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Abstract. Uncertain water supplies resulting from changing climatic conditions in
western North America led to this investigation of the role of crop load reduction in
maintaining performance of high-density ‘Ambrosia’ apple (Malus 3domestica) on M.9
rootstock. A split-plot experimental design was imposed for three growing seasons (2007–
09) with six replicates of four main plot irrigation treatments and three crop load
subplots comprised of three trees. Four season-long irrigation (Irr) treatments were
applied through 2 3 4 L·hL1 drip emitters per tree and included Irr1) control [100%
evapotranspiration (ET) replacement], Irr2) 50% ET replacement, Irr3) 50% ET
replacement to half the emitters, and Irr4) an increasingly severe treatment commencing
at 50%ET replacement (once every 2 days) in 2007 and progressing to 25% and 18%ET
replacement, 2008–09. Three target crop loads were established annually, 4–5 weeks
after bloom as low (2.5, 3, and 3.75), medium (4.5, 6, and 7.5), and high (9, 12, and 15)
fruit/cm2 trunk cross-sectional area (TCSA) 2007–09, respectively, by hand thinning
around 4 weeks after bloom. Volumetric soil moisture contents generally reflected the
amount of water applied and ranged from 20% for control (Irr1) to <10% for Irr4. Both
irrigation and crop load treatments affected midday stem water potential more than leaf
photosynthesis and stomatal conductance (gS). By the 2nd and 3rd year stem potential
values for irrigation treatments ranged from a maximum ofL1.0 toL1.3 MPa for Irr1
tominimums £-2.0MPa for Irr4. gS decreased asmidday stem potential decreased, but at
any given stem potential value was greater at high crop loads, presumably in response to
an increased demand for photosynthates. Fruit size decreased as crop load increased, but
as irrigation deficits becamemore severe, fruit size wasmore closely correlated with stem
water potential than gS. Consequently, fruit size was controlled by two mechanisms,
competition for photosynthates and the effects of plant water status on gS. Negative linear
relationships between crop load and average fruit size were used to determine the crop
load required to produce an average fruit size of 200 g at different irrigation deficits. It
was not possible to achieve adequate fruit size when applications were very low, as at 18%
to 25% ET in Irr4. Crop load reduction around mid-June had no negative consequences
for fruit quality, enhancing fruit color, and soluble solids concentration (SSC) and did not
affect the incidence of sunburn, internal breakdown or bitter pit at harvest.

Water restrictions in irrigated agriculture
are becoming more likely in western North
America (Barnett et al., 2004) including
British Columbia (Whitfield and Cannon,
2000) as a consequence of climate-related
factors that have included reductions in
mountain snow accumulation (Mote et al.,
2005), earlier snow melt and stream runoff,
reduced late-season stream flow and an asso-
ciated requirement for increased water with-
drawal from storage reservoirs. The problem
is particularly acute in the semiarid Okanagan

region of southern British Columbia, which is
an important Canadian production region for
high-value tree fruits and wine grapes. In this
region, tree fruit and wine grape production
must compete for water with instream ecolog-
ical requirements and a rapidly growing urban
population where fresh water availability is
among the lowest per person in Canada
(Neilsen et al., 2006).

Interest is therefore strong in the region to
consider adoption of a range of irrigation prac-
tices, which might reduce water applications

while minimizing detrimental effects on
fruit production. Deficit irrigation strategies,
using less than optimum water applications
(Behboudian and Mills, 1997; Leib et al.,
2006) tomaintain or even improve fruit quality
(Ebel et al., 1993; Mpelasoka et al., 2000),
have attracted considerable attention. Further
adaptive strategies may need to be considered
when a lack of water necessitates extremely
low irrigation applications (Proebsting and
Middleton, 1980). One such strategy for
perennial fruit crops is the reduction of crop
load to maintain marketable fruit size, despite
reduced water applications (Girona et al.,
2004; Marsal et al., 2008; Naor et al.,
2008). Its successful use has been based on
the major effect high crop load has on C
partitioning and tree water relations (Palmer
et al., 1997; W€unsche and Ferguson, 2005).
Many of these studies have been conducted
over a single year (Neilsen et al., 2010) with
limited assessment of effects on fruit qual-
ity characteristics other than fruit size
(Mpelasoka et al., 2001). Also, there has been
limited assessment of its potential for use over
a range of soil types including coarse-textured
soils, which have limited water-holding ca-
pacity and comprise two-thirds of the orchard
production area in southern British Columbia
(Neilsen et al., 2014).

A multiyear experiment was designed to
assess the effect of low, medium, and high
crop load in an apple orchard grown on
a typical coarse-textured soil across a range
of irrigation treatments including several
with reduced water application. Emphasis
was placed on determining changes in soil
moisture, tree water relations, yield, and fruit
quality, particularly maintenance of accept-
able fruit size.

