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Abstract: Increasing soil salinity threatens almond production globally, driving the need
for the development of salt-tolerant cultivars. This study investigated the salt tolerance
mechanisms of four self-rooted almond genotypes (Vialfas, Guara, Penta, and Avijor)
under controlled conditions. Young plants were exposed to four salinity levels (0, 25,
50, and 75 mM NaCl) for 5 months. Growth parameters (trunk diameter, shoot length,
fresh and dry weights), physiological responses (chlorophyll fluorescence, gas exchange,
Soil–Plant Analysis Development (SPAD)), and mineral content were analyzed. Results
show significant genotype-specific responses at the critical salinity threshold of 50 mM
NaCl. Under these conditions, Guara and Vialfas maintained higher stem fresh weights
(31.4 g and 37 g, respectively), while Avijor showed significant declines. Trunk diameter
measurements revealed Vialfas’ superior performance (7 mm) compared to Guara and
Penta (both around 6 mm), while Avijor exhibited the most significant reduction (5 mm).
Chlorophyll fluorescence parameters indicated stress impact, with Fv/Fm values decreasing
to 0.84 compared to control values of 0.87. Guara maintained higher K+/Na+ ratios in
leaves (3.05) compared to Avijor (1.95), while Penta showed better Na+ exclusion ability
with the lowest leaf Na+ content (0.57%). Cl− accumulation patterns also differed among
genotypes, with Avijor and Vialfas showing higher leaf Cl− concentrations (0.74% and
0.73%, respectively) compared to Penta (0.44%). Genotype responses across all salinity
levels revealed distinct tolerance patterns: Guara maintained growth and physiological
functions across treatments, while Penta showed remarkable stability under high salinity.
Vialfas exhibited vigor at low salinity but declined sharply at 75 mM NaCl. Avijor demon-
strated the highest salt sensitivity. These findings highlight the genetic variability in salt
tolerance among almond cultivars and identify potential sources of salt-tolerant traits for
breeding programs. The study also provides insights for optimizing genotype selection and
management strategies in salt-affected orchards, contributing to more sustainable almond
production in challenging environments.
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1. Introduction
The almond tree (Prunus dulcis Mill. or Prunus amygdalus Batsch) represents a globally

significant agricultural crop with deep historical roots in Mediterranean cultivation [1].
Over recent decades, almond cultivation and production have increased steadily, with
a growth rate of +196% [2]. The global almond market was valued at USD 7397.62 million
in 2022 and is projected to expand at a compound annual growth rate of 4.41%, reaching
USD 9583.6 million by 2028 [3]. Rainfed almond cultivation on marginal soils is common
in Mediterranean countries, where these orchards have historically held socioeconomic
value. In Spain, rainfed almond orchards comprised roughly 67% of the total almond
cultivation area in the 2019–2020 agricultural campaign [4]. Traditional low- and medium-
density cultivation systems were predominant [5]. These systems feature less than 350 trees
per hectare, 6 × 6 m to 8 × 8 m spacing, no mechanization or irrigation, and the use of
direct seedlings or vigorous rootstocks [6]. The average productivity of almond groves
is significantly higher in the case of irrigated crops: 1600–1800 kg/ha vs. 400 kg/ha for
rainfed crops [7].

The development of super-high-density (SHD) irrigated almond orchards since 2010
has revolutionized cultivation practices, building upon three decades of success with
SHD olive orchards [8]. These modern systems have demonstrated high agronomic [9,10],
economic [11], and environmental sustainability [12]. SHD almond orchards use dwarfing
rootstocks and self-rooted ‘Smarttree’ plants developed through in vitro cultivation. Culti-
vars include Penta, Vialfas, Avijor, and Guara [13]. Trees are planted at 4.0 × 1.5 m spacing
(1666 trees per hectare). Early bearing (by the fourth year) and full mechanization increase
profitability and sustainability by reducing inputs and costs [5]. As of 2022, over 6500 ha of
SHD almond orchards exist globally, with examples in countries such as Spain, Portugal,
Italy, the USA, Morocco, Tunisia, Chile, and Turkey [5]. Due to the recent adoption of
SHD, research on this system is limited. Studies have focused on cultivar biometrics [14],
the impact of spacing on yield and light interception [15,16], light interception in SHD vs.
open-center systems [17], and the effects of row orientation and canopy position [8].

The implementation of SHD systems faces critical challenges due to the scarcity of
suitable land with full water allocation for almond cultivation (5000–8000 m3/ha). This
has led to the adoption of SHD almond orchards based on self-rooted plants in areas
with minimal supplemental irrigation (500–700 m3/ha). This concept offers an alternative
to both traditional almond orchards and cereal crops. However, poor water quality in
many almond-growing areas leads to salt accumulation and stress conditions [18]. Rainfall
alone cannot leach accumulated salts, necessitating the use of salt-tolerant cultivars for
profitability. Unfortunately, research on the agronomical characteristics of self-rooted
almond cultivars remains limited. Only Casanova-Gascón et al. [19] have investigated
the performance of these cultivars under various environmental constraints, including
limiting soil conditions, revealing some differences in cultivar adaptability. Given the
limited research on biotic and abiotic stresses in self-rooted almond plants, this study
aims to compare the responses of four self-rooted cultivars (Vialfas, Guara, Penta, and
Avijor) to varying saline water treatments. The goal is to understand the morphological,
physiological, and biochemical aspects of their salt tolerance. This controlled-environment
investigation will evaluate and rank these cultivars based on their response to salt stress.

2. Materials and Methods
2.1. Location and Experimental Design

The experiment was conducted in a polyethylene greenhouse situated at the Es-
cuela Politécnica Superior, Universidad de Zaragoza, in Huesca, Spain (42◦07′12.78′′ N,
0◦26′49.04′′ O). In June 2022, uniform 12-month-old rooted trees of four almond cultivars
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(Avijor, Guara, Penta, Vialfas) were obtained from Agromillora Iberia nursery (Spain) and
transplanted into black plastic pots (15 × 15 × 20 cm, 4.5 L) filled with quartziferous sand
(0.05–2.0 mm). During transplantation, the roots were rinsed with deionized water to
remove any remaining peat.

The plants were grown for 7 months, and in February 2023, they were pruned to
a height of 60 cm. The experiment started on 1st June 2023, when the new main shoot
had reached a height of 50 cm, and it continued until 1st November 2023 (5 months).
The plants were grown under natural light conditions in the greenhouse, which was
maintained at daily temperatures between 18 and 33 ◦C and day/night relative humidity
of 55–85%. An automatic mobile screen was set up at 27 ◦C to reduce daily temperature,
and a ventilation system was automatically engaged to control inside air temperature
below 35 ◦C.

The experimental design was a completely randomized block with a total of 64 trees,
with 4 trees per treatment (4 salinity levels) and genotype (4 cultivars) combination.

2.2. Irrigation Management

The nutrient solution used in this experiment was a 1/4-strength Hoagland so-
lution [20], added to the local fresh water with a total electrical conductivity (EC) of
0.8 dS m−1. The four genotypes were subjected to four salt levels (0, 25, 50, and 75 mM
NaCl) for 5 months. Salt concentrations were increased by 25 mM NaCl per week until the
desired concentrations had been reached (1 June).

Weather conditions determined the frequency and duration of irrigation, with 4 min
sessions occurring one to three times daily. Each pot had two drippers with a flow rate
of 1.3 L h−1 (Click Tip HD, Naandanjain, Jalgaon, India). Salinity solutions were injected
by a MixRite E-300 volumetric pump (Tefen Flow and Dosing Technologies Ltd., Kibbutz
Farod, Israel), and irrigation was controlled by an Agronic 5500 irrigation controller (Sis-
temes Electrònics PROGRÉS, Barcelona, Spain).

