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Abstract

Spatial variability within soil profiles can substantially influence plant growth and productivity by
modifying soil water and nutrient availability. In this study, we evaluated the relationship between
soil physicochemical properties and yield in a young almond orchard established on a Calcaric
Solimovic Regosol under Mediterranean conditions. The soil profile comprised three horizons
showing marked variability in depth and texture. Based on these differences, the experimental plot
was divided into two zones: Zone A, characterized by a thicker upper horizon and a lower proportion
of sand in the subsoil, and Zone B, with a thinner topsoil and higher sand content in the buried
horizon. Within each zone, the almond cultivars ‘Marta’ and "‘Marinada’ were planted in a balanced
design using two rootstocks: INRA GF-677 and GARNEM®. Almond yield was the parameter most
strongly affected by soil heterogeneity, showing pronounced differences among soil zones and
rootstock—cultivar combinations. Yield followed the sequence Marta > Marinada/GF-677 >
Marinada/GARNEM®, and was reduced in Zone B by 37%, 68%, and 72%, respectively, compared
with Zone A. In contrast, soil zones had no significant effect on leaf and kernel mineral nutrient
concentrations, which varied mainly according to cultivar.

Keywords: almond yield; soil profile heterogeneity; soil texture; rootstock—cultivar interaction;
almond ionome

1. Introduction

Almond (Prunus dulcis (Mill.) D.A. Webb) is one of the most important tree nut crops worldwide.
The United States is currently the leading producer, followed by Mediterranean countries such as
Spain and Italy [1]. In the Mediterranean region, almond cultivation has traditionally relied on
rainfed orchards characterized by wide tree spacing, low external inputs, and the integration of
winter cover crops and sheep grazing. However, during recent decades, this traditional production
system has been severely challenged. Climate change has increased the frequency and intensity of
drought events, particularly affecting rainfed agriculture [2], while the emergence and spread of new
diseases, such as leaf scorch caused by Xylella fastidiosa, have further threatened orchard viability [3].
These pressures, combined with market-driven intensification of agricultural systems have led to the
widespread replacement of traditional almond orchards with intensive and super-intensive
plantations that require high inputs of water and other natural resources [4]. Under current and
projected climate change scenarios, such production models face serious limitations, especially
regarding water availability and soil health. Consequently, almond cultivation in Mediterranean
environments urgently requires more sustainable soil and water management strategies capable of
balancing crop productivity with the preservation of natural resources [5].
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Agricultural soils are a finite and non-renewable resource that underpins food production.
Inappropriate management practices can lead to soil degradation, including salinization and
groundwater contamination, often driven by excessive fertilization [6]. Understanding soil properties
and their interactions with vegetation and environmental factors is therefore essential to improve
sustainable production practices, as soil characteristics directly influence water retention, nutrient
availability, and root development [7]. Among these characteristics, within-field soil heterogeneity
plays a crucial role in determining spatial variability in crop growth and yield. Such heterogeneity
often necessitates site-specific irrigation and fertilization strategies to achieve consistent productivity
while minimizing environmental impacts such as nutrient leaching and soil erosion [7,8]. Soil texture
is a key determinant of crop performance because it governs water-holding capacity, aeration,
drainage, and nutrient retention. The relative proportions of sand, silt, and clay define the
physicochemical and biological properties of soils, thereby influencing water and nutrient dynamics
within the root zone [9]. In heterogeneous soils, uniform management practices can exacerbate water
percolation and nutrient leaching, ultimately compromising groundwater quality and resource-use
efficiency [10].

Although the effects of soil heterogeneity on crop production have been investigated in annual
cropping systems, mainly focusing on variability within the topsoil [11,12], comparatively little
attention has been given to perennial fruit crops. In tree orchards, root systems explore deeper soil
layers, making the properties of buried horizons potentially as important as those of the topsoil [13].
Variations in horizon depth, texture, and chemical composition may therefore have long-term
implications for tree growth, yield, and nutrient uptake, particularly in young orchards where root
systems are still developing. On this basis, in this field study, we evaluated the impact of soil profile
heterogeneity on vegetative growth, yield, and mineral nutrition in a young almond orchard
established under Mediterranean conditions. Specifically, we examined the response of three
rootstock—cultivar combinations to spatial variation in soil horizons. The objectives of this study were
to: (1) assess the relationship between soil physicochemical properties and almond growth, yield, and
quality; and (2) compare the responses of different almond rootstock—cultivar combinations to
within-field soil heterogeneity.

