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Abstract: Climate change is affecting water resources in the Mediterranean region. In olive orchards,
irrigation water use efficiency could be increased by accounting for trees’ alternate bearing behaviour
and growth-stage sensitivity to drought. The main objective of this study is to examine olive tree
phenology, morphology and physiology in “on” and “off” productive years for the improvement of
irrigation scheduling. A regulated (RDI) and a sustained (SDI) deficit irrigation treatment were applied
in a ‘Koroneiki’ olive orchard in Cyprus. Flowering occurred on 11 May 2019 and on 27 April 2021,
which was caused by the lower temperatures in 2019. The Kc for the irrigation season, computed from
daily water balance observations, was 0.37 in 2019 (38% canopy cover) and 0.41 in 2021 (62% canopy
cover). Irrigation treatments did not significantly affect plant morphology and stem water potentials. In
“on” years, shoot elongation ceased early in the season and stem water potential towards the end of
September (−4.0 MPa) was lower than in the “off” year. Stem water potential recovery in the September
of the “off” year indicated that irrigation could be less than 35% ETc in early fall. Water savings in RDI
were 24–32% in “on” and 48% in “off” years relative to SDI, with no statistically significant effects on
olive yields.

Keywords: growing degree days; water balance; growth periods; canopy leaf area

1. Introduction

Climate change projections show that annual precipitation totals will decrease in
Mediterranean countries [1]. In some Mediterranean areas, limitations on available water
amounts are already seen in cultivated plantations, such as olives [2]. Olive trees have been
recognized for their capability to withstand water stress by balancing water loss and uptake
through morphological and physiological adaptations [3]. The development of smaller
diameter xylem vessels has been reported in rainfed olive trees [4]. Anatomic changes
reduce embolisms in the xylem vessels caused by increases in water potential gradients
between leaves and soil during periods with high evaporative demand and limited soil
water [5]. Low leaf water potentials and stomatal conductance [2,6] reduce transpiration [3]
and therefore yield [6]. To enhance irrigation water use efficiency and alleviate the impacts
of limited water resources on plant growth and production, deficit irrigation practices
can be applied [6]. These practices could be evaluated with observations of several plant
indicators [7]. Olive trees’ responses to water stress differ according to environments [8],
irrigation practices [2] and genetic materials [9]. Therefore, the characterization of environ-
ments and agronomic conditions through phenological observations and crop coefficients
is important for generalizing the findings of experimental field research.
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Apart from the impacts that water deficits may have on olive fruit yield, olive trees
are known for their alternate bearing habit, with years of high yield generally referred
to as “on” years and years with low or no yield as “off” years. The yield variations
result in morphological and physiological differences between years [2,10]. During “on”
years, water deficits may considerably affect flowering indices, shoot elongation and bud
formation, limiting yields in the following year too. The trees may show less sensitivity
to water deficits during the maximum rate of pit hardening and early oil accumulation
stages [11–13]. Therefore, olive tree water requirements may differ between phenological
stages and “on” and “off” years.

The results of water stress can be directly seen in plant morphology, such as flowering
indices [14], shoot elongation and fruit growth [8,15]. In the study of Hueso et al. [14],
the numbers of flower buds of rainfed and 40% ETc eight-year-old ‘Arbequina’ trees were
significantly lower than those of fully irrigated trees. Fully irrigated trees are characterized
by the tendency to augment vegetative growth, as was noted in seven-year-old ‘Morisca’
trees grown in Spain. In that study, fully irrigated olive trees had 10 cm longer shoots at
the end of the year compared to trees that were only irrigated when stem water potential
was below −2 MPa [8]. Gucci et al. [15] found a reduction in fruit volume by 0.1–0.2 cm3 in
trees receiving 53% ETc compared to fully irrigated trees. Predawn leaf water potential in
this study remained above −1 MPa for fully irrigated trees, while it decreased to −4.5 MPa
in deficit irrigated trees around two months after flowering [15]. Thus, plant morphology
observations can be used to indicate plant water stress effects.

The effects of water stress on tree physiology can be described by stem water potential
observations (Ψs, MPa). Stem water potentials are widely used to understand plant transpi-
ration, which is determined by the vapour difference between leaf and air and regulated by
stomata and boundary layer resistances [16]. Under non-limiting soil water conditions and
high midday vapour pressure deficits (VPD, kPa), water potential gradients between leaves
and soil drive water uptake by the roots [17–19]. With the progress of soil drying, large
forces are required to break the bonds between soil and water particles. As a result, water
potential gradients from roots to leaves are enhanced and stomatal closure is required in
order to restrict water loss from the leaves [16,17]. To understand and explain Ψs changes
over the irrigation season, the relations between Ψs, soil water content and evaporative
demand have been investigated by a number of authors (e.g., Corell et al. [20]; Moriana
et al. [2]). In Spain, 18-year-old rainfed ‘Picual’ trees maintained a Ψs around −2 MPa
when soil available water was at 50%, while at 0% soil available water Ψs was −8 MPa [2].
Corell et al. [20] found a linear relation between Ψs and VPD in mature ‘Manzanillo’ and
‘Cornicabra’ olive trees irrigated with more than 100% ETc. They reported a Ψs of −0.8 MPa
at a VPD of 0.3 kPa and a Ψs of −2.2 MPa when VPD was 3.5 kPa. Although soil moisture
and VPD may be used to explain plant growth and physiology changes over the irrigation
season, their relations remain difficult to describe.