Materials and Methods

‘Ambrosia’ apple trees (Malus ·domestica)
on M.9 rootstock were planted in 2003 at
a 0.9 m (within row) · 3.5 m (between row)
spacing at the Pacific Agri-Food Research
Center in Summerland, BC, Canada and
trained and pruned as a slender spindle
system. The trees were established and main-
tained for the first four growing seasons under
a fully automated drip irrigation system com-
prising two parallel irrigation lines, located
0.3 m either side of the tree row and each
containing one 4 L·h–1 pressure-compensating
emitter per tree. Irrigation was applied daily
to replace previous day ET demand esti-
mated by an atmometer (measures evapora-
tion) (Parchomchuk et al., 1996) modified
by a seasonal crop coefficient curve derived
from Allen et al. (1998) and adjusted for the
area of the orchard watered (i.e., herbicide
strip). Throughout the study, the block re-
ceived optimum fertigated nutrients based
on cumulative research (Neilsen et al., 1999)
and commercial recommendations in the
region. Annual applications included ferti-
gation of N daily as calcium nitrate (15.5N–
0P–0K) for 6 weeks after bloom to provide
75 g N/tree/year. This was a high rate of N
fertigation as further research indicated that
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N application rates as low as 25 g N/tree can
be sufficient for high-density apple trees
(Neilsen et al., 2009). Phosphorus was ferti-
gated the day after full bloom and before the
start of N applications as ammonium poly-
phosphate (10N–15P–0K) and supplied 20 g
P/tree/year and 13.5 g N/tree/year. Potassium
was fertigated daily for the last 4 weeks of the
N fertigation period as potassium chloride
(10N–0P–50K) to supply 20 g K/tree/year.
Boron (B) was fertigated as Solubor (20% B)
daily from 1 to 4 weeks after full bloom to
supply 0.16 g B/tree annually.

During the 2007–09 growing seasons,
a split-plot experiment in a randomized com-
plete block design was established with four
irrigation treatments assigned to main plot
units and three crop load treatments assigned
to subplot units. Each subplot unit included
five trees (three measurement and two guard
trees). There were six replicate rows and
a guard row on all four sides of the experi-
mental block. The irrigation treatments in-
cluded Irr1) continuation of the previously
described irrigation regime at 100% ET re-
placement applied daily through the 2 · 4L·h–1
emitters per tree, Irr2) 50% ET replacement
applied as in Irr1, Irr3) 50% ET replacement
applied as in Irr2 but through only one emitter
per tree, and Irr4) 50%ET replacement applied
as in Irr2 except every 2 d. Irrigation treat-
ments were maintained over the 3-year exper-
imental period with the exception of Irr4,
which became increasingly stressful over time
with irrigation quantities reduced to 25% ET
replacement in 2008 and 18% ET replacement
in 2009. Irrigation treatments were applied
throughout the growing season.

Crop load levels were imposed on the
three-tree subplot units within each irrigation
treatment whole plot by hand thinning com-
pleted by day of year (DOY) 160, 169, and
167, in 2007, 2008 and 2009, respectively,
�4–5 weeks after full bloom. Full bloom was
12 May 2007 (DOY 132), 16 May 2008
(DOY 137), and 20 May 2009 (DOY 140).
The timing of hand thinning was chosen to
represent a response to watering restrictions
imposed by regulatory bodies in times of
drought caused by limited mountain snow-
pack. The timing of hand thinning would be
considered late for commercial growers, who
thin as early as possible to improve fruit size.
Crop loads were imposed at three levels
including low, medium, and high with actual
crop loads increasing each year as the trees
grew. From 2007 to 2009, respectively, these

treatment targets were (low) 2.5, 3, and 3.75
fruit/cm2 TCSA, (medium) 4.5, 6, and 7.5 fruit/
cm2 TCSA, and (high) 9, 12, and 15 fruit/cm2

TCSA. Crop load treatments were applied to
the same trees each year with high and low
crop loads alternating annually in an attempt to
adjust for the tendency for biennial bearing on
trees with extreme crop loads. The carryover
effects of this strategy were unknown, but it
was seen as a method to avoid the difficulties
of maintaining three successive years of high
crop load treatments on the same trees.

The experimental block was planted on
a level to slightly south east facing slope on
a Skaha loamy sand soil, an Aridic Haplox-
erall (Wittneben, 1986). These soils are
common throughout the south Okanagan
Valley and are often planted to tree fruits
and grapes. The soils have low organic matter
content (<2%), low native fertility, drain
rapidly, and generally have low water-
holding capacity. Soil moisture retention
curves determined on four undisturbed sur-
face samples collected from the experimental
block before planting indicated average vol-
umetric moisture contents of 34.4% at satu-
ration (–0.001 kPa), 19.5% at –10 kPa, 12.5%
at –33 kPa, 9.1% at –100 kPa, and 5.4% at
‘permanent’ wilting point (–1500 kPa). Daily

and long-term temperature and precipita-
tion records were available from the Sum-
merland CS weather station located at PARC,
Summerland, and maintained by Environment
Canada.