The EC and sodium absorption ratio (SAR) levels for the irrigation waters were 0.8,
3.0, 6.0, and 9.0 dS m−1 and 2, 30, 60, and 90, respectively, with pH values ranging between
7.2 and 7.4. During the experiment, the drainage water from each treatment was collected
and analyzed for leached solutes. Weekly electrical conductivity measurements in the
leaching solution were carried out using a Hanna Instruments-HI 9033 conductivity meter
(Woonsocket, RI, USA). The values obtained were 0.8, 3.2, 6.1, and 9.2 dS m−1, correspond-
ing to the concentrations of 0, 25, 50, and 75 mM NaCl, respectively. This confirmed that
maintaining a leaching fraction of 20–30% during irrigation ensures a consistent level of
salinity in the pots throughout the experiment [21].

2.3. Plant Material Analysis

Every 15 days, shoot length, trunk diameter at 10 cm (using a digital ABS caliper,
Hoffman Group, Munich, Germany), and visual damage of four plants per treatment were
measured. Salt-induced leaf necrosis was assessed visually on four plants per treatment
using a scale from 0 to 5, based on the percentage of total leaf area affected (0: no symptoms;
1: 20%; 2: 40%; 3: 60%; 4: 80%, 5: more than 80% of the plant canopy). Values for each
treatment represent the average of four plant replicates.

At the end of the experiment, four plants of each treatment for each cultivar were
removed from the substrate and partitioned into various parts (roots, wood, new shoots,
and leaves). Aerial plant parts were washed with distilled water, and roots were washed
with deionized water. The fresh masses of all plant parts were recorded, and they were
then dried at 70 ◦C for 24 h to determine their dry weights.
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The dried plant materials were ground into particles smaller than 2 mm using
an electrical grain grinder (CGoldenwall model HC400, Wuxi, China). These particles
were then analyzed using both wet chemistry and a Niton XL3t GOLDD+ portable X-ray
fluorescence (pXRF) spectrometer (Thermo Scientific, Waltham, MA, USA). The <2 mm
particle size was chosen to simulate the physical conditions of processed soil samples that
can be measured by a pXRF probe, following the findings of Sapkota et al. [22], Antonan-
gelo and Zhang [23], and Towett et al. [24]. The pXRF was used to quickly and efficiently
measure the concentrations of Ca2+, K+, and Cl− without any pretreatment, using the ‘Soil
mode’ for Ca2+ and K+, and the ‘Mining mode’ for Cl− [25,26]. The pXRF measurements
for cations were calibrated using atomic absorption spectrometry as a reference method
to ensure the accuracy of the elemental analysis. For Cl− calibration, samples were an-
alyzed by ionic chromatography at an external laboratory (Eurofins Scientific, Sidamon,
Lleida, Spain).

For the determination of sodium content, the dried and ground plant materials were
digested using the nitric acid digestion method. Approximately 0.5 g of each sample was
predigested for 1 h with 10 mL of trace metal-grade HNO3. The digests were then heated
to 115 ◦C for 2 h and diluted with deionized water to 50 mL [27]. Sodium content in
the digested samples was determined by atomic absorption spectrometry (SpectrAA 10,
Varian, CA, USA), as described by Kalra [28]. All values reported are the averages of four
repeated measurements.

2.4. Physiological Parameters
2.4.1. Leaf Chlorophyll (SPAD)

Every two weeks, total chlorophyll content was determined using a portable
SPAD-502Plus (Konica Minolta, Osaka, Japan) chlorophyll meter, allowing rapid, non-
destructive measurements. SPAD values were obtained from fully expanded functional
leaves, with the meter shielded from direct sunlight by the operator during each measure-
ment. Fifteen leaves were randomly selected from each cultivar and treatment, and their
values were averaged to obtain a single SPAD value.

2.4.2. Chlorophyll Fluorescence

Chlorophyll fluorescence parameters were recorded every two weeks using a portable
Handy PEA fluorimeter (Hansatech Instruments Ltd., Norfolk, UK). Parameters including
initial (F0), maximum (Fm), variable (Fv = Fm − F0) fluorescence, and maximum quan-
tum yield of photosystem II (PSII) (Fv/Fm) in dark-adapted leaves, among others, were
recorded. The parameters obtained from the fluorimeter were divided into 3 groups: over-
all efficiency of photosystem II, energy and electron transport, and energy dissipation
and damage [29–31].

2.4.3. Stomatal Conductance

Every two weeks, stomatal conductance (gs, mmol H2O m−2 s−1) was measured using
a portable porometer (SC-1 Meter Group, Washington, DC, USA). Measurements were
made on two well-exposed and fully expanded leaves from the median part of the shoot
from four plants per treatment and cultivar, between 9:00 am and 11:00 am.

2.5. Statistical Analysis

All statistical analyses were performed using R software (v. 4.4.1:2024) [32]. A complete
3-factor factorial design was established (genotype, treatment, and organ) with 4 levels
each and 4 repetitions, having a total of 43 × 4 = 256 trials. The analysis of the samples from
each trial allowed obtaining the values of the target variables: Ca2+, Na+, K+, Cl−, fresh
weight, and dry weight. Along with these variables, the behavior of the most important
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relationships between them was analyzed: Ca2+/Na+ and K+/Na+. The normality of
the data was checked for all populations using the Kolmogorov–Smirnov normality test
with Lilliefors correction [33] or the Shapiro–Wilk test [34], according to the amount of
data in the groups, and the Q–Q normal probability plot. This test was virtually always
unfulfilled. The requirement of homoscedasticity was contrasted by the Levene test [35],
being defaulted in many cases, so the usual comparative analysis that provides linear
statistics, ANOVA, cannot be used. To solve this impediment, two statistical techniques
were used: the Kruskal–Wallis test [36], when the distribution was not normal but the
groups were homoscedastic; Welch’s heteroscedastic F test with trimmed means and
Winsorized variances, when neither normality nor homoscedasticity could be assumed.
This latter robust procedure tests the equality of means by substituting trimmed means
and Winsorized variances for the usual means and variances [37,38]. Also, bootstrap
methods were used to establish robust confidence intervals for location [39] and robust
homogenous groups.

The response models, natural cubic spline models [40–42], were used, analyzing their
performance for each target variable (trunk diameter, shoot length, SPAD, and stomatal
conductance), which was evaluated employing residual analysis, the correlation coefficient
(R2 value) [43], the Akaike information criterion (AIC) [44], and the Bayesian information
criterion (BIC) [45,46]. These values, together with the likelihood-ratio test and Wald’s test,
make it possible to establish the model’s goodness-of-fit.

3. Results
3.1. Growth Parameters Under Salinity Stress
3.1.1. Fresh and Dry Weight

Figure S1 illustrates the pattern of fresh-weight distribution across treatments and
organs: stems > wood > roots > leaves. Salinity effects varied by organ, with leaves
showing the highest sensitivity, particularly in Avijor and Penta (Figure S2). Roots exhibited
diverse responses, while wood weights remained relatively stable. Detailed statistical
comparisons, including significance groupings, are provided in the Supporting Information
(“Rob Groups” column in the accompanying tables).

Concerning the dose effect on fresh weight, at 0 mM NaCl, all genotypes showed
strong growth, with Vialfas performing best (Figure S3). At 25 mM NaCl, Vialfas and Guara
maintained or increased stem fresh weight, while Avijor and Penta showed significant
decreases (Figure S2). At 50 mM NaCl, Guara and Vialfas retained relatively high stem
fresh weights, while Avijor showed further declines. At 75 mM NaCl, Avijor exhibited
a partial recovery in root, wood, and stem weights compared to 50 mM NaCl.