The size of the tree canopy has a major role in plant–yield relations, as it determines
the volume of assimilates that can sustain yield [21]. Fruit yield affects tree physiology,
as was shown for ‘Arbequina’ trees grown in Argentina [21] and ‘Morisca’ trees grown in
Spain [22]. Approximately five months after full flowering, the Ψs of fully irrigated trees with
limited production was above −1.7 MPa, while the Ψs of trees with high production was
−2.2 MPa [21,22]. These authors reported that the Ψs of highly productive trees during the
irrigation season was around 1 MPa lower when average daily VPD exceeded 3 kPa, compared
to days when VPD was below 3 kPa [21] or when irrigation was around 60% ETc [22]. These
effects were less apparent in fully irrigated or low-yield trees, indicating the importance
of irrigation and fruit yield on olive tree physiology during the year [21,22]. In contrast,
Naor et al. [10] found no statistically significant differences in Ψs between visually identified
low- and high-yielding 6-year-old ‘Koroneiki’ trees grown in Israel under full irrigation. Thus,
a better understanding of the relations between tree water stress, canopy size and yield can
contribute to more efficient irrigation.
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Year-to-year variation in the occurrence of different plant growth stages, driven by
climatic conditions, can be determined with phenological observations [23]. The effect of air
temperature on main phenological growth stages can be described using growing degree
days (GDDs), which quantify the cumulative heat units above a selected temperature
threshold to reach a growth stage [24]. Threshold temperatures are generally obtained by
minimizing the difference between GDDs for flowering between years. Different thresholds
have been found for olive trees, with the use of aerobiological data, such as 16–18 ◦C in
central Italy [24], 11–12 ◦C in south Italy [25] and 7 ◦C in northwest Spain [26]. However,
different starting dates and chilling requirements have been used in these studies. The
GDD results found in the literature are also affected by other environmental conditions and
olive varieties in the investigated area [25,26]. The scientific documentation and analysis of
phenological observations and GDDs are important for explaining shifts in phenological
growth stages as a result of changing climatic conditions.

Climatic conditions [27], leaf area [28] and crop load determine tree water require-
ments [29]. Allen et al. [27] recommended a mean annual Kc of 0.65–0.70 for trees with
40–60% canopy cover area. More recently, monthly Kc values for different varieties have
been established [30,31]. A Kc of 0.40 was computed for 40% canopy cover ‘Picual’ trees [30]
and a Kc of 0.57 for 51% canopy cover ‘Arbequina’ trees for summer months in Spain [31].
Olive tree irrigation amounts should therefore account for the selected variety and the
environmental and agronomic conditions of the growing location.

The main objective of this study is to advance our knowledge of olive tree–water
relations during different phenological stages and “on” and “off” years in order to improve
deficit irrigation scheduling. The hypothesis is that substantial irrigation water savings can
be obtained without significant effects on morphological processes and yield when account-
ing for growth-stage sensitivity to water stress and trees’ alternate bearing behaviour. The
specific objectives are: (1) to analyse the effect of two irrigation treatments during two “on”
years and one “off” year on (a) flowering indices and fruit set, (b) fruit and shoot growth,
(c) stem water potentials and (d) olive yields; (2) to determine the GDD for full flowering
and for the maximum rate of pit hardening; (3) to analyse the relations between stem water
potential, soil water content and vapour pressure deficit; and (4) to analyse the relations
between stem water potential, canopy leaf area and yield.

2. Materials and Methods
2.1. Experimental Site and Irrigation Treatments

The research was conducted on a drip-irrigated, commercial organic olive farm, located
at an inland location in Nicosia District in Cyprus. The experimental site and methods are
explained in detail by Siakou et al. [32], who analysed the effect of irrigation treatments
and harvest dates on olive yield and oil quality during the 2019 season. The field consists
of a 0.5 ha area planted with olive trees (Olea europaea cv Koroneiki) at 6 m × 6 m planting
distance in a loamy soil. Average canopy cover was 32% in 2019. The soil was not tilled and
weeds were mowed three or four times each year and left to dry on the field. Fertilization
took place around February each year. In 2018, the farmer applied a total of 211 mm
irrigation from April to November, at 10–12 day intervals, which, together with 140 mm
rain, fulfilled approximately 56% ETc. The experiment started in 2019 when a sustained
(SDI) and a regulated (RDI) deficit irrigation treatment were applied to the field in weekly
applications. The crop season began on 1 March each year (with initial shoot appearance)
and ended on 28 February of the next year.

In “on” years, sustained deficit irrigation supplied 70% ETc during the irrigation
season, whereas RDI provided the trees with 70% ETc at drought-sensitive stages (flowering,
bud induction by the end of the pit hardening stage) and 35% ETc at drought-tolerant
stages (maximum rate of pit hardening and oil accumulation) [33]. In the “off” year (2020),
the RDI treatment received 35% ETc during the full season. A description of the three
phenological growth periods [34] used for analysing water balance components and plant
observations and the percentage of ETc applied in each treatment are presented in Table 1.
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Table 1. Phenological growth periods during 2019–2021 used for the water balance computations and
analysis of plant observations and the percentage of crop water requirements (ETc) for the sustained
(SDI) and regulated (RDI) deficit irrigation treatments.

Year Period Dates Phenological Growth Stage ETc-SDI
(%)

ETc-RDI
(%)

2019 1 13 May–30 June 69–71 End of flowering–early fruit growth 70 70
2 01 July–01 September 71–79 Maximum rate of pit hardening 70 35.70 1

3 02 September–12 October 80–81 Oil accumulation–start of rainfall 70 35.70 2

2020 1 18 May–28 June 31–37 Fast shoot elongation 70 35
2 29 June–30 August 38 Small rate of shoot elongation 70 35
3 31 August–11 October 39 End of shoot elongation-start of rainfall 70 35

2021 1 04 May–19 June 69–71 End of flowering–early fruit growth 70 70
2 20 June–22 August 71–79 Maximum rate of pit hardening 70 35.70 1

3 23 August–02 October 80–81 Oil accumulation–start of rainfall 70 35.70 2

1 70% ETc applied for two weeks at the end of this stage. 2 70% ETc applied for two weeks at the beginning of
this stage.

As no fruit growth was observed in 2020, approximately the same growth periods as
in 2019 were used for comparisons between the “on” and the “off” years. In 2021, all the
main phenological stages occurred approximately 2 weeks earlier than in 2019 (Section 3.2).
To avoid large soil water content differences, Mondays were used as the starting day for
the water balance computations of different growth periods and Sundays as the end of the
periods (irrigation every Tuesday).

A complete randomized design was used with five replicate plots for each of the two
deficit irrigation treatments. Each plot consisted of three irrigation lines with 6–7 trees. Three
trees located in the middle irrigation line in each plot were used for plant measurements
(15 trees per treatment). Volumetric soil water content (VSWC, %) was recorded hourly in
the rootzone of three neighbouring trees in two replicate plots per treatment (6 trees per
treatment). Volumetric soil water content sensors (5TM, Decagon, USA and SMT100, Truebner,
Germany) were placed approximately 1 m from the tree trunk at 10, 20, 40 and 60 cm depths.

