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Abstract

The main objectives of the present study were to assess the water demand for heavy fruit load of ‘Hass’ avocado throughout
the growth periods and to investigate the effects of deficit irrigation during sensitive phenological phases on yield. The
experimental set-up allowed the comparison between trees responses to three irrigation strategies during the entire growth
period (no water stress; excessive irrigation; constant water stress) as well as the comparison between regulated deficit
irrigation (RDI) managements applied during the early or the late growth period. The yield of no water stress treatments
during three experimental years was very high (25-31 t ha™!) while the yields of water-stressed trees were significantly lower
(16-21 t ha™!). More importantly, the yield of no water stress trees was not susceptible to alternate bearing while the yield
of water-stressed trees was considerably reduced during off-crop years. Irrigation rates and the actual evapotranspiration
coefficient K; =ET/ET,, for the no water stress treatment may serve as a reasonable guide for irrigation management. Fruit
load should be taken into account while planning irrigation and fertilization management and plant-based methods should
be used for controlling the irrigation management (scheduling and quantities). Analyses of trunk diameter variation data that
lead to evaluation of trunk growth rate and maximum daily shrinkage reflect phenological stages and periodicity of shoot,
fruit and root growth, and also may provide an integrative, “holistic viewpoint” of overall tree status.

Introduction

Avocado (Persea Americana Mill.) is indigenous to the
humid subtropical and tropical regions of central and north-
ern South America (Lahav et al. 2013), but nowadays, is
grown all over the world due to its very high fruit nutritional
value (Schaffer et al. 2013). The development of irrigation
technologies was the key factor that facilitated avocado
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plantation spreading to Mediterranean, semi-arid and arid
areas where irrigation is crucial (Carr 2013; Lahav et al.
2013). The vegetative growth of avocado trees is generally
vigorous, bearing a potential photosynthetic capability for
producing more than 30 t ha~! of fruit containing 17% oil
(Wolstenholme 1986). Unfortunately, the worldwide average
avocado yield is generally low (Campisi-Pinto et al. 2017)
as a result of high rates of flower and fruit abscission (Gar-
ner and Lovatt 2008) and alternate bearing (annual cycle of
high and low yield, Lovatt 2011). Recently, Holzapfell et al.
(2017) reported that water stress significantly amplified the
effect of alternate bearing.

The total number of flower, bud and fruitlet abscised is
huge (approximately 1.3 million per a single tree) and only
1% of the fruitlet reach maturity (Lahav and Zamet 1999).
Weekly abscission rate of 140 thousand flowers and 5 thou-
sand fruits per single avocado tree which annually accumu-
lated to almost 500 thousand flowers and 15 thousand fruits
has been reported (Slabbert 1981). Optimal water status
during flowering is required for proper fruit-set as there is
an increased demand for water to meet the high water tran-
spiration from flowers (Whiley et al. 1988). Flower or fruit

@ Springer


http://orcid.org/0000-0002-9865-4082
http://crossmark.crossref.org/dialog/?doi=10.1007/s00271-019-00622-w&domain=pdf

452

Irrigation Science (2019) 37:451-460

abscission could not be related to alternate bearing (Gar-
ner and Lovatt 2008) or others factors such as soil moisture
(Slabbert 1981) or leaf nutrient status (Garner and Lovatt
2008). Wolstenholme et al. (1990) suggested that carbohy-
drates stress during the period of rapid fruit growth and oil
accumulation coinciding with peaks of high temperatures
and high evaporative demand may be the most important
cause for fruit abscission. Adato and Gazit (1977) hypoth-
esized that the fruitlet abscission is caused by a malfunction
of the embryo or the seed. Seeds have the highest priority for
carbohydrates (Wolstenholme 1987) and it is likely that the
very fast growth during the early stage of fruit development
has created a huge demand for carbohydrates. Water stress
in a lysimeter experiment increased significantly the extent
of fruitlet abscission, probably because of the combination
of water stress and insufficient carbohydrates supply to the
developing fruits (Silber et al. 2012). Low carbohydrate
reserves induced by high fruit load may affect the flowering
process too and consequently, flower intensity in the next
year (Ziv et al. 2014). Thus, it is plausibly to relate carbo-
hydrate deficiency to the main two limiting causes for low
avocado yield, i.e., fruit abscission and alternate bearing.

