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Abstract.Tomatoes (Lycopersicon esculentum Mill. cv. Sunstart) were grown in a greenhouse 
during Summer 1999 and again in Winter 2000. Two available soil water (ASW) deficit
thresholds, 65% and 80%, at which plants were irrigated to field capacity were factorially 
combined with five irrigation timing patterns: 1) no water stress; 2) stress throughout the 
entire growing season; 3) stress during first cluster flowering and fruit set 4) stress dur-
ing first cluster fruit growth; and 5) stress during first cluster fruit ripening. Crop yields, 
water use efficiency, as well as maximum and minimum equatorial fruit diameters and 
fruit height were measured. Quality parameters of soluble solids, pH, and fruit color were 
also measured. Water stress throughout the growing season significantly reduced yield and 
fruit size, but plants stressed only during flowering showed fewer but bigger fruit than 
completely non-stressed plants. Consequently, on a weight basis the stressed at flowering
and nonstressed plants had similar yields. Nonstressed and flowering-stressed fruit showed 
lower soluble solids and a lighter color of red ripe fruit than the other stress treatments. 
No significant differences in yield or quality were found between the two stress levels (65% 
vs. 80% ASW depletion before irrigation). Water stress only during flowering resulted in 
better yields and quality than stress at other specific developmental stages or at all times, 
but equal or poorer yields and water use efficiency than nonstressed plants.

quality of greenhouse tomatoes was studied 
during Summer 1999 and again in Winter 2000. 
In both years, identical experiments were set 
up in the Macdonald Campus greenhouse 
of McGill Univ. in Montreal, Quebec. Two 
available soil water (ASW) deficit levels, 
65% and 80%, at which irrigation up to field
capacity was implemented were factorially 
combined with five irrigation timing patterns: 
(1) no stress (NS); (2–4) stress during flow-
ering and fruit set (F), fruit growth (G), or 
fruit ripening (R) of the first cluster; and (5) 
stress from flowering through ripening of the 
first cluster (FGR), in a randomized complete-
block design with four replicates. This resulted 
in nine treatments, as the “NS” controls for 
both 65% and 80% ASW were identical and 
hence reduced to a single treatment.

Plants were grown in 24-cm-high polyethyl-
ene pots that had an upper diameter of 28 cm 
and a diameter of 22 cm at the base, and a 
mean inner diameter of 24.5 cm in the por-
tion containing soil (soil volume of roughly 
9.6 L/pot). Each pot was placed in a 55 × 
28.5 × 7-cm white plastic seedling tray on 
the concrete floor of the greenhouse, in order 
to trap any irrigation overflow or soil mate-
rial escaping from the drainage holes at the 
base of the pots. Plants were spaced 60 cm 
apart both within and between rows. Natural 
lighting was supplemented with overhead 
lighting to provide a daylength of 16 h. The 
overhead lighting consisted of 400-W (fixtures 
rated for 485W, 208V, 2.5 A) high-pressure 
sodium bulbs (P.L. Light Systems, Canada), 
resulting in a photosynthetic photon flux (PPF)
at canopy level of 60 µmol·m–2·s–1. The 
daytime temperature was maintained at 25 ± 
2 °C, and the nighttime temperature at 18 ± 
2 °C. Relative humidity (RH) was main-
tained at 65% ± 5% throughout the growing 
season.

Tomatoes were directly seeded in pots on 
11 May 1999 (Summer 1999 season) and 11 
Jan. 2000 (Winter 2000 season). Two seeds of 
‘Sunstart , a fresh-market beefsteak variety, 
were planted 5 cm apart in the center of each 
pot, which contained pre-soaked, pre-fertilized 
soil. Unlike most cultivars used in greenhouse 
production, ‘Sunstart is a determinate variety, 
which was selected in order to limit the pro-
duction season to a manageable length. Each 
pot received 15 mL (1 tbsp) of dry granular 
tomato fertilizer (5N–3.5P–8.3K; Purcell 
Vigoro Canada, Tilsonburg, Ont.), which 
was mixed into the top 10 mm of dry soil at 
seeding, and resulted in a roughly equivalent 
fertilisation rate of 110 kg·ha–1 N, 78 kg·ha–1 P, 
and 184 kg·ha–1 K. Further fertilisations at the 
same rate occurred at 3- to 4-week intervals 
in both growing seasons.

