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Abstract: The present work evaluates the main adaptive mechanisms developed by young sweet
cherry trees (Prunus avium L.) to cope with drought. For this purpose, the young trees were subjected
to two drought cycles with different water stress intensities followed by a recovery period. Three
irrigation treatments were applied: control treatment (CTL) irrigated to ensure non-limiting soil
water conditions; moderate water stress (MS) subjected to two drying cycles whose duration was
dependent on the time elapsed until the trees reached values of midday stem water potential (Ψstem)
of −1.3 and −1.7 MPa for the first and second cycle, respectively; and severe water stress (SS) similar
to MS, but with reference values of −1.6 and −2.5 MPa. In-between drought cycles, MS and SS
trees were irrigated daily as the CTL trees until reaching Ψstem values similar to those of CTL trees.
The MS and SS trees showed an important stomatal regulation and lower vegetative growth. The
decreasing leaf turgor potential (Ψturgor) during the drought periods accounted for 40–100% of the
reduction in leaf water potential at midday (Ψmd). The minimum osmotic potential for mature
leaves was about 0.35 MPa lower than in well-irrigated trees. The occasional osmotic adjustment
observed in MS and SS trees was not sufficient to maintain Ψturgor values similar to the CTL trees or
to increase the specific leaf weight (SLW). The leaf insertion angle increased as the water stress level
increased. Severe water stress (Ψstem < −2.0 MPa) resulted in clear early defoliation as a further step
in water conservation.

Keywords: leaf insertion angle; leaf water potential and components; Prunus avium L.; water stress;
stem water potential; vegetative growth; defoliation

1. Introduction

In drylands, where scarce water availability is the main restricting factor for crops,
drought periods have increased in terms of the geographic area affected, frequency, and
intensity as a consequence of global climate change [1]. Drought stress, generally charac-
terized by a combination of high solar radiation, high temperature, and water scarcity [2],
is one of the main abiotic stresses worldwide that negatively affects crops’ metabolism,
growth, and yield [3]. In these areas, even under irrigated agricultural conditions, crops
may be subjected to many instances of stress and recovery from cycle stress [4]. In this
context, it is indispensable to understand how a plant responds and adapts to drought
conditions in order to maintain its growth, development, and productivity. The adaptive
responses of plants to drought can be morphological, physiological, or biochemical and
are not easy to understand, as they are dependent on the plant type, phenological stage,
stress duration, intensity, and rate of stress imposition and frequency [5]. For this reason,
understanding the mechanisms involved in a crop’s responses and adaptations to drought
periods is essential for the successful implementation of deficit irrigation strategies to
minimize the damages caused to yield and fruit quality [6] and to cope with increasingly
frequent drought periods.
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Sweet cherry trees (Prunus avium L.) are amongst the most important fruit trees grown
commercially worldwide. The world production of fresh cherries has increased by 29% in
the last 10 years, reaching 2.6 Mt in 2019 [7]. Spain is the sixth-largest worldwide producer
and the largest producer of fresh cherries in Europe [7]. Sweet cherry trees are characterized
by their significant sensitivity to water stress during preharvest, when fruit growth may be
penalized by water deficit [8–10]. Conversely, water deficit could be applied during the
post-harvest period, after the flower differentiation period, when fruit quality or yield is
little or not penalized by regulated water deficit [11]. In this way, deficit irrigation strategies
have been successfully applied to sweet cherry trees [8,10–12]. However, there is still a
lack of knowledge on the drought adaptation mechanisms of sweet cherry trees, with this
knowledge being decisive for the management of sweet cherry orchards under regulated
deficit irrigation (RDI).

The mechanisms developed by crops to resist water deficit can be divided into es-
cape, avoidance, or tolerance [13]. Thus, in the genus Prunus, certain morphological and
physiological adaptations allow its species to survive in situations of water stress [14,15].
Previous studies with almond and apricot trees indicated that drought adaptations were
mainly based on avoidance mechanisms [14,16]. Stomatal control is considered the main
physiological mechanism for regulating transpiration and conserving water in plants to
avoid irreversible damage due to dehydration [17]. In this context, strong stomatal regu-
lation was described in young and mature sweet cherry trees under water stress [18,19].
These mechanisms allow the plants to minimize water loss and maximize water uptake.
Likewise, drought stress could modify the morphology of the leaf (e.g., leaf size and thick-
ness) and reduce vegetative growth, which, together with stomatal regulation, would lead
to a significant decrease in photosynthesis [17,20]. Livellara et al. [21] reported a significant
reduction in shoot length and canopy volume in young sweet cherry trees. On the other
hand, tolerance mechanisms, such as the active accumulation of osmotically active solutes,
have been reported for many crops [22]. An increase in the concentration of solutes could
contribute to a reduction in the osmotic potential, thereby maintaining the turgor potential
in the cells [22], although the capacity for osmotic adjustment may vary among organs
within a plant [23]. In almond trees, Castel and Fereres [14] reported that the degree of
osmotic adjustment was limited during water stress periods, with the trees unable to
maintain high turgor potential values.

Despite the importance and cost-effectiveness in cherry tree cultivation [10], the
drought-adaptive mechanisms developed by this crop to water stress have been poorly
studied. We hypothesize that sweet cherry trees can develop adaptive mechanisms to water
stress that makes them capable of maintaining cell turgor and therefore turgor-dependent
processes and that knowledge of these adaptive mechanisms is of great interest for the
design of regulated deficit irrigation strategies under our growing conditions. For this
reason, the purpose of the study is to increase our understanding of the responses of sweet
cherry trees to water deficit and to describe the avoidance and tolerance mechanisms
developed in response to two withholding and resuming irrigation cycles of different
duration and intensity during post-harvest, a non-critical period for sweet cherry trees.