Considering that the vector of nutrients to the roots is
the soil water, variations in soil water content () may have
considerable effects on plant-nutrient availability: (1) 8
have a quadratic influence on the diffusion coefficient of
nutrients in soil (Claassen and Steingrobe 1999); and (2)
slight @ variations may induces several orders of magnitude
in the unsaturated hydraulic conductivity (Mualem 1986;
Assouline 2001). Therefore, irrigation and fertilization man-
agements are mutually dependent and accordingly, optimal
fertilization management requires an optimal irrigation one.

The main objectives of the present research study were
to assess the water demand for heavy fruit load of ‘Hass’
avocado throughout the growth periods and to investigate
the effects of deficit irrigation during sensitive phenological
phases on yield.

Materials and methods
General information and site characteristics

The study was conducted between 2014 and 2017 at the
Acre Experimental Station, located in the Western Galilee,
in Israel (32°57'N; 35°05'E; 10 m ASL). The soil is gru-
musol containing approximately 60% clay, mostly smec-
tite. The climate is Mediterranean, with mild, wet winters
followed by dry hot summers. The rainfall season in the
region is between October and May, and annual precipitation
at Acre totaled 317, 687, 280 and 439 mm in 2013-2014,
2014-2015, 2015-2016 and 20162017, respectively.
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Experimental design

The response of ‘Hass’ avocado trees grafted on ‘Degania
117°, a West-Indian avocado rootstock, to different irriga-
tion treatments was studied. The trees were planted on
the top of 60-cm high raised beds in 2010. The distance
between rows was 6 m and that between plants within rows
4 m (density of 417 trees per hectare). Each experimental
plot comprised 18 trees (3 rows with 6 trees per row). The
external rows were considered as buffer rows and only the
four internal trees were included in yield statistics.

Reference water demand of the trees was determined
according to the actual water uptake measured from com-
parable ‘Hass’; avocado trees grown in 1000-L plastic con-
tainers (lysimeters) located nearby the experiment field.
The containers were covered by a plastic sheet to prevent
evaporation. Tree size, leaf area index (LAI) and fruit yield
of the lysimeter-grown trees were practically similar to
those of the soil-grown trees. The ratio of evaporation (E)
to total evapotranspiration (ET) from soil surfaces of drip
irrigated orchards is only 0.10-0.15 (Kool et al. 2014) and
therefore, water uptake of the lysimeter-grown trees was
used as reference for the soil-grown trees. Accordingly,
the actual evapotranspiration coefficient of the lysimeter
experiment (K; =ET/ET,) was used in the present experi-
ment. The drainage from six lysimeters was collected in
100-L containers that were placed on a weight-recording
scale (BH200, Shekel Electronic scales, Israel). Irrigation
frequency was high enough to assume minimal tempo-
ral changes of water content in the lysimeters. Leachate
weight was measured at a 10 min interval. The tree water
uptake was calculated as the difference between the irriga-
tion amount and the leachate weight. Since water uptake
was the only unknown in the water balance of the lysim-
eter, it could be estimated quite accurately, and provided
a reliable value for the field experiment. The potential
evapotranspiration (ET,) in the experimental plots was
calculated using the Penman—Monteith method. Additional
information is detailed elsewhere (Silber et al. 2018).

The experimental design comprised five treatments,
allocated to five complete randomized blocks:

1. T,—no water stress treatment irrigated according to the
actual water uptake estimated in the lysimeters experi-
ment (as described above). The daily irrigation quanti-
ties applied to T, treatment during the four experiment
years are presented in Fig. 1a and the weekly average of
the calculated irrigation coefficient (K; =ET/ET,) dur-
ing 2016 is presented in Fig. 1b

2. T,—excessive irrigation, irrigated 150% from T}.

3. T;—Regulated deficit irrigation (RDI) during the sum-
mer, the main fruit growth period. Irrigation until 1
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Fig. 1 a Daily irrigation quantities applied to T, treatment during
2014 (red), 2015 (green). 2016 (magenta) and 2017 (blue) experi-
mental years. Insight: accumulative quantities of irrigation and rain;
b Weakly averages of the calculated irrigation coefficient (K| ) calcu-
lated for T, (green), T, (blue), and Ty (red) treatments from March
to December 2016. The recommended K for avocado by the Israeli
Extension Service and the ET|, are presented for comparison. DOY is
day of the year. (Color figure online)

August was as T, trees and after that until the harvest
was 75% from T.