In Summer 1999, 92% emergence had oc-
curred 11 d after seeding (DAS), full emer-
gence by DAS 15 and in Winter 2000 by DAS 
11 and DAS 14, respectively. At the 2-leaf 
stage, plants were thinned to one per pot and 
any damaged plants replaced by extras from 
other treatments or by border pots. All plants 
received 0.5 L of irrigation twice a week and 
suckers were removed until plants reached the 
4-leaf stage (DAS 53 and DAS 50). Subsequent 
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Agrowing scarcity of water relative to hu-
man demand occurs in many parts of the world, 
but appropriate water management practices 
can help ensure the survival and sustainability 
of agricultural and economic activities related 
to water (Postel, 2000). Water deficits and in-
sufficient water are the main limiting factors 
affecting worldwide crop production. Deficit
irrigation (DI) can reduce production costs, 
conserve water and minimize leaching of nu-
trients and pesticides into ground water. While 
this has primarily been a concern in field crops, 
the disposal of nutrient and pesticide-laden 
waters from large greenhouse complexes 
has come under scrutiny. Establishing DI as 
a management tool for tomatoes could be very 
effective in situations where water is scarce 
and also for reducing effluent contamination. 
This is especially important since tomato is a 
popular greenhouse-grown vegetable, grown 
extensively throughout the world.

However, before DI can be adopted as a 

management tool, its effect on fruit yield and 
quality should be examined (Kirda, 2002). 
Measurements of pan evaporation, soil mois-
ture content, or simulations of the soil water 
balance (Hoffman et al., 1990), have been 
used to estimate irrigation requirements both 
in terms of timing and quantity (Heermann et al., 
1990). However, not all stages of development 
are equally sensitive to soil moisture deficits;
for example, the flowering and fruit setting 
stages of tomato have long been known to be 
the most sensitive to water deficits in terms of 
yield (Salter, 1954). Lower or deficitary irri-
gation rates generally decrease yield and fruit 
size (Giardini et al., 1988), therefore, if deficit
irrigation is applied for fresh market greenhouse 
production to limit costs and potential pollution, 
one is faced with the prospect of also reducing 
yield. Consequently, a judicious application of 
irrigation water is necessary.

With this in view, the response of tomato 
to both quantitative and temporal variations 
in soil moisture was studied, and the viabil-
ity of deficit irrigation was assessed. Along 
with appropriate controls, two quantitative 
levels of water stress were combined with 
three growth stages at which the stress was 
applied, and tomato yield and fruit quality 
were assessed.

Materials and Methods

Experimental setup. The influence of dif-
ferent irrigation regimes on the production and 
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suckers were allowed to grow. At this stage, 
just prior to the development of flower clusters, 
treatment plants were rearranged among blocks 
such that each block had plants of a similar 
size, i.e., one block had all the smaller plants, 
one had all the larger plants, and the two others 
the intermediate plants. Irrigation was applied 
based on the developmental stage of the first
cluster (Table 1).