Dry weight showed a similar pattern of distribution across organs, with stems hav-
ing the highest values (11.67–19.32 g), followed by wood and roots (10.12–11.54 g and
8.88–10.71 g, respectively), and leaves (4.33–5.82 g) across all treatments (Figure S4). The
organ response to salinity varied among genotypes, with leaves showing the highest sensi-
tivity, particularly in Avijor (Figure S5). When examining overall genotype responses to
salinity, Vialfas and Guara demonstrated higher tolerance compared to other genotypes
(Figure S6). Vialfas showed the highest total dry weight under control conditions (16.56 g)
and maintained high values under moderate salinity at 25 mM NaCl (15.79 g), though
decreasing at higher salinity levels (11.65 g at 50 mM and 9.00 g at 75 mM NaCl). Guara
maintained stable dry weight values across treatments (9.84–10.14 g, Figure S6). Avijor
exhibited significant sensitivity to moderate salinity, with total dry weight decreasing from
9.76 g in control to 4.94 g at 25 mM NaCl, though showing recovery at 75 mM NaCl (10.04 g).
Penta displayed intermediate sensitivity, declining from 11.23 g in control to 7.97 g at the
highest salinity (Figure S6).
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3.1.2. Trunk Diameter

Table S1 presents spline data illustrating the differences in trunk diameter among
genotypes and treatments. Under control conditions (Figure 1a), Vialfas demonstrated
the most robust growth (8 mm final diameter), followed by Guara (7.5 mm), while Avijor
and Penta exhibited similar growth patterns (7 mm and 6.5 mm, respectively). At 25 mM
NaCl (Figure 1b), Vialfas maintained superior growth, but Guara declined to 6 mm, and
Avijor and Penta showed slight reductions. At 50 mM NaCl (Figure 1c), trunk diameter
growth decreased across all genotypes, with Vialfas outperforming (7 mm), Guara and
Penta showing similar growth (6 mm), and Avijor exhibiting the most significant reduction
(5 mm). At 75 mM NaCl (Figure 1d), Guara showed the best performance (6.5 mm); Penta
and Avijor displayed similar growth patterns (6 mm); while Vialfas, which had excelled at
lower salinity, showed the poorest performance (5.5 mm).
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3.1.3. Shoot Length

Spline data of genotype and treatment effects on shoot length are presented in Table S2.
Under control conditions (Figure 2a), Vialfas demonstrated the most vigorous growth (final
height of 160 cm), followed by Avijor and Guara (140 cm and 135 cm, respectively), and
Penta (120 cm). At 25 mM NaCl (Figure 2b), Vialfas maintained superior growth, with
Avijor nearly matching Vialfas by the end of the period, and Guara and Penta showing
slower growth rates. At 50 mM NaCl (Figure 2c), growth was significantly reduced in all
genotypes, with diminished genotypic differences under higher stress. At 75 mM NaCl
(Figure 2d), growth was severely stunted for all genotypes, with Penta performing relatively
better under extreme stress and Avijor showing the poorest performance.
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3.2. Physiological Responses to Salinity Stress
3.2.1. Chlorophyll Fluorescence Parameters

Increasing salinity negatively impacted photosynthetic parameters (φ(Po), PI_abs,
PI_Inst, and Fv/Fm) and electron transport parameters (REo/RC and ψ(Eo)) across all
genotypes (Figure 3a,b). Penta and Avijor maintained relatively stable photosynthetic yield
and electron transport, while Guara and Vialfas showed significant reductions, with Guara
experiencing a near collapse of electron flow at 75 mM NaCl. Energy dissipation (DIo/RC
and DIo/CSo; Figure 3c) increased with salinity, with tolerant genotypes showing more
controlled increases.
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Figure 3. (a) Photosynthetic performance, (b) electron flow, (c) and energy dissipation for the different
Prunus genotypes as a function of salinity at the end of the experiment. ‘Auto control Apr.’ represents
the average of all genotypes in April. Area represents the area above the fluorescence induction curve
between the minimum fluorescence (F0) and the maximum fluorescence (Fm) and is related to the
pool size of electron acceptors in the photosynthetic electron transport chain. Fv/Fm is the maximum
quantum efficiency of photosystem II (PSII) when all reaction centers are open. Vj represents the
relative variable fluorescence at the J-step of the OJIP fluorescence transient and provides information
about the reduction state of the primary quinone electron acceptor (QA). Sm is the normalized total
complementary area above the OJIP transient and is related to the energy needed to close all PSII
reaction centers. N represents the turnover number of QA, which is the number of times QA is reduced
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and oxidized during the measurement. DIo/RC is the energy dissipated in the form of heat and
fluorescence per reaction center. ETo/RC represents the electron transport rate per reaction center.
REo/RC is the rate of electron transport beyond QA per reaction center. φ(Po) is the maximum
quantum yield of primary photochemistry. ψ(Eo) represents the efficiency with which a trapped
exciton can move an electron into the electron transport chain beyond QA. DIo/CSo is the energy
dissipated in the form of heat and fluorescence per cross-section. PI_abs is the performance index on
an absorption basis, which combines several fluorescence parameters to provide an overall measure
of the performance of PSII.

Critical measurements of PSII efficiency showed that both seasonal changes and
saline stress negatively affected PSII performance (Table S3 and Figure S7), reflected in
reductions in Fv/Fm and PI_abs. At 75 mM NaCl, photosynthetic yield collapsed, though
Penta and Avijor showed some recovery at 50 and 75 mM NaCl (Figure 3a,b). Electron
transfer capacity decreased under stress, indicated by reductions in REo/RC and ψ(Eo)
(Figure S8). At 25 and 50 mM NaCl, adjustments in Area and Sm parameters suggested
compensation attempts, but at 75 mM NaCl, compensation capacity was overwhelmed.
Energy dissipation increased with stress, as evidenced by rising DIo/RC and DIo/CSo
levels (Figure S9), with the Vj parameter showing QA accumulation at 75 mM NaCl.

3.2.2. Gas Exchange

Statistical data on stomatal conductance across treatments and genotypes are sum-
marized in Table S4. Under control conditions, all genotypes exhibited similar patterns
(Figure 4a–d), with Penta reaching the highest peak conductance around the fourth fort-
night and Vialfas maintaining the most stable conductance throughout. At 25 mM NaCl,
Penta maintained the highest conductance, especially early on, while Vialfas showed
a marked decrease. At 50 mM NaCl, conductance decreased for all genotypes, with Avi-
jor showing the lowest conductance throughout. At 75 mM NaCl, Penta showed the
most significant reduction, while Vialfas maintained the most stable pattern, albeit at low
conductance levels.
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3.2.3. Chlorophyll Content Analysis by Soil–Plant Analysis Development (SPAD)

Statistical data on SPAD across treatments and genotypes are summarized in Table S5.
Under control conditions, all genotypes showed increasing SPAD values over time
(Figure 5a–d), with Guara demonstrating the highest values. At 25 mM NaCl, Guara
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maintained high SPAD values with strong increases, while Penta displayed relatively stable
values. At 50 mM NaCl, Guara showed high variability, with a sharp decline around the
sixth fortnight followed by recovery, while Avijor demonstrated steady increases. At 75 mM
NaCl, Guara showed a strong increase in SPAD values over time, while Penta maintained
relatively low but stable values.
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3.3. Visual Salinity Stress Symptoms

All genotypes exhibited robust growth under non-saline conditions, characterized
by abundant dark green leaves distributed evenly along the stem, well-developed root
systems, and healthy overall plant structure (Figure 6). At 25 mM NaCl, stress symptoms
emerged through slight reductions in leaf density, size, and root system volume. At 50 mM
NaCl, moderate-to-severe stress symptoms appeared, including a noticeable reduction in
leaf number with chlorosis and necrosis at leaf margins, thinner and shorter stems, and
reduced root system volume and branching. At 75 mM NaCl, all genotypes showed severe
stress symptoms, with an important reduction in leaf number and extensive chlorosis
and necrosis in the remaining leaves, noticeably thinner and shorter stems, and severely
impacted root systems showing minimal development and branching.
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Regarding leaf damage, as shown on the 0–5 scale in Figure 7a, Avijor and Guara
demonstrated remarkable resilience at 25 mM NaCl (Figure 7c), showing no measurable
damage, while Penta and Vialfas exhibited slight susceptibility, with integrated damage
over time (represented by the area under the damage progression curves) values of 5.49
and 3.30, respectively. At 50 mM NaCl (Figure 7d), Vialfas showed the highest accumulated
damage (21.98), followed by Guara (12.09) and Penta (8.79), while Avijor maintained
relatively low damage levels (3.30). Under 75 mM NaCl (Figure 7e), Penta exhibited the
highest integrated damage (30.77), followed by Vialfas (29.67), while Avijor (20.88) and
Guara (19.78) showed comparatively better resilience.
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3.4. Changes in Mineral Content Under Salinity Stress