2. Materials and Methods
2.1. Study Site

The trial was carried out during two consecutive summers (2018 and 2019) at the UPCT
“Tomás Ferro” experimental orchard in Cartagena, Spain (37◦41′ N, 0◦57′ W, 32 m altitude),
using three-year-old ‘Lapins’ sweet cherry trees grafted onto ‘Mirabolano’ rootstock with
a tree spacing of 3.5× 2.25 m. The soil, with a bulk density of 1.4± 0.1 g cm−3, had a sandy-
clay-loam texture (34.5%, 21.3%, and 44.2% clay, silt, and sand particle size, respectively)
with a low organic matter content (1.5%). The drip irrigation system consisted of a single
drip line per row of trees with 3 pressure-compensated drippers per tree with a nominal
emitter discharge of 2.2 L h−1. The irrigation water was sourced from the Tajo-Segura
Water Transfer System. It had an average electrical conductivity at 25 ◦C of 1.1 dS m−1,
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low salinity, a pH of 7.90, and average levels of chloride and sodium contents of 1.03 and
1.66 meq L−1, respectively.

Daily meteorological data were recorded by an automated weather station (CA52)
installed close to the experimental orchard (≈300 m) owned by the Agricultural Information
Network System of Murcia (SIAM 2020—http://siam.imida.es/, accessed on 13 January
2020). The reference crop evapotranspiration (ET0) was calculated using the Penman–
Monteith equation [24], and the daily mean air vapor pressure deficit (VPD) was calculated
using air temperature and relative humidity data [24]. Crop evapotranspiration (ETc)
was estimated weekly from mid-May to early November according to the methodology
proposed by Allen et al. [24]. The crop coefficient (Kc) used was based on Marsal [25] and
ranged from 0.3 to 0.96, and the evaporation reduction coefficient (Kr) used was based on
Fereres [26].

The weather was typically a semi-arid Mediterranean-type climate, characterized by
hot, dry summers and wet, mild winters. Both years had similar seasonal weather patterns
(Figure 1). The VPD reached daily mean values in summer of 2.69 and 3.09 kPa in 2018
and 2019, respectively. The seasonal evolution of ET0 values oscillated between 0.53 and
7.73 mm d−1, and the cumulative values of ET0 were 1308 and 1261 mm in 2018 and 2019,
respectively. Annual rainfall was mainly recorded in spring and autumn, with a total of
338 and 479 mm in 2018 and 2019, respectively. In September 2019, 202.6 mm (42.3% of
total) of rainfall accumulated in four consecutive days.
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Figure 1. Seasonal evolution of reference evapotranspiration (ET0), air vapor pressure deficit (VPD),
mean air temperature (Tm) and rainfall during the 2018 (a) and 2019 (b) seasons in La Palma (Spain).
Broken vertical lines correspond to the beginning of the first drying cycle and the end of the second
drying cycle.
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2.2. Treatments

All the trees were equally irrigated to maintain field capacity soil water conditions
during the irrigation season, except for the two water withholding periods. The experiment
was composed of 3 irrigation treatments: (i) control (CTL) trees were irrigated daily to
satisfy 115% ETc during the entire season; (ii) moderate water-stress (MS) trees were
subjected to two water withholding cycles until midday stem water potential (Ψstem)
reached −1.3 MPa and −1.7 MPa, first and second cycle, respectively; (iii) severe water-
stress (SS) similar to MS, but with different Ψstem reference values of −1.6 MPa and
−2.5 MPa for first and second cycle, respectively. The water withholding periods of both
MS and SS trees were followed by recovery irrigation periods which lasted until the water-
stress trees reached Ψstem values similar to the CTL trees. In the first drying cycle, irrigation
withdrawal started on 6 July 2018 and 25 June 2019 and was maintained for 12 and 17 days
in 2018 and 10 and 21 days in 2019 for MS and SS trees, respectively. The second drying
cycle started on 23 July 2018 and 26 July 2019 in MS and on 3 August 2018 and 26 July 2019
in SS trees. The irrigation withdrawal period lasted 15 and 14 days for MS and 24 and
35 days for SS in 2018 and 2019, respectively (Figure 2).
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The treatments were distributed according to a completely randomized block design.
Each treatment consisted of three replicates, and each replicate had a sampling row of
four trees. The measurements were taken in the two central trees per replicate (n = 6), with
the other trees serving as buffers.

2.3. Field Measurements
2.3.1. Soil Water Status

The soil matric water potential (Ψm) was measured with three capacitive sensors with
thermal compensation (MPS-6, Decagon Devices, Inc., Pullman, WA, USA) per treatment,
at a depth of 25 cm and 15 cm away from the emitter. The Ψm values were recorded every
10 min by a datalogger (Model CR1000 with AM16/32B multiplexer, Campbell Scientific
Ltd., Logan, UT, USA). The mean Ψm value from 06:00 to 08:00 h (solar time), two hours
before watering, was calculated and plotted (Figure 2).
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2.3.2. Plant Water Status

Predawn leaf water potential (Ψpd; just before sunrise), midday leaf water potential
(Ψmd; 11:00 to 13:00 h UT), and Ψstem were monitored every 3–7 days with a pressure
chamber (mod. SF-PRES-70, SolFranc Tecnologías, S.L., Tarragona, Spain), following the
recommendations from Turner [27] and Hsiao [28]. Six fully-expanded mature leaves from
branches in the lower half of the canopy were selected per treatment to measure Ψpd and
Ψmd. Six healthy, mature, and shaded leaves close to the trunk were used to measure
Ψstem, according to McCutchan and Shackel [29].

Stomatal conductance (gs) was measured using a CIRAS2 portable gas exchange
system (PPSystems, Hitchin, Hertfordshire, UK) at the same time that Ψmd and Ψstem were
measured (11:00 to 13:00 h UT). Six fully-developed leaves per treatment were taken from
the middle third of the trees and the sun-exposed side.