Soil characteristics. The soil consisted of a 
mixture of two locally available soils and some 
peat moss. To maintain similar soil conditions 
in each pot, equal volumes of dry soil mixture 
were placed in each pot and manually com-
pacted until the surface of the compacted soil 
in each pot was 40 mm from the rim. The soil 
was then wetted regularly over a period of 3 d 
in order for it to further settle before seeding, 
resulting ultimately in a soil surface 50 mm 
below the edge of each pot. Soil organic mat-
ter and total carbon were measured by the wet 
oxidation-redox titration method of Tiessen 
and Moir (1993). Mean (n = 3) total carbon 
and organic matter were found to be 1.9% and 
20.5% (v/v), respectively. Particle size distri-
bution was determined by the hydrometer 
method. Given the high organic matter of the 
soil, organic matter was removed by treatment 
with 30% (v/v) hydrogen peroxide according 
to the method of Sheldric and Wang (1993). 
A standard hydrometer (ASTM No.1152 H) 
with a Boyoucos scale in g·L–1 was used in 
the analysis. The mean (n = 3) proportion of 
sand : silt : clay of the peroxide-treated soil 
was 71.5%, 16.9%, and 11.6%, respectively, 
namely a sandy loam.

Bulk density, , of the soil was measured 
at the end of the growing season in each of the 
36 treatment pots. In each pot, an aluminium 
cylinder 46.9 mm in diameter and 36 mm in 
height was driven into undisturbed moist soil 
midway between the plant stem and pot edge. 
The sample was dried at 105 °C for 36 h, then 
weighed. Across all treatments and blocks there 
was no significant difference in , the overall 
mean ± 95% confidence interval (n = 36) being 
0.78 ± 0.01 Mg·m–3.

Volumetric soil moisture content at field
capacity (

fc
) was determined using the pressure 

plate method. A matric potential (
m
) of 33 kPa 

was applied (James, 1988) to estimate the 
fc
,

which was found to average 32% v/v (n=5). 
Due to leakage of the available pressure plate 
apparatus, the wilting point soil moisture con-
tent (

wp
) was determined according to Ibarra 

(1997). Three tomato plants were grown to a 
height of 0.3 m in pots identical to those used 
for the experimental plants. Watering was then 
stopped and plants allowed to wilt. When the 
plants had remained wilted for 3 d with no 
overnight recovery, the soil moisture content 
was determined using the gravimetric method. 
The

wp
thus estimated was 11% (v/v), a value 

consistent with values for similar soils (James, 
1988). These values were used in computing the 
percent depletion of available soil water (ASW) 
for the water stress treatments applied. Under 
the 65% AW depletion treatments, the plants 
only received irrigation when ASW was de-
pleted by 65% or more, that is when 

soil
0.183; 

then they were irrigated back to 
fc
. Under the 

80% ASW depletion treatments, plants only 
received irrigation when ASW was depleted 
by 80% or more, i.e. when 

soil
0.152. This 

mode of irrigation is illustrated in Fig. 1.
Irrigation scheduling. Daily irrigation was 

applied to every pot when necessary, up to the 
flowering stage (flowering of first cluster). As 
each individual plant reached the flowering
stage, soil moisture status was monitored daily 
by time domain reflectometry (Tektronix Cable 
Tester, model 1502B; Tektronix, Beaverton, 
Ore.) and the amount of water added to each 
pot was calculated according to the treatment 
applied. In each pot three stainless steel rods 
6.5 mm in diameter, were permanently in-
stalled, placed parallel at a uniform interval 
of 4.4 cm and to a depth of 18 cm. The probes 
were held parallel by a 1.25 cm (1/2 in) thick 
plywood block, and one terminal of the TDR 
was attached to the central probe, the other 
was split and attached to the outer probes. 
Topp et al. (1980) showed that, for a variety 
of soils, the relationship between volumetric 
water contents (

soil
) and the dielectric constant 

(K
a
, unitless) is essentially independent of soil 

texture, porosity, and salt content. They derived 
a third degree polynomial relationship linking 
K

a
to

soil
; however, several subsequent studies 

have shown that this relationship gives a poor 
estimate of 

soil
in high organic matter soils 

(Zegelin et al., 1992; White et al, 1994; Or et 
al., 1997). Using 10 pots which were allowed 
to dry from field capacity to near dryness over 
several days, a calibration curve was developed, 
relating paired daily weight difference-based 
values of 

soil
and TDR-derived values of K

a
.