Given the data structure (Table S6), logarithmic transformations were applied to
the dependent variables due to deviation from normality assumptions. This approach
facilitated the construction of general factorial models for ANOVA analyses (Table S7).
The model structure was defined as:

log(Dependent variable) ~ fact.A(Genotype) × fact.B(Treatment) × fact.C(Organ)

All three factors proved significant across all models. Robust comparison methods
were employed to address heteroscedasticity and non-normality issues. The untransformed
variables were used for these comparisons (Table S8), as deemed more appropriate given
the data characteristics (Figures 8 and 9).
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The statistical significance of differences between treatments, genotypes, and organs
for all mineral analyses can be found in the Supporting Information (Figures S10–S27,
“Rob Groups” column in the accompanying tables).
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3.4.1. Calcium Content and Distribution

When examining organ-specific responses (Figure S10), roots consistently showed the
highest Ca2+ content across genotypes, with the highest content in control (3.59%) and
25 mM NaCl (3.58%) treatments, decreasing at 50 mM NaCl (2.69%) and increasing at
75 mM NaCl (3.45%). Leaves showed the second-highest Ca2+ content, gradually decreas-
ing with increasing salinity. Wood demonstrated moderate Ca2+ content with a non-linear
response to salinity, increasing from control (1.53%) to 25 mM NaCl (1.93%), then gradually
decreasing. Stems showed the lowest Ca2+ content (1.20–1.26%).

Regarding genotype-specific responses (Figures S11 and S12), Avijor exhibited the
highest mean root Ca2+ content (4.12%, 27–39% higher than other genotypes), though show-
ing a variable response to salinity. Guara maintained consistently high Ca2+ levels across
salinity treatments, showing the highest mean leaf Ca2+ content (3.54%) and stem content
(1.37%). Penta displayed lower Ca2+ levels across all organs and treatments. Vialfas showed
moderate Ca2+ levels with less variability, having the highest wood Ca2+ content (1.92%).

3.4.2. Potassium Accumulation Patterns

Potassium distribution also varied across plant organs (Figure S13), with leaves show-
ing the highest K+ content (5.52–6.39%), followed by stems (1.48–1.82%), roots (1.01–1.19%),
and wood (0.66–0.78%). Leaf K+ content decreased from 9.23% in the control to 3.47% at
75 mM NaCl. Stems showed a moderate but consistent decrease (24% reduction), while
roots and wood exhibited complex, non-linear responses.

Genotype-specific responses (Figures S14 and S15) showed Avijor’s consistent decrease
in mean K+ content from 3.12% in the control to 1.57% at 75 mM NaCl. Penta maintained
slightly higher K+ levels (2.78% at 25 mM NaCl to 1.98% at 75 mM NaCl). Vialfas demon-
strated the highest control K+ content (3.68%) but experienced significant decreases with
increasing salinity. Guara reached the lowest K+ content (1.51%) at 75 mM NaCl.

3.4.3. Chloride Accumulation and Distribution

Organ-specific patterns (Figure S16) showed leaves with the highest Cl− content
(0.64–1.24%), followed by roots (0.45–0.66%), stems (0.14–0.28%), and wood (0.13–0.19%).
Control Cl− content was low (0.04–0.19%), increasing significantly at 25 mM NaCl, par-
ticularly in leaves and roots. At 50 mM NaCl, Cl− accumulation intensified, with leaf
tissue exhibiting the most pronounced increase in concentration. At 75 mM NaCl, Cl−

accumulation reached its peak: leaf Cl− content increased 18-fold from control to 75 mM
NaCl, root content increased 4.75-fold, stems 7.9-fold, and wood 2.9-fold.

Concerning genotype influence, Avijor and Vialfas showed steeper Cl− content
increases from control to 75 mM NaCl, while Penta showed a more gradual increase
(Figures S17 and S18). At 50 mM NaCl, Avijor and Guara grouped separately from Penta
and Vialfas in statistical analyses. At 75 mM NaCl, Vialfas and Avijor accumulated more
leaf Cl− (1.25 and 1.23%, respectively), compared to Penta and Guara. Vialfas showed the
highest root Cl− content (0.67%), while Penta showed consistently lower Cl− accumulation.

3.4.4. Sodium Content and Distribution

Sodium distribution varied across plant organs (Figure S19), with leaves showing the
highest Na+ content (1.05–1.59%), followed by roots (0.45–0.73%), stems (0.23–0.42%), and
wood (0.17–0.27%). Control Na+ content was low (0.11–0.22%), increasing moderately at
25 mM NaCl and significantly at 50 mM NaCl (1.92% in leaves). Leaves showed a 9.7-fold
increase from control to 75 mM NaCl, roots 5.9-fold, stems 2.9-fold, and wood 2.5-fold.

About the influence of the genotype (Figures S20 and S21), Avijor consistently ac-
cumulated the highest Na+ levels, reaching 1.10% at 50 mM NaCl and 1.19% at 75 mM



Agriculture 2025, 15, 254 13 of 27

NaCl. Penta demonstrated superior Na+ exclusion, particularly at 50 mM NaCl. Guara and
Vialfas exhibited intermediate Na+ accumulation. At 50 mM NaCl, genotypes were spread
across different statistical groups, while at 75 mM NaCl, all genotypes showed significant
differences versus lower salinity treatments but not versus each other.

3.4.5. Potassium/Sodium Ratio Analysis

Organ-specific patterns revealed consistent trends across genotypes (Figure S22).
Leaves showed the highest K+/Na+ ratios (13.01–20.81), but they dramatically decreased
from 43.44 in control to 1.93 under 75 mM NaCl. Roots exhibited moderate K+/Na+ ratios
(2.88–4.24), declining from 8.54 in control to 1.02 under 75 mM NaCl. Wood and stem tissues
showed intermediate and relatively stable K+/Na+ ratios across treatments, decreasing
from 6.99 in control to 3.48 under 75 mM NaCl and from 14.28 to 4.17, respectively.

In relation to the genotype-specific responses (Figures S23 and S24), Guara exhibited
the highest mean K+/Na+ ratio (20.82) in control, followed by Vialfas (18.98). Penta had
the highest K+/Na+ ratios in stems (10.43) and wood (6.21). Under 75 mM NaCl, Penta
maintained relatively higher K+/Na+ ratios, particularly in roots and stems, while Avijor
showed the lowest K+/Na+ ratio (1.65).

3.4.6. Calcium/Sodium Ratio Analysis

Roots maintained higher Ca2+/Na+ ratios (6.75–10.17) compared to other organs
across all genotypes (Figure S25). Wood tissues also exhibited relatively high Ca2+/Na+

ratios, particularly in Penta (12.29) and Guara (11.28). Leaves showed the most vari-
able Ca2+/Na+ ratios among genotypes (4.42–9.45), while stems generally showed lower
Ca2+/Na+ ratios (4.46–5.85).

Concerning the impact of genotype, in control conditions, Ca2+/Na+ ratios ranged
from 12.94 to 16.67 (Figures S26 and S27). Guara maintained relatively higher Ca2+/Na+

ratios across all treatments, while Avijor showed the most dramatic decline at 50 and 75 mM
NaCl. Penta and Vialfas displayed intermediate responses, with Penta showing slightly
better maintenance of Ca2+/Na+ ratios at higher salinities. At 75 mM NaCl, the Ca2+/Na+

ratios converged to lower values across all genotypes (2.69–5.99).

4. Discussion
4.1. Growth Parameters Under Salinity Stress
4.1.1. Fresh and Dry Weight

Our results corroborate the findings by Zrig et al. [47] and Sandhu et al. [48], who
reported significant variability in salt tolerance among almond rootstocks (GFF 677, GN15,
P. dulcis, and 14 other commercial almond rootstock genotypes—including peach hybrids
and peach-almond hybrids). Vialfas exhibited superior vigor, especially under control
conditions, suggesting inherent traits conducive to robust growth and potential salt toler-
ance. In turn, Guara displayed the highest resilience across salinity treatments, maintaining
growth under stress conditions.