4. T,—No irrigation and fertilization was applied during
the early growth period (from January to 1 May) and
after that the trees were irrigated as in T;. Note that
this period include the early stages of fruit development:
emergence of flower buds (mid-March), bloom (begin-
ning of April), and fruit set (middle of April).

5. Ts—constant water stress treatment, irrigated 75% of T,
through the entire season.

The experimental set-up allowed the comparison between
trees responses to: (1) three irrigation strategies during the
entire growth periods: T, T, and Ts; and (2) comparison
between RDI management during the early and the late
growth period (T, and T, respectively). During the rainy
season (November—February) the irrigation rate was equiva-
lent for all the treatments except for T, (dashed green line

in Fig. 1b). Irrigation was stopped during rainy events and
was renewed as the soil water matric potential () monitored
by digital tensiometers (SOILSPEC, Healesville, Australia)
located at 40 cm depth below the drippers reached a value of
20 kPa. In case of rain period longer than 2 weeks, “techni-
cal” irrigation dose of 2 mm with doubled nutrient concen-
tration was applied.

The irrigation system consisted of two lines of drippers
located 20 cm on each side of the trunk, 1.6 L h™! pressure-
compensated drippers (Netafim Inc., Israel), the distance
between drippers was 40 cm (irrigation rate of 1.33 mm h™).
All the horticultural treatments (pruning, pest and weeds
control) were performed uniformly in all treatments accord-
ing to the recommendations of the Israeli Extension Service
(Noy 2006). The harvest was between 5 and 15 November
each year, as fruit dry weight reached 20.5%. All the fruits
from all the trees were collected and the fruits were sorted
by weight, but only the fruits from the four internal trees
were included in yield statistics. The trunk diameters of six
trees per each irrigation treatment were recorded every 1 min
by LVDT dendrometers (PhyTech Ltd., Rosh Haayin, Israel).

Midday stem water potential (SWP) was measured from
February to May every week and later on every 2 weeks.
Two shaded shoot ends (5-7 leaves) from the inner part of
the canopy inserted while intact to zip-loc plastic bags cov-
ered by aluminium foil 90 min before measurements were
taken. The leaves then were cut and inserted into a plastic
bag before pressure chamber (PMS 1000, PMS, Albany OR)
measurement was taken.

Fertigation solutions and plant analyzes

The nutrient solutions were prepared from commercial fer-
tilizers ((NH,),SO,, NH,NO;, KNO;, KCI and H;PO,), and
tap water containing (mg L™"): 100120 Ca, 30-40 Mg,
20-30 Na, and 60-70 C1~. Micronutrient concentrations
(mg L_l) applied was 0.3 Zn, 0.6 Mn, 1.0 Fe, 0.04 Cu, 0.4
B, and 0.03 Mo, all EDTA-based. Nutrients quantities for all
the treatments were similar, i.e., higher concentrations for
the water-stress treatments (T5 and Ts) while lower concen-
tration for T, treatment. The absent fertilizer quantity of T,
tree during January—April was added during May, immedi-
ately after irrigation started.

The pH and EC of the fertigation solution were 7.0 +£0.3
and 1.0+0.1 dS m™!, respectively. The N, P and K concen-
trations in the irrigation solution were 40, 10 and 50 mg L™,
respectively.

Statistics analysis
Statistical analyses were carried out with JMP® 12 soft-

ware. All data were analyzed for the effects of treatments by
means of the general linear model procedure of SAS (SAS
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Institute, Cary, NC, USA). Differences among means were
tested with the standard least squares mode of ANOVA, fol-
lowed by Tukey HSD pair wise comparison of means. Dif-
ferences with a probability larger than 95% were considered
as significant.

Results
Tree development and yield

Absence of irrigation during the early growth period (Jan-
uary—May, T, treatment) induced leaf-chlorosis, while
healthy, dense and green leaves characterized all the other
trees. The first sign of chlorosis appeared at the beginning of
February and its severity significantly increased at the emer-
gence of flower buds (mid-March) and bloom (beginning of
April). Leaf chlorosis was followed by massive defoliation
and later on by fruitlet abscission (May—June).