2. Materials and Methods

2.1. Experimental Site and Environmental Conditions

The study was conducted from January 2021 to October 2025 at the experimental station of the
University of the Balearic Islands (Balearic Islands, Spain; 39°38'17" N, 2°38'53" E). The experimental
plot covered an area of 1,500 m? (30 x 50 m). The regional climate is Mediterranean, characterized by
a mean annual precipitation of approximately 450 mm, concentrated mainly in autumn and winter.
October and November are typically the wettest months, whereas rainfall is scarce or absent from
June to August. Summers are hot, with daily maximum temperatures frequently exceeding 30 °C,
while winters are mild, with minimum temperatures rarely dropping below 1 °C.

2.2. Soil Physicochemical Characterization

Preliminary observations of soil characteristics were carried out in 2020, when a 50 m-long trench
was mechanically excavated alongside the experimental plot to install a row of trees in large
containers. The trench, approximately 1 m deep, allowed direct visualization of the soil profile and
revealed marked heterogeneity, indicating that the plot could be subdivided into two distinct zones.
This observation provided the basis for the present study. Detailed soil mapping was subsequently
performed by manually excavating soil pits to a depth of approximately 100 cm. Soil horizons were
identified, described in the field according to the World Reference Base for Soil Resources [14], and
sampled for physicochemical and biological analyses.

Soil texture was determined using the Bouyoucos hydrometer method [15]. Field capacity (FC)
and permanent wilting point (PWP) were measured using a pressure plate apparatus after
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equilibration at —33 kPa and —1500 kPa, respectively [16]. Soil bulk density (BD) was calculated from
intact core samples as the ratio of oven-dry soil mass to total core volume. Soil organic carbon (SOC)
was determined using the Walkley-Black method [17]. Available phosphorus (P Olsen) was
measured following the Olsen method [18]. Calcium carbonate equivalent (CCE) was determined
using the Bernard calcimeter method [19], while active calcium carbonate (ACC) was quantified
using the ammonium oxalate procedure [20]. Cation exchange capacity (CEC) was determined by
cation displacement with 1 N ammonium acetate buffered at pH 7.0 [21]. Soil electrical conductivity
(EC) and pH were measured in 1:5 and 1:2.5 soil-to-water suspensions, respectively. Total microbial
activity was assessed in samples from the upper horizon using the fluorescein diacetate (FDA)
hydrolysis assay [22]. Exchangeable K, Ca, Mg, and Na were extracted using ammonium acetate (pH
7.0), whereas Fe, Zn, Mn, and Cu were extracted using EDTA as a chelating agent. All elements were
quantified by inductively coupled plasma optical emission spectroscopy (ICP-OES; Perkin-Elmer
Plasma-2000, Perkin-Elmer Inc., Norwalk, CA, USA).

2.2. Experimental Design and Almond Orchard Management Practices

Based on key soil profile characteristics likely to influence crop performance, specifically the
depth of the upper horizon and the proportion of sand within the profile, the experimental plot was
divided into two zones, designated Zone A and Zone B. Each zone occupied approximately half of
the total plot area.

In February 2021, a total of 288 almond trees (Prunus dulcis (Mill.) D.A. Webb) were planted
following a balanced experimental design. Ninety-six trees corresponded to the high-vigor cultivar
‘Marta’ grafted onto the INRA GF-677 rootstock. The remaining 192 trees were of the medium-low
vigor cultivar ‘Marinada’, with half grafted onto INRA GF-677 and half onto the GARNEM®
rootstock.

Trees were arranged in six rows, with 48 trees per row, spaced 1 m apart within rows and 4 m
between rows (Figure 1d). Trees were planted in groups of four of the same rootstock—cultivar
combination. Rows 1 and 6 served as border rows and were excluded from sampling. Within each
group of four trees, only the two central trees were included in the study, marked with a red star in
Figure 1d, to minimize potential root overlap effects between different rootstock—cultivar
combinations. A maximum of 12 trees per rootstock—cultivar combination were sampled in each soil
zone.

Figure 1. Soil profile Zone A (a) and Zone B (b). Overview of the almond orchard (c). Top view of the
experimental site subdivided into two zones (d). Trees were planted in 6 rows leaving a space of 4 m between
rows. In each row, 48 trees were planted with 1 m spacing between trees. Only trees inside the black rectangle
were sample. Rows 1 and 6, (borderlines) were not sampled, neither the first and last tree in rows 2, 3, 4 and 5.

The trees were planted in groups of 4, alternating rootstock-cultivar. In each group of four, the two middle trees
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were sampled to diminish any root overlapping effect among different rootstock-cultivar (red stars). M, “‘Marta’;
MGF ‘Marinada’ grafted onto INRA GF-677; MGN, ‘Marinada’ grafted onto GARNEM®.