To determine whether osmotic adjustment occurred at the end of each water with-
holding and irrigation recovery period, at predawn and midday, we collected three leaves
per replicate close to those used for Ψpd and Ψmd measurements. The leaves collected at
midday were immediately frozen in liquid nitrogen (−196 ◦C) and stored at −40 ◦C. To
determine the osmotic potential at full turgor, the leaves collected at predawn were stored
in distilled water overnight at 4 ◦C in the dark until they reached full saturation and were
then frozen in liquid nitrogen and stored at −40 ◦C. Midday leaf osmotic potential (Ψo)
and leaf osmotic potential at full turgor (Ψos) were obtained from the stored leaf samples
after being thawed at room temperature (25 ◦C). Ψo was measured with a vapor pressure
osmometer (model 5520; Wescor Inc., Logan, UT, USA), according to Gucci et al. [30].
Midday leaf turgor potential (Ψturgor) was calculated as the difference between midday
leaf water and osmotic potentials (Ψturgor = Ψmd − Ψo). Similarly, Ψos was determined on
predawn leaves. The active osmotic adjustment was determined as the difference between
the Ψos of stressed and control trees.

2.3.3. Leaf Traits

Every week, four expanded leaves per replicate (n = 12) were picked in 2019, and
fresh leaf weight (FW) was immediately determined using a scale (AX623, Sartorius AG,
Gottingen, Germany), and leaf area (LA) was measured using a leaf-area meter (LI-3100C,
LI-COR Inc., Lincoln, NE, USA). The leaves were rehydrated by immersing their petiole
in distilled water in the dark at 4 ◦C for 18 h to determine leaf weight at full turgor (TW).
Subsequently, the leaves were dried to a constant weight in a ventilated oven (Digitheat, JP
Selecta SA, Barcelona, Spain) at 70 ◦C for 48 h to determine leaf dry weight (DW). Relative
water content (RWC, %) was calculated as RWC = ((FW − DW)/(TW − DW)) * 100 [31].
The specific leaf weight (SLW, g m−2) was determined as the ratio between DW and LA.
Additionally, the leaf dry matter content (LDMC, g g−1) was calculated as the ratio between
DW and TW.

2.3.4. Leaf Insertion Angle

The leaf insertion angle (LIA) between the leaf petiole and the stem was determined
with a digital protractor (MDA01, Tacklife, New York, NY, USA). Ten random leaves
per tree and two trees per replicate (n = 60) were measured at 11:00 h (UT). Epinasty (Ep),
the change in petiole angle, was calculated as the difference between the LIA of stressed
and control trees (Ep = LIAstressed − LIACTL).

2.3.5. Vegetative Growth

Vegetative growth was estimated using the trunk cross-sectional area (TCSA), canopy
volume, and pruning wood. At the beginning and the end of each experimental period
(at the early of June and at the beginning of October), the trunk diameter was measured
with a measuring tape (Pi meter MF612 A, Weiss, Erbendorf, Germany) at 0.15 m above the
grafting point in the two central trees per replicate. TCSA was calculated as the circle area
from the trunk diameter measured, and the annual increase in trunk cross-sectional area
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(∆TCSA) was calculated as the difference between the TCSA measured at the end and at the
beginning of the experiment. In 2019, canopy volume (CV) was calculated before pruning,
based on canopy height and diameters (across and within rows) of the two central trees
per replicate [32], and the pruning wood weight per tree (PW, kg tree−1) was determined
individually during winter dormancy.

2.3.6. Leaf Defoliation

Leaf defoliation was estimated using 3.5 × 2.25 × 0.35 m traps (n = 6). Traps were
emptied weekly, and the fallen leaves were dried in a ventilated oven (Digitheat, JP Selecta
SA, Barcelona, Spain) at 70 ◦C until a constant weight was reached. Subsequently, LA and
the number of leaves were calculated based on the DW of these leaves. At the end of the
study (October), four trees per treatment were covered using anti-bird nets. The leaf area
index (LAI) was estimated from the DW and LA measured during the experimental period.

2.4. Statistical Analysis

An analysis of variance (ANOVA) was carried out using the statistical software
package Statgraphics centurion XVI (StatPoint Technologies Inc., The Plains, VA, USA)
and IBM SPSS Statistic 24 (IBM Corp., Armonk, NY, USA). Post hoc pairwise comparisons
between treatments were performed with Duncan’s multiple range test at a significance
level of 0.05 to determine the significant differences between treatments and variables.
A regression analysis was graphed and calculated with SigmaPlot 12.5 (Systat Software Inc.,
San Jose, CA, USA) and Microsoft Excel (Windows 10 Home, Microsoft Corp., Redmond,
WA, USA).

3. Results
3.1. Soil Water Status

The soil matric water potential (Ψm) at a depth of 25 cm showed different soil wa-
ter statuses in the three irrigation treatments due to differential irrigation management
(Figure 2). Thus, the drought cycles applied to the MS and SS treatments were clearly
defined by Ψm. Likewise, the CTL treatment was characterized by constant Ψm mean
values equivalent to field capacity (≈−20 kPa) throughout the irrigation season. Moderate
(MS) and severe (SS) drought-stress treatments showed Ψm values similar to CTL during
the pre-drought period and in most of the recovery periods. During the non-irrigation
periods, however, Ψm rapidly decreased in both stress treatments and stabilized at around
−840 kPa (2018), with slightly higher values (less negative) found for SS in 2019. In general,
Ψm recovered quickly after the restart of irrigation, except for the second drought cycle in
2019. Moreover, despite the longer duration of the drought periods in the SS treatment, the
MS treatment obtained lower Ψm minimum values than those of SS in both drought cycles
in 2019.

