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New Fruit Crops With High Water Use Efficiency
Y. Mizrahi*, E. Raveh, E. Yossov, A. Nerd, and J. Ben-Asher
In Israel the major limiting factor to allow profitable agricultural activities is lack of water. Dry land
production is unfeasible due to the fact that the agricultural sector in Israel is in the upper middle class. Hence,
without irrigation water, agricultural production will not meet the expected stability, production, and income
for the agricultural sector. Some plant physiologists claim that there are no plants with real high water use efficiency, since when stomata are closed, reduction in CO2 uptake diminishes production. These scientists never
considered CAM plants as crops due to the fact that they almost non-existent in the so called “developed world.”
With the aim of using CAM plants as crops with high water use efficiency (WUE) we started, 2 decades ago,
to research various biological aspects of the vine cacti—red and yellow pitayas (Cactaceae) mainly species of
Hylocereus and Selenicereus. Fortunately, 3 of these species became established fruit crops in Israel both for
the domestic and export markets. Since these new crops utilize the CAM photosynthetic pathway, we asked
the question whether expectations were fulfilled: are they really high WUE crops and if yes, to what extent?
To answer these questions we conducted a 3 year research project with 3 of these new crops, applying various
water regimes and tested both the yields and the fruit quality concomitant with other water regime parameters.
The 3 water regimes we used were: the standard used in the area, one with less, and one with more water. We
compared the agricultural WUE of these new crops with other common fruit crops grown in the same vicinity,
i.e., how much water is used for production of one tonne of fruit?
Materials and methods
Plant Material
Six year old, mature commercial orchards were selected for this experiment
consisting of Hylocereus undatus, H. polyhizus, and Selenicereus megalanthus vine cacti
grown in the Besor region of Israel (31°12' N,
34°25' E, 120 m above sea level) with moderate desert climate (Fig. 1). Under these
conditions cacti have to be grown trellised
under optimum shade cloths, 40% for the
Hyolcereus spp. and 60% for S. megalanthus
(Raveh et al. 1998).
In these commercial orchards, 3 attached rows were selected for each of the 3
water irrigation regimes. In the middle row
of each treatment, 3 uniform sections of 4 m
trellis were selected for sampling. Spacing
was 3 m between rows and 1.5 m in the rows.
The whole area was equipped with drip irrigation system with drippers of 2.4 L/hr.
Plants were fertigated using a fertilizer tank
with 0.5 g/L N from 23:7 (P2O5):23 (K 2O)
fertilizer Deshanim Israel.
Plants were fertigated between the end

Fig. 1. Average daily air temperature and relative humidity (A),
and daily vapor pressure deficit (VPD) and total daily radiation
(B) measured between January 2003 and December 2004. Vertical bars represent ± se.
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of April and beginning of November of each year. Three irrigation regimes were applied: (A) twice a week (0.5
m between drippers); (B) twice a week (1 m between drippers); and (C) when root water potential at 20 cm depth
dropped to –2.2 MP (0.5 m between drippers). In treatment C, irrigation was applied about once every 3 weeks.
Actual amounts of precipitation and water applied during each month of the experiment are shown in Fig. 2.
Roots Measurements
A canal was dug 1.5 m apart from the dripper’s lines to a depth of 1 m. Slices of soil at 25 cm intervals
from the beginning of the canal, were removed towards the plants to the same depth. A screen with a 15×10 cm
grid was attached to the soil wall and roots were counted according to their width (Fig. 3). The number of roots
of each root size in each square were determined. Data were processed with “Surfer” program Rock Ware Inc.
Colorado and represented as figures showing root densities in the soil profile.
Growth Measurements
The following parameters were measured: total shoot biomass; percent dry matter in the shoots; number
of flowers per plant; percent fruit set; and average fruit size. Fruit yields were calculated as number of fruits ×
average size. Fruit parameters were as follows: pulp and peel mass; pulp water content (%); total soluble solids
(TSS) (%); pulp acidity (µmol H+/g FW); and soluble sugars content in the pulp (%). All measurements were
performed as described by Nerd and Mizrahi (1998, 1999) and Nerd et al. (1999).
All measurements were taken from each section and data are given as means ±se unless otherwise specified. Statistical analyzes were performed by JMP-IN software (SAS Institute Inc., Cary, North Carolina), using
Student test at statistical significance of 95% or 99%.
Results
Stems were pruned to allow easy passage between the trellised rows, the same procedure performed in commercial orchards, and fresh mass was measured (Table 1). In all species decreasing the irrigation, significantly
reduced shoot mass. The highest values were obtained in S. megalanthus and the lowest in H. polyrhizus.
The amount of flower buds produced per year, are shown in Table 2. Different results were obtained in the
different genera. In Hylocereus flower-bud numbers were not significantly different between species. There
was a tendency for reduction in flower bud number with the reduction of irrigation, however, differences were
not significant. In S. megalanthus the tendency was reversed, more flower buds were produced in the reduced
irrigation regimes. In 2003 the differences were significant while in 2004 the highest number was in treatment
B but the differences were not significant.
Fig. 4 describes the effect of the irrigation regimes on percent fruit set. The only significant difference is
between treatment C and A or B in H. polyrhizus and S. megalanthus; all other differences were not significant.