Temperature, relative humidity and wind speed were recorded at 10 min intervals
with a meteorological station (Lufft WS500) located in the orchard, while precipitation was
recorded with a tipping bucket rain gauge (Lambrecht 15189) at 5 min intervals. Irrigation
needs were calculated using a Kc of 0.40 [32] and the reference evapotranspiration (ETo),
which was computed from the meteorological data of the previous week with the Penman–
Monteith equation [27]. Vapour pressure deficit (VPD, kPa) was calculated based on
Allen et al. [27], using meteorological data from 10:00 to 13:00 on physiology measurement
days (see Section 2.3).

2.2. Growing Degree Days, Flowering and Pit Hardening

The accumulated growing degree days (GDDs, ◦C days) to reach full flowering and the
maximum rate of pit hardening were calculated based on McMaster and Wilhelm [35] as:

GDDs = Σ[(Tmax + Tmin)/2 − Tthr] = Σ(Tmean − Tthr) for Tmean > Tthr (1)

where Tmax is the daily maximum air temperature (◦C), Tmin is the daily minimum air
temperature (◦C) and Tthr is the threshold temperature (◦C). Calculation of the accumulated
heat units began in January and tested threshold temperatures between 5–15 ◦C, following
Pérez-López et al. [36] and Orlandi et al. [25]. Estimation of GDDs to flowering and
maximum rate of pit hardening were made for two “on” years, 2019 and 2021.

Olive tree flowering observations were based on Oteros et al. [37] and were made
twice weekly on the four azimuthal directions of 15 trees for each treatment. Flowering date
was assumed when the average number of open flowers exceeded the number of swollen
buds in the trees in each treatment. The maximum rate of pit hardening was assumed to be
the time that average fruit longitudinal diameters remained constant for approximately
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two weeks after the initial, fast fruit development [38]. Following Rapoport et al. [38], the
pit-hardening stage may last approximately 50–60 days, with the maximum rate of pit
hardening starting around 30 days after the initial appearance of this stage and taking
around 20–30 days to complete.

2.3. Fruit Set, Plant Morphology and Physiological Observations

After the first flower buds had opened, their number was counted on four 15 cm long
branches located at the four azimuthal directions in 15 trees per treatment (five replicate
plots). By the end of flowering, fruit set was defined as the percentage of fruits developed
relative to the number of flowers counted at flowering. Fruit numbers in each of the
labelled branches were counted monthly until harvesting. In 2019 and 2021 (“on” years),
longitudinal (L, cm) and equatorial (W, cm) diameters of 10 randomly selected olive fruits
per tree, located 1.5 to 2.0 m above the ground, were measured with a digital calliper. Fruit
volume (V, cm3) was calculated, following Rapoport et al. [38], as:

V = 4/3π × L/2 × (W/2)2 (2)

Shoot elongation was measured in four labelled shoots of 0.1–0.2 cm located at the
four azimuthal directions of the trees every two to three weeks starting in April, each year.
All labelled shoots were positioned at the mid-canopy, around 1.5–2.0 m from the ground.
All morphology measurements were taken in 15 trees per treatment (five replicate plots).

Midday stem water potential was measured weekly or biweekly using a pressure
chamber (1505D, PMS Instruments, Albany, OR, USA). Stem water potential was measured
in all trees with soil water content sensors, one day before irrigation and two days after
irrigation. On the day before irrigation, Ψs was also measured on two additional trees in
each of the remaining three replicate plots per treatment, resulting in a total of 12 trees per
treatment. Two days after irrigation, one tree from each of the remaining three replicate
plots per treatment was measured (a total of nine trees per treatment). A single leaf, in
each of the selected trees, located near the main trunk was covered with aluminium foil
for two hours before the measurement in order to equilibrate [6]. The measurements were
completed in around 30–50 min between 12:00 and 14:00 h.

2.4. Yield, Irrigation Water Productivity and Canopy Leaf Area

Total yield for each of the monitored trees was obtained during the final harvest
(mechanical with brushes) on 15–22 January 2020 and 17 January 2022. Irrigation water
productivity (WPi, kg m−3) was computed as the average fruit yield of five replicate
plots divided by the average irrigation volume of the plots, for each treatment, following
Fernández et al. [39]. Leaf area index (LAI, m2 m−2) was measured with a plant canopy
analyser (LAI–2200C, LI–COR Biosciences, Lincoln, NE, USA). Observations were obtained
on 10 January 2020, from 7:00–7:30 am, and on 23 September 2021, from 11:00 to 12:00 [40].
Two optical LAI–2250 sensors were used, one for above and one for below plant canopy
measurements. The measurements were made at approximately 20 cm below the plant
canopy, close to the tree trunk. A view cap of 90◦ was used to block the tree trunk from
the sensor’s field of view. Measurements were made at the four azimuthal directions of
the tree. Canopy cover areas (CA, m2) were extracted from 2D aerial images, obtained
with an Unmanned Aerial Vehicle’s (Inspire 2 with Zenmuse X4S camera, DJI, Shenzhen,
China) flight over the field on 17 December, 2019. The methods used for the aerial image
acquisition and processing are described by Siakou et al. [32]. Canopy area measurements
were also made on 17 January 2022 by measuring the distance from the tree trunk to the
edge of the canopy in the four azimuthal directions. The canopy area was used in the
water balance computations for the 2019–2021 irrigation seasons and together with the leaf
area index (CA × LAI) to explore relations between canopy leaf area and Ψs or yield (see
Section 2.5).
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2.5. Statistical Analysis

Stem water potential, fruit growth, shoot elongation, flower and fruit numbers of each
treatment and measurement date were tested for normality using the Shapiro–Wilk test with
a 95% confidence interval. Irrigation treatment effects were analysed for statistically signifi-
cant differences (α = 0.05) for each measurement date, using the independent-samples t-test.
For the few cases where data were not normally distributed, the two-sample Kolmogorov–
Smirnov test was used. Plant measurements are presented as means and standard errors of
five replicate plots for each irrigation treatment.

Multiple linear regression analysis was used to identify the statistical significance
(α < 0.05) of the relation between Ψs and soil water content and VPD, for each year, growth
period and irrigation treatment (six models per year). For each observation date of the
analysis, the mean Ψs of five replicate plots in each treatment and the mean soil water
content of six trees, located in two replicate plots per treatment, were used.