3.2. Plant Water Status

Ψm, Ψpd, Ψmd, and Ψstem characterized the sequence of drought–irrigation cycles in
the MS and SS conditions. The Ψpd, Ψmd, and Ψstem mean values were −0.32, −1.74 and
−0.65 MPa, respectively, in CTL trees (Figure 3). These values were constant throughout
the experimental period, and they were typical of well-watered trees. Ψmd showed greater
variability than Ψpd and Ψstem, as they were more influenced by the current weather
conditions (Figure 1). Before withholding irrigation, the MS and SS trees showed values
similar to those of CTL trees. However, when irrigation was withheld, the values of
the three water potential plant indicators gradually decreased in MS and SS trees. The
minimum values of leaf water potential were lower in the second drought cycle than in
the first one, as forecasted. The Ψpd, Ψmd, and Ψstem minimum mean values reached
at the end of the first and second drought periods in MS versus SS trees were −0.6 and
−1.0 MPa vs. −0.9 and −1.4 MPa (Ψpd), −2.2 and −2.8 MPa vs. −2.5 and −3.1 MPa
(Ψmd), and −1.3 and −1.8 MPa vs. −1.7 and −2.3 MPa (Ψstem) for the study period. In
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general, the slope of Ψmd was steeper in the second cycle than in the first cycle. After
both drought cycles, during the recovery periods with irrigation at 115% ETc, the MS and
SS trees reached Ψmd values similar to CTL trees. The duration of each recovery period
was dependent on the intensity of water stress reached. In 2018, even though a third
water-withholding period in the MS treatment had been started, it could not be completed
due to the rainfalls in September (Figure 1).
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Figure 3. Seasonal evolution of (a,b) predawn leaf water potential (Ψpd), (c,d) midday leaf water potential (Ψmd), and
(e,f) midday stem water potential (Ψstem) during the 2018 (a,c,e) and 2019 (b,d,f) seasons for the three irrigation treatments:
CTL (full irrigation treatment); MS (moderate stress treatment); and SS (severe stress treatment). Each point is the mean ± SE
of 6 leaves per treatment. Asterisks and crosses indicate statistically significant differences between CTL and MS and CTL
and SS, respectively, according to Duncan’s multiple range test (p < 0.05). FI, D, and R are full irrigation, drought, and
recovery periods, respectively.

The relationships between Ψpd vs. Ψmd and Ψpd vs. Ψstem were examined via a linear
correlation analysis (Figure 4). All three indicators were highly correlated with one another.
Ψpd was more strongly related to Ψstem than Ψmd, although both relationships showed a
high coefficient of determination (R2 = 0.94 *** for Ψstem and R2 = 0.85 *** for Ψmd).
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Stomatal conductance (gs) decreased due to water stress. While the CTL trees main-
tained gs values above 315 mmol m−2 s−1, the MS and SS trees reduced their values by
45 and 55% at the end of the first drought cycle and 55 and 73% at the end of the second
drought, as compared with CTL trees. The gs values were similar to CTL trees during the
pre-drought period (Table 1).

Table 1. Mean values for stomatal conductance (mmol m−2 s−1) of the three irrigation treatments: CTL (full irrigation
treatment), MS (moderate stress), and SS (severe stress) in the 2019 season.

Period DOY
Treatment

DOY
Treatment

CTL MS CTL SS

Full irrigation 176 364.8 ± 40.8 a 404.8 ± 23.4 a 176 364.8 ± 40.8 a 369.3 ± 23.3 a

First drought cycle 186 416.3 ± 49.7 a 228.8 ± 41.7 b 197 401.3 ± 58.4 a 180.5 ± 14.3 b

First recovery cycle 207 350.3 ± 18.3 a 365.7 ± 9.7 a 207 350.3 ± 18.3 a 346.3 ± 15.8 a

Mid-second drought cycle - - - 228 371.3 ± 27.3 a 103.2 ± 6.7 b

Second drought cycle 221 316.0 ± 13.7 a 123.7 ± 16.8 b 242 364.3 ± 37.5 a 100.2 ± 13.5 b

Second recovery cycle 242 364.3 ± 37.47 a 351.7 ± 11.89 a 268 347.7 ± 3.7 a 329.5 ± 22.4 a

Mean values followed by different letters in the same row indicate significant differences between treatments based on ANOVA (p < 0.05).

For the CTL trees, the midday leaf osmotic potential (Ψo) values ranged from −2.46
to −2.94 MPa, with the highest values at the end of September, although the most common
values were around −2.85 and −2.67 MPa in 2018 and 2019, respectively. Overall, there
were no significant differences between the drought treatments and CTL values in 2018.
The only exceptions were at the end of August 2018 between SS (Ψo =−3.14 MPa, 239 DOY)
and CTL trees and in mid-August 2019 between the stress treatments and the CTL trees.