Volumetric soil moisture content was
measured using depth-integrated (0–40 cm)
time-domain reflectometry (TDR) (Topp and
Reynolds, 1998; Tektronix, Beaverton, OR).
Readings were made hourly and averaged
daily during each growing season, commenc-
ing mid-June until the end of September, for
three replicates of each irrigation treatment.
Probes were located half way between the
tree row and drip emitters. Wet- and dry-side
measurements were made for treatment Irr3.
No provision was made for monitoring dif-
ferences in soil moisture content among crop
load treatments as the same trees within each
irrigation treatment were monitored through-
out the study. Periodic leaf photosynthesis
and gS measurements were made during each
growing season (on 11, 8, and 6 occasions,
2007 to 2009, respectively). Measurements
were made on high and low crop load plots in
four replicates of three irrigation treatments
(Irr1, Irr2, Irr3) in 2007 and on three replicates
of all irrigation treatments (Irr1 to Irr4) in
2008 and 2009. Measurements were made for

Fig. 1. Monthly average minimum (h), mean (s), and maximum (n) daily temperature for 2007 (— –);
2008 (—); 2009 (– –); 1981–2010 averages (—) and total monthly precipitation for 2007 ( ); 2008 ( );
2009 ( ); 1971–2000 average ( ).

Table 1. Actual water applications for different irrigation treatments, 2007–09, expressed on a per tree and
unit area basis with comparison of drip relative to sprinkler irrigation.

Irrigation (% ET)
Water application

(L/tree)
Water application

(L·ha–1)
Drip irrigation
(mm·ha–1)

Sprinkler irrigation
(mm·ha–1)

2007

100 1,463 4.88 · 106 488 784
50 721 2.40 · 106 240 386

2008

100 1,149 3.83 · 106 383 580
50 570 1.90 · 106 190 288
25 280 0.93 · 106 93 141

2009

100 1,305 4.31 · 106 421 660
50 586 1.94 · 106 194 297
18 246 0.78 · 106 78 119
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each treatment and replicate on three, young,
fully expanded leaves exposed to full sun
using an open gas exchange system (LI-COR
6400; LI-COR Inc., Lincoln, NE), typically
between 1100 and 1400 HR. Where possible,
the 1- to 1.5-h time frame for completion of the
72 measurements was centered on solar noon,
but was sometimes shifted within the 1100- to
1400-HR period to avoid cloud cover. Midday
stem water potential measurements were
made, where possible, on the same day as gas
exchange measurements, and on the same
treatments also throughout the three growing
seasons, eight times in 2007 and five times in
2008 and 2009. Each time, midday stem water
potential was determined on three leaves per
treatment after shielding the leaf with black
plastic and aluminum foil for 2–3 h before
measurement of water potential using a pres-
sure chamber (McCutchan and Shackel, 1992).

Trunk diameter at 0.3 m above the graft
union was measured annually during dor-
mancy (November to January) and used to
calculate TCSA and these values were used
to adjust crop load treatments (number of
fruits/TCSA) for the upcoming season. Each
year for each treatment tree, the total number
of fruit were counted and weighed from
a single picking at commercial harvest on
25 Sept. 2007, 30 Sept. 2008, and 5 Oct.
2009. Average fruit weight per tree was
calculated from harvest fruit counts and total
weight. A 25-apple sample was randomly
selected from the three tree boxes and pooled
for each experimental plot. Fruit were eval-
uated annually for flesh firmness, skin color,
titratable acidity (TA), and SSC. Flesh firm-
ness was determined with a Baullaf pene-
trometer (Lake City Technical Products Ltd.,
Kelowna, BC, Canada) with an 11.1-mm-
diameter tip. Percent red skin color was esti-
mated visually. SSC of the juice was measured
with a refractometer and TA was determined
by titration of juice with 0.1 M NaOH to an 8.1
pH end point with data expressed as g/100 mL
malic acid equivalents. An additional random
subsample of 10 fruit at harvest was used to
calculate incidence of disorders including wa-
ter core, sunburn, internal breakdown, and
bitter pit.

Analysis of variance was performed on all
measured soil and plant variables using the
GLM procedure (SAS, 2006). The experimen-
tal design was a split plot with four irrigation
main plot treatments, three crop load subplots,
and six replicates. TDR soil moisture readings
were made only on the four irrigation treat-
ments in the C2 plots and were analyzed as
a randomized block design with three repli-
cates. Leaf photosynthesis, gS, and midday
stem potential measurements were made on
three irrigation treatments with four reps in
2007 and three reps in 2008–09 and restricted
to the low and high crop load treatments. An
arcsin transformation was performed on per-
cent data (red color) before analysis. Data
were analyzed separately by year due to
changes in crop load treatments over time as
trees grew larger in addition to the practical
necessity of alternating high and low crop
loads annually. All plot trees were included in

a regression analysis to determine crop load
thresholds for an acceptable average fruit size
(200 g) under different irrigation treatments.