Fig. 2. Monthly irrigation and precipitation during
2003 and 2004 (the last two years of the experiment). Fig. 3. Root exposure and measurement of the vine
Yearly irrigation averaged 156, 78, and 45 mm/year for cacti. Fifteen × ten cm grids were used. Frame is atA, B and C treatments respectively.
tached 25 cm from the dripper line.
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The effect of the irrigation regimes on average fruit weight in the years 2003 and 2004 is shown in Fig. 5.
In the Hyolcereus spp. the smallest fruit was obtained in treatment C with no significant difference between
treatments A and B. In S. megalanthus, in contrast to Hyolocereus spp., the biggest fruits were obtained in
treatment C.
The effect of irrigation regimes on fruit yield is shown in Fig. 6. Fruit yields decreased as irrigation was
reduced, in a significant way in H. polyrhizus while in H. undatus only the lowest irrigation treatment C was
significantly different from treatments A and B at p ≥5%.
Yields in S. megalanthus were much smaller than those of Hylocereus spp. In S. megalanthus plants, in
contrast to Hylocereus spp., fruit yield increased with the reduction of irrigation, but the increase was not significant.
The effect of various irrigation regimes on fruit characteristics is shown in Table 3. In H. ployrhizus there
was almost no effect in all measured parameters with the exception on fruit mass reduction, in treatment C. In
H. undatus, treatment C significantly lowed fruit mass and pulp water content, while pulp acidity was higher
Table 1. Effect of various irrigation regimes on stem fresh weight pruned during the
last 2 years of the experiment. For each species differences among the treatments
are significant at ≥5%.
Pruned biomass
(t/1000m2/year ±se)
z
Species
Treatment
2003
2004
Hylocereus polyrhizus
A
1.4 ± 0.1
1.4 ± 0.2
B
0.6 ± 0.1
0.5 ± 0.1
C
0.2 ± 0.0
0.1 ± 0.0
Hylocereus undatus
A
2.0 ± 0.2
2.2 ± 0.3
B
1.0 ± 0.1
1.2 ± 0.1
C
0.3 ± 0.1
0.3 ± 0.1
Selenicereus megalanthus
A
2.4 ± 0.4
2.2 ± 0.4
B
1.3 ± 0.2
1.4 ± 0.3
C
0.6 ± 0.1
0.6 ± 0.1
z
A = irrigated 2× weekly, 0.5 m between drippers; B = 1 m between drippers; C
= irrigated when root water potential dropped to –2.2 MP at 20 cm depth, 0.5 m
between drippers.
Table 2. Effect of various irrigation regimes on floral bud production in 2003 and 2004.
Buds were counted every 3 weeks (the time from bud emergence to anthesis) for three
replications in 4-m row in each replication.
Floral bud (no./m)
z
Species
Treatment
2003
2004
Hylocereus polyrhizus
A
38.9ay ± 6.0
26.3a ± 7.3
B
29.8a ± 5.9
16.0a ± 2.8
C
27.1a ± 5.3
20.3a ± 6.6
Hylocereus undatus
A
47.4a ± 13.1
26.4a ± 8.1
B
39.7a ± 11.1
20.9a ± 6.8
C
23.6a ± 7.8
13.3a ± 4.9
Selenicereus megalanthus
A
14.6b ± 6.4
53.7a ± 17.6
B
17.0b ± 4.1
74.3a ± 18.2
C
44.1a ± 4.6
62.1a ± 7.3
z
See Table 1.
y
Mean separation at 5% level.
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than in treatments A and B. In S. megalanthus fruit mass increased with reduction of irrigation, percent of pulp
was lower in treatments A and B versus C. Fruit acidity was reduced significantly (p ≥1%), with reduction of
irrigation. The highest TSS value was obtained in treatment C.
Root profiles are presented only for the extreme treatments A and C (Fig. 7). It is obvious in all 3 species
that the root system is quite limited and can be found only in the very shallow soil strata no deeper than 40 cm
and mostly up to the 20 cm layer. Very few roots spread beyond 25 cm from the stem base.
Discussion
These CAM cacti have very shallow root systems, not extending beyond 50 cm from the main stem. It
should be noted that this experiment was performed on a sandy soil with 98% sand particles. This is a dry area
with no rain from April to October hence, root distribution is governed by the drip irrigation system known
to produce limited root volume. This small volume of roots existed in all 3 irrigation regimes with not much
difference among them. This small volume is capable of providing the necessary available water to the plants.
This is expected from these species which are hemi-epiphytes (Mizrahi et al. 1997) grown in their natural habitat
on tree trunks and can absorb all water they need from the trunk. There was significant effect of treatments
B and C to reduce vegetative growth with not much effect on the fruit size and fruit yields. Only treatment C