Soil moisture values derived by TDR were 
an average across the 18 cm of soil in which 
the rods were inserted, meaning that the roots 
could have been exposed to a range of stress 
levels. However, given the high organic matter 

and the not unduly high bulk density of the 
soil mix it was assumed that such a disparity 
was small, and where present, similar across 
a given treatment.

Then, if for example, a value of 
soil

=0.176
was measured in a particular pot on a par-
ticular day, this value being above the 

soil
threshold of 0.152 for the 80% AW depletion 
treatment, any pot whose plant was undergo-
ing this level of water stress treatment at its 
particular developmental stage would receive 
no irrigation on that day. This moisture level 
would, however, be below the 

soil
threshold

of 0.183 for the 65% AW depletion treatment. 
Consequently, any pot whose plant was under-
going that level of water stress treatment at its 
particular developmental stage would receive 
irrigation sufficient to return its soil to field
capacity. The irrigation requirement, IRR, in 
liters, given a soil volume, V

soil
, of 9.6 L would 

be calculated according to:

IRR = (
fc
 – 

soil
) V

soil
[1]

giving a value of 1.51 L. The NS pots and those 
in which the plant was not scheduled to undergo 
water stress (e.g., an “F” treatment plant during 
its first cluster fruit “G” stage) were irrigated 
back to field capacity every day, regardless 
of their 

soil
. Consequently, pots receiving no 

water stress had water applied daily, while those 
undergoing water stress received water at 2–4 
day intervals (Fig. 1).

Marketable yield and quality assessment.
For each mature green or riper marketable 
fruit of each of the treatment plants, maxi-
mum and minimum equatorial diameter and 
fruit height (stem scar to blossom scar) were 
measured with an electronic digital caliper. 
Mean values for each of these parameters were 
calculated for each plant After every harvest, 
marketable fruit were weighed, and after the 

Fig. 1. Daily volumetric soil moisture content (m3·m–3) and irrigation volume (L) for individual plants 
irrigated back to field capacity: (1) daily (NS), (2) only when available soil water is more than 65% 
depleted (FGR

65
), or (3) only when available soil water is >80% depleted (FGR

80
).
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last harvest, totalled for each plant. Above-
ground dry biomass (excluding fruit and roots) 
was also assessed individually for all plants. 
Consequently, a total of 36 values (4 blocks × 
9 water stress treatment combinations) were 
obtained for each parameter. After their color 
was measured (see Eq. 2), marketable ripe 
fruit from individual plants were kept frozen 
at –20 °C in individual sealed plastic bags for 
a period varying from 1 to 2 months (Bertin 
et al., 2001). The water use efficiency (WUE) 
was calculated as marketable yield per volume 
of applied water (g·L–1).

Prior to freezing, the color of all individual 
ripe fruit or postharvest-ripened mature green 
fruit was measured with a Minolta CR-300 
tristimulus colorimeter (Minolta, Ramsey, 
N.J.) equipped with an 8-mm aperture and 
standardized to a Minolta standard white re-
flector plate. Three readings of CIE 1976 L*, 
a*, and b* values were obtained for each fruit, 

1.0 cm from the blossom scar, and averaged. 
These averaged readings were converted to a 
tomato color index (col) originally developped 
for tomato juice (Yeatman et al., 1960) and 
shown to distinguish color among ripe tomato 
fruit (Hobson et al., 1983; Hobson, 1987) and 
among mature green fruit in storage at chilling 
temperatures (Dodds et al., 1991, 1996):

[2]

where:

L* = lightness and ranges from 0 (black) to 
100 (white)

a* = a scale ranging from green (–100) to 
red (+100)

b* = a scale ranging from blue (–100) to 
yellow (+100)

The col values of all the ripe fruit of a 
single plant were then averaged (i.e., across 
clusters).