The effect of the different irrigation treatments on the first
yield (2014) was not statistically significant (Table 1). The
effect of the blocks and the interaction Treatment X year were
not statistically significant. The effect of year was signifi-
cant for fruit number and average fruit weight. The average
weight of a single fruit during 2015, 2016 and 2017 harvests
was not statistically affected by the irrigation treatments and
was: 202, 192 and 185 g, respectively. A significant linear
regression was obtained between single fruit weight and
fruit number during 2015-2017 experimental years (not
presented). The equation (standard error of the parameters
given in parentheses) was: y=239(6.9) —0.16(0.014) x x
(?=0.97), where y is the single fruit weight and x is the
fruit number.

The yield of the two no-water stress treatments (T, and
T,) during the four experimental years was very high and
above the common yield in Israel (200-250 fruits per tree,
10-15 t ha™!), while the yield of the RDI and water-stress
treatments (T, T, and Ts) was significantly lower (Table 1).
More important, the yield of the two no-water stress trees
was relatively stable and did not present an alternate bearing
pattern while the yield of water-stress trees was considerably
reduced during low-crop years (2015 and 2017).

Effects of irrigation treatments on soil-
and plant-water status during the early season
(January-April)

Irrigation for all the treatments except T, started on 15 Feb-
ruary (DOY =46), stopped during rain events, and renewed
several days after that. Note that the irrigation doses rec-
ommended by the Israeli extension service during the early
fruit development: emergence of flower buds (mid-March),
bloom (beginning of April), and fruit set (middle of April)
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Table 1 Effects of irrigation treatments on selected yield parameters
through 2014-2017 experiments

Tr Num Wet (kg) FrtAvg (g)
2014
T, 325 50 159
T, 294 49 174
T, 329 50 158
T, 257 43 176
Ts 274 44 165
Avg 296 47 166
Prob>F 0.643 0.694 0.521
LSDy o5 157.6 19.3 37.4
2015
T, 318 59 197
T, 303 60 205
T; 216 44 207
T, 232 47 212
Ts 274 52 197
Avg 268 53 202
Prob>F 0.046 0.049 0.048
LSDy 5 86.9 11.8 15.2
2016
T, 396 74 195
T, 339 63 193
T, 340 62 191
T, 257 48 196
Ts 347 57 185
Avg 334 61 192
Prob>F 0.049 0.022 0.947
LSDy s 136.1 21.1 31.8
2017
T, 435 70 166
T, 418 72 186
T, 302 51 189
T, 209 38 190
Ts 282 46 191
Avg 329 55 185
Prob>F 0.001 0.002 0.556
LSDy o5 170.4 27.6 485
2015-2017
T1 383 68 186
T2 353 65 195
T3 286 52 196
T4 232 44 199
T5 306 52 191
Avg? 311 56 193
Prob> F Tr" <0.0001 <0.0001 0.4358
LSD, 5 Tr° 82.64 13.09 20.64
Prob>F Year! 0.0055 0.064 0.0043

Num number of fruit per tree, Wgt fruit yield (kg per tree), FrtAvg
averaged fruit weight (g per fruit)

#Averaged treatments value
®Prob > F for treatment
“LSD, o5 for treatment
4Prob > F for year
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were lower than the actual T, doses as reflected by the rec-
ommended K in Fig. 1b (black line). Soil water tension
measured by tensiometers located under the dripper at the
vicinity of trees exposed to no-water stress (T;) and water
stress treatments (T,) during April-May 2016 is presented
in Fig. 2. The values of soil water tensions during 2015 and
2017 were similar to the values of 2016, and therefore, were
not depicted. Water tension decreased sharply during rains
or irrigation events (T)), as soil water content increased,
and increased significantly shortly afterwards (Fig. 2, top).
Water tensions in the upper soil layer (20 cm) were higher
than in the lower part (40 and 60 cm), but the trend was
almost the same. In the absence of irrigation, the soil water
tension of T, trees exceeded 60 (+8.6), 20 (+2.5) and 10
(£0.9) kPa in soil depth of 20, 40 and 60 cm beneath the
dripper, respectively, but decreased sharply in response to
rain events (Fig. 2, bottom). From mid-March (DOY 75) the
soil water tension in the upper layer of T, trees was above 80
(+11.5) kPa while in the middle and the bottom layers (40
and 60 cm, respectively) the water tension were lower but
clearly pointed towards drying conditions, i.e., increasing
water tensions with time (Fig. 2 bottom). Several days after