Fig. 4. Effect of irrigation regimes on fruit set in the
2 Hylocereus spp. and the yellow pitaya Selenicereus
megalanthus. Mean separation between species is at
the 5% level.

Fig. 6. Effect of irrigation regimes on fruit yield in the
2 Hylocereus spp. and the yellow pitaya Selenicereus
megalanthus. Averages are for 2003 and 2004. Different letters in each species means significant difference
at p ≥1%.

Fig. 5. Effect of various irrigation regimes on average-fruit-weight. Different letters among the 3 treatments
means significant difference at p ≥5%. In 2004 the fruits of treatment C, from the Hylocereus polrhizus, were
mistakenly harvested by the farmer and sold in the market.
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reduced significantly both fruit size and fruit yields. Also, fruit quality was not affected much under reduced
irrigation. Results of the Selenicereus megalnthus were different from those of Hylocereus spp. This has
nothing to do with the irrigation regimes but the fact that this species flowers during the fall and fruit develops
in temperatures inhibiting fruit growth (Dag and Mizrahi 2005; Khaimov and Mizrahi 2006). All flowering
beyond the first week of November did not set fruits (Dag and Mizrahi 2005). The dry treatments induced
early flowering (Yossov 2005) which can set fruits. Fruits develop and grow when temperatures are still high
enough to support fruit growth (Dag and Mizrah 2005; Yossov 2005).
Table 3. Effect of various water regimes on fruit characteristics. Values are mean of 2 years harvest (2003 and
2004). Numbers are means ± SE n=7. Different letters in a column means significant difference at p ≥1%.
Pulp water
Species
Fruit wt.
Pulp
content
TSS
Acidity
Soluble sugars
Treatment
(g)
(%)
(%)
(%)
(µmol H+/g)
(%)
Hylocereus polyrhizus
Az
365 ± 13 a
58.7 ± 1.4 a 82.8 ± 0.4 a 14.1 ± 0.4 a
90.7 ± 6.9 a
9.2 ± 0.4 a
B
393 ± 17 a
56.2 ± 1.8 a 82.1 ± 0.3 a 13.2 ± 0.3 a
91.2 ± 8.7 a
7.4 ± 0.5 a
C
295 ± 13 b
55.0 ± 2.1 a 81.8 ± 0.2 a 14.4 ± 0.4 a
92.0 ± 5.6 a
7.6 ± 0.6 a
Hylocereus undatus
A
394 ± 10 a
62.8 ± 1.3 a 84.6 ± 0.4 a
9.1 ± 0.4 a
63.6 ± 2.5 b
7.6 ± 0.5 a
B
396 ± 12 a
60.2 ± 2.4 a 85.3 ± 0.3 a
9.3 ± 0.3 a
64.6 ± 2.5 b
6.9 ± 0.6 a
C
254 ± 23 b
61.7 ± 2.7 a 72.5 ± 2.2 b 10.5 ± 0.7 a
89.0 ± 6.6 a
6.9 ± 0.4 a
Selenicereus megalanthus
A
108 ± 5.4 c
18.9 ± 0.7 b 85.1 ± 0.4 a 12.4 ± 0.4 a 112.8 ± 6.8 a
3.5 ± 0.5 a
B
127 ± 7.6 b 22.1 ± 0.8 b 84.3 ± 0.3 a 14.1 ± 0.4 ab 83.8 ± 7.3 b
2.4 ± 0.2 a
C
153 ± 8.6 a
44.4 ± 5.4 a 82.7 ± 0.4 b 15.2 ± 0.8 b
40.7 ± 4.6 c
4.1 ± 0.8 a
z
See Table 1.