All the frozen ripe fruit from a single 
plant were thawed at room temperature, then 
pooled and homogenized in a Waring blender 
for 1 min. A portion of the resulting juice was 
filtered through 8 layers of fine weave (#50) 
cheesecloth, then, under suction, through 
Whatman #5 paper (Fisher Scientific, Ne-
pean, Ont.). The pH was measured with a 
Fisher Accumet pH meter (model 610A; 
Fisher Scientific), standardized to pH = 4.0 
with a reference buffer solution (American 
Hospital Supply Canada, Mississauga, Ont.). 
Percent soluble solids were determined with 
an Abbe-3L refractometer (Bausch and Lomb, 
Rochester, N.Y.), with three replicate aliquots 
for each sample-solution being measured and 
then averaged.

Data analysis.Visually obvious differences 
in growth and marketable yield between the two 
growing seasons led to an independent analy-
sis of each season. The data for each season 
were treated as a 2 × 5 factorial combination 
of water stress level and timing. Statistical 
analysis of the data of both years was done 
in the SAS software, v. 6.12 (SAS Institute, 
1985). The stress level and timing showed 

no significant interaction (P > 0.05) for any 
measured parameter, hence these factors are 
each presented individually. The effects of 
water stress timing and level were evaluated 
using a protected least significant difference 
(LSD) test (P 0.05). Given the single fully 
irrigated (NS) treatment in each block, data 
for both 65% AW-NS and 80% AW-NS were 
identical. An analysis of the non-NS treatments 
alone (a 2 × 4 factorial, not shown), showed 
an identical pattern of significances within 
factor differences.

Results and Discussion

Water stress timing had a significant effect 
(P 0.05) on all parameters measured, except 
pH in 1999 (Table 1). In both years, remaining 
dry plant biomass (roots and fruit excluded) 
was greatest for the NS and F treatments and 
least for the R and FGR treatments (Table 1), 
though there was no significant difference 
within either pair. In both years, biomass of 
the G treatment was greater than that of the 
R and FGR treatments, but only in 2000 was 
it less than that of the NS and F treatments 
(Table 1). As expected, the plants under no 
water stress produced higher marketable 
yields than those under constant stress from 
flowering through ripening. Across both years, 
marketable yield by weight was significantly
greater for the NS and F treatments than for 
the remaining treatments, and the marketable 
yield for the FGR treatment was significantly
less than that of any other treatment. In both 
years, marketable yield in terms of number of 
fruit per plant (Table 1), was greatest for the 
NS treatment, significantly lower for the F, G, 
and R treatments, and significantly lower again 
for the FGR treatment. The magnitude of the 
difference between the NS and F treatments was 
greater for marketable yield by number than 
for marketable yield by mass (35% vs. 19% 
in 1999 and 13.3% and 4.7% in 2000). In both 
years the mean weight per fruit (not shown) 
was significantly greater for the F plants than 
the NS plants, and in 1999 greater under the F 
treatment than under all other treatments.

These differences are indeed reflected in the 
fact that for both 1999 and 2000, the largest 
mean maximum equatorial diameter, minimum 
equatorial diameter, and stem to blossom scar 
fruit height were recorded for the F treatment 
(Table 1), compared to all other treatments, 
though these differences were not always 
significant. While in 2000 the FGR fruit were 
smaller than all other fruit, in 1999 they were 
only significantly smaller than the NS and F 
fruit. Thus, overall, plant dry biomass and fresh 
fruit weight were greatest for the NS and F 
treatments, which did not differ significantly
amongst themselves except in the case of fresh 
fruit mass in 1999, where F was 19% less than 
NS. These parameters were lowest for the FGR 
treatment and intermediate to low for the G and 
R treatments. A similar pattern was observed 
with respect to marketable yield by number, 
except that the NS-F difference was consis-
tently significant, so while F plants produced 
fewer fruit than NS plants, the F fruits were 
larger and heavier than those from NS plants, 

ultimately resulting in similar marketable 
yields by weight.