Spontaneous inter-row vegetation was allowed to grow from autumn to spring and was
incorporated into the soil before the onset of the dry season to minimize competition for water. To
clearly assess the influence of soil properties on tree performance, no fertilization was applied
throughout the experimental period. Supplemental irrigation was provided by drip irrigation during
the dry season, using recommended irrigation rates for almonds grown on sandy soils to ensure
adequate water supply across the heterogeneous soil conditions. Annual pruning was carried out
each January, after leaf fall, to control canopy growth.

2.4. Almond Tree Physiological Parameters, Growth and Almond Yield

Tree growth was assessed by measuring trunk diameter at mid-height between the soil surface
and the first main branch using a digital caliper. This non-destructive measurement has been shown
to correlate positively with tree biomass in fruit trees [23].

Physiological measurements were conducted in May, July, and September on 12 trees per
rootstock—cultivar combination and soil zone. Measurements were taken on fully expanded leaves
located on current-year shoots that did not bear fruit. Leaf chlorophyll content was estimated using
a chlorophyll content meter (Model CI-01, Hansatech Instruments, Norfolk, England), and stomatal
conductance was measured using a SC-1 leaf porometer (METER Group, Inc., San Francisco, CA,
USA). All measurements were performed on clear, sunny days between 11:00 and 13:00 h using
leaves fully exposed to sunlight.

In 2024 and 2025, almonds were manually harvested during the third week of September. Fruits
from each tree were counted and weighed after hull removal. Kernels were obtained by manual
shelling and subsequently weighed to determine kernel yield.

2.5. Leaf and Almond Ionome

Leaf ionome from samples collected in July are shown. This period was reported as optimal for
assessing mineral nutrient status in almond leaves due to the stabilization of nutrient concentrations
[24]. After physiological measurements, leaves were harvested, washed three times with distilled
water, and oven-dried at 70 °C for 12 h.

Representative almond samples from each rootstock—cultivar combination and soil zone were
washed three times with distilled water. After removing excess surface water, skins and seeds were
separated and oven-dried at 100 °C for 24 h to determine water content and mineral nutrient
concentrations.

Finely ground, oven-dried leaf, skin, and seed samples (0.05 g) were digested in a mixture of
H,O,:HNO3:HCIO; (1:0.4:0.1, v/v/v) at 90 °C for 3 h. After cooling, digests were brought to a final
volume of 10 mL with Milli-Q water and filtered through hydrophilic PVDF syringe filters (25 mm
diameter, 0.45 um pore size; Phenomenex) prior to analysis by ICP-OES.

2.6. Statistical Analysis

Statistical analyses were performed using SPSS Statistics software. Data normality and
homogeneity of variances were assessed using the Shapiro-Wilk and Levene’s tests, respectively.
Differences among treatments were analyzed by analysis of variance (ANOVA), followed by
Duncan’s multiple range test when significant effects were detected. Correlation heat maps were
generated based on Pearson correlation coefficients to evaluate relationships between soil
physicochemical properties and almond yield.
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3. Results
3.1. Soil Physicochemical and Biological Properties

The orchard soil was classified as a Calcaric Solimovic Regosol according to the World Reference
Base for Soil Resources [14]. The soil profile consisted of three horizons exhibiting marked spatial
variability, which justified the subdivision of the experimental plot into two distinct zones, Zone A
and Zone B (Figure 1d).

The upper horizon (Aap) was deeper in Zone A (35 cm) than in Zone B (30 cm) and displayed a
loamy texture in both zones, with a higher silt content in Zone A (Table 1). Although field capacity
showed similar values in both zones, the permanent wilting point was lower in Zone A. Key fertility-
related parameters, including soil organic carbon (SOC), C/N ratio, and cation exchange capacity
(CEC), were higher in Zone A, whereas growth-limiting factors such as calcium carbonate equivalent
(CCE), active calcium carbonate (ACC), and soil pH were lower in this zone (Table 1). The buried
horizon (2Aab) was thicker in Zone B (40 cm) than in Zone A (25 cm). Texture differed markedly
between zones, being loamy in Zone A and sandy loam in Zone B, with the latter showing a
substantially higher sand content. This difference was associated with lower SOC and CEC and
higher CCE and pH in Zone B compared with Zone A (Table 1). The parent material horizon (2Ca)
exhibited a clay loam texture in Zone A and a loam texture in Zone B, with generally similar
physicochemical properties in both zones. Olsen-extractable P was consistently very low (<5 mg kg™)
across all horizons in both zones (Table 1).