Guara’s ability to sustain high fresh and dry weights under salinity stress—and
even increase stem weight at 25 mM NaCl—suggests potential salt tolerance mechanisms.
This stress-induced growth response could be attributed to osmotic adjustment or efficient
ion compartmentalization, as Munns and Tester [49] suggest in their review of salinity
tolerance mechanisms. In contrast, the sensitivity of Avijor, which experienced sharp
weight declines at moderate salinity levels, highlights the genetic basis of salt tolerance in
Prunus. Similar genetic variability has been noted by Toro et al. [50] in their study on Prunus
rootstocks with genetic backgrounds from the subgenera Prunus, Cerasus, and Amygdalus.
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Organ-specific responses provide additional insights into salt stress adaptation strate-
gies in Prunus. The prioritization of stem and wood growth over leaf production under
salt stress aligns with observations by Zrig et al. [47] in almond rootstocks. This allocation
pattern may serve as an adaptive strategy to maintain structural integrity under stress
conditions, as proposed by Tattini et al. [51] in their research on olive trees.

The varied root responses, particularly the increased root growth observed in Vialfas
under moderate salinity, suggest adaptive mechanisms to enhance resource acquisition
under stress. Similar stimulation of root growth under moderate salinity has been reported
in other woody species [52]. This response could be crucial for salt tolerance, given that
roots play a vital role in ion exclusion and water uptake in saline environments [53].
The non-linear responses to increasing salinity, especially the partial recovery of some
genotypes at 75 mM NaCl, may indicate the activation of stress response mechanisms at
high salinity levels. This phenomenon, observed in other plant species, could involve the
induction of antioxidant systems or osmolyte accumulation [54].

4.1.2. Trunk Diameter

The superior salt tolerance exhibited by Vialfas at 25 mM and 50 mM NaCl, as ev-
idenced by its sustained trunk diameter growth, corroborates previous research on salt-
resistant Prunus cultivars. For instance, Zrig et al. [55] reported similar variability in salt
tolerance among different Prunus rootstocks, with GN15 and GF677 showing better tol-
erance than Bitter Almond, although all rootstocks experienced reduced growth under
salinity stress. However, the significant decline in Vialfas’ performance at 75 mM NaCl
suggests a possible threshold effect in its salt tolerance mechanisms. This pattern resembles
the biphasic model of salt stress response described by Munns and Tester [49], where plants
initially respond to the osmotic component of salt stress, followed by a response to ionic
stress at higher salinity levels.

Guara’s remarkable resilience pattern, particularly its improved performance at 75 mM
NaCl after showing reduced growth at 25 mM and 50 mM NaCl, suggests the presence of
inducible salt tolerance mechanisms. Similar phenomena have been observed in other plant
species, such as certain halophytes, where high salinity triggers the activation of specific
stress response pathways [53]. The gradual decline in Avijor’s trunk diameter growth with
increasing salinity levels indicates a linear response to salt stress. Reduced growth under
salinity is likely due to various physiological responses and the additional energy costs
associated with stress. Plants must allocate energy among maintenance, growth, and stress
defense mechanisms, with salt stress limiting the total energy available through lowered
photosynthesis [56]. Penta’s stable performance across all salinity treatments contrasts with
the typical plant response described by Kozlowski and Pallardy [57], where stress usually
reduces growth as plants redirect energy from growth to stress defense mechanisms.

4.1.3. Shoot Length

The overall trend of decreasing growth rates and increasing variability with rising
salinity levels across all genotypes is consistent with the general effects of salt stress on
plants, as reviewed by Munns and Termaat [58].

The superior performance of Vialfas under control and mild stress conditions suggests
a complex stress response mechanism that may reflect phenotypic plasticity, a trait often
associated with adaptive potential in variable environments [59]. The significant decline
at 75 mM NaCl observed in Avijor, which demonstrated good growth under control and
mild stress conditions, exemplifies the concept of a salinity threshold tolerance described
by Munns and Tester [49]. Similar threshold responses have been observed in other Prunus
species, such as in various almond rootstocks [48], indicating a common but variable



Agriculture 2025, 15, 254 15 of 27

trait within the genus. Guara’s consistent intermediate performance across lower salin-
ity treatments, coupled with its reduced adaptability to high salinity, reflects a moderate
salt tolerance strategy. Penta’s consistently slower growth under control and low salinity,
but its improved performance under high-salinity stress, suggests a trade-off between
growth potential and stress tolerance. This supports the ’stress tolerance syndrome’ hy-
pothesis, which proposes that stress-adaptive traits come at the cost of reduced growth
under favorable conditions [60]. Plants show variable responses to salinity stress, with
initial osmotic adjustments followed by negative ionic effects once tolerance thresholds are
exceeded. The timing and severity of these thresholds vary significantly between species
and genotypes [61,62].

4.2. Physiological Responses to Salinity Stress
4.2.1. Chlorophyll Fluorescence Parameters

As salinity increased from control to 75 mM NaCl, all genotypes exhibited decreased
photosynthetic and electron flow parameters, consistent with the known effects of salt
stress on Photosystem II (PSII) efficiency [49].

The observed decrease in the maximum quantum yield of PSII (Fv/Fm) under salt stress
indicates damage to PSII reaction centers, aligning with the work of Ranjbarfordoei et al. [63]
on almond trees (sweet almond). This decrease is attributed to the interference of salt ions
in osmotic balance and the generation of oxidative stress. The energy capture efficiency
(Fv/F0) also decreased, suggesting damage to reaction centers and a compromised overall
photosynthetic capacity, consistent with findings by Jimenez et al. [64]. The primary
quantum efficiency of PSII (φ(Po)) declined under salt stress, indicating reduced light
energy utilization, consistent with studies by Acosta-Motos et al. [65] on two ornamental
plant species, Eugenia myrtifolia Cambess. and Myrtus communis L.

The energy absorption capacity, measured by the area parameter, showed significant
changes between measurements in April and September, indicating physiological adjust-
ments to seasonal or salt stress conditions [65]. The normalized area (Sm), which indicates
the size of the PSII electron acceptor pool, decreased under high salinity, suggesting reduced
electron flow capacity [64]. The number of active PSII reaction centers (N) decreased under
salt stress, indicating fewer functional centers, likely due to damage to the oxygen-evolving
complex and other components of PSII [66].

Electron transfer efficiency from PSII to PSI (REo/RC) decreased under salinity, sug-
gesting that salt stress affects the final electron transport phase. This effect is similar to
those observed by [67], who noted similar impacts on PSII photochemistry under drought
stress in sweet cherry cultivars. The F0/Fm ratio, which measures the proportion of light
energy not efficiently used in PSII, increased under salt stress, indicating greater energy
dissipation as heat [63]. The variable J (Vj) in the OJIP curve increased under salt stress,
indicating issues in electron transfer in sweet cherry cultivars [64].

Energy dissipation per reaction center (DIo/RC) increased under saline conditions,
suggesting a defense mechanism against excess energy. The Penta and Avijor genotypes
maintained relatively stable photosynthetic yield (PI_abs) and electron flow (REo/RC),
while Guara and Vialfas showed significant reductions. This differential response aligns
with findings by Acosta-Motos et al. [65], who observed similar variability in salt tolerance
among ornamental plants.

The decrease in PI_abs and Fv/Fm with increasing salinity, particularly in sensitive va-
rieties, indicates a reduction in PSII efficiency and overall photosynthetic capacity [68]. The
near collapse of electron flow (REo/RC andψ(Eo)) in Guara at 75 mM NaCl suggests severe
disruption of the electron transport chain, a common consequence of high salinity [69]. The
partial recovery shown by Penta and Avijor at moderate salinities (25–50 mM NaCl) in
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September suggests potential seasonal adaptation or acclimation processes. This adaptive
capacity, which is absent in sensitive varieties, may involve osmotic adjustment or ion
compartmentalization mechanisms [70].