Marketable yield and quality parameters 
were determined for all clusters combined, 
so that any specific effect of water stress on 
marketable yield of the first cluster was not as-
sessed. While a comparison of marketable yield 
and quality parameters between clusters could 
have yielded useful insights, it was not done 
because (1) fruit of a number of first clusters, 
under certain treatments, were entirely lost to 
blossom end rot (BER, see below), leaving no 
basis for comparison of marketable fruit, and 
(2) as plants were not suckered beyond the 
4-leaf stage, it was not possible to distinguish 
flowering clusters occuring simultaneously on 
different suckers, on the main stem, or both, 
on a phenological basis.

A number of studies from Salter (1954) 
to Branthome and Plé (1987) have shown the 
greatest marketable yield response to irrigation 
to occur at the flowering and fruit set stage. 
Rudich et al. (1977) grew tomatoes with drip 
irrigation under arid field conditions. He ap-
plied or withheld irrigation at five develop-
mental stages: (1) germination-emergence; (2) 
vegetative; (3) flowering of first cluster to first
mature green fruit; (4) mature green to breaker 
stage (20% color) of the first cluster; and (5) 
breaker to full ripe on the first cluster. They 
showed the “flowering to mature green” stage 
to be the most susceptible to improvement of 
marketable yield by irrigation. Irrigation dur-
ing the “mature green to breaker” stage also 
improved marketable yield, but unlike the 
“flowering to mature green stage” led to low-
ered soluble solids, acidity, color and ascorbic 
acid content. In our case the least reduction of 
marketable yield under water stress, relative to 
full  irrigation, occurred for plants where the 
stress was imposed during the flowering and 
fruit set (F) period of the first cluster. However, 
our study, unlike Rudich s (1977), separated 
the flowering to mature green fruit stage into 
two stages: F and fruit growth (G). There was 
a general, but not always significant trend of 
poorer marketable yield, plant biomass and 
fruit size under the G treatment compared to 
the F treatment. This would suggest that the 
sensitivity to water stress occurs predominantly 
during fruit growth rather than flowering and 
fruit set.

However, the high marketable yield by 
weight for the F treatment could be related to 
the removal of fruit with BER, which occurred 
as soon as they were detected. This would have 
allowed the nutrients and metabolites the plants 
would have appropriated to these fruit to in-
stead be allocated to the needs of subsequent 
clusters and vegetative growth. This in turn 
could produce greater source areas for fruit 
of subsequent clusters, allowing them to grow 
larger. Under all treatments, the vast majority 
of the BER fruit occurred on the first cluster 
(>90%). Such a predominance of BER in the 
first cluster over later ones was also observed 
by Franco et al. (1999). The greater incidence of 
BER under water stress has long been reported 
(Güssow, 1912; Reid et al., 1996). The number 
of BER fruit per plant varied widely, but in both 
years there was a tendency (0.05 <P 0.10)

col =
200 | a* |

L*  a* + b*2
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for the mean number of BER fruit under the 
single-stage water-stressed treatments to be 
greater, particularly for the G treatment, than 
under the full irrigation NS treatment (Table 
1). In both seasons more BER tended (0.05 <P

0.10) to develop under the 80% ASW treat-
ment (4.2–4.5 fruit/plant) than under the 65% 
ASW treatment (2.6 fruit/plant). No correlation 
existed between number of BER fruit on a plant 
and its subsequent total marketable yield (data 
not shown). Reid et al. (1996) showed that while 
an unirrigated field crop of tomatoes showed a 
significantly greater incidence of BER than an 
irrigated one, marketable yield, fruit size and 
soluble solids were not affected. Consequently 
it is clear from both his work and ours that a 
heightened incidence of BER does not neces-
sarily result in lowered marketable yields.

In both years, water use efficiency was 
lowest for the FGR treatment, 56% less than 
for the NS treatment (Table 1), indicating that 
while water was saved, the resultant market-
able yield loss was proportionally greater. One 
might have expected that restricted irrigation 
during only a portion of the season might 
improve WUE; however, in both years WUE 
for the NS treatment was among the highest. 
In 1999, the F treatment showed a WUE 
significantly lower (24%) than that of the NS 
treatment, equivalent to that for the R treatment, 
and significantly greater (52%) than that of the 
FGR treatment. In 2000, however, the WUE 
under the F treatment was not significantly
different from that under the NS treatment, 
but significantly greater (41%) than under the 
FGR treatment. This would indicate that very 
little if any WUE is lost under the F treatment, 
compared to the NS treatment.