Results and Discussion

Weather. In general, weather patterns
suggest the study period was representative

of typical conditions for this semiarid fruit
growing region during May to September
(normal irrigation season), although average
monthly temperatures exceeded long-term
averages the 3 years the experiment was
maintained. Exceptions were Aug. 2007 and
May 2008 when averages were less than
long-term normals (Fig. 1). Cumulative

Fig. 2. Average daily volumetric soil moisture content, measured hourly for each irrigation treatment and
daily precipitation during the main growing season (day of year 140–270) during (A) 2007, (B) 2008,
and (C) 2009. Vertical bars = +1 SE indicated on the 100% evapotranspiration replacement treatment.
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precipitation from May to September was
below normal in the last 2 years of the study
and above normal in the first year. However,
cumulative totals did not fluctuate more than
11% from long-term normals (152 mm)
during these 5 months. Individual months
when precipitation was more than double
long-term averages included July 2007 and
June 2008, which were each followed by
relatively dry months when precipitation was
less than normal values (Aug. 2007, July
2008). Similar dry months occurred in Sept.
2008 and May 2009 (Fig. 1).

Climate change scenarios for the Okana-
gan basin, where this study was undertaken,
have indicated that existing water supply may
be unable to cope with the increased demand
associated with projected increases in peak
ET requirements and length of the growing
season (Neilsen et al., 2006). This has in-
creased interest in irrigation strategies that
reduce water applications without compro-
mising fruit production. In our study, annual
water reductions, ranging from 18% to 50%
of maximum, were imposed over a 3-year
period and have been expressed as volumes
per tree or unit area of land (Table 1). It is
also apparent from these calculations that
substantial water savings resulted from the
use of drip rather than overlapping sprinkler
irrigation that would have wet the whole
orchard floor. Annual water applications by
drip ranged from 62% to 66% of what would
have been applied for the same treatments if
sprinkler irrigation had been used.

Soil moisture. Irrigation treatments af-
fected volumetric moisture content in the
surface 40 cm of the soil throughout the
study from 2007–09 (Fig. 2). The highest
average profile moisture content was mea-
sured for Irr1, which received irrigation at
100% ET replacement (both sides) with daily
moisture values fluctuating around and
frequently exceeding 20% by volume, the
10 kPa presumed field capacity value for this
soil. Intermediate soil moisture values were
measured for the ‘‘wet’’ side of Irr3, which

received per tree irrigation averaging 50% of
ET replacement but applied through one
emitter on one side of the tree. The moisture
content of this treatment frequently exceeded
that of Irr2, which received the same amount
of water split between two emitters. Driest
soil moisture values were observed for the
dry side of Irr3 (data not shown) and Irr4,
which received minimal water applications
per tree that became progressively more
severe from 2007 to 2009. In 2009, when
Irr4 applications were made at 18% ET
replacement, moisture contents declined be-
low 10%. It is also notable that early season
moisture values in 2009 were very low for all
irrigation treatments when TDR measure-
ments commenced following a very dry
May (Figs. 1 and 2C). Intermediate to low
soil moisture values were observed for soils
receiving irrigation at 50% of ET through
both emitters. During the study, soil moisture
values increased for all irrigation treatments
including around DOY 200 and 260 in 2007
(Fig. 2A), DOY 222 in 2008 (Fig. 2B), and
DOY 225 in 2009 (Fig. 2C) coinciding with
periods of natural precipitation. In 2007 and
2009, rainfall events of 50 mm masked
differences in irrigation treatments for �1
week. There was also a period of equipment
malfunction, DOY 225 to 230 in 2008
(Fig. 2B).

The differences in soil moisture were
measured in an important portion of the root
zone as apples grown on M.9 rootstock,
receiving daily irrigation and fertigation,
have previously been shown to have an
average rooting depth of less than 0.3 m in
a similar loamy sand soil (Neilsen et al.,
1997). It was noteworthy that minimum
measured soil moisture contents of �10%
by volume in irrigation treatment Irr4 in the
final year of the study occurred at moisture
retention values of �–100 kPa.

Yield and fruit size. Targeted and signif-
icantly different low, medium, and high crop
loads were achieved annually, 2007–09,
when harvested, counted, weighed, and

expressed as number of fruit/cm2 of dormant
season TCSA (Table 2). Irrigation treatments
did not affect crop load in any year. Tree
yield paralleled crop load treatments in the
first year of the study (2007), increasing as
crop load increased from low to high. There
were no yield differences among irrigation
treatments in 2007. However, in 2008 and
2009, there was a significant interaction
between crop load and irrigation treatments,
with yield unaffected by irrigation treatment
at the low crop load in 2008, but with
significant differences among irrigation treat-
ments at medium and high crop loads in 2008
and among all crop loads in 2009. In these
2 years highest overall yield was associated
with Irr1 (100% ET replacement irrigation)
and lowest yields for trees receiving only 25%
and 18%ET replacement irrigation, respectively.