Fig. 7. Root profiles of the vine cacti species below
the dripper line, and 25 cm away presented in the
lower figs. Roots were not found 50 cm away from
the plant’s stem in the middle of the orchard rows.
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From our data we can conclude that the highest irrigation regime of around 160 mm/year was not far from
the optimum. More experiments are needed to confirm this suggestion. In the commercial orchards where these
experiments were performed, farmers using irrigation regime A and even 120 mm/year obtained yields from
30–40 t/ha. We calculated the horticultural water use efficiency (HWUE) for the vine cacti and compared it to
other fruit crops grown in this area (Table 4).
It is obvious that these CAM plants have several times higher HWUE than other fruits crops grown in the
same eco-zone. We also compared the HWUE of other cacti Cereus peruvianus known as koubo and Opuntia
ficus-indica (cactus pear) grown in the same area. These yielded values close to vine cacti even though they
were grown outdoors, unlike the vine cacti which grow under shade, where water loss was probably further
reduced.
A further analysis needs to be made on price per tone of fruits and the real value of the water, namely, how
much return each unit of water yields. Once new crops make their way into the market (Fig 8), they receive much
more return than common crops (Mizrahi and Nerd 1996). Hence, the real horticultural water use efficiencies
in term of income per unit of water is even higher than the figures show in Table 4.
Our study on net CO2 uptake rate (PN) (Ben-Asher et al. 2006) indicated that even more water can be saved
if irrigation timing is properly selected in desert areas. We found that maximum PN is obtained when temperaTable 4. Horticultural water use efficiencies (HWUE) of various fruits crops
grown in the Negev Desert of Israel.
Yield
Irrigation
HWUE
Fruit crop
(t/ha)
(m3 water ha-1year-1)
(t water/t fruit)
C3 Crops
Pear
15
6870
458
Peach
12
6280
523
Avocado
12–20
9440
786–472
Various citrus
35–80
10,000–12,000
150–285
CAM crops
Koubo
25
1200–1600
48–64
Opuntia
30
2500
83
Vine cacti
35
1200–1600
34–46

Fig. 8. Fruit production and variation in red pitaya
(Hylocereus spp.).
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tures are 26°–28°C in the afternoon when PN maximized to 10–12 µmole mm-2s-1. The steep decline in PN with
temperatures above 28°C for these pitaya species may suggest that small increases in ambient temperature due
to hot desert conditions can lead to significant decreases in net CO2 uptake ability. It indicates that irrigation
then, is not effective, and may lead to only small enhancements in net CO2 uptake. Thus, irrigation timing at
peak production may be more effective.
We suggest that much more research and development should be conducted with the aim to convert more
CAM species, among them various cacti, as new crops for areas where water is the limiting factor for agricultural production as occurs in Israel and other arid countries. With the expected global warming, this research
is expected to have even greater importance and impact.
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