In terms of fruit quality, NS and F treatments 
yielded marketable fruit with less soluble solids 
than their G, R, or FGR counterparts (Table 
1). For both years, the G, R, and FGR treat-
ments showed soluble solids contents 16% to 
28% higher than NS fruit. In 1999 and 2000, 
soluble solids in the F fruit were significantly

lower (20% and 16%, respectively) than those 
of FGR fruit. Similarly, Moore et al. (1958) 
and May (1993) have shown higher soluble 
solids under water stress, which is attributable 
to the restricted water uptake into the fruit under 
stress, lower percentage water in the fruit, and 
consequently higher solute concentration.

In terms of pH (Table 1), no clear pattern 
emerged, except perhaps that NS fruit tended 
to have higher pHs, and FGR and F fruit lower 
pHs. Similarly, studies of the effect of water 
stress on tomato fruit pH have been inconsis-
tent. For example, Giardini et al. (1988) and 
Tan (1995) found a decrease in fruit pH under 
stress, while Sanders et al. (1989) found the 
opposite, and Alvino et al. (1988) found no 
effect.

In both years, the color index was signifi -
cantly lower for the NS and F red ripe fruit 
than the G, R, or FGR fruit. The color index 
which ranges from 18 for mature green fruit 
to between 35 and 40 for red ripe to overripe 
fruit, shows the NS and F fruit to be less darkly 
colored on average, than G, R, or FGR fruit. 
Since fruit were harvested red ripe during the 
season and at the last harvest either directly 
harvested or allowed to ripen to red ripe from 
mature green, it appears unlikely that this dif-
ference could be attributed to a more advanced 
ripening in the G, R, and FGR fruit, than in the 
NS and F fruit. This difference was not noted 
visually and would thus probably not be an 
issue in terms of consumer preference.

Except for marketable yield by number 
(fruits/plant) in the Winter 2000 season, 
which was lower at 80% ASW depletion 
than at 65% ASW depletion (P 0.05), the 
level of water stress had no significant effect 
on any marketable yield or quality parameter 
measured. Plants stressed at all stages (FGR) at 
either stress level had less marketable yield by 
number, by weight, and had individual fruit that 
were smaller and bore less weight than those 
from fully irrigated plants. Other studies have 
shown differences in marketable yield between 

different levels of water stress. Losada and 
Rincón (1994) showed tomato plants under 
daily irrigation at 0.9 of evapotranspirative 
demand (ET

c
) yielded 42% more than those 

under 0.5 ET
c
 (P 0.05). The 0.9 and 0.5 ET

c

treatments yielded 28% and 58% less, respec-
tively than a 1.3 ET

c
irrigation treatment. May 

(1993) showed significant differences in tomato 
fruit marketable yield between irrigation oc-
curing when the soil reached 20%, 40%, or 
60% of available water. Similarly, Ramadan 
and Nwokeocha (2000) showed that tomatoes 
irrigated when soil moisture tension reached 
–30 kPa yielded 20% more by number, 29% 
more by weight, and were 22% larger than those 
irrigated when the soil moisture tension reached 
–60 kPa (P 0.05). As with Losada and Rincón, 
full irrigation gave better marketable yield than 
either of the limited irrigation treatments. They 
suggested that as the soil dried, water absorp-
tion by roots fell below transpiration leading 
to an internal water deficit. This in turn would 
adversely affect photosynthesis, lead to reduced 
leaf area in newly formed vegetative tissues 
and small cells and intracellular volumes in 
fruit, which would limit fruit moisture accu-
mulation. In the case of our study, the lack of 
differences may be attributable to the levels 
of water stress imposed both being somewhat 
greater than those employed in the studies cited, 
so that differences were obscured by the sever-
ity of both stress levels.