Table 1. Soil profile physicochemical parameters of the two zones. FC, field capacity; PWP, permanent wilting
point; BD; bulk density; SOC, soil organic carbon; SOM, soluble organic matter; C/N, carbon/nitrogen ratio; P,
phosphorus; CCE, calcium carbonate equivalent; ACC, active calcium carbonate; CEC, cation exchange capacity;

EC, electrical conductivity.

Profile ZONEA ZONEB
Horizon Acp 2Aab 2ca Aap 2Aab 2ca
Texture Loam Loam Clay loam Loam Sandy loam Loam
Depth (cm) 0-35 35-60 >60 0-30 30-70 >70
Sand (%) 40.6 343 445 46.6 739 343
Silt (%) 421 40 378 35.7 19.6 40
Clay (%) 17.2 25.7 17.7 17.8 6.5 25.7
FC (%) 22.74 31.84 ND 22.91 30.13 ND
PWP (%) 8.51 13.41 ND 9.84 6.6 ND
BD (g/cm’) 132 125 ND 1.28 111 ND
SOC (%) 1.99 1.51 15 1.64 0.73 151
C/N 9.2 10.7 10.2 8.8 103 114
P Olsen (mg/kg) <5 <5 <5 <5 <5 <5
CCE (%) 52.5 67.5 539 59.0 793 64.0
ACC (%) 12.0 34 27 13.0 24 31
CEC (cmol(+)/kg) 115 104 113 10.7 3.2 9.8
CE 1:5 (uS/cm) 200.0 150 150 190.0 140 150
pH H20 1:2.5 8.0 83 8.4 81 8.4 83
K (cmol(+)/kg) 294 69 74 208 17 55
Ca (cmol(+)/kg) 6263 7072 7255 6283 5986 7000
Mg (cmol(+)/kg) 126 112 151 112 56 110
Na (cmol(+)/kg) 26 10.7 10.2 28 103 10.4
Fe (mg/kg) 51 53 ND 48 49 ND
Mn (mg/kg) 39 11 ND 28 13 ND
Zn (mg/kg) 3 2 ND 2 2 ND
Cu (mg/kg) 3.4 3.5 ND 4.3 2.9 ND

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Among macronutrients, exchangeable K and Mg concentrations were higher in the upper
horizon than in deeper layers, with no significant differences between zones. In the buried horizon,
however, both K and Mg were higher in Zone A than in Zone B (Table 1). Exchangeable Na also
showed higher concentrations in the upper horizon, without significant differences between zones.
Regarding EDTA-extractable micronutrients, Fe concentrations were similar between the upper and
buried horizons but were consistently higher in Zone A than in Zone B (Table 1). Manganese
concentrations were higher in the upper horizon, whereas Zn and Cu showed no significant
differences among horizons or between zones.

Total microbial activity, assessed using the fluorescein diacetate (FDA) hydrolysis assay, was
measured in July 2025 in soil samples collected from the almond rhizosphere and bulk soil. No
significant differences between rhizosphere and bulk soil were observed in Zone A (Figure 2). In
contrast, FDA activity in Zone B was significantly higher in the rhizosphere than in the bulk soil.
While rhizosphere FDA activity did not differ significantly between zones, bulk soil activity was
higher in Zone B than in Zone A (Figure 2).

FDA activity (ug /g soil h)

90 b
80 abc
; o
60 . a ‘ -
50 . B Zone A
40 - B Zone B
30
20
10

0

Rhizosphere Bulk soil

Figure 2. Fluorescein diacetate activity (FDA) in the almond rhizosphere and bulk soil in Zone A and Zone B
(n=8). Different lowercase letters above the bars indicate a significant difference at P< 0.05 level (Duncan’s

multiple comparison test).

3.2. Almond Physiological Parameters, Growth and Yield

Tree growth, assessed by trunk diameter in 2024 and 2025, differed significantly among scions,
rootstocks, and soil zones (Figure 3). The cultivar ‘Marta’ consistently exhibited greater trunk
diameter than ‘Marinada’ in both zones. Within ‘Marinada’, trees grafted onto INRA GF-677 showed
higher growth than those grafted onto GARNEM® in Zone A, whereas no significant differences
between rootstocks were observed in Zone B (Figure 3). In Zone A, all rootstock—cultivar
combinations showed a significant increase in trunk diameter from 2024 to 2025. In Zone B, trunk
growth increased in ‘Marta’ and ‘Marinada’/GF-677, while no significant year-to-year increase was
observed in “‘Marinada’/GARNEM® (Figure 3). For both years, trunk diameter of ‘Marinada’ grafted
onto INRA GF-677 was significantly greater than that of trees grafted onto GARNEM® in Zone A,
whereas rootstock effects were not significant in Zone B. Overall, trunk diameter was consistently
higher in Zone A than in Zone B for all rootstock—cultivar combinations (Figure 3).

