynthesis (Bradford and Hsiao,
1982). Theoretically, this should allow for greater availability of
carbohydrates for the growth of other organs. Indeed, increased root
growth has been demonstrated under moderate water stress (Sharp and
Davies, 1975). In fruit trees the goal is to divert these carbohydrates
into fruit growth. Since fruit growth tends to dominate over vegetative
growth (Higgs and Jones, 1991; Lenz, 1967), we have hypothesized
that moderate water stress will not reduce fruit growth and may even
promote it (Fig. 1). The idea of purposely imposing moderate stress to
achieve certain beneficial results has generally been termed regulated
deficit irrigation (RDI) (Behboudian and Mills, 1997). Of course,
moderate, beneficial stress can quickly turn into severe, harmful stress
(point A in Fig. 1) and may depend on many factors, such as variety,
environmental conditions, and timing of the stress. This emphasizes
the need to accurately measure stress and to thoroughly understand the
processes occurring in the tree as moderate stress develops.

Timing of RDI is critical, especially in temperate fruit trees in
which growth of the various organs tends to occur at different times of
the season (Chalmers et al., 1985). We have hypothesized that temper-
ate fruit trees can tolerate or benefit from moderate water stress during
two periods. First, the period after harvest should have potential
because no fruit is present and the concern is with proper development
of fruit buds for next year’s crop. With early maturing varieties, this
period can be quite long, so the potential for water savings is substan-
tial. The second period is during the lag phase (stage II) of peach
[Prunus persica (L.) Batsch] fruit growth (Lilleland, 1933). Stone fruit
typically follow a double sigmoid pattern of growth. Rapid periods of
growth after bloom and before harvest are separated by a slower lag
phase of growth. Since fruit diameter is increasing more slowly, water
stress should have only a minor effect on fruit growth but a major
impact on vegetative growth. During the subsequent period of rapid
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Fig. 1. The theoretical response of fruit growth and yield to water stress. As
moderate stress is imposed, there is no reduction (and sometimes even an
increase) in fruit growth or yield until point A is reached.



1049HORTSCIENCE, VOL. 35(6), OCTOBER 2000

WATER STRESS DURING FRUIT GROWTH

It has been hypothesized that water stress imposed during the lag
phase of stone fruit growth will have a much greater effect on reducing
vegetative growth than reproductive growth. If full irrigation (or
greater) is restored during the final, rapid phase of fruit growth,
reduced competition from vegetative growth should allow final fruit
size to be equal to or greater than that of fully irrigated controls. Studies
on peach trees in Australia during the early 1980s supported this
hypothesis (Chalmers et al., 1981, 1984; Mitchell and Chalmers,
1982). Increases in fruit size and yields of up to 30% were reported.
The same researchers subsequently carried out similar experiments on
pear (Pyrus communis L.), although pears do not exhibit a lag phase
(Chalmers et al., 1985), and reported similar results (Mitchell et al.,
1984, 1986, 1989). Again, RDI produced yields equal to or 20%
greater than that of the controls. The authors proposed that fruit
osmoregulation accounted for the stimulation of fruit growth upon
resuming irrigation (Chalmers et al., 1986).

Other researchers in several countries have tried to replicate this
technique, but have generally been less successful. Some have re-
ported negative effects of RDI on fruit size in apple (Malus domestica
Borkh.) (Ebel et al., 1993) and peach (Girona, 1989); others have
reported no significant reduction in fruit size of apple (Ebel et al., 1995;
Irving and Drost, 1987), Asian pear (Behboudian and Lawes, 1994;
Caspari et al., 1994), and peach (Li et al., 1989; Strabbioli, 1992), but
none have shown the substantial increase in fruit size reported from
Australia. After 5 years of RDI treatments on peach in California, we
observed an increase in fruit weight (8%) in only the fifth year of the
experiment (R.S. Johnson, unpublished data). Even though substantial
increases in yield and/or fruit size were not observed in these experi-
ments, the effects can still be considered beneficial, given the substan-
tial savings of water with no significant loss in productivity.

Why does RDI appear to work in Australia but not as well
elsewhere in the world? First, stress may need to be applied before the
lag phase of fruit growth. Li et al. (1989) imposed stress treatments
during different periods of peach fruit growth. They found no change
in fruit size by stressing during the lag phase of growth, but a
significant increase by imposing stress during the first phase of rapid
fruit growth. Furthermore, the Australian workers often withheld
water during early fruit growth, which may have contributed to the
success of their experiments. Perhaps the emphasis should be on
imposing stress early enough in the season so vegetative growth can be
substantially reduced.

Second, the degree and duration of stress may also be important
factors. The experiments in Australia were conducted on a shallow
soil. Theoretically, trees in this condition could be put into and brought
out of stress more quickly than those in a deeper soil. In a deeper soil
there may not be sufficient time to develop the stress necessary to
substantially inhibit vegetative growth early in the season. Because
water stress during the last rapid phase of fruit growth invariably
reduces fruit size (Behboudian and Lawes, 1994; Caspari et al., 1994),
the stress must be alleviated quickly. Again, this can be a problem on
deeper soils, especially if penetration of water into the soil is slow
(Girona et al., 1993). Further research is needed to fine-tune the timing,
duration and degree of stress needed to obtain consistent results from
RDI treatments.

FUTURE RESEARCH

Many studies have shown that moderate water stress can provide
beneficial effects in temperate fruit trees. The key to obtaining consis-
tent and predictable results will be a better understanding of how water
stress affects physiological processes in the plant. For example,
Chalmers et al. (1986) hypothesized that RDI causes osmotic adjust-
ment in the fruit, which can then increase growth rates. What are the
conditions that maximize osmotic adjustment in the fruit? The timing
of stress is obviously important (Behboudian and Lawes, 1994; Mills
et al., 1996) but the duration, degree and rate of stress development
could also be determining factors. Furthermore, there may be signifi-
cant interactions with other factors, such as crop load (Berman and
DeJong, 1996).

Fig. 2. Fruit disorders of peach that can be substantially increased by late-
summer water stress: (top) fruit double and (bottom) deep suture.

Table 1. The effect of postharvest water stress in 1990 on incidence of double
fruit and deep suture malformation of ‘Spring Lady’ peach at thinning and
harvest time in 1991.z

Treatment
Malformation Controly Stressedx Rewateredw

Percentage of:
Doubles at thinning 7.5 bv 44.8 a 2.9 b
Doubles at harvest 0.3 b 4.2 a 0.3 b
Deep sutures at harvest 4.4 b 10.1 a 4.1 b

zSource: Handley and Johnson (2000).
yTrees received 100% ETc (calculated from reference crop water use (ETo) and
crop coefficients (Kc) for deciduous fruit trees) during the growing season.
xTrees received 100% ETc through harvest in May, then 25% ETc through October.
wSame as stressed except for 132% ETc during August.
vMean separation within rows by DMRT (P ≤ 0.05).
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Chalmers et al. (1984) suggested that root growth is the variable
controlling vegetative vigor and fruitfulness under RDI treatments.
What is the underlying physiological mechanism for this? Does a tree
maintain a constant root-to-shoot ratio (Richards and Rowe, 1977),
and how is this ratio affected by stress, planting density, irrigation
type, pruning, soil type, etc.?

The better we understand how stress affects various physiological
processes within the tree, the more likely we will be able to exploit its
beneficial effects under various environmental, soil and cultural
conditions. Much has still to be learned about how moderate water
stress affects vegetative growth and productivity in fruit trees. How-
ever, over the last two decades research has clearly shown that stress
can be imposed in ways to reduce vegetative growth, yet maintain
productivity, while saving significant amounts of water.
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