Conclusion

Imposing water stress during fruit growth 
and fruit ripening stages or from flowering
onward reduced marketable yield and WUE, 
and increased fruit soluble solids and color 
relative to the fully irrigated treatement. How-
ever, water stress imposed at flowering, while 
it reduced marketable yield and WUE in 1999, 
had little or the opposite effect in 2000. The 
application of water stress during flowering
had no significant effect on any fruit quality 

Table 1. Effect of the timing of the water stress on tomato marketable yield and quality parameters in the Summer 1999 and Winter 2000 growing seasons. Values 
averaged over the 65 and 80% available water treatments.

Timing of water stressz Blossom Marketable production  Fruit dimensions (mm)t Fruit qualitys

end rot Yieldx Yieldw Plant biomass WUEu Max. eq. Min. eq.  Soluble solids

Season Stage DAS (No./plant) (No./plant) (kg/plant) (kg/plant) (g/L) diam. diam. Height (°Brix) pH col

Summer NS  2.3 d 23 a 1.78 a 0.165 a 27.6 a 53.6 b 50.5 b 46.5 b 6.71 c 4.52 a 37.5 b
1999 F 66–83 2.7 cd 15 b 1.45 b 0.167 a 21.0 b 61.6 a 54.0 a 52.3 a 6.80 c 4.47 a 37.7 b

G 84–119 4.2 ab 16 b 1.07 c 0.158 a 16.7 c 51.7 bc 48.4 bc 45.6 bc 7.78 b 4.61 a 39.1 a
R 120–139 3.6 a 15 b 1.22 c 0.131 b 20.9 b 48.2 c 45.8 c 42.5 c 8.91 a 4.52 a 39.4 a

FGR 66–283 4.8 a 11 c 0.78 d 0.117 b 13.8 c 49.8 bc 46.2 bc 42.4 c 8.50 a 4.50 a 39.5 a
Winter NS  2.6 c 15 a 1.34 a 0.143 a 26.4 a 54.6 ab 44.7 a 44.7 a 7.17 b 4.35 a 33.5 b
2000 F 71–88 2.8 c 13 b 1.40 a 0.141 a 29.0 a 56.7 a 51.4 a 45.2 a 7.71 b 4.20 b 32.7 b

G 89–116 3.9 ab 10 c 0.98 b 0.128 b 26.1 a 56.0 ab 51.0 a 45.0 a 8.94 a 4.24 ab 37.9 a
R 117–136 3.3 bc 11 b 1.00 b 0.115 c 26.0 a 50.2 b 46.8 a 41.3 ab 8.84 a 42.9 ab 37.4 a

FGR 71–182 4.3 a 8 d 0.49 c 0.113 c 18.5 b 42.5 c 40.3 37.1 b 9.18 a 4.19 b 38.7 a
zNS = never subjected to stress; F = stressed only during flowering/fruit set; G = stressed only during fruit growth; R = stressed only during fruit ripening; FGR 
= stressed during flowering/fruit set, fruit growth and fruit ripening. DAS = mean days after seeding
ysignificance at  = 0.10.
xExcludes fruit with blossom end rot.
wFresh weight basis, excludes fruit with blossom end rot.
vDry weight basis
uWater use efficiency or marketable yield per water applied.
tMax. Eq. Diam. and Min. Eq. Diam are the mean maximum and minimum equatorial diameters of the fruit, while height is measured from the blossom scar to 
the stem scar.
scol is the tomato color index, Eq. 2
Means within columns within year followed by different letters are significantly different at P  0.05 (protected least significant difference test)

16-7260, p1389-1393   1392 12/15/03, 2:14:45 PM



1393HORTSCIENCE, VOL. 38(7), DECEMBER 2003

parameters. In the current study, the timing of 
the water stress was much more important in 
terms of marketable yield and quality than the 
magnitude of the stress.
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