Rain (mm)

Soil water tension (kPa)

DOY

Fig.2 Soil water tension measured by tensiometers located at differ-
ent depth (red—20, green—40 and blue—60-cm) under dripper in
the vicinity of the trunk and rain events during February—May 2016.
Top: non-water stress treatment (T)); bottom: water-stress treatment
(T,). DOY is day of the year. (Color figure online)

starting the irrigation for T, trees (1 May), the water tension
decreased sharply and was almost similar to T trees (not
presented). Soil water tensions of T,, T; and T trees were
not significantly different from T, trees during April-May
2016, and therefore, were not shown.

Midday SWP values of no water stress (T;) and the RDI
treatment during the early growth period (T,) trees meas-
ured 3 days after starting the irrigation for T, (DOY =49,)
were relatively high (—0.71 and —0.82 MPa for T, and T,,
respectively) but increased in the coming days to, even for
the non-irrigated trees (Fig. 3). However, in very dry days
where ET; was 9 mm/day (20 April, DOY =111) the SWP
value of T} and T, trees decreased to —0.85 and —0.95 MPa,
respectively.

Maximum daily trunk shrinkage (MDS) of T, and T,
trees during April-May 2016 are presented in Fig. 4. MDS
of 2015 and 2017 years were similar to 2016, and there-
fore, these data were not presented. MDS values of both

-1.1 10
~
3 I
E I
(=3
~ o7 | 16 B
g I
wn =
-0.3 ‘ : 2
40 80 120 160

DOY

Fig.3 Midday stem water potential (SWP) of non-(T;) and water-
stress trees (T,) during the first growth period of 2016. Vertical lines
designate standard error values. ** and *** designates Prob> F of:
0.001> and 0.0001 >, respectively. The values of ET are presented
for comparison. DOY is day of the year
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Fig.4 Maximum daily shrinkage (MDS) of T, and T, trees during
the first growth period of 2016. The values of ET, are presented for
comparison. DOY is day of the year
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treatments were low (below 150 um) and almost similar as
long as ET,, were below 5 mm/day (Fig. 4). However, in hot
and dry days characterized by high evaporative demand (ET,,
above 7 mm day~!) the MDS increased sharply and closely
followed the ET, trend. MDS values of T, trees from 20
April until 1 May (DOY = 111-122) were statistically higher
than the MDS of T, trees (Prob > F less than 0.05). MDS
of T, trees after commencing the irrigation (1 May) were
almost similar to T trees (Fig. 4). The MDS values of the
excessive irrigation (T,), RDI during the summer (T5) and
constant water stress (Ts) trees were not significantly differ-
ent from T, trees, and therefore, not presented.

Effects of irrigation treatments on soil-
and plant-water status during the summer (June-
November)

The averaged values of soil water tension at a depth of 40 cm
beneath the dripper at the vicinity of the trunk of no-water
stress trees (T) during July—September 2015-2017 were
low (below 10 kPa, not presented). Excessive irrigation (T,
trees) induced lower tension (below 8 kPa), while water-
stressed trees (T trees) induced values higher than 10 kPa
during June to above 20 kPa at the end of September. Water
tension in the upper (20 cm depth) and in the deeper layer
(60 cm depth) of each irrigation treatment were higher or
lower, respectively. Reducing irrigation rate on 1 August
(T; treatment) almost did not affect soil water tension in
the upper 20-cm layer but induced a continuous increase
in the middle 40- and the deep 60-cm layers (only data for
2016 are presented in Fig. 5). The reference evapotranspira-
tion (ET,;) during June—October 2016 was generally stable
without extreme events characterized in April-May season

Soil water tension (kPa)