Leaf chlorophyll content differed significantly among cultivars and soil zones (Figure 4a).
‘Marta’ exhibited higher chlorophyll values than ‘Marinada’ grafted onto either rootstock in both
zones. Moreover, chlorophyll content in ‘Marta’ was higher in Zone A than in Zone B, whereas
‘Marinada’ showed similar values in both zones. In contrast, stomatal conductance did not differ
significantly among rootstock—cultivar combinations or between soil zones (Figure 4b).

Almond yield was the tree parameter most strongly affected by soil heterogeneity. Cumulative
yield over the 2024 and 2025 seasons varied markedly according to soil zone, cultivar, and rootstock
(Figure 5). All rootstock—cultivar combinations exhibited significantly higher yields in Zone A than
in Zone B. Among cultivars, ‘Marta’ showed higher yields than “‘Marinada’, and within ‘Marinada’,
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trees grafted onto INRA GF-677 outperformed those grafted onto GARNEM® (Figure 5). Kernel
proportion (kernel weight as a percentage of total nut weight) did not differ significantly among
rootstock—cultivar combinations or between soil zones, with average values ranging from 25.1% to
27.4%.

Trunk diameter (mm)
70 B
B*
8 . :
60 I d . e I
. - \
55 I e o
N B L
50 . I c*CE* |
45 . .-l 1 W MGN
40 [ -
35

30
Zone A 2024 Zone A 2025 Zone B 2024 Zone B 2025

Figure 3. Trunk diameter measured at 1 m from the soil surface. Means of 12 replicates + SD; Different lower-
case letters above the bars indicate significant differences among M, MGF and MGN in Zone A; different upper-
case letters above the bars indicate significant differences among M, MGF and MGN in Zone B; and asterisks
above the bars indicate a significant difference in the cultivar between zones at P< 0.05 level (Duncan’s multiple
comparison test). M, ‘Marta’; MGF ‘Marinada’ grafted onto INRA GF-677; MGN, ‘Marinada’ grafted onto

GARNEM®.
Chlorophyll SPAD Stomatal conductance (mmol H,0 m2 s-)
25 750
a
20 = 600
15 b b 3 b 450 :\\‘{‘\E §
10 § §\ 300 § %
: \ \ \
M MGF677 MGN M MGF677 MGN M MGF677 MGN M MGF677 MGN
Zona A ZonaB Zona A Zona B
(a) (b)

Figure 4. Chlorophyll SPAD (a) and Stomatal conductance (b). Means of 12 replicates + SD; different lowercase
letters above the bars indicate a significant difference at P< 0.05 level (Duncan’s multiple comparison test). M,
‘Marta’; MGF677 ‘Marinada’ grafted onto INRA GF-677; MGN, ‘Marinada’ grafted onto GARNEM®.

Cumulative almond yield 2024-25 (g/tree) Cumulative kernel yield 2024-25 (g/tree)
1000 250

a
b
100 e
d 50 I
7 e
M MGF  MGN

a
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600 " b

o
400 c %
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Figure 5. Cumulative almond (a) and kernel yields (b) of 2024 and 2025. Means of 12 replicates + SD; different
lowercase letters above the bars indicate a significant difference at P< 0.05 level (Duncan’s multiple comparison
test). M, ‘Marta’; MGF ‘Marinada’ grafted onto INRA GF-677; MGN, ‘Marinada’ grafted onto GARNEM®.

Correlation heat maps illustrating relationships between soil physicochemical properties and
almond yield for the upper and buried horizons are presented in Figure 6. In the upper horizon, sand
content, permanent wilting point, CCE, and pH were negatively correlated with yield, whereas silt
content, bulk density, SOC, and CEC showed positive correlations, particularly for
‘Marinada’/GARNEME® (Figure 6). In the buried horizon, sand content, CCE, and pH were strongly
negatively correlated with almond yield, while silt and clay content, FC, PWP, BD, SOC, C/N ratio,
CEC, and EC showed positive correlations (Figure 6).

e

W o S0C  OW  OOF  ACC CosC (2 [ M MEF  MEN

fiezonzasiinsiagsi}

(b)

Figure 6. Qualitative correlation color map of the upper horizon (a) and the buried horizon (b) physicochemical
parameters that presented differences between Zone A and Zone B and almond yield in these two zones.
Negative correlation is shown in brown; positive correlation is shown in green. SOC, soil organic carbon; CEC,
cation exchange capacity; CCE, calcium carbonate equivalent; ACC, active calcium carbonate; EC, electrical

conductivity. M, ‘Marta’; MGF ‘Marinada’ grafted onto INRA GF-677, MGN, ‘Marinada’ grafted onto
GARNEM®.