4.2.2. Gas Exchange

In the control conditions, the genotypes exhibited distinct patterns of stomatal con-
ductance, with Penta showing the highest peak conductance. This variability in base-
line stomatal behavior aligns with findings from other Prunus species. For instance,
Jimenez et al. [64] observed significant differences in stomatal conductance among var-
ious Prunus rootstocks under non-stress conditions, attributing these differences to genetic
variability in water use efficiency. The high conductance exhibited by Penta under con-
trol conditions suggests a potential for higher photosynthetic capacity, which could be
advantageous in optimal growing environments.

As salinity stress increased across treatments (25 mM to 75 mM NaCl), all genotypes
exhibited decreased stomatal conductance, though to varying degrees. This response is
consistent with the physiological strategy of stomatal closure under salt stress, which helps
reduce water loss and prevent ion accumulation in leaf tissues [49,71].

Penta’s dramatic reduction in stomatal conductance under severe stress (75 mM NaCl)
after maintaining high conductance in lower stress conditions exemplifies the concept of
salinity tolerance thresholds. This pattern is reminiscent of the findings by Läuchli and
Grattan [72] in their study of various plant species and crops, particularly annual crops
and cereals. Vialfas, in contrast, demonstrated a more conservative stomatal response
across all treatments, maintaining relatively stable, albeit lower, conductance levels. While
this approach may limit growth potential under optimal conditions, it could confer an
advantage in consistently stressful environments, as suggested by Hochberg et al. [73] in
their work on grapevine cultivars. The intermediate responses of Guara and Avijor, with
Guara generally maintaining higher stomatal conductance under stress, suggest different
osmotic adjustment strategies. Guara’s ability to maintain relatively higher gas exchange
under saline conditions could indicate more effective ion compartmentalization or osmolyte
accumulation, mechanisms that have been associated with enhanced salt tolerance in Bitter
Almond rootstock compared to Garnem [47].

4.2.3. Chlorophyll Content Analysis by Soil–Plant Analysis Development (SPAD)

The consistently higher SPAD values exhibited by Guara in the control treatment
suggest a genotype-specific trait that could be linked to higher photosynthetic potential
or structural differences in leaf tissue. Differences in SPAD values among species appear
to be influenced by both genetic and environmental factors. Atar et al. [74] demonstrated
that species can show distinctive chlorophyll content patterns, with significant variations
among different tree and shrub species even under identical environmental conditions.

As salinity stress increased from 25 to 75 mM NaCl, genotype-specific responses
became more pronounced, revealing diverse strategies for chlorophyll content maintenance
under adverse conditions. Guara’s ability to maintain high SPAD values—and even show
increases under severe stress (75 mM NaCl)—is particularly noteworthy. This response
parallels the findings by Acosta-Motos et al. [65] in E. myrtifolia, where increased SPAD
values under salt stress were associated with leaf morphological adaptations such as
increased thickness, which improved CO2 diffusion to chloroplasts.

The stability of SPAD values observed in Penta across stress levels, particularly its
lower values under high stress (75 mM NaCl), suggests a different adaptive strategy.
This pattern is reminiscent of the findings by Munns and Tester [49], who reviewed various
salinity tolerance mechanisms and noted that some plants maintain stable chlorophyll
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levels as a conservative growth strategy under stress. However, it is important to note
that while chlorophyll content can be indicative of photosynthetic capacity, the relation-
ship between these parameters under salt stress may be species-dependent. Stepien and
Johnson [75] found that salt-tolerant Thellungiella maintained both chlorophyll content and
photosynthetic efficiency under salt stress, while salt-sensitive Arabidopsis showed declines
in both parameters.

The intermediate responses of Avijor and Vialfas, characterized by generally increasing
SPAD values over time, even under stress, indicate a degree of resilience in chlorophyll
content maintenance. This capacity for chlorophyll accumulation under saline conditions
has been associated with salt tolerance in other species. Ashraf and Harris [76] noted in
their review of physiological markers of salinity tolerance that chlorophyll accumulation as
an indicator of salt tolerance should be considered on a species-specific basis.

4.3. Visual Salinity Stress Symptoms

All genotypes exhibited progressive reductions in plant height, leaf number, leaf
health, and root development as salinity increased, illustrating the cumulative negative
effects of salt stress on plant growth and development. This pattern is consistent with the
findings by Dejampour et al. [77] in their study on peach rootstocks.

The observed differences in salt tolerance among the studied genotypes corrobo-
rate findings from other Prunus studies. For instance, Zrig et al. [47] reported significant
variability in salt tolerance among almond rootstocks, with some genotypes maintain-
ing superior growth and physiological parameters under saline conditions. Similarly,
Rahneshan et al. [78] observed differential responses to salt stress among pistachio geno-
types, highlighting the genetic basis of salt tolerance in other woody perennial species
beyond Prunus.

The superior performance of Guara and Penta under moderate salinity levels
(25–50 mM NaCl) suggests the presence of effective salt tolerance mechanisms in these
genotypes. This aligns with findings by Momenpour and Imani [79], who identified vari-
ability in salt tolerance among almond cultivars (Rabie, Perless, Super Nova, D99, 1–16,
and 8–24), with D99 maintaining higher growth and ion homeostasis under saline condi-
tions. The mechanisms underlying this enhanced tolerance could involve more efficient
Na+ exclusion, improved K+/Na+ selectivity, or enhanced ion compartmentalization, as
suggested by Munns and Tester [49].

The identification of a critical salinity threshold around 50 mM NaCl, where stress
symptoms became more severe, is consistent with observations in other Prunus stud-
ies. Dejampour et al. [77] reported a significant decline in photosynthetic efficiency and
growth parameters in peach rootstocks (HS314, HS312, GF 677, HS 302) at salinity levels of
6 and 9 dS m−1.

The severe impact at 75 mM NaCl, particularly evident in Avijor, suggests that this
concentration exceeds the tolerance threshold of these Prunus genotypes. This finding
is consistent with research by Toro et al. [50] on salt stress in Prunus rootstocks, which
showed that Mariana 2624 and Garnem are more resistant than Mazzard F12/1 and Cab6P
at 120 mM NaCl.

The differential responses observed in leaves, stems, and roots provide insights into
organ-specific salt stress adaptations. The high sensitivity of leaves to salt stress, evidenced
by progressive chlorosis and necrosis, highlights that these symptoms are typically caused
by excessive Cl− content in leaves, while Na+ tends to accumulate in roots, trunk, and
branches, aligning with observations by Zrig et al. [47] in almond cultivars (Garnem and
Bitter Almond).
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This sensitivity in leaves likely reflects the accumulation of toxic ions in photosynthetic
tissues; high concentrations of both Na+ and Cl− in leaf tissues can reduce photosynthetic
capacity. Chlorophyll degradation, specifically linked to high Cl− accumulation, was
described by Tavakkoli et al. [80].

The deterioration of the root system with increasing salinity was noteworthy across
all genotypes, especially in Avijor, and directly impacted water and nutrient uptake. This
observation is consistent with the findings by Sandhu et al. [48], who reported significantly
reduced survival rates and root biomass in salt-stressed Prunus rootstocks; the Na-Cl
dominant treatment (120 mM NaCl) caused the most severe reductions in root growth.

The maintenance of better root development in Guara and Penta under moderate
salinity suggests more effective root-based salt tolerance mechanisms, possibly involv-
ing enhanced ion exclusion or sequestration strategies. As described by Flowers and
Colmer [81], species differ in their ability to restrict ion transport from roots to shoots and
vary in their capacities for ion compartmentalization.

4.4. Changes in Mineral Content Under Salinity Stress
4.4.1. Calcium Content and Distribution

Calcium distribution varied among plant organs and genotypes, with roots consis-
tently showing the highest levels. This aligns with the findings by Zrig et al. [47] and may
mitigate Na+ toxicity by maintaining membrane integrity and regulating ion channels [82].
In some plants, maintaining high Ca2+ content under salinity is associated with salt tol-
erance. However, for almond rootstocks, no clear association was found between tissue
Ca2+ concentration and salinity tolerance [48]. Leaf Ca2+ content decreased with increasing
salinity, yet Dejampour et al. [77] found no significant changes in leaf Ca2+ concentrations
or Na+/Ca2+ ratios under salt stress in P. dulcis rootstocks. Wood Ca2+ levels displayed
complex dynamics, while stem Ca2+ content remained low, contrasting with its role in salt
tolerance in other tree species [83].