DOY

Fig.5 Soil water tension measured by tensiometers located at differ-
ent depth (red—20, green—40 and blue—60-cm) under dripper in
the vicinity of the trunk of T; trees during August—September 2016.
DOY is day of the year. (Color figure online)
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(Fig. 6). The effect of irrigation treatments on midday SWP
during April-October 2016 was statistically significant
and followed the trend T5> T, >T, (Fig. 6). Since June 1st
(DOY =153), SWP values became more negative, in opposi-
tion to the ET,, values that decreased since then, and reached
a peak on 8 August (DOY =221) (Fig. 6). Soil water poten-
tial of the summer RDI treatment (T;) exhibit clear dehydra-
tion phenomena (Fig. 5), nevertheless, the SWP values from
August 1st (DOY =221) to middle October (DOY 288) were
not statically different from the no water stress treatment
(T,, Fig. 6).

Maximum daily shrinkage (MDS) of no water stress (T)),
RDI during the summer (T5) and constant water stress (Ts)
trees during June—December 2016 are presented in Fig. 7.
MDS of 2015 and 2017 years were similar to 2016, and
therefore, not presented. MDS values at the beginning of
June were relatively low (below 200 um) but consistently
increased during June—August, reached a peak of 200, 249

SWP (MPa)

— " ET,

0 —— ey
150 200 250 300

DOY

Fig.6 Midday stem water potential (SWP) of T,, T,, T; and Tj trees
during June—October 2016 growth season. Vertical lines designate
standard error values. ** and *** designates Prob> F of: 0.001 > and
0.0001 >, respectively. The values of ET|, are presented for compari-
son. DOY is day of the year

300

200

MDS (um)

100

Fig.7 Weakly averaged values of maximum daily shrinkage (MDS)
of T}, T3, and T; trees during June-December 2016. The values of
ET, are presented for comparison. DOY is day of the year
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and 289 um for T}, T; and Ts, respectively. Note that this
trend was opposite to the decreased trend of ET,, values but
in accord with the SWP trend presented in Fig. 6. The MDS
values of the constant water stress trees (T5) significantly
deviated from the no water stress trees (T,) from 7 June until
the harvest (10 November, DOY =315). MDS of the sum-
mer RDI trees (T;) was almost similar to T, until 1 August,
but increased as irrigation doses decreased and significantly
deviated from the no-stress trees around end of August
(DOY =243, Fig. 7). The MDS increases of T; trees was
in accord with the soil-dehydration phenomena presented
in Fig. 5 but in conflict with the SWP data presented in
Fig. 6. Exceptional meteorological conditions during 19-29
November 2016 (very low humidity and high ET,)) induced a
sharp MDS increase that reduced as ET, decreased back to
normal values for the season (Fig. 7). MDS of T, trees was
similar to T, trees while that of T, was consistently lower
(2040 pm, not presented).

Discussion

The yield of the no water stress treatments during the four
experimental years was very high above the common yield
in Israel, while the yield of the RDI (T; and T,) and water-
stress (Ts) treatments was significantly lower. Furthermore,
the fruit number of the no water stress trees (T; and T,) was
not susceptible to alternate bearing while the fruit number
of water-stressed trees was reduced during off-crop years
(Fig. 8).

The primary and substantial role of irrigation is to supply
water for plant development yet, in view of the significant
role of irrigation management on nutrient availability, the
mutual association between water and nutrient should be
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Fig.8 Reduction of fruits number on off-crop (2015 and 2017) rela-
tive to on-crop years (2014 and 2016). The relative reduction of fruit
number was calculated according to: [(off-crop — on-crop)/on-crop]

anticipated. The energy cost for producing avocado fruit is
very high (8072 KJ kg™, almost triple from that of sugar
fruits such as apple and orange (Wolstenholme 1986). There-
fore, improvement of water and nutrient availability, espe-
cially in periods where the activity of the root system was
weak as a result of low carbohydrates supply presumably
played a dominant role in seeds or fruit function (Silber et al.
2012).