The average midday leaf turgor potential (Ψturgor) of the CTL trees was higher in 2018
(1.0 MPa) than in 2019 (0.8 MPa). The Ψturgor of the MS and SS trees had a greater relative
variation with respect to CTL than Ψo. Generally, the MS and SS trees had significantly
lower Ψturgor values than CTL trees (Figure 5). Once the drought period started, Ψturgor
decreased, reaching its lowest values in SS trees as expected. The lowest Ψturgor values
were reached in the second drought cycle, being very similar for each treatment in both
years (Ψturgor = 0.32 MPa in MS and practically 0.0 MPa in SS, i.e., total loss of turgor). The
longer duration of the drying cycles in the SS trees as compared with the MS trees resulted
in the stabilization of the lowest values, especially in the second drought cycle. This was
not observed in the MS trees. After restarting irrigation at 115% of the ETc, both deficit
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treatments reached Ψturgor values similar to those of the CTL trees (Figure 5). Ψmd showed
a stronger linear relationship with Ψturgor (R2 = 0.85; Figure 6a) than with Ψo (Figure 6b).
Moreover, it was observed that the Ψo values measured were similar (line 1:1) to those
of Ψmd when Ψmd values were below −3.0 MPa (Figure 6b), due to Ψturgor values being
closer to 0 MPa (leaf turgor point loss).
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Figure 5. Seasonal evolution of (a,b) midday leaf turgor potential (Ψturgor) and (c,d) predawn leaf osmotic potential at full
turgor (Ψos) in the 2018 (a,c) and 2019 (b,d) seasons for the three irrigation treatments: CTL (full irrigation treatment); MS
(moderate stress); and SS (severe stress). Each point is the mean ± SE of 9 leaves per treatment. Asterisks and crosses
indicate significant differences between CTL and MS and CTL and SS, respectively, according to Duncan’s multiple range
test (p < 0.05). FI is full irrigation period, D is drought period, and R is recovery period.
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The mean values of predawn leaf osmotic potential at full turgor (Ψos) of the CTL
trees were −1.8 and −2.0 MPa in 2018 and 2019, respectively (Figure 5c,d). We did not find
significant differences in Ψos between MS and CTL trees in any year of study. However, we
observed some significant differences in Ψos between SS and CTL trees in both years after
the second drought period (early and late August 2018 and late August 2019). While in
2018, the Ψos values showed a pattern in accordance with the water regime applied, in 2019,
the MS values tended to be higher than those of CTL. An osmotic adjustment was observed
on three different days during the study period (two in 2018 and one in 2019) but only in
SS plants and on the last day of each drought period. The maximum osmotic adjustment
reached was −0.4 MPa (DOY 242 in 2019). This osmotic adjustment was not able to
maintain positive Ψturgor values in any stress treatment or year of study (Figure 5a,b).

3.3. Leaf Traits

Drought stress did not affect specific leaf weight (SLW) or leaf dry matter content
(LDMC). However, we observed increasing SLW (from 84.5 to 97.5 g m−2) and LDMC
(from 0.29 to 0.35 g g−1) trends as the season progressed (Figure 7a,b) and the age of the
leaf increased. In contrast, RWC remained relatively constant in CTL trees, while in MS and
SS trees, it decreased with the onset of the drought periods. This RWC decrease was clearer
in SS trees, particularly in the second drought cycle, as expected. Significant differences
were observed in RWC between irrigation treatments during the first drought cycle in 2019
but not in the second cycle due to the higher variability of the measurements. (Figure 7c).
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Figure 7. Seasonal evolution of (a) specific leaf weight (b), leaf dry-matter content and (c) relative water content in the 2019
season for the three irrigation treatments: CTL (full irrigation treatment); MS (moderate stress); and SS (severe stress). Each
point is the mean ± SE of 12 leaves per treatment. Asterisks and crosses indicate significant differences between CTL and
MS and CTL and SS, respectively, according to Duncan’s multiple range test (p < 0.05). FI is the full irrigation period, D is
the drought period, and R is the recovery period.

3.4. Leaf Insertion Angle

The irrigation treatment affected the leaf insertion angle (LIA; Figure 8). Water
stress caused a gradual increase in LIA in both years of study. Thus, in the drought
periods, MS and SS leaves showed values higher than those of CTL trees. CTL trees main-
tained relatively constant LIA values during the experimental period. Maximum values
of epinasty were 32.1◦ (DOY 239 in 2018) and 23.6◦ (DOY 228 in 2019) for MS and SS,
respectively (Figure 8).
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Figure 8. Seasonal evolution of leaf insertion angle during the 2018 (a) and 2019 (b) seasons for the three irrigation
treatments: CTL (full irrigation treatment); MS (moderate stress); and SS (severe stress). Each point is the mean ± ES of
60 leaves per treatment. Asterisks and crosses indicate statistically significant differences between CTL and MS and CTL
and SS, respectively, according to Duncan’s multiple range test (p < 0.05). FI is full irrigation period, D is drought period,
and R is recovery period.

Figure 9 shows the linear relationships between LIA and Ψstem. The figure illustrates
the dependence of LIA on the plant water status. The range of LIA values under the exper-
imental conditions ranged from 35◦ to 70◦. The value of 35◦ corresponded to conditions
of well-irrigated trees (CTL treatment), while 70◦ was observed under severe plant water
stress deficit (SS treatment; Figure 3). LIA exhibited a strong linear relationship with Ψstem
(R2 = 0.85 ***).
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Figure 9. Relationship between midday stem water potential (Ψstem) and leaf insertion angle (LIA)
in the 2018 and 2019 seasons for the three irrigation treatments: CTL (full irrigation treatment; 2018:
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Period DOY 
Treatment 

DOY 
Treatment 

CTL MS CTL SS 
Full irrigation 176 364.8 ± 40.8 a 404.8 ± 23.4 a 176 364.8 ± 40.8 a 369.3 ± 23.3 a 

First drought cycle 186 416.3 ± 49.7 a 228.8 ± 41.7 b 197 401.3 ± 58.4 a 180.5 ± 14.3 b 
First recovery cycle 207 350.3 ± 18.3 a 365.7 ± 9.7 a 207 350.3 ± 18.3 a 346.3 ± 15.8 a 

Mid-second drought cycle - - - 228 371.3 ± 27.3 a 103.2 ± 6.7 b 
Second drought cycle 221 316.0 ± 13.7 a 123.7 ± 16.8 b 242 364.3 ± 37.5 a 100.2 ± 13.5 b 
Second recovery cycle 242 364.3 ± 37.47 a 351.7 ± 11.89 a 268 347.7 ± 3.7 a 329.5 ± 22.4 a 