Yields of all monitored trees in each treatment (15 trees) were plotted against the canopy
leaf areas of the 2019 and 2021 crop seasons. The median Ψs observed during Periods 2 and 3
of the six trees with soil water content sensors in each treatment were plotted against canopy
leaf areas and yields of 2019 and 2021. A principal component analysis (PCA) was carried
out for the Ψs and VSWC (medians) of Periods 1–3 and the canopy leaf area and yield for the
12 trees with soil water content sensors for 2019 and 2021. Statistical analysis was performed
with SPSS statistical software (IBM Corp., Armonk, NY, USA).

3. Results and Discussion
3.1. Environmental Conditions and Irrigation Monitoring

An overview of precipitation, irrigation, VPD, VSWC and Ψs during 2019, 2020 and
2021 is presented in Figure 1. Precipitation was 565 mm in 2019, 318 mm in 2020 and
202 mm in 2021 (see monthly meteorological data in Appendix A, Table A1). The long-term
average annual rainfall (1980–2010) for the site is 340 mm [41]. For Periods 1–3, total
precipitation was similar in “on” years (74 and 67 mm) and was absent in the “off” year.
Total water savings in RDI, relative to SDI, were 32% during the 2019 irrigation season, 48%
during the 2020 season and 24% during the 2021 season. The water balance components for
the three phenologically based periods during the irrigation seasons of the three monitoring
years are summarized in Table 2.

Average VSWC of the 70 cm rootzone of the SDI trees was lower than that of the
RDI trees (VSWCSDI = 26–27%, VSWCRDI = 28–30%) before irrigation treatments started
in Period 1 in all monitored years (Figure 1). This was mainly due to low soil moisture
contents at 40 and 60 cm depths for three of the six SDI trees, most likely caused by soil
heterogeneity. When 35% ETc was applied to the RDI trees in Periods 2 and 3, VSWC
was slightly lower in the RDI treatment (VSWCRDI = 23–26%) than in the SDI treatment
(VSWCSDI = 24–29%) for the three years. The difference in VSWC between SDI and RDI
trees in Period 3 was larger in 2021 than in 2019, which may have been due to problems
with low water pressure in the irrigation system. This may have been caused by the higher
variability in Ψs of the RDI trees in September compared to the SDI trees.

In all three years, Ψs measurements (Figure 1) were not significantly different (p > 0.05)
between irrigation treatments. Irrigation amounts in Period 1 of the three years were less
than 70% ETc in both treatments due to the high average VSWC ( > 26%). These effects can
be more clearly seen in the minimum Ψs of the treatments, which was higher or equal to
−2.8 MPa during that period (Table 2). After the start of the maximum rate of pit hardening
(25 June, 2019), Ψs of the SDI treatment slowly decreased to a minimum Ψs of −3.4 MPa
(2019) and −3.5 MPa (2021) in the “on” years and −2.9 MPa in the “off” year (2020). The
difference in minimum Ψs is unlikely to be due to evaporative demand because VPD at the
time of these measurements was 2.4 kPa in 2019, 1.6 kPa in 2021 and 4.9 kPa in 2020.
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Figure 1. Precipitation, irrigation, VPD, average soil water content of the 70 cm rootzone of two
replicate plots and average stem water potential (Ψs) for five replicate plots for sustained (SDI) and
regulated (RDI) deficit irrigation treatments, during two “on” years (2019, 2021) and an “off” year
(2020). Growth periods are indicated with grey arrows at the top.
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Table 2. Precipitation (P), reference (ETo) and crop evapotranspiration (ETc, computed with Kc = 0.4)
irrigation for sustained (ISDI) and regulated (IRDI) deficit irrigation treatments, drainage (DR), soil
water content change (∆VSWC), computed crop coefficients (Kc) and minimum stem water potential
in SDI (Ψs-SDI) and RDI (Ψs-RDI) (average of five replicates) in Periods 1–3 (see Table 1) for 2019–2021.

Year Period P ETo ETc ISDI IRDI DRSDI DRRDI ∆VSWCSDI ∆VSWCRDI Kc Ψs-SDI Ψs-RDI

mm mm mm mm mm mm mm mm mm MPa MPa

2019
“On”

1 72 256 102 46 46 −5 −6 −13 −13 0.32 −1.9 −1.8
2 0 325 130 102 52 −12 −1 −20 −18 0.39 −3.4 −3.4
3 2 143 57 57 37 −10 −5 16 2 0.41 −4.0 −4.0

2020
“Off”

1 0 213 85 42 24 −7 −3 −11 −23 0.29 −2.0 −2.0
2 0 339 136 82 41 −10 −5 −12 −29 0.41 −2.9 −2.9
3 0 155 62 41 20 −5 0 6 5 0.38 −2.9 −3.1

2021
“On”

1 0 236 94 53 47 −4 −7 −13 −1 0.30 −2.8 −2.4
2 51 345 138 61 44 −6 −9 −8 −14 0.39 −3.5 −3.5
3 16 168 67 49 30 −3 −4 7 −21 0.52 −2.9 −3.7

Minimum Ψs in Period 3 was −4.0 MPa on 23 September 2019 (Figure 1, Table 2) in
SDI, although irrigation amounts were near the 70% ETc requirement (VPD = 2.3 kPa).
By 31 October 2019, the Ψs of the trees recovered to −1.7 MPa after 81 mm rain. During
the same period in the “off” year, the Ψs of the SDI treatment recovered (−2.8 MPa) on
21 September before the start of the rainfall (4 November), while the VPD at the time of
measurement was 2.8 kPa. Stem water potential reached −1.5 MPa in November 2020 after
28 mm of rainfall (VPD = 1 kPa). In Period 3 of 2021, minimum Ψs was −2.9 MPa in the SDI
and −3.7 MPa in the RDI treatment on 23 of September. This difference between treatments
was not significant (p = 0.109) due to the high variability observed in the Ψs of the RDI
trees (−5.1 MPa < Ψs < −2.5 MPa). Overall, the less negative Ψs observed by September in
the “off” year compared to the “on” years may indicate low water demand and therefore
irrigation needs (<35% ETc) of the trees. These findings are similar to those reported by
Bustan et al. [29], who reported a 30% higher ETa in over-irrigated trees that did not receive
fruit thinning compared to thinned trees, in a lysimeter experiment. Similarly low Ψs
values during the fruit growth period were recorded by Martín-Vertedor et al. [22]. These
authors found a minimum Ψs of −4 MPa in September in fully productive rainfed trees,
while the minimum Ψs remained above −2 MPa in fully productive and non–productive
trees under 75% ETc irrigation.