Fruit size (fresh weight) consistently de-
clined as crop load increased exhibiting
a larger range of values than those associated
with irrigation treatments (Table 2). Irriga-
tion treatments also affected fruit size each
year with largest fruit observed for Irr1,
although not significantly different from
Irr2 and Irr3 fruit in 2008. Smallest fruit
was observed in the Irr4 treatment although
size was not significantly smaller than Irr2
fruit and Irr3 fruit in 2007, the first year of the
study. Very small fruit (<100 g) were ob-
served in 2009 for the high crop load and the
greatest irrigation deficit when Irr4 trees
received irrigation at 18% ET replacement.

Crop load has long been recognized as
having a major effect on annual apple yield
and fruit size (Hansen, 1973; Palmer et al.,
1997; Volz et al., 1993) and over multiple,
successive growing seasons (Yuri et al.,
2011), with high crop load reducing fruit size
over a range of apple cultivars (W€unsche and
Ferguson, 2005) due to competition for pho-
toassimilates. An interaction between tree
water status and crop load has been shown
for many fruit tree cultivars, including peach
(Girona et al., 2004), pear (Marsal et al.,
2008), and apple (Naor et al., 2008), so that

Table 2. Actual measured crop load, yield, and fruit size as affected by crop load and irrigation treatment, 2007–09.

Crop loadz (C)

Measured crop load (N/cm2 TCSA) Yield (kg/tree) Fruit size (g)

2007 2008 2009 2007 2008 2009 2007 2008 2009

Low 2.7 c 3.6 c 3.6 c 7.2 c 264 a 244 a 233 a
Medium 4.9 b 6.4 b 7.5 b 12.1 b 246 b 199 b 159 b
High 8.7 a 10.5 a 15.3 a 15.5 a 182 c 139 c 96 c
Significance **** **** **** **** **** **** ****

Irrigation (I) Low Medium High Low Medium High

Irr1 5.2 6.8 9.1 11.6 9.7 17.2 21.9 13.1 20.9 22.5 250 a 216 a 187 a
Irr2 5.5 6.7 9.6 11.0 9.1 14.5 18.1 12.9 15.7 19.9 230 b 193 a 159 b
Irr3 5.7 6.7 10.1 11.4 8.8 15.8 18.3 9.7 22.5 15.7 223 b 211 a 152 b
Irr4y 5.4 7.0 10.4 11.2 8.1 10.7 12.2 9.4 10.2 12.9 228 b 157 b 98 c
Significance NS NS NS NS **** *** ****
C · I interaction NS NS NS NS * * NS NS NS

SE of interaction mean 1.0 1.5

Irr1: 100% evapotranspiration (ET) both sides daily; Irr2: 50%ET both sides daily; Irr3: 50%ET one side daily; Irr4: every two days, both sides at 50%ET (2007),
25% ET (2008), and 18% ET (2009).
NS, *, ***, ****Nonsignificant or means significantly different at P = 0.05, 0.001, or 0.0001, respectively.
zLow crop load targeted at 2.5, 3, and 3.75 fruit/cm2 TCSA, 2007–09, respectively; medium crop load at 4.5, 6, and 7.5 fruit/cm2 TCSA, 2007–09, and high crop load
target at 9, 12, and 15 fruit/cm2 TCSA, 2007–09.
yIrrigation for this treatment reduced to 25% ET (2008) and 18% ET (2009).
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judicious fruit thinning can be applied to
minimize fruit size reduction on water
stressed trees. In our multiple year study on
‘Ambrosia’ apple on M.9 rootstock, a 3- (first
2 years) to 4-fold (last year) range of crop
load treatments were maintained across con-
trasting season-long drip irrigation treat-
ments including presumed minimum stress
(100% ET) and several deficit treatments as
low as 18% ET in the 3rd year. Over the
3 years of the project, actual crop loads for
measurement trees ranged between 2.0 and
20.7 fruit/cm2 TCSA.

Plant water status. Midday stem water
potential fluctuated within the –0.9 to –2.8
MPa range observed by Naor et al. (2008)
who considered values around and below
–2.0 MPa to be indicative of detrimental
water stress. In this study, volumetric soil
moisture content below 15% resulted in
average seasonal declines in midday stem
water potential (Fig. 3) to –1.8 MPa with
some individual readings as low as –2.4MPa.
Significant plant stress was observed at soil
moisture contents between 15% and 10%,
equivalent to soil moisture potentials of –20
to –100 kPa, particularly under high evapo-
rative demand supporting Hillel’s contention
(2004) that the wilting point and plant water
stress depend on evaporative demand relative
to hydraulic conductivity rather than soil
water potential per se. For apple, with its
sparse rooting system, this is likely the result
of localized drying, which can reduce soil
hydraulic conductivity and water supply
(Naor, 2006). This may be exacerbated by
high plant hydraulic resistance which will
also contribute to low plant water potential
during times of high evaporative demand
(Landsberg and Jones, 1981).