Mean values followed by different letters in the same row indicate significant differences between treatments based on 
ANOVA (p < 0.05). 
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to −2.94 MPa, with the highest values at the end of September, although the most common 
values were around −2.85 and −2.67 MPa in 2018 and 2019, respectively. Overall, there 
were no significant differences between the drought treatments and CTL values in 2018. 
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creased, reaching its lowest values in SS trees as expected. The lowest Ψturgor values were 
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3.5. Vegetative Growth

Vegetative growth was assessed through the trunk cross-sectional area (TCSA), canopy
volume (CV), and pruning wood weight (PW; Table 2). In general, vegetative growth
was sensitive to water deficit, and significant differences were found among treatments.
Although TCSA was similar in all the treatments at the beginning and end of 2018, the
increase in TCSA (∆TCSA) resulted in significant differences (Table 2). Conversely, we
observed significant differences in TCSA at the end of 2019 after two irrigation seasons.
Consequently, ∆TCSA decreased as a result of water deficit in both years of study. The
CTL trees experienced greater growth than MS and SS trees as the experiment progressed.
The average ∆TCSA values in CTL trees were 6.65 and 12.31 cm2 against 4.88 and 6.86 cm2

for SS trees in 2018 and 2019, respectively. Similarly, the CV and PW of MS and SS trees
were lower than those of CTL trees, while no differences were observed in these growth
variables between MS and SS trees. On a percent basis, the overall reduction in CV with
respect to CTL trees was 37.87 and 63.83% for MS and SS trees, respectively.

Table 2. Influence of the three irrigation treatments, control (CTL), moderate-stress water (MS), and
severe-stress water (SS), on the vegetative growth of ‘Lapins’ sweet cherry trees over the 2018 and
2019 seasons.

Variable Year CTL MS SS

TCSA cm2 Initial 2018 19.29 ± 2.11 a 20.52 ± 1.79 a 19.90 ± 1.50 a

TCSA cm2 End 2018 25.94 ± 2.15 a 25.66 ± 1.86 a 24.78 ± 1.62 a

∆TCSA cm2 - 2018 6.65 ± 0.21 a 5.15 ± 0.13 b 4.88 ± 0.12 b

TCSA cm2 Initial 2019 27.59 ± 2.42 a 29.67 ± 0.42 a 26.71 ± 1.51 a

TCSA cm2 End 2019 39.90 ± 3.39 a 38.94 ± 0.55 a 33.57 ± 2.07 b

∆TCSA cm2 - 2019 12.31 ± 0.98 a 9.27 ± 0.41 b 6.86 ± 0.57 c

CV m3 tree−1 Initial 2019 1.10 ± 0.15 a 1.03 ± 0.17 a 0.94 ± 0.13 a

CV m3 tree−1 End 2019 2.30 ± 0.16 a 1.25 ± 0.18 b 1.16 ± 0.12 b

∆CV m3 tree−1 - 2019 1.20 ± 0.17 a 0.38 ± 0.12 b 0.22 ± 0.02 b

PW kg tree−1 - 2019 2.35 ± 0.44 a 1.46 ± 0.48 ab 0.85 ± 0.25 b
TCSA—trunk cross-sectional area; CV—canopy volume; PW—punning wood. Mean values ± ES (n = 6) followed
by different letters within the same column denote significant differences according to Duncan multiple range
test (p < 0.05).

3.6. Leaf Defoliation

The number of fallen leaves was highly sensitive to drought stress (Figure 10). Ac-
cording to the 2019 data, the intensity of water stress suffered by the MS trees was not
enough to generate significant differences with the CTL trees regarding the fallen leaves.
In contrast, SS trees showed fallen leaves dry weight (FLDW) and fallen leaves area (FLA)
that were significantly higher than CTL and MS trees (Figure 10).

During the first drought cycle in the SS treatment, water stress did not increase the
amount of fallen leaves from SS trees. However, during the second drought cycle, the fallen
leaves value of the SS trees was much higher than in the CTL and MS trees (Figure 10). The
first significant difference in FLDW was observed when Ψstem dropped below −2.0 MPa
(Figure 3c). The fact that CTL trees had satisfied their full crop water requirements during
the 2018 and 2019 growing seasons resulted in trees with a significantly higher number of
leaves and consequently a higher leaf area index, LAI, than MS and SS trees (Table 3).
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Figure 10. Seasonal evolution of (a) fallen leaves dry weight (FLDW) and (b) Accumulated fallen leaves area (FLA) in the
2019 season for the three irrigation treatments: CTL (full irrigation treatment); MS (moderate stress); and SS (severe stress).
Each point is the mean ± ES of 6 trees per treatment. Asterisks and crosses indicate statistically significant differences
between CTL and MS and CTL and SS, respectively, according to Duncan’s multiple range test (p < 0.05). FI is full irrigation
period, D is drought period, and R is recovery period.

Table 3. Effect of drought stress on number of leaves per tree, total leaf area, and leaf area index (LAI)
for the three irrigation treatments at the end of 2019.

Variable CTL MS SS

Number of leaves per tree 1611.75 ± 83.74 a 735.02 ± 80.94 b 682.57 ± 172.55 b
Total leaf area (m2 tree−1) 11.33 ± 0.59 a 5.17 ± 0.57 b 4.74 ± 1.20 b

LAI (m2 m−2) 1.44 ± 0.07 a 0.66 ± 0.07 b 0.60 ± 0.15 b
LAI—leaf area index. Mean values ± ES (n = 4) followed by different letters within the same column denote
significant differences according to Duncan multiple range test (p < 0.05).