Regarding genotype influence, the high calcium levels in Avijor roots suggest a po-
tential salt tolerance mechanism, as Ca2+ helps maintain membrane integrity and regulate
ion transport under saline conditions [84]. However, Avijor’s variable response to salinity
suggests there may be a threshold for its tolerance. Guara exhibited consistently high
Ca2+ levels across treatments, especially in leaves, suggesting an efficient Ca2+ transport
system and robust homeostasis mechanism, which may contribute to salt tolerance. This
pattern is similar to the findings in pistachio, where high Ca2+ levels are linked to enhanced
salt tolerance [78].

Penta’s lower Ca2+ levels may indicate a less effective uptake or distribution system,
potentially increasing susceptibility to salt-induced calcium deficiencies. Vialfas showed
moderate Ca2+ levels with minimal variability, especially in wood tissue, possibly indicating
a balanced partitioning strategy associated with improved salt tolerance. Rengel [82]
demonstrated that genotypic variation in calcium management includes efficiency of Ca2+

use, capacity for Ca2+ uptake and transport, and maintenance of Ca2+ homeostasis during
salt stress.

4.4.2. Potassium Accumulation Patterns

Potassium distribution varied markedly across plant organs, with organ-specific re-
sponses to salinity observed in terms of ion accumulation. This differential response
across organs underscores the complexity of whole-plant K+ homeostasis under stress
conditions—a concept explored by Anschütz et al. [85] in their study on potassium regula-
tion mechanisms.
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Leaves consistently showed the highest K+ content, a pattern consistent with the
findings of Zrig et al. [47], reflecting potassium’s essential roles in different plant tissues,
particularly in stomatal regulation and photosynthesis [86]. The substantial decrease in
leaf K+ content under salinity stress aligns with studies attributing this to both reduced K+

uptake and increased K+ efflux under saline conditions [85]. The relatively high K+ levels
maintained in roots at 75 mM NaCl may be a mechanism to support K+/Na+ homeostasis,
a key factor in salt tolerance. The ability to retain K+ within cells may be crucial for salt
tolerance, as proposed by Shabala and Cuin [87].

Avijor showed a steady decrease in K+ content across treatments, whereas Penta
maintained slightly higher K+ levels, especially at higher salinity levels. This suggests
a potential mechanism for better K+ retention under high salinity conditions [82]. Vialfas
exhibited the highest mean K+ content under control conditions but showed significant
reductions as salinity increased. Guara displayed similar trends, with its K+ content
reaching the lowest level among all genotypes at 75 mM NaCl. These varied responses
highlight the genetic diversity in salt tolerance mechanisms within Prunus species. As noted
by Shabala and Cuin [87], over 80% of the genetic variability in salt tolerance may relate to
a single physiological trait: a cell’s ability to prevent NaCl-induced K+ leakage.

4.4.3. Chloride Accumulation and Distribution

Salt-tolerant genotypes of citrus and grapevine with low shoot Cl− concentrations
have higher root Cl− concentrations compared to sensitive genotypes, suggesting a more
efficient Cl− compartmentalization in root vacuoles. In some avocado rootstocks, higher
leaf Cl− concentrations are associated with salt tolerance, potentially indicating effective
Cl− sequestration in leaf vacuoles [88].

Leaves consistently showed the highest Cl− content, followed by roots, stems, and
wood. This pattern is consistent with findings by Papadakis et al. [89] in Prunus cerasus L.,
where leaves accumulated the highest Cl− levels under salt stress. Such substantial Cl−

accumulation in leaves can lead to ionic toxicity and impaired photosynthetic efficiency.
This preferential Cl− accumulation in leaves may act as a protective mechanism for more
sensitive organs or help maintain osmotic balance, as proposed by Munns and Tester [49]
for glycophytes under salt stress. Considering genotype-specific responses, Vialfas and
Avijor accumulated more Cl− in leaves than Penta and Guara. These differences may
be due to variations in root-to-shoot Cl− transport efficiency or vacuolar sequestration
capacity, as suggested by Teakle and Tyerman [88] in their study on Cl− transport in plants.

The pronounced genotype-specific responses at higher salt concentrations, particularly
the distinct grouping of Avijor and Guara as separate from Penta and Vialfas at 50 mM
NaCl, suggest differential activation of salt tolerance mechanisms. This observation aligns
with Sandhu et al. [48], who reported varied physiological responses among 14 commercial
almond rootstocks at different salinity levels. At 75 mM NaCl, Avijor exhibited the highest
mean Cl− content, followed closely by Vialfas, suggesting that these genotypes may be Cl−

includers. Similar variability in Cl− accumulation was observed by Dejampour et al. [77]
in Prunus rootstocks under saline conditions, where maximum Cl− accumulation was
reported in the Sahand and GF677 genotypes. The consistently lower Cl− accumulation in
Penta across all organs, particularly at higher salinity levels, suggests possible differences
in salt tolerance mechanisms, similar to findings reported in GF677 and MRS2 Prunus
rootstocks grafted on peach (cv. Armking) [90].

4.4.4. Sodium Content and Distribution

Sodium distribution varied substantially across plant organs, with leaves showing the
highest Na+ content, followed by roots, stems, and wood. This pattern aligns with findings
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by Momenpour and Imani [79] in Prunus rootstocks. The preferential accumulation of
Na+ in leaves may serve to protect more sensitive organs or assist in maintaining osmotic
balance, as proposed by Munns and Tester [49] and Hasegawa [84] for glycophytes under
salt stress. Such preferential Na+ accumulation has been observed in other woody species,
suggesting it may be a common strategy in glycophytes [56,91].

The consistent trend of the highest Na+ levels in leaves across all genotypes might
indicate a strategy of Na+ compartmentalization in leaves to protect other organs or could
reflect the movement of Na+ through the transpiration stream to the leaves. However,
substantial Na+ accumulation in leaves can result in ionic toxicity and impaired photo-
synthetic efficiency, as El Yamani and Cordovilla [92] observed in olive trees. These Na+

accumulation patterns suggest multiple strategies for managing salt stress, including selec-
tive ion transport, Na+ compartmentalization in leaves, and possibly Na+ exclusion at the
root level [53,93].

Genotypic differences in Na+ distribution were observed, with Avijor accumulating
more Na+ in leaves and Vialfas showing higher Na+ content in roots. Such differences could
arise from variations in root-to-shoot Na+ transport efficiency or vacuolar sequestration
capacity [86,94]. In Avijor, differential Na+ accumulation according to salinity treatment
aligns with previous research on Prunus rootstocks, where substantial variability in ion
accumulation has been noted among cultivars and rootstocks [48]. Penta’s consistently
lower Na+ accumulation, especially at 50 mM NaCl, suggests potentially unique salt
tolerance mechanisms, as also reported in other Prunus species [89].

It is noteworthy that genotype-specific responses became more pronounced under
higher salt stress, particularly at 50 mM NaCl, suggesting that moderate salinity may be
optimal for identifying salt-tolerant genotypes. However, the convergence of responses at
75 mM NaCl suggests a potential threshold effect, a phenomenon observed in other Prunus
spp. studies [47,50].

4.4.5. Potassium/Sodium Ratio

Guara and Penta’s superior ability to maintain higher K+/Na+ ratios under salt stress
is noteworthy and aligns with observations by Papadakis et al. [89] in almond cultivars,
where salt-tolerant genotypes demonstrated better K+/Na+ homeostasis.

Genetic variation influences the ability to maintain favorable K+/Na+ ratios, which
is crucial for salt tolerance. Preferential K+ accumulation in leaves is a well-documented
strategy in many plant species to mitigate sodium’s detrimental effects on photosynthetic
machinery [49]. The relatively stable K+/Na+ ratios observed in wood and stem tissues
suggest a potential buffering role in ion homeostasis, as noted in olive trees by El Yamani
and Cordovilla [92]. Maintaining consistent ion ratios in woody tissues could be essential
for long-term salt tolerance in tree species, potentially protecting vital transport systems
and meristematic regions from ionic imbalances.