The Kc for the irrigation season (including irrigation days) of the SDI treatment was
0.39 in 2020 and 0.41 in 2021 (canopy cover of 62%). This is close to the Kc of 0.37 obtained
for the 2019 irrigation season (canopy cover 38%) [32]. The Kc was derived by minimizing
the sum of the daily water balance errors (bias) for days without rainfall and without
soil moisture stress for each irrigation season. The Kc in Period 1 ranged between 0.29
and 0.32 for the three years (Table 2). The Kc during Period 3 in the SDI treatment was
similar in 2019 and 2020 (0.38–0.41) but higher in 2021 (0.52), which could have been due to
the increase in canopy cover and a 16 mm rainfall observed on an irrigation day (8 mm).
These Kc values are lower than the Kc values of 0.48 in August and 0.65 for the irrigation
season in “Nocellara del Belice” trees with 35% canopy cover grown in Italy reported by
Cammalleri et al. [42]. However, these authors included evaporation losses from wet soils
after irrigation or rainfall in the Kc computation by applying the dual crop coefficient
approach. The transpiration of the trees was estimated from sap flow measurements [42].

3.2. Growing Degree Days, Flowering and Fruit Set

Full flowering occurred on 11 May 2019, while it was observed 14 days earlier in
2021, on 27 April 2021. The calculated GGDs until flowering and the start of the maximum
rate of pit hardening are summarised in Table 3. The smallest differences between the
calculated GDDs of the two years were found using a threshold temperature of 8 or 14 ◦C for
flowering and 14 ◦C for maximum rate of pit hardening. Long-term monitoring is needed
to reduce the uncertainty of these temperature thresholds. The months from January to
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April were wetter in 2019 (334 mm) than in 2021 (78 mm), and monthly average daily mean
temperatures during those months ranged between 9 and 15 ◦C in 2019 and between 11
and 17 ◦C in 2021. Therefore, the observed shift in flowering and maximum rate of pit
hardening between 2019 and 2021 may have resulted from the wetter spring in 2019 and the
approximately 2 ◦C difference in monthly mean temperatures from January to April. This
shift in flowering may have affected olive ripening too, considering that average monthly
temperature was similar in both years from May to November (24 ◦C), although rainfall for
this period in 2019 (141 mm) was two times the rainfall in 2021 (69 mm). The maturity index
was 1.4 (optimum quality) on 3 December 2019, while the maturity index on 2 December
2021 was 2.4.

Table 3. Growing degree days (GDDs, ◦C days) at different threshold temperatures for two main
olive growth stages during two “on” years.

Growth Stages Threshold Temperatures (◦C)

5 6 7 8 9 11 13 14 15

Full flowering (◦C days) 11 May 2019 947 817 690 565 445 252 139 103 74
27 April 2021 902 787 674 564 462 280 144 106 81

Maximum rate of
pit hardening (◦C days)

25 June 2019 1844 1669 1496 1327 1162 879 676 595 521
20 June 2021 1876 1708 1541 1377 1221 931 687 595 516

The threshold temperatures fall within the range of 7 ◦C in northwestern Spain [26] and
16 ◦C in central Italy [24] reported in the literature. The GDDs computed using a threshold
temperature of 5 ◦C are close to the 890 ◦C days reported by Pérez-López et al. [36], but
the difference in GDDs between the two years with a 5 ◦C threshold is higher than with a
threshold of 8 ◦C.

Flower and fruit numbers as well as fruit set percentage are presented in Table 4.
Although the low rainfall before flowering and the higher mean monthly temperatures
delayed flowering in 2021 compared to 2019, flower numbers were not affected (Table 4).
All trees received the same irrigation amount in 2018 and, as expected, there were no
statistically significant differences in flowers (p = 0.18) and fruit numbers (p = 0.86) between
treatments in 2019. However, there were still no statistically significant differences in
flowers (p = 0.44) and fruit numbers (p = 0.41) between irrigation treatments in 2021 after a
constant 70% ETc (SDI) and 35% ETc (RDI) were applied to the trees during the “off” year.
Orlandi et al. [25] found that water stress could severely affect the development of flowers.
This was not the case in the current study, most likely because soil moisture remained
above the water stress threshold for most of March and April.

Table 4. Average flower and fruit numbers in 15 cm long branches and fruit set calculated as the
percentage of fruit to flower numbers for five replicate plots per treatment.

Treatment Flowers/Branch Fruits/Branch Fruit Set (%)

30 April 2019 27 May 2019 27 May 2019 11 June 2019 09 July 2019

SDI 234 ± 10 18 ± 2 7.8 2.5 2.2
RDI 210 ± 12 19 ± 2 9.0 3.0 2.6

15 April 2021 18 May 2021 18 May 2021 27 May 2021 29 June 2021

SDI 214 ± 5 21 ± 3 10.2 5.7 3.9
RDI 238 ± 29 18 ± 2 7.9 5.0 3.9

Girón et al. [43] also reported that deficit irrigation application during the maximum
rate of pit hardening did not affect flower numbers the following year. On the contrary,
studies conducted in Chili and Spain [14,44] reported that Ψs values between −1.4 and
−2.2 MPa during full flowering and fruit set of young ‘Arbequina’ olive trees could decrease
fruit yield. However, in both “on” years in the current study, Ψs at flowering was around
−2 MPa (Figure 1), with a similar fruit set observed in “on” years.
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3.3. Plant Morphology

Fruit growth in 2019 and 2021 and shoot elongation in 2020 and 2021 are shown in
Figure 2. There were no statistically significant differences (p > 0.05) in fruit volume or in
shoot length between the two irrigation treatments. Fruit growth began approximately
10 days after full flowering (see Section 3.2). Shoot elongation in 2019 was limited, with the
average shoot length remaining around 1 cm. In 2021, 32–33% of the labelled shoots in both
irrigation treatments turned into inflorescences by 05 April 2021. During “on” years, shoot
elongation ceased around the flowering or maximum rate of the pit hardening stage. This
was most likely due to the assimilate demand for flower formation and fruit growth, as
described for well-watered 4-year-old ‘Barnea’ and ‘Coratina’ trees grown in Israel [29,45]
and 9-year-old ‘Arauco’ trees grown in Argentina [46], where fruits were manually thinned.