Stress condition during the early growth season

During the rainy season (January—March) irrigation events
according the common practice in Israel are rare because
the soil-water content is generally high and both air and
soil temperature are low (10-15 °C). Nevertheless, nutri-
ent demand, especially nitrogen, phosphorus and zinc by
the developing organs (flower buds and later on flowers
and fruitlets) is very high. Earlier research clearly dem-
onstrated that water stress during the early period of fruit
growth (March—April) induced later on fruitlet abscission
and accordingly, reduced avocado yield (Silber et al. 2012).
Absence of fertilization during the winter period induced
leaf-chlorosis, followed by defoliation and later on fruit-
let abscission (Silber et al. 2018). Therefore, special effort
was made in the present study to supply water and nutrients
according to the actual plant demand, especially before the
inflorescence period (February—March). The visual resem-
blance between T, trees in the present study and the non-
fertilized trees in Silber et al. (2018) study may indicate
that nutrient deficiency can play an important role on yield
decreases.

The earliest indication for stress signal on non-irrigated
and fertilized trees (T,) arrived from trunk growth rate
(TGR) measurements (Fig. 9). TGR of T, trees significantly
deviated from no water stress (T,) trees as early as 15 March

TGR (m dY)

DOY

Fig.9 Weekly averaged trunk growth rate over 2015-2017 experi-
mental years for T| and T, trees. Vertical lines designate standard
error. DOY is day of the year
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(DOY =75). Except typical fluctuations, the TGR values
increased from January to 10 June, and later on decreased
(Fig. 9). It is commonly accepted that TGR fluctuations dur-
ing the growth season follow seasonal changes in partition-
ing of carbohydrates between reproductive and vegetative
organs, as previously suggested for avocado by Ploetz et al.
(1991), Whiley and Wolstenholme (1990) Wolstenholme and
Whiley (1989, 1997) and Silber et al. (2013a). Based on the
TGR measurements, it is suggested that the window oppor-
tunity for avocado root growth ended at the beginning of
June, as fruit demand for carbohydrates amplify and accord-
ingly, the carbohydrate quantities allocated to the roots are
drastically reduced (Whiley and Wolstenholme 1990). Vari-
ation in soil water content (¢) may have considerable effects
on plant-nutrient availability as detailed in the “Introduc-
tion”. Subsequently, it is reasonable to assume that nutri-
ent deficiency caused by absence of fertilization in addition
with a decrease in soil-nutrient availability induced by the
decrease in soil-water content generated sharp decreases on
fruit number (Table 1).

Stress condition during the main growth season

Intermittent or constant water stress during the main growth
season (T5 and Ts, respectively) decreased yield (Table 1),
mainly because the decreases of fruit number. The number of
fruits of constant water stress treatment (T5) was lower from
the no-water stress treatments (T,) in 2015, 2016 and 2017
experimental years by 44, 49 and 153 fruits per tree, respec-
tively, while that of T; by 102, 56 and 133, respectively.
Furthermore, the effect of constant water stress throughout
the all growth period (T5) on ‘Hass’ avocado yield was less
severe than shorter water stress periods applied during sum-
mer (T5). This conclusion might result from tree adaptation
to conditions of constant water deficiency by decreasing the
vegetative part and reducing plant evapotranspiration.

SWP measurements of T; trees were almost similar to
that of T, trees (Fig. 6) while MDS measurements exhib-
ited clear differences after the decrease of irrigation doses
(Fig. 7), in accord with the tensiometer readings (Fig. 5).
SWP measurements of T trees were significantly more neg-
ative than that of T, trees (Fig. 6), but except for 10 August
(DOY =223) the measurement were below the water stress
threshold of —0.8 MPa (Fig. 6). MDS measurements of T
trees from 5 July (DOY = 187) were above the threshold of
200 uM (Fig. 7) which may designate the higher sensitivity
of MDS measurements to water stress.

Leaf-carbohydrate play an important role in the complex
framework of stomata aperture in avocado trees (Silber et al.
2013b). The effect of fruit sink on water uptake may explain
the apparent discrepancy between the decreased trends of
the ET values and the consistent increase of the MDS
depicted in Fig. 7. Measurements of stomatal conductance,
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photosynthesis and water uptake in an earlier research
included fruiting and de-fruited avocado trees clearly dem-
onstrated the significant role of fruit load on gas-exchange
properties and water management (Silber et al. 2013b).
Despite higher vegetative growth and leaf area index of the
de-fruited trees, their daily water uptake was 40% lower than
that of fruiting trees, mainly because of accumulation of
leaf-carbohydrates in the absence of strong sink. Therefore,
crop load should play an important role on irrigation sched-
uling. Thus, the traditional ‘K-ET,’ approach (Allen et al.
1998) might be insufficient as a basis for proper irrigation
management during the productive period and irrigation
management should be adjusted, therefore, for the actual
crop load.