Crop load effects were apparent within
days of imposition of crop load treatments in
2007 (Fig. 4A) and at first measurement in
2008 and 2009 (Fig. 4B and C). Differences
between crop load treatments were observed
throughout the growing season in all years
with minimum midday stem water potential
values observed later in the growing season
(Fig. 4). There were no effects of irrigation
treatments on midday stem water potentials
in the first year (Fig. 4D). After the first year,
stem water potential generally reflected the
amount of water applied with 100% ET
replacement treatments supporting least
negative potentials, commonly in the –1.0
to –1.2 MPa range (Fig. 4E and F). Trees
receiving 50% ET replacement irrigation
had intermediate values regardless of
whether water was applied to one or both
sides of the tree whereas Irr4, with minimum
water applications (18% to 25% ET replace-
ment), had midday stem potential values
declining to values approaching and below
–2.0MPa late in the growing season (Fig. 4E
and F). Even with presumed optimum irri-
gation (100% ET replacement, Irr1), midday
stem water potential often ranged between
–1.0 and –1.3 MPa, a further indication of
the difficulty of maintaining unstressed con-
ditions in coarse-textured soils, despite applying
irrigation daily.

Leaf photosynthesis and gS.Gas exchange
variables were less sensitive and consistent
indicators of plant stress in response to crop
load and irrigation deficits than midday stem
potential. In general, crop load treatments
had less effect than irrigation treatments on
net leaf photosynthesis and gS, with minimal
interaction between treatments. Compared
with low crop load trees, high crop load tree
had greater net leaf photosynthesis and gS
after DOY 200 in 2007, before DOY 200 in

2008 and did not differ in 2009 (data not
shown).

Increased leaf photosynthesis has been
widely reported for fruiting relative to non-
fruiting trees (W€unsche and Ferguson, 2005).
However, little increase in photosynthetic
rate was observed for trees with greater than
12 fruit/m2 leaf area (Palmer et al., 1997),
which translated into �4.5 fruit/cm2 TCSA
estimated from their reported fruit number
and TCSA values. Increased photosynthetic

Fig. 4. Midday stem water potential (YSTEM) as affected by low and high crop load in (A) 2007, (B) 2008,
(C) 2009 and by irrigation treatments in (D) 2007, (E) 2008, (F) 2009 growing seasons. Vertical
error bars = ± 1 SE. Differences between treatment means: *(p# 0.05); **(p# 0.01); ***(p# 0.001);
****(p # 0.0001).

Fig. 3. Relationship between seasonal average midday stem water potential (YSTEM) and seasonal average
volumetric soil moisture content in 2007, 2008, and 2009. N = 11 for each year.
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activity was occasionally observed as crop
load increased �4-fold from 2.5 to 9 fruit/
cm2 TCSA or from 3.75 to 12 fruit/cm2 TCSA
in first and second year, respectively. This
effect had disappeared by the 3rd year when
the low crop load, 3.75 fruit/cm2 TCSA, was
close to the 4.5 fruit/cm2 upper limit of crop
load influence on photosynthesis (Palmer
et al., 1997).

As the severity of deficits increased from
2007 to 2009, net leaf photosynthesis and gS
were increasingly affected by the irrigation
treatments (data not shown). Effects were
minimal in 2007. Increasing the deficit in
Irr4% to 25% ET replacement in 2008 and
18% ET replacement in 2009, reduced net
leaf photosynthesis and gS toward the end of
the growing season in 2008 and throughout
the growing season in 2009 compared with
Irr1 (100% ET replacement). These results
mirrored differences in soil moisture contents
(Fig. 2) and were consistent with declines in
leaf gas exchange associated with deficit
irrigation for apple (Ebel et al., 1993; Mills
et al., 1996) and pear (Marsal et al., 2008).

To understand better the effects of crop
load management and irrigation deficits on
plant performance, seasonal averages of gas
exchange and plant water status variables
were plotted for all years (Fig. 5 and 6). gS
was strongly correlated to leaf photosynthetic
rate (Fig. 5A) regardless of crop load treat-
ment. Consistent with findings of Lakso
(2014) that apple stomata avoid excessive
opening resulting in high water use effi-
ciency, irrigation deficits of 50% did not
change the coupling of gS and photosynthesis
(Fig. 5B). However, the relationship weak-
ened when irrigation applications were re-
duced to 18% to 25% ET irrigation (Irr4) in
2008 and 2009 as indicated by the difference
in slope of the regression lines for these
treatments. This can be explained by the
reduction in gS in response to declining mid-
day stem water potentials (Fig. 6). At higher
crop loads, gS was higher at a given stem
water potential suggesting that sensitivity of
gS to water stress was less than at lower crop
loads as suggested for pear by Marsal et al.
(2008), apple and olive (Naor, 2014). Conse-
quently, it was at the greatest irrigation
deficits (18% to 25% ET replacement), that
the strongest relationship existed between
actual crop load (for each measurement tree)
and stem water potential (Fig. 7).