3.3. Leaf and Almond Ionome

Leaf mineral nutrient concentrations of fully expanded leaves collected in July 2025 are
presented in Table 2. Leaf K, S, Fe, Mn, and Cu did not differ significantly among soil zones or
rootstock—cultivar combinations. In contrast, leaf Ca and Mg concentrations were higher in
‘Marinada’ grafted onto GARNEM® than in ‘Marinada’/GF-677 and ‘Marta’, with no significant zone
effects. Leaf Na and B concentrations were higher in “‘Marta’ than in “‘Marinada’, irrespective of soil
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zone. Leaf P concentrations were higher in “‘Marinada’, with a tendency toward higher values in Zone
B, while leaf Zn also tended to be higher in ‘Marinada’ in Zone B (Table 2).

Table 2. Leaf mineral nutrient composition. Means of 12 replicates + SD; different letters indicate a significant
difference at P<0.05 level (Duncan’s multiple comparison test). M, ‘Marta’; MGF ‘Marinada’ grafted onto INRA
GF-677; MGN, ‘Marinada’ grafted onto GARNEM®.

Zone A Zone B

Nutrient

(unit)

K(mg) 13.2+8.0a 12.1+1.9a 11.5+1.2a 13.9+1.6a 11.942.0a 11.2+1.5Ba
Ca(mg) 14.6+3.2ab 14.0+2.9ab 16.6+2.3ab  11.5+2.4a 11.742.2a 16.9+£3.1b

M MGF677 MGN M MGF677 MGN

Mg (mg) 2.640.4ab  2.9+0.6b 3.7+0.4c  2.4+0.3a 2.7+0.3b 3.6+0.6c
P (mg) 1.440.2a 1.7+0.2b 1.5+0.1a  1.5:0.04a  1.9+0.3b 1.740.2b
S (mg) 1.240.2a 1.3+0.2a 1.240.2a  1.1+0.1a 1.3+0.2a 1.340.1a

Na (mg) 0.67+0.2a 0.40+0.1b 0.48+0.2b  0.52+0.1a 0.3940.1b 0.40+0.1b
Fe (ug) 34.7+5.2a 37.7+8.1a 37.0+7.1a  34.1+3.8a 36.2+5.7a 35.1+2.8a
Mn (ug) 35.2+12.5a 33.9+11.6a 27.3+4.0a 27.5+5.5a 26.145.0a 30.8+11.9a
Zn (ug) 28.2+6.7ab  31.8+4.4a 25.9+4.3b  25.7+3.2b 33.946.6a 29.5+4.9ab
B (ug) 27.0+2.8a 23.942.2b 24.5+2.2b  28.7+3.0a 24.6+2.2b 26.3+2.3ab
Cu (pg) 5.54+1.2a 6.2+1.1a 5.04+1.2a 6.0+1.4a 6.1+1.1a 6.0+1.0a

Unit () varietal nutrient contents (/g leaf, dry weight).

Macronutrient and micronutrient concentrations in almond skin and seed that differed among
treatments are shown in Figures 7 and 8, respectively. Potassium concentrations were similar
between skin and seed in “‘Marta’, whereas in “‘Marinada’ K concentrations were higher in seeds than
in skins. Skin K concentrations were significantly higher in ‘Marta’ than in ‘Marinada’, with no
significant differences between soil zones (Figure 7a,d). Calcium concentrations were approximately
twofold higher in skins than in kernels (Figure 7b,e). Kernel Ca was significantly higher in ‘Marta’
than in ‘Marinada’, whereas skin Ca did not differ significantly among rootstock—cultivar
combinations or soil zones. Magnesium concentrations in kernel and skin showed no significant
differences among cultivars or zones, with values ranging from 2.3 + 0.16 to 2.5 + 0.17 mg g* DW in
seeds and from 1.95 + 0.26 to 2.31 = 0.22 mg g™ DW in skins. Sulfur concentrations in both skin and
seed were lower in ‘Marinada’ than in ‘Marta’, with no significant zone effects (Figure 7c,f).
Phosphorus concentrations in kernel and skin showed no significant differences among cultivars or
zones, with values ranging from 4.75 + 0.28 to 5.11 £ 0.15 mg g~ DW in seeds and from 1.78 + 0.28 to
1.98 +0.19 mg g DW in skins.