4. Discussion

One of the earliest physiological responses of ‘Lapins’ sweet cherry trees to both
moderate and severe irrigation withholding was a reduction in plant water potentials, Ψ
(Ψpd, Ψmd, and Ψstem; Figure 3). The irrigation withholding led to lower Ψm mean values
in the MS and SS treatments than the CTL treatment during the drought periods, which
took place in the dry summer months (Figure 1). The fast decrease in leaf water potential
could indicate that the soil water reservoir was insufficient for slowing down the decrease
in Ψ (Figure 3). This was most likely due to low water reserves in the not-wetted area at that
time, which were unable to alleviate the decrease in the soil water content of the wetted area
during the drought cycles. The relative stabilization of Ψm to around −840 kPa (Figure 2)
could be the result of the strong water retention by soil micropores and a high reduction in
the rate of transpiration. This reduction in transpiration would be caused by both efficient
stomatal regulation and leaf shedding (Table 1 and Figure 10) [33]. The influence of Ψm
on plant water status was reflected in the evolution of Ψm and Ψ (Figures 2 and 3). Thus,
plant water status decreased progressively as Ψm decreased during periods of drought.
MS and SS reached post-harvest Ψm mean values below −200 and −300 kPa, which is
indicative of the level of water deficit reached, as they included recovery periods.

The Ψstem values of the CTL trees were above−0.75 MPa, except for one measurement
in 2019 (Figure 3c). These values indicated an adequate water supply to satisfy the full
crop water requirements [34]. However, the MS and SS trees occasionally reached Ψstem
values of −1.85 and −2.40 MPa, respectively. These values are clearly indicative of water
stress conditions [10]. Marsal et al. [34] pointed out that incipient leaf wilting in cherry
trees can be observed in the field at a Ψstem of −1.80 MPa. Taking into consideration these
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Ψstem values, it could be stated that MS and SS trees suffered moderately severe and severe
stress, respectively.

The behavior followed by the seasonal patterns of Ψstem and Ψpd during the with-
holding and resuming irrigation periods was very similar (Figure 3). Furthermore, the
linear relationship between Ψpd and Ψstem (R2 = 0.94 ***; Figure 4b) was stronger than
Ψpd vs Ψmd (R2 = 0.85 ***; Figure 4a). This is in agreement with the findings from different
authors, in that Ψpd and Ψstem were better and more useful indicators of plant water
status than Ψmd [35,36]. It should be noted that Ψmd was more influenced by current
weather conditions than Ψpd and Ψstem. The fact that Ψpd was measured at predawn and
Ψstem used covered leaves close to the trunk resulted in smaller variability than Ψmd by
disrupting leaf transpiration. The slope of the linear relationship Ψpd vs. Ψmd for both
years was higher than unity (slope = 1.17; Figure 4a), suggesting the extremely anisohydric
character of sweet cherry trees [37].

MS and SS trees required 7–14 days to reach Ψstem values that were similar to those of
the CTL trees after each withholding irrigation period (Figure 3). The length of the first and
second recovery periods was dependent on the timing, duration, and intensity of the water
stress reached. Fereres et al. [38] observed a similar recovery period in an experimental
study with mature orange trees. Conversely, different studies in pots [15,18] reported a
quicker recovery, two days or earlier, after restarting irrigation. This could be due to the
different growing conditions between trees in pots and trees under field conditions. These
differences include a faster recharge of the soil water stock and a higher percentage of
wetted soil in pots than in the ground, among others.

When sweet cherry trees were subjected to soil drying cycles lasting about 10–15 days
and 20–30 days during the first and second cycles, respectively, Ψmd decreased about
0.30 MPa and 0.75 MPa with respect to CTL trees during the first and second drying cycle
(Figure 3), depending on the length of the drying cycle. Around 95% of this change was
explained by a decrease in Ψturgor in 2018, while in 2019, this was 40–85%. Both of these
results could result from dehydration processes (Figure 7c), which promoted wilting plant
symptoms (Figure 10 and Table 3) without becoming permanent wilting. Likewise, Castel
and Fereres [14] and Conesa et al. [39] reported that water stress caused a decrease in
Ψturgor values close to zero in almond trees and table grapes subjected to drying cycles
and sustained deficit irrigation, respectively. Contrary to Ψmd and Ψturgor, Ψos remained
practically constant during the entire study period in the MS and SS trees, except at the
end of both second drying cycles, when Ψos decreased significantly in SS trees (Figure 5).
This significant difference in Ψos was preceded by a progressive but slow decrease in
Ψos in SS trees, which suggests that the ability of sweet cherry trees to perform osmotic
adjustment (OA) was limited (c. 0.3 MPa), requiring the high water stress level to be
achieved progressively. Although OA was unable to maintain Ψturgor values at a level
similar to those of the CTL trees, these Ψturgor values were above zero (Figure 5). A similar
response was reported in peach trees by Mellisho et al. [40]. Castel and Fereres [14] reported
that the OA capacity of young almond trees under water stress was limited, establishing
their capacity for OA at around 0.3 MPa. However, according to Turner [22], in practice,
partial turgor maintenance is more common than full turgor, as the accumulation of solutes
is not enough to fully compensate for the reduction in water potential, and consequently,
the turgor decreases, but to a lesser extent than if no solute accumulation occurred.

Stomatal conductance clearly decreased during the drought cycles, with values equiv-
alent to 55 and 45% of the CTL trees in the first drying cycle and 45 and 27% in the second
drying cycle for MS and SS trees, respectively (Table 1). Similar behaviors were found by
Mellisho et al. [40] in peach trees and Bhusal et al. [41] in Prunus sargentii. A partial closure
of the stomata would help to maintain a certain level of cell turgor, which would allow for
the development of turgor-dependent processes and drought avoidance [42]. At the end of
the recovery periods, both MS and SS trees showed similar gs values to those of the CTL
trees, thereby showing the full functionality of the stomata. A strategy followed in apricot
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trees is to delay or regulate the stomata opening after resuming irrigation, which allows
them to reach full turgor of the cells faster [15].

