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Abstract: By 2022, the total area of super high-density (SHD) almond orchards worldwide had
spread to 14,622 ha. As well as factors such as spacing, and tree architecture, proper row orientation
should ensure a more efficient sun exposure, yield and harvesting. This research was conducted
in an irrigated SHD almond orchard of cv. Lauranne® Avijor in Andria, Italy, in 2021 and 2022
(at 4th and 5th year from planting, respectively) to gain a deeper understanding on the effects of
two row orientations on available Photosynthetic Active Radiation (PAR), Leaf Area Index (LAI),
canopy growth, yield and harvesting efficiencies in this new planting system. The east-west row
orientation in a SHD almond orchard negatively impacted LAI, canopy growth, yield, fruit quality
and yield efficiencies, especially in the second year. The north-south row orientation allowed a
better PAR distribution inside the whole canopy than east-west row orientation. This unevenness in
PAR distribution inside the whole east-west oriented canopies could represent the driving engine
of the effect on growth and yield parameters. Although some quality parameters differed between
exposures, they all remained within the standard range of the cultivar. The results provide a scientific
basis for improved SHD orchard management, helping to keep them as Sustainable and Efficient