Micronutrient concentrations were generally higher in skins than in seeds (Figure 8). Seed Fe
concentrations were higher in ‘Marta’ than in ‘Marinada’, with a similar trend observed in skins
(Figure 8a). In contrast, seed Mn and Zn concentrations were higher in ‘Marinada’ than in ‘Marta’,
with a comparable trend for skin Mn (Figure 8b,c,e). Skin Zn concentrations did not differ between
cultivars in Zone A; however, in Zone B, “‘Marta’ exhibited higher values than in Zone A.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Potassium, Ca and P concentration in seed (a,b,c) and skin (d,e,f) in mg/ g dry weight. Means of 12
replicates + SD; different lowercase letters above the bars indicate a significant difference at P< 0.05 level
(Duncan’s multiple comparison test). Reference values from seven major California varieties [25]: K (5.4-9); Ca
(1.98-3.7); Mg (22-30). M, ‘Marta’; MGF ‘Marinada’ grafted onto INRA GF-677; MGN, ‘Marinada’ grafted onto
GARNEME®. .
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Figure 8. Iron, Mn and Zn concentration in almond seed (a,b,c) and skin (d,e,f) in ug/ g dry weight. Means of 12
replicates + SD; different lowercase letters above the bars indicate a significant difference at P< 0.05 level
(Duncan’s multiple comparison test). Reference values from seven major California varieties [25]: Fe (26-45); Mn
(13-40); Zn (20-40). M, ‘Marta’; MGF ‘Marinada’ grafted onto INRA GF-677; MGN, ‘Marinada’ grafted onto
GARNEM®.

4. Discussion

Sustainable agricultural practices are increasingly required to maintain almond production in
Mediterranean regions, where natural resources, particularly water, are limited and climate
variability is intensifying. Achieving a balance between crop productivity and the preservation of soil
and water resources is therefore a major challenge for almond cultivation under these conditions [5].
In this context, improving resource-use efficiency is essential, and soils represent one of the most
critical yet heterogeneous components of agricultural systems.

Agricultural soils are inherently variable, often exhibiting pronounced differences in
physicochemical and biological properties over short spatial scales. Consequently, sustainable
agronomic practices must account for within-field soil heterogeneity to maintain soil health, optimize
water use, and maximize crop yield [26]. While the influence of soil heterogeneity on crop
productivity has been extensively studied in annual cropping systems [11,12], much less attention
has been given to perennial fruit crops, despite their deeper and longer-lived root systems.
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In the present study, we investigated how spatial variation in soil profile characteristics affected
vegetative growth, yield, and mineral nutrition in a young almond orchard established under
Mediterranean conditions. The experimental plot was located on a gentle alluvial slope, where soil
formation processes resulted in contrasting horizon characteristics within a relatively small area.
Specifically, sand content in the buried horizon increased from west to east, while the depth of the
upper horizon decreased in the same direction. This pattern likely reflects the origin of the upper
loamy horizon from upslope materials, which progressively thinned downslope. Based on these
characteristics, the plot was divided into two zones with contrasting soil profiles that remained
largely undisturbed by past agricultural practices.

The soil was classified as a Calcaric Solimovic Regosol, a soil type commonly found in xeric
environments where limited leaching promotes the accumulation of carbonates and results in high
pH values. Although such soils can be highly productive when adequately supplied with water and
nutrients, their high carbonate content and alkalinity strongly limit the availability of key nutrients
such as phosphorus and micronutrients, particularly Fe, Zn, and Cu [27]. In this study, rainfall was
insufficient to establish the orchard and was therefore supplemented with drip irrigation. However,
no fertilization was applied in order to assess the intrinsic capacity of the soil to support tree growth
and yield, as well as potential differences in nutrient-use efficiency among rootstock—cultivar
combinations.

As hypothesized, trees growing in Zone A, characterized by a thicker upper horizon and a lower
sand content in the buried horizon, exhibited greater vegetative growth and, more notably,
substantially higher almond yields than those in Zone B. Among the soil attributes contributing to
these differences, the depth of the upper horizon emerged as a key factor. Increased topsoil depth has
been reported to enhance crop productivity and nutrient-use efficiency, particularly under high
planting density conditions [28,29]. In the present orchard, the narrow in-row spacing (1 m) likely
intensified competition for water and nutrients, an effect further exacerbated by the absence of
fertilization. Under these conditions, a deeper and more fertile upper horizon in Zone A provided a
greater reservoir of resources to support tree growth and yield.

In addition to topsoil depth, the higher sand content in the buried horizon of Zone B played a
critical role in limiting almond performance. Sandy soils typically exhibit lower field capacity and
cation exchange capacity, reducing their ability to retain water and nutrients. These limitations are
particularly restrictive in arid and semi-arid environments, where water availability is already
constrained [30]. The strong negative correlations observed between sand content in the buried
horizon and almond yield highlight the importance of subsoil properties in perennial cropping
systems, where roots increasingly explore deeper layers as trees mature.