4.4.6. Calcium/Sodium Ratio

Genotypic variations in Ca2+/Na+ ratio maintenance under saline conditions, espe-
cially the strong performance of Guara, indicate diverse salt tolerance mechanisms within
the Prunus species. These differences likely originate from variations in ion transport
systems, as suggested by Shabala and Cuin [87]. Guara’s superior performance could
be due to more efficient Na+ exclusion mechanisms or enhanced Ca2+ uptake systems,
similar to those found in salt-tolerant varieties of other species [49]. The consistently higher
Ca2+/Na+ ratios observed in roots across all genotypes support the idea that roots serve
as a critical first line of defense against salt stress. This pattern suggests the presence of
efficient ion selectivity mechanisms in root tissues, possibly involving selective ion trans-
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porters similar to those described by Shabala [95]. The sharp decrease in leaf Ca2+/Na+

ratios with increasing salinity highlights the vulnerability of photosynthetic tissues to ionic
imbalances. This finding aligns with Munns and Gilliham [56], who emphasize the im-
portance of maintaining favorable ion ratios in leaves to preserve photosynthetic capacity
under salt stress. Genotypic differences in leaf Ca2+/Na+ ratios, especially the higher ratios
maintained by Guara, may be linked to variations in ion compartmentalization strategies
or differences in xylem loading and unloading processes, as described by Rengel [82].

4.5. Genotype Performance Comparison

The four almond genotypes exhibited distinct responses to increasing salinity, reveal-
ing varying levels of salt tolerance.

Guara demonstrated the best overall performance under saline conditions. It main-
tained growth and physiological functions across salinity levels, showing particular re-
silience in trunk diameter and fresh weight. Guara’s salt tolerance was underpinned by
its ability to maintain high Ca2+ levels and favorable ion ratios under stress. Penta ranked
a close second in salt tolerance. While not showing the highest vigor under control con-
ditions, Penta exhibited remarkable stability across all salinity treatments. It maintained
stable photosynthetic yield and electron transport under stress and showed effective Na+

exclusion and Cl− regulation. This consistent performance suggests robust salt tolerance
mechanisms. Vialfas showed good performance under low-to-moderate salinity but higher
sensitivity to severe salt stress. It demonstrated superior vigor under control and low
salinity conditions, particularly in growth parameters. However, Vialfas experienced sig-
nificant declines at 75 mM NaCl, indicating a lower threshold for severe salt stress. Avijor
proved the most sensitive to salt stress among the four genotypes. It showed significant
declines in growth parameters at moderate-to-high salinity levels (25 and 50 mM NaCl)
and struggled to maintain physiological performance under high salinity (75 mM NaCl).
Avijor’s sensitivity was further evidenced by high Na+ accumulation in leaves, suggesting
less effective Na+ exclusion mechanisms.

In terms of overall salt tolerance, the genotypes can be ranked as Guara > Penta >
Vialfas > Avijor. This ranking considers both absolute performance under high salinity and
stability of response across stress levels.

4.6. Management Framework and Practical Applications
4.6.1. Integrated Management Framework for Salinity Stress

While our study focuses on genotype selection, optimizing almond production under
saline conditions requires an integrated approach (Figure 10). The framework presented
illustrates how different management strategies interact to achieve improved yields under
saline conditions. Genetic management through appropriate cultivar selection—as investi-
gated in this study—forms one of the four key pillars, alongside water management, soil
management, and continuous monitoring.
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Soil health assessment plays a crucial role in this integrated approach, particularly
for managing saline conditions. It involves analyzing physical, chemical, and biological
soil properties, with key indicators such as electrical conductivity (EC), pH, and sodium
adsorption ratio (SAR) used to identify and monitor salt-affected areas. While general soil
health monitoring tools have shown success in agricultural management [96], managing
almond orchards under saline conditions requires particular attention to these salinity-
specific parameters. Our results demonstrate that monitoring these indicators provides
crucial information for adjusting management practices.

Management strategies guided by soil assessment include applying gypsum to im-
prove soil structure and enhance salt leaching, optimizing irrigation methods through
drip systems and appropriate leaching fractions, and incorporating organic matter to
boost microbial activity and nutrient availability. Advanced monitoring tools like sensors
and GIS technology enable continuous soil assessment, ensuring precise, timely adjust-
ments to these interventions. This holistic approach allows growers to maximize the
benefits of salt-tolerant genotypes while maintaining soil health and ensuring long-term
orchard sustainability.

4.6.2. Genotype-Specific Applications

The differential salt tolerance observed among the four almond genotypes has signifi-
cant implications for orchard management and breeding programs, particularly in regions
facing increasing soil salinization.

For areas with salinity levels of up to 50 mM NaCl, Guara emerges as the optimal
choice due to its consistent performance across various stress levels. Its ability to maintain
growth and physiological functions under saline conditions makes it suitable for a wide
range of environments, potentially increasing orchard resilience to fluctuating soil salinity.

In regions prone to higher salinity levels or where salinity may increase over time,
Penta could be the preferred option. Its stable performance across all salinity treatments,
including severe stress conditions, suggests it may be better equipped to handle long-term
exposure to high salinity. Penta’s effective ion regulation mechanisms could be particularly
valuable in these challenging environments.

Vialfas, with its superior vigor under low-salinity conditions, could be an excellent
choice for areas with mild salinity issues or as part of a breeding program aimed at
combining its vigorous growth traits with the salt tolerance mechanisms of Guara or Penta.

While Avijor showed the highest sensitivity to salt stress, its traits could still be
valuable in breeding programs. Understanding the mechanisms behind its sensitivity could
provide insights into key genes or processes involved in salt tolerance, potentially leading
to the development of even more resilient cultivars.

These findings also highlight the importance of soil and water salinity assessment and
monitoring in orchard management. The observed genotype-specific salinity thresholds
can guide irrigation strategies and soil amendment practices, helping to maintain optimal
growing conditions for each cultivar.

For breeding programs, these results provide a foundation for developing new, salt-
tolerant almond varieties. Cross-breeding between Guara or Penta and other high-yielding
varieties could potentially result in cultivars that combine superior salt tolerance with other
desirable agronomic traits.

In short, the selection of almond genotypes should be tailored to specific environmental
conditions and management goals. This study provides valuable insights for such decision
making, potentially contributing to more sustainable and productive almond cultivation in
the face of increasing soil salinization.
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5. Conclusions
This study of four self-rooted almond genotypes (Vialfas, Guara, Penta, and Avijor)

under varying salinity levels revealed genotype-specific responses to salt stress across
different plant organs and physiological processes. All genotypes exhibited a critical
salinity threshold between 50 and 75 mM NaCl, beyond which significant deterioration in
growth and physiological parameters occurred. Guara and Penta demonstrated superior
overall performance under saline conditions, maintaining better growth, physiological
functions, and ion homeostasis across salinity treatments. These genotypes showed more
effective mechanisms for maintaining favorable K+/Na+ and Ca2+/Na+ ratios, particularly
in leaves and roots, which appeared to be crucial for their salt tolerance.

These findings have significant implications for almond cultivation in regions af-
fected by soil or water salinization. The observed genotype-specific responses provide
valuable guidance for selecting plant material in super-high-density, self-rooted almond
orchards—a cost-effective alternative for regions facing water scarcity and salinity chal-
lenges, whether transitioning from traditional almond orchards or cereal crops. Further-
more, the identified salt-tolerant genotypes, particularly Guara and Penta, show consider-
able promise as breeding stock for developing more resilient almond varieties.

Future research should include long-term field studies to assess the performance of
these genotypes under variable environmental conditions, as salt tolerance can be influ-
enced by other abiotic factors. Investigation of the molecular and genetic basis of the
observed differences in salt tolerance could facilitate marker-assisted selection in breed-
ing programs. Evaluation of the impact of salt stress on fruit yield and quality in these
genotypes would also be valuable for commercial almond production.
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