Figure 2. Average fruit volume in 2019 and 2021 (a) and shoot length in 2020 and 2021 (b) for five
replicate plots for sustained (SDI) and regulated (RDI) deficit irrigation treatments. Periods 1–3 are
indicated with grey colouring. Error bars are standard errors.

Fruit growth was fast early in the irrigation season and until the estimated start of the
maximum rate of pit hardening (25 June 2019, 20 June 2021). Fast fruit growth was again
observed in mid-October only in 2019 as a result of rainfall and a decrease in VPD from 2 to
0.5 kPa from early to mid-October. Fruit final volume by the end of November was smaller
in 2021 than in 2019, most probably because of the little rainfall observed in October and
November of 2021 (22 mm) compared to 82 mm in 2019. Girón et al. [43] found that the
pattern of fruit growth was similar in fully irrigated 44-year-old ‘Manzanillo’ trees and
trees where irrigation was withdrawn at the maximum rate of pit hardening in Spain, even
though their Ψs values after the treatments began were significantly different.

Fast elongation of the shoots was observed from March until June 2020, while the
rate of elongation slowed down by early July (Ψs = −2.0 MPa). Final shoot length was
observed by the end of August (Ψs > −3 MPa). Morphology measurements in “off” years
indicate that irrigation may be less important by September due to the absence of fruits and
the already elongated shoots. These results are in line with the Ψs observations presented
in Section 3.1. A similar result was found by Moriana et al. [2], who examined the trunk
growth rate of productive and non-productive trees. These authors reported a constant
trunk growth rate in non-productive trees until the end of the irrigation season. In fully
and deficit-irrigated productive trees trunk growth stopped in early May, although the Ψs
was still around −2 MPa [2].

3.4. Plant Physiology

The relations between Ψs, VSWC and VPD analysed with multiple linear regression
models are shown in Table 5 and Figures 3 and 4. Soil water content did not affect Ψs
during Period 1 of the monitored years, with minimum Ψs of −2.1 MPa, although there
was high variation in VSWC (Figure 3a,c) and VPD (Figure 3b,d). The less negative Ψs
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observed in the trees early in the irrigation season may indicate that hydraulic conductivity
and stomatal conductance were high, probably due to the low VPD, as reported by Diaz
Espejo et al. [5].

Table 5. Multiple linear regression analysis of the relation between Ψs (average of five replicate
plots per treatment) and volumetric soil water content (VSWC, of six trees in two replicate plots per
treatment) and vapour pressure deficit (VPD) for three growth periods (see Table 1) and three years.

Year Period

N

Model (p-Value)
Ψs × VSWC × VPD

Significance (p-Value)

Ψs × VSWC Ψs × VPD

SDI RDI SDI RDI SDI RDI

2019 1 6 0.646 0.274 0.984 0.164 0.502 0.140
2 13 0.131 0.412 0.050 0.199 0.681 0.739
3 8 0.069 0.172 0.029 0.228 0.527 0.188

2020 1 6 0.323 0.300 0.428 0.324 0.686 0.294
2 8 0.074 0.011 0.035 0.005 0.984 0.555
3 7 0.326 0.240 0.167 0.115 0.762 0.999

2021 1 7 0.478 0.356 0.263 0.239 0.639 0.761
2 4 0.993 0.977 0.969 0.881 0.998 0.971
3 2 – – – – – –

Figure 3. Average stem water potential of five replicate plots in sustained (SDI) and regulated (RDI)
deficit irrigation treatments in relation to soil water content (six trees per treatment) and vapour
pressure deficit for Period 1 during 2019 (a,b) and 2020 (c,d). Error bars indicate standard errors.
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Figure 4. Average stem water potential of five replicate plots in sustained (SDI) and regulated (RDI)
deficit irrigation treatments in relation to soil water content (six trees per treatment) and vapour
pressure deficit for Periods 2 (a,b) and 3 (c,d) in 2019 and Periods 2 (e,f) and 3 (g,h) in 2020. Regression
equations are given for statistically significant relations (p < 0.05). Error bars indicate standard errors.
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The VSWC was found to have a statistically significant effect on Ψs during Periods 2
and 3 in 2019 for the SDI treatment only. This can also be seen by the higher coefficients of
determination (R2) for SDI than for RDI in Figure 4a,c (missing VPD values on 07 October
2019). This is most likely due to the higher variations in the VSWC of the RDI treatments.
A significant relation between Ψs, VSWC and VPD in the RDI treatment was found during
Period 2 in 2020 (eq. Ψs = −4.02 + 0.06 VSWC + 0.05 VPD). At the same time, the Ψs values
for both treatments were significantly affected by the VSWC (Table 5, Figure 4e), while
VPD had a relatively limited effect on Ψs (Figure 4f). The lower minimum Ψs observed
in Period 3 (−3.9 MPa) of 2019, when the average VSWC was 27% and VPD was 1.8 kPa
compared to 2020 (Ψs = −3.0 MPa, VSWC = 24%, VPD = 2.4 kPa) shows the impact of
fruit development on water uptake (Figure 4a,c). In Period 3 of 2020, the minimum Ψs of
both treatments did not decrease below −3.0 MPa even when VSWC was near 19%. The
opposite was observed in “on” years, when Ψs was less than −3 MPa even when VSWC
was close to field capacity. The R2 between VSWC and Ψs was 0.34 for SDI and 0.45 for
RDI during Period 3 of 2020 (Figure 4g). However, these relations were not statistically
significant. No significant relations were found in 2021.

The VPD did not have an effect on Ψs during most of the analysed periods, which
is in contrast to Corell et al. [20], who found a good relation between Ψs and average
daily VPD (R2 = 0.68) in three orchard locations in Spain. However, in the current study
trees are under deficit irrigation, whereas Corell et al. [20] analysed fully irrigated olive
trees. Even though VPD did not show a good relation to Ψs, the increase in VPD and
evapotranspiration over the season (across the three periods) together with the reduction in
VSWC could be responsible for the progressive decline in Ψs. Diaz-Espejo et al. [5] reported
that stomatal conductance and transpiration become high under increasing VPD conditions.
As a result, water uptake and loss are not balanced and leaf water potentials become more
negative [5]. Contrary to the results of the current study, Ben-Gal et al. [47] found that
productive 4-year-old ‘Barnea’ and ‘Souri’ trees grown in Israel had lower Ψs (−4.5 MPa)
with 30% ETc than with 75% ETc (−3 MPa) irrigation treatments in September. This could
have been related to the differences in the varieties and in the age of the trees.