Tree responses to soil heterogeneity varied among rootstock—cultivar combinations. Both
‘Marinada’ rootstock combinations showed reduced growth in Zone B, and the superior performance
of ‘Marinada’ grafted onto INRA GF-677 observed in Zone A was not maintained under the poorer
soil conditions of Zone B, where no significant differences between rootstocks were detected. These
results suggest that rootstock advantages may be strongly context-dependent and diminish under
restrictive soil conditions.

Cultivar-related differences in growth were consistent with known vigor characteristics. ‘Marta’,
a high-vigor cultivar, exhibited greater trunk growth than ‘Marinada’, a moderate-vigor cultivar,
across both soil zones [31]. Trunk diameter was used as a proxy for tree size, a metric widely reported
to correlate with biomass and yield potential in fruit trees [32,33]. In young almond orchards,
reductions in yield have frequently been linked to limited vegetative growth [34]. However, in the
present study, yield was proportionally more affected by soil limitations than vegetative growth. For
example, yield reductions in Zone B were substantially greater than reductions in trunk growth,
particularly for ‘Marinada’ grafted onto GARNEM®. This disproportionate reduction in yield
suggests a potential trade-off between vegetative growth and reproductive output in young trees
under resource-limited conditions. When soil resources are scarce, trees may prioritize vegetative
development, such as root and canopy expansion, to secure future productivity, at the expense of
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current yield [35]. Similar negative relationships between vegetative growth and fruit yield have been
reported in young olive trees [36], and this trade-off may be more pronounced in cultivars with lower
vigor due to their higher reproductive sink strength [37]. Interestingly, despite its lower vigor,
‘Marinada’ consistently produced lower yields than ‘Marta’ in both soil zones. This contrasts with
findings by Llompart et al. (2024) [38], who reported higher kernel yields for ‘Marinada’ than for
‘Marta” when grown on more fertile clay loam soils in Mallorca. The superior performance of ‘Marta’
observed here suggests a more efficient interaction between this cultivar and the rootstocks under
the edaphic constraints of the present study [39]. Higher chlorophyll content in ‘Marta’ may partly
explain this advantage, as chlorophyll concentration is closely linked to photosynthetic capacity and
biomass production [40]. The absence of differences in stomatal conductance among treatments
indicates that photosynthetic limitations in ‘Marinada’” were unlikely to be driven by water stress, a
conclusion supported by stomatal conductance values consistent with those reported for well-
watered almond trees [41].

Despite the pronounced effects of soil heterogeneity on growth and yield, no significant impact
was observed on leaf or kernel mineral nutrient composition. Both cultivars maintained adequate
nutritional status in leaves and kernels, even under conditions of low soil P and Fe availability. This
may partly reflect the role of soil microbial activity, which showed comparable or even higher values
in Zone B. Previous studies have reported positive relationships between microbial activity and soil
properties such as SOC and CEC [42], which may enhance nutrient mobilization in low-fertility soils.

Leaf nutrient concentrations were consistent with reference values reported for July, the period
during which leaf mineral concentrations are most stable in almond [24]. In contrast to studies
reporting strong rootstock effects on mineral nutrition in other fruit species [43], variation in leaf and
kernel ionome in this study was primarily driven by cultivar rather than rootstock or soil zone.
Particularly noteworthy was the adequate leaf P concentration despite very low soil P availability,
highlighting the capacity of almond trees to activate efficient P acquisition strategies [44]. Both
rootstocks used, INRA GF-677 and GARNEM®, are known for their tolerance to calcareous and
alkaline soils and for their efficiency under low-fertility and water-limited conditions [43]. Recent
evidence suggests that the tolerance of INRA GF-677 to calcareous soils may be linked to enhanced
expression of genes involved in Fe transport and stress defense mechanisms [45].

The variation in kernel mineral nutrient composition was mainly cultivar dependent and
remained largely unaffected by soil heterogeneity [46]. Almond seeds and skins contained mineral
concentrations comparable to those previously reported for almonds grown in Mediterranean
environments [47,48]. Notably, the skin contributed a substantial proportion of Ca, P, Fe, Mn, and
Zn, emphasizing its nutritional relevance.

Overall, these findings indicate that in young almond orchards, reduced upper horizon depth
and increased sand content in the buried horizon have a much stronger negative impact on yield than
on vegetative growth or kernel mineral composition, and that responses vary among rootstock—
cultivar combinations. These results underscore the importance of accounting for within-field soil
heterogeneity when designing sustainable management strategies aimed at optimizing productivity
without compromising soil and water resources.
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