To examine further the factors controlling
fruit size at different crop loads, plots were
recategorized into those with <6, 6–12, and
>12 fruit/cm2 TCSA. Fruit size at harvest was
linearly related to stem water potential
(Fig. 8), but not to gS and net photosynthesis
(data not shown). Fruit size deceased as crop
load increased and midday stem water poten-
tial decreased. Despite the higher rates of gS
at a given stemwater potential for higher crop
loads (Fig. 7) fruit size declined rapidly
below a target economic size of 200 g at crop
loads greater than 6 fruit/cm2 TCSA, in
response to low stem potentials (Fig. 8). This
suggests an upper limit to crop load imposed
by competition for photoassimilates, which

Fig. 5. Relationships between annual average stomatal conductance (gS) and net photosynthesis (An) in
response to (A) crop load (n = 34) and (B) irrigation treatment (n = 18, except for the 18–25%
evapotranspiration every second day treatment where n = 11). Data for all years are included.

Fig. 6. Relationship between annual average stomatal conductance (gS) and midday stem water potential
(Ystem) as affected by crop load. Data for each measurement plot in all years are included, n = 34.

Fig. 7. Relationships between midday stem water potential (YSTEM) and crop load as affected by irrigation
treatments (n = 18, except for the 18–25% evapotranspiration every second day treatment where
n = 11). Data for all years are included.
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was reduced as tree water status declined and
became an increasingly important determi-
nant of gS (Marsal et al., 2008; Naor et al.,
2008).

The effect of crop load on fruit growth in
response to tree water status associated with
different deficit irrigation strategies can be
used to devise potential management strate-
gies in times of drought. In all years for all
irrigation treatments, there was a highly sig-
nificant linear relationship between fruit size
and crop load when data from individual trees
for all replicates were plotted (R2 ranging
from 0.74 to 0.85, n = 54, for daily irrigation
treatments and from 0.62 to 0.78 for alternate
day irrigation treatments, n = 17), (Fig. 9).
Assuming a desired average fruit size of
200 g, a crop load of �8 fruit/cm2 TCSA
was achievable over the 3 years at Irr1 (100%
ET irrigation). Reducing season-long irrigation
to 50% ET replacement would have reduced
optimum crop load slightly, to 7 fruit/cm2 TCSA
if applied, either every second day or to one
side of the tree, and to 6.5 fruit/cm2 if applied
to both sides of the tree. At 25% irrigation
applied every second day, as in 2008, crop
load would need to be reduced to 4 fruit/cm2

TCSA to achieve 200 g fruit (Fig. 9). In 2009,
with annual irrigation at 18%ET replacement,
it was not possible to achieve 200 g fruit by
reducing crop load. This year was character-
ized by a very dryMay occurring at the time of
cell division when apple is particularly sensi-
tive to water stress (W€unsche and Ferguson,
2005). The irrigation treatments imposed in
our study were season long. The fruit size data
from 2009 suggest that delaying the imposi-
tion of deficit irrigation until after cell division
(4–5 weeks post bloom) would be a good
practical strategy, particularly since water
savings by deficit irrigation at a time of
relatively low ET are not large.

In general, these results support, for ‘Am-
brosia’ apple, the contention that for many
fruit tree crops (Girona et al., 2004; Marsal
et al., 2008; Naor et al., 2008) reducing crop
load can maintain fruit size under conditions
of water stress, provided the reduced water
applications do not compromise early apple
growth during cell division or are so severe
(<50% ET replacement) that reasonable ap-
ple size cannot be achieved.

Fruit quality. Fruit quality, as measured
by fruit firmness, red coloration, soluble

solids, and TA was usually affected by crop
load treatments with effects commencing the
first year of the study in 2007, whereas
irrigation effects became apparent in years
2 and 3 (2008–09) (Table 3). In 2007, in-
creased firmness was associated with low
crop load, whereas the opposite was observed
in 2009. In 2008, there was a significant
interaction between irrigation treatment and
crop load with firmer fruit at Irr4 relative to
Irr2 at the medium crop load and relative to
all other irrigation treatments at the high
crop load. Firmest fruit were also measured
for Irr4 trees when water application was
reduced to 18% ET replacement in 2009.
Percent red color was enhanced at low crop
loads in 2008–09 and reduced at Irr4 in 2009.
Soluble solids content was consistently high-
est at low crop load and at Irr4 in 2008 and
2009. Titratable acidity was consistently
highest at low crop load, including in 2008
when there was a significant interaction
between crop load and irrigation treatments.
Titratable acidity was highest for Irr4 fruit in
2009, but only at the high crop load in 2008.
There were no quality differences observed
between fruit in response to water applications
on one (Irr3) or both (Irr2) sides of the tree.
Few fruit disorders were observed at commer-
cial harvest throughout the study with inci-
dence of breakdown (0.7%) and bitter pit
(0.05%) rare and unrelated to treatments. The
most common harvest disorders were water
core (16% of fruit) and sunburn (5%). Only
water core was related to treatments, being
higher at low crop loads in 2007–08 and at Irr1
in 2009 (data not shown).