Agronomic implications

The most important difference between the recommended
K_ for avocado by the Israeli Extension Service and the cal-
culated K| for the no water stress treatment (T;) appeared
from the end of February until beginning of June (DOY
160 represent the 8 June, Fig. 1b). This period include the
flowering and fruit-set stages and the “window opportunity”
for root development (15 March—10 June, Fig. 9). Thus, spe-
cial effort should be made to fulfil the periodic demand for
water and nutrients during the inflorescence and fruit-set
period and in case of long rainy period, “technical irriga-
tion” i.e., irrigation with high concentration of nutrient to
prevent nutrient deficiency (Silber et al. 2018) should be
applied. Irrigation rates and the calculated K| for the no
water stress treatment (T,) depicted in Fig. 1 may serve as a
reasonable guide for irrigation management. A linear regres-
sion was obtained between the calculated K; for the no water
stress treatment and time (days) from March to November
2016. The equation (standard error of the parameters given
in parentheses) was: y=0.49(0.026) + 0.0013(0.00012) x x
(r*=0.87). The sensitivity of avocado trees to water stress
during mid-June to the end of the summer (October—Novem-
ber) is less severe than that of March—June and applying no
water stress treatment such as T, and K| value of 0.8-0.9
illustrated in Fig. 1b may be favorable.

Plant-based methods such as dendrometers and\or SWP
should be used in avocado orchards for controlling irrigation
scheduling. SWP is a widely accepted method but slow and
labor intensive (Jones 2004) and therefore, problematic for
use. Automatic and on-line and measurements are the main
advantage of the dendrometer method, and therefore, easy
for horticultural uses (Fernandez et al. 2011). Analyses of
trunk diameter variation data that lead to evaluation of TGR
and the MDS reflect phenological stages and periodicity of
shoot, fruit and root growth, and also may provide an inte-
grative, “holistic viewpoint” of overall tree status (Silber
et al. 2013a). Moreover, the sensitivity of both, TGR and
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MDS measurements are very high. TGR data early indicated
early effects of water stress on tree development (Fig. 9)
and MDS measurements exhibited clear differences between
RDI during the summer (T;) and no water stress (T)) trees
after the decrease of irrigation doses (Fig. 7), while SWP
data were less susceptible. Soil-based method such as tensi-
ometer may be adequate too but requires numerous sensors
for covering the whole wetted soil volume under the dripper.
Furthermore, water retention curve for each soil type is nec-
essary to transform from pressure units (kPa) to volumetric
water units (ml or liter).

Conclusions

1. Optimal irrigation managements is crucial for increas-
ing ‘Hass’ avocado yield. Special effort should be made
to provide high demand for water and nutrient during
the inflorescence and fruit-set periods. In case of rain
period longer than 2 weeks, “technical” irrigation,
i.e., irrigation with high concentration of nutrient to
prevent nutrient deficiency should be applied. For the
main irrigation season (March—November) the irriga-
tion rates and the calculated K; for the no water stress
treatment (T;) may serve as a reasonable guide for irri-
gation management. The validity of the linear equation
K; =0.4940.0013 x days (from 1 January) should be
examined as a guide for irrigation management in dif-
ferent climatic conditions.

2. The yield of no water stress trees was not susceptible to
alternate bearing while the yield of water-stressed trees
was considerably reduced during off-crop years.

3. Analyses of trunk diameter variation (TDV) data that
lead to the evaluation of trunk growth rate (TGR) and
maximum daily shrinkage (MDS) reflect phenological
stages and periodicity of shoot, fruit and root growth,
and also may provide an integrative, “holistic view-
point” of overall tree status.

4. The window opportunity for root growth ended at the
beginning of June, as fruit demand for carbohydrates
amplify and the rate of root growth decline.

5. Fruit load should be taken into account while planning
irrigation and fertilization management.

6. Constant water stress along the growth period on ‘Hass’
avocado yield was less severe than short water stress
applied in summer, during the growth period, probably
because of tree adaptation by decreasing the vegetative
part and reducing plant evapotranspiration.
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