Stem water potentials presented in the current study are clearly lower than the values
reported by Moriana et al. [8] for fully or deficit-irrigated olive trees grown in Spain,
where Ψs for deficit irrigation was kept above −1.2 MPa early in the irrigation season
and above −1.4 MPa, from pit hardening until the end of the irrigation season. These
authors used a different Ψs for pit hardening since it was not possible to maintain it above
−1.2 MPa in summer. Martín-Vertedor et al. [22] reported a minimum Ψs of −2 MPa in
July and September for deficit–irrigated (60% ETc) productive and non-productive trees in
southwest Spain.

Overall, olive trees have the potential to control stomatal conductance and therefore
cell turgor and keep a balance between water uptake by the roots and plant transpiration
under drought conditions. This way, the trees maintain sap movement in the xylem system
and limit cavitation in the vessels [3,5]. Olive trees were characterized by high resistance to
xylem cavitation compared to other plants [5]. Ennajeh et al. [3] found that two-year-old
potted ‘Chemlali’ trees were able to sustain photosynthesis at leaf water potentials of
−6 MPa, although stomatal conductance and transpiration became progressively lower.
Morphological adaptations, such as small leaf sizes [48] and small diameter xylem vessels,
limit water loss from leaves to the atmosphere [4]. In the study of Rossi et al. [4], rainfed
olive trees under conditions of limited water availability formed approximately twice the
number of small diameter xylem vessels (< 20 µm) compared to irrigated trees in order to
avoid xylem cavitation and hydraulic failure.

3.5. Relations between Ψs, Canopy Leaf Area and Yield

Olive fruit yields averaged 34 kg tree−1 (RDI) and 33 kg tree−1 (SDI) in 2019 and 35 kg
tree−1 (RDI) and 34 kg tree−1 (SDI) in 2021 and were not significantly different between
treatments (p > 0.8). Overall, the average yield was 9.5 ton ha−1 per year. Furthermore, no
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significant difference between treatments was found for oil yield and oil quality in 2019 [32].
The average water productivity was 6.2 (RDI) and 4.5 (SDI) kg fruits m−3 irrigation water in
2019 (p = 0.1) and 6.6 (RDI) and 4.7 (SDI) kg fruits m−3 irrigation water in 2021 (p = 0.2). The
olive yields are different from those in the study of Ben-Gal et al. [47] which was referred to
above, in which they reported that 75% ETc irrigated trees had a three times higher yield than
trees that received 30% ETc.

The relation between yield and canopy leaf area (Figure 5) was stronger in the RDI
than in the SDI treatment because of the larger range in the observed yields. Yield and
canopy leaf area were governed by a positive relation, as also reported by Pierantozzi
et al. [49] for mature ‘Genovesa’ trees. Similar to the current study, these authors found no
difference between the obtained yields of fully irrigated trees with two-month water deficit
of 25 and 75% ETc applied during the spring season (flowering).

Figure 5. Yield of all 30 monitored trees in sustained (SDI) and regulated (RDI) deficit irrigation treat-
ments in relation to canopy leaf area for 2019 (a) and 2021 (b). R2 is the coefficient of determination.

The relations between the median Ψs of Periods 2 and 3 and the canopy leaf area
(CA × LAI) and yield are shown in Figure 6. Median Ψs was obtained from eight observations
in 2019 and 2021 for the six trees with soil water content sensors in each treatment (five trees
in RDI during 2019, since one tree was accidently harvested early). In 2020, no relations
(R2

SDI = 0.171, R2
RDI = 0.098) between Ψs and canopy leaf area were found (data not shown).

Negative linear relations were found between the Ψs and leaf area or yield of both treatments
in 2019 and 2021. A good relation between Ψs and canopy leaf area or yield was found in
the SDI treatment during both 2019 and 2021. Water stress effects are apparent in RDI trees,
with the relations having more negative Ψs than in SDI. Average LAI of both treatments was
1.5 m2 m−2 in 2019 and 2.8 m2 m−2 in 2021. Trees with large leaf areas, and therefore high
yields (Figure 5), also had lower Ψs (Figure 6b,d).

The PCA showed strong correlations between the eight variables. The first two
principle components explained 66% of the variance in 2019 and 69% in 2021. In 2019, the
first principle component covered almost all variables: yield, canopy leaf area, the Ψs of all
three periods and the VSWC of Period 3. The second component described the VSWC of
Periods 2 and 3 and the Ψs of Period 2. In 2021, the first component described the Ψs of
Periods 1–3, the VSWC of Periods 2 and 3 and the yield. The second component described
the yield, canopy leaf area and VSWC of Period 1 (see Appendix B, Tables A2 and A3). The
principle component analysis scores for trees with soil water content sensors are shown in
Appendix B (Figure A1).
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Figure 6. Median stem water potential of Periods 2 and 3 for soil moisture-monitored trees in
sustained (SDI) and regulated (RDI) deficit irrigation treatments in relation to canopy leaf area (a,c)
and yield (b,d) for 2019 and 2021. Error bars show the minimum and maximum stem water potential.
R2 is the coefficient of determination.

4. Conclusions

This study presents the effects of alternate bearing on ‘Koroneiki’ olive tree–water
relations under two irrigation treatments at an inland location in Cyprus. The results
showed that the climatic conditions affected the dates of the main phenological growth
stages (flowering and maximum rate of pit hardening). A Kc of 0.37 in 2019 (“on”), 0.39 in
2020 (“off”) and 0.41 in 2021 (“on”) was computed from daily water balance observations
for the three years, from March to November. Water balance computations showed similar
water demands in “on” and “off” years.