Other than for fruit size (e.g., Naor et al.,
2008), there have been few studies that have
investigated the effects of interaction be-
tween irrigation and crop load on fruit qual-
ity. In a single-year study, Mpelasoka et al.
(2001) found no interaction between crop
load and irrigation. In our 3-year study,
interactions were not observed for red color
and soluble solids and only in a single year
(2008) for firmness and TA. Crop load
consistently affected fruit quality with red
color and SSC increased at low crop load as
has been generally observed for apple
(W€unsche and Ferguson, 2005). This sug-
gests that reducing crop load to mitigate
water stress will generally be beneficial to
fruit quality in addition to increasing fruit
size. An exception was fruit firmness, which
showed a transition from firmest fruit in first
year at low crop load to firmest fruit at high
crop load in the 3rd year, the latter effect
a likely consequence of extremely small fruit
at high crop load in 2009. Ebel et al. (1993)
reported a similar relationship between very
small fruit and increased fruit firmness. Three
of the four irrigation treatments involved
maintenance of season-long water deficits,
and the elevation of fruit SSC associated with
these irrigation treatments is consistent with
elevated SSC frequently reported after deficit
irrigation (Ebel et al., 1993;Mills et al., 1996;
Mpelasoka et al., 2000). Otherwise, effects of
irrigation on fruit quality were limited to
reduced red color, high TA, and firmer fruit

Fig. 8. Relationships between fruit size and midday stem water potential (YSTEM) as affected by actual
crop load [<6 fruit/cm2 trunk cross-sectional area (TCSA) n = 32; 6–12 fruit/cm2 TCSA n = 26;
>12 fruit/cm2 TCSA n = 11].

Fig. 9. Relationships between fruit size and actual crop load for all plots and for each irrigation treatment.
Data for 2007, 2008, and 2009 are pooled. Vertical arrows indicate the crop load required to yield an
average fruit weight of 200 g. Data for all treatment plots are included; n = 54 for the daily irrigation
treatments and n = 17 for the every second day irrigation treatments.
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when deficit irrigation was most severe (Irr4,
18% ET) in the last year of the study.

Conclusions

Soil moisture contents responded to the
amount of water applied per irrigation treatment
except during the occasional intense summer
storms, which eliminated differences among
irrigation treatments for about aweek. Low stem
water potential values occurred at soil water
potentials much above the permanent wilting
point (–1500 kPa), suggesting high-threshold
soil moisture contents around 15% (–20kPa)
for avoiding moderate plant water stress
(<–1.5 MPa) and around 10% (–100 kPa) for
avoiding severe plant water stress (<–2.0 MPa).

Negative effects of low soil moisture due
to imposed water deficits on plant water
status were offset by reducing crop load. At
full irrigation (100% ET replacement), the
optimum crop load for ‘Ambrosia’ apple,
defined as producing an average fruit size of
200 g, was 8 fruit/cm2 TCSA Under these
conditions, seasonal average midday stem
water potential was greater than –1.5 MPa.
Water applications at 50% ET replacement in
the first year reduced fruit size sufficiently
that crop load reductions to 7 fruit/cm2 TCSA
were required to maintain a 200 g average
size when water was applied either every
second day or daily to one side of the tree and
to 6.25 fruit/cm2 TCSA when applied to both
sides of the tree. However, beyond the first
year, midday stem water potentials began to
reflect more closely the amount of water
applied with minimum values approaching
and below –2.0 MPa late in the growing
season when water applications were less
than 50% ET replacement. If water applica-
tions were reduced to 18%ET replacement, it
was not possible to adjust crop load to
maintain an average fruit size of 200 g.

The benefits of crop load reduction on fruit
size manifested soon after imposition of the
treatment, whereas size reduction associated
with deficit irrigation occurred later in the
growing season during maximum evaporative

demand. Generally, reducing crop load has
few other negative effects on fruit quality
since firmness and SSC increased while fruit
disorders, other than core at harvest, were not
increased. However, there are some important
limitations to depending on crop reduction to
overcome reducedwater applications. Reducing
water supply early in the growing season post
bloom during cell division is undesirable due to
serious reductions in fruit size that can occur and
cannot be overcome by subsequent crop re-
duction. This is also usually a time of lower air
temperatures and evaporative demand when
lower water savings are possible when irrigating
according to ET. Furthermore, extreme reduc-
tions inwater application, as in this study at 18%
to25%ET replacement, create conditionswhere
it is not possible to reduce crop sufficiently to
result in reasonable fruit size or quality.
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