The seasonal patterns of SLW and LDMC were similar for all the trees from the
three irrigation treatments (Figure 7). Consequently, there was no increase in the density or
thickness of foliar tissue caused by drought stress [43]. This is consistent with the generality
of Ψos values obtained, as we only observed significant differences in Ψos between the
trees from the extremely different CTL and SS treatments once in 2019 and twice in 2018
(Figure 5). The accumulation of osmolytes was not sufficient for it to have an influence
on SLW and LDMC traits and to maintain high Ψturgor values (Figure 5a). Egea et al. [44]
reported that the increases in SLW throughout the season could be motivated by intrinsic
characteristics of the species rather than by water stress intensity alone, which could be
extended to LDMC. It is clear that P. sargentii increased the SLW under heavy drought to
reduce the leaf size, which is advantageous, as it could reduce canopy temperature and
improve water use efficiency [41]. The RWC values of MS and SS leaves decreased during
the drying cycles as a result of dehydration of the cells, which could have contributed to a
relative change in cell volume of leaf tissues [45] and to the maintenance or even decrease
in the Ψo values through lower hydration levels [46]. The fact that gs was equal or greater
than 100 mmol m−2 s−1 at the most critical moments of the SS strategy (Table 1) supports
the evidence that SS leaves did not reach the lower limit of RWC, where tree regulation is
deficient, and metabolism is unable to maintain vital functions [47].

The angle between the leaf petiole and the stem where it is attached increased during
the water withholding periods (Figure 8) as a result of transpiration (Table 1) and loss
of turgor pressure (Figure 5). Our results support the turgor-dependent nature of the
LIA [48] in sweet cherry trees (Figure 9). It is well known that a change in LIA is a water
conservation mechanism, which allows the reduction in the incident solar radiation and,
therefore, the minimization of water loss and leaf heating [15]. Briglia et al. [49] obtained
similar LIA responses in grapevines as those obtained in our experiment on sweet cherry
trees. They observed a variation in LIA from 75◦ (well-irrigated plants) to 110◦ (severe
drought stress) and a linear increase in LIA in response to decreasing of Ψstem. However,
the epinasty values recorded in our study on sweet cherry trees were relatively higher than
those observed in grapevines [49], given the increase from 35◦ on well-irrigated trees to 70◦

in SS trees. The recovery of epinasty in both water deficit treatments occurred at the end of
each recovery period. LIA was full and reversible (Figure 8) once the irrigation resumed,
although LIA recovery could vary depending on rehydration type and species [50]. The
leaf petiole angle in sweet cherry trees was positively correlated with Ψstem (Figure 9). For
this reason, LIA may be used as a rapid and simple morphological parameter to predict
the plant water status of sweet cherry trees.

The MS and SS trees showed a lower vegetative growth than well-watered trees (CTL).
Water stress reduced ∆TCSA by 24% and 38% for the MS and SS trees, respectively, during
the 2018–2019 period (Table 2). The effect of drought stress was more evident at the end of
2019 than in 2018 as a consequence of the accumulated response to the water deficit. Just
as ∆TCSA, canopy volume (CV) and pruning wood (PW) decreased due to the effect of the
drought stress, from 68% (MS) to 82% (SS) and from 38% (MS) to 64% (SS) with respect to
the CTL trees in 2019 (Table 2), coinciding with the results reported in ‘Brooks’ sweet cherry
trees by Livellara et al. [21]. The lowest growth in CV and PW could be due to smaller
shoot lengths under irrigation withholding cycles [10]. The influence of water stress on
vegetative parameters is widely known, as water is one of the strongest factors which affect
vegetative growth [41,44] and cell expansion [51] in plants. Moreover, prolonged water
stress on vegetative growth could result in a reduction in photosynthesis [41] and lower
carbohydrate accumulation, which could reduce the plant’s reserves [52] and negatively
affect vegetative growth in the following years, which is a key factor in determining the
following year’s yields. Severe water stress (Ψstem < −2.0 MPa) not only resulted in a
significant reduction in vegetative growth. It also caused premature defoliation (Figure 10)
as a further step in water conservation to that promoted by epinasty. In SS trees, defoliation
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was an important adaptive mechanism for drought tolerance (Table 3), as it clearly reduced
the leaf area of the trees and thus the area exposed to solar radiation [53]. In SS trees, the
decrease in Ψturgor at the end of the second drought cycle coincided with the moment in
which they shed the highest number of leaves, while in MS trees, there was a low amount
of leaf fall, which was more similar to CTL trees (Figures 5 and 10). This implies that
it is necessary to reach Ψturgor values close to the turgor loss point (0 MPa) to promote
significant amounts of leaf drop.

5. Conclusions

The above-mentioned results can contribute to more complete knowledge of drought-
adaptive mechanisms in young sweet cherry trees. Sweet cherry trees mainly showed
avoidance strategies to drought stress. Thus, the trees subjected to water deficit were unable
to develop a leaf osmotic adjustment that could maintain high turgor pressure and plant
hydration at levels similar to control trees. Leaf turgor loss decreased the tree’s vegetative
growth and increased the leaf insertion angle as a mechanism to reduce the incident solar
radiation. At the end of the drought periods, leaf turgor loss led to significant stomatal
closure, reducing water loss by transpiration in sweet cherry trees exposed to water stress.
If drought stress persists (Ψstem < −2.0 MPa), then the above mechanisms, combined with
a significant reduction in leaf area through defoliation, could have a significant impact in
the following years or lead to total plant collapse. It is therefore recommended to maintain
a stem water potential above −2.0 MPa during post-harvest in sweet cherry orchards
managed under regulated deficit irrigation.

The strong relationship between leaf insertion angle and plant water potentials in
sweet cherry trees could constitute a new research line. Thus, machine-based monitoring
composed of camera devices with integrated processing systems could be used to determine
the plant water status from changes in leaf insertion angles.
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