Fruit growth caused a substantial reduction in shoot elongation during “on” years
and a more negative Ψs by September (oil accumulation stage) compared to “off” years,
probably due to higher assimilation needs in the “on” year. The observed recovery in Ψs
on 21 September in the “off” year indicated that irrigation volume could potentially be
reduced by more than 35% ETc in early fall. Regulated deficit irrigation saved 24–32% water
in “on” years and 48% in “off” years relative to the SDI treatment. Long-term monitoring
is required to understand how water stress in “off” years may affect plant parameters in
“on” years under variable environmental conditions. Weekly or biweekly measurements
of Ψs after the start of the maximum rate of pit hardening are important to understand
plant water stress for different crop loads and VSWCs. These relations can assist irrigation
scheduling decisions by defining Ψs thresholds for irrigation in “on” and “off” years that
may have limited effects on fruit yield or enhance oil quality. Observations of phenological
stages, shoot growth and fruit volumes will provide additional knowledge on tree growth
water sensitivity.
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Appendix A. Monthly Meteorological Data

Table A1. Monthly total precipitation (P), average daily minimum and maximum temperature (Tmin,
Tmax) and relative humidity (RHmin, RHmax), average vapour pressure deficit (VPD) and wind speed
(WS) and total reference evapotranspiration (ETo) for the tree years, 2019–2021.

Year Month P
mm

Tmin
◦C

Tmax
◦C

RHmin
%

RHmax
%

VPD
kPa

WS
m s−1

ETo
mm

2019 January 128.6 3.5 15.2 57.5 98.6 0.4 0.3 28.4
2019 February 132.2 4.6 15.9 58.7 98.6 0.4 0.3 38.6
2019 March 40.3 5.4 19.1 48.9 96.9 0.6 0.3 68.9
2019 April 33.2 8.0 22.4 42.5 95.4 0.9 0.3 97.5
2019 May 0.1 13.0 31.7 23.7 84.0 2.1 0.5 150.9
2019 June 72.0 17.5 33.6 30.6 93.5 1.9 0.4 154.8
2019 July 0.0 19.0 35.9 24.9 86.1 2.4 0.5 167.8
2019 August 0.0 19.7 36.7 27.4 93.5 2.3 0.5 149.3
2019 September 1.6 17.5 33.7 32.9 93.4 1.8 0.4 110.5
2019 October 67.0 15.9 29.7 39.0 89.0 1.2 0.3 50.0
2019 November 0.3 10.3 24.2 53.7 96.7 0.8 0.3 32.9
2019 December 89.5 5.9 18.0 64.8 99.6 0.4 0.2 25.7
2020 January 101.3 3.7 14.5 70.6 99.5 0.3 0.3 27.4
2020 February 22.8 3.9 15.8 65.6 99.4 0.3 0.4 40.8
2020 March 62.1 7.7 19.8 63.4 100.0 0.4 0.4 48.6
2020 April 17.6 8.2 24.1 48.8 99.0 0.8 0.4 104.0
2020 May 13.9 13.3 30.2 29.1 83.1 1.8 0.5 145.1
2020 June 0.0 15.4 32.2 29.9 89.8 1.9 0.5 156.3
2020 July 0.0 19.6 37.9 24.8 95.5 2.6 0.5 176.0
2020 August 0.0 19.6 37.9 24.0 91.7 2.6 0.5 156.4
2020 September 0.0 19.2 36.9 25.9 91.2 2.5 0.4 118.3
2020 October 0.1 15.6 31.8 30.1 88.7 1.8 0.3 75.7
2020 November 37.9 11.0 22.3 50.9 97.5 0.7 0.2 36.8
2020 December 62.1 6.9 19.1 59.7 100.0 0.5 0.2 26.1
2021 January 25.7 4.9 17.6 58.2 99.8 0.4 0.2 30.1
2021 February 10.7 4.4 18.6 52.0 97.6 0.5 0.3 42.8
2021 March 26.0 4.8 19.5 45.3 96.2 0.6 0.4 72.4
2021 April 15.7 8.3 25.9 30.5 91.5 1.4 0.4 110.2
2021 May 0.2 13.7 33.1 24.1 88.1 2.1 0.4 155.9
2021 June 28.7 16.0 32.6 29.3 86.3 1.9 0.5 147.8
2021 July 0.0 19.8 34.8 24.9 85.8 2.5 0.4 161.6
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Table A1. Cont.

Year Month P
mm

Tmin
◦C

Tmax
◦C

RHmin
%

RHmax
%

VPD
kPa

WS
m s−1

ETo
mm

2021 August 1.2 20.8 39.1 20.3 86.2 3.0 0.5 1 161.5
2021 September 15.9 16.8 33.4 29.1 91.8 1.9 0.5 1 114.1
2021 October 13.6 13.0 29.2 30.7 89.1 1.5 0.5 1 78.6
2021 November 7.5 10.1 24.9 41.4 91.3 1.0 0.5 1 46.3
2021 December 204.7 6.0 17.0 54.8 97.0 0.6 0.5 1 29.5

1 Missing WS data, due to sensor failure, replaced with standard WS, following Allen et al. [27].

Appendix B. Principal Component Analysis

Table A2. Principal component matrix for different variables (sorted by size) and variance explained
by each principal component for 2019.

Component Matrix 2019

Component

1 2 3

Variance explained (%) 42 24 15

Yield −0.961 −0.103 −0.053
Canopy area × LAI −0.786 −0.306 0.390

Ψs_Period 3 0.705 −0.493 0.447
Ψs_Period 2 0.696 −0.570 0.307
Ψs_Period 1 0.678 0.211 −0.412

VSWC_Period 1 −0.021 0.873 0.278
VSWC_Period 3 0.526 0.637 0.395
VSWC_Period 2 −0.327 0.168 0.600

Table A3. Principal component matrix for different variables (sorted by size) and variance explained
by each principal component for 2021.

Component Matrix 2021

Component

1 2 3

Variance explained (%) 46 23 16

Ψs_Period 3 0.916 0.161 −0.048
Ψs_Period 2 0.912 0.059 −0.205
Ψs_Period 1 0.827 −0.089 −0.321

VSWC_Period 3 0.783 0.274 0.356
Canopy area × LAI −0.166 0.899 0.113

Yield −0.501 0.778 0.128
VSWC_Period 1 −0.192 −0.565 0.717
VSWC_Period 2 0.637 0.140 0.689
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Figure A1. Principal component analysis scores for 11 trees in 2019 (a) and 12 trees in 2021 (b) with
soil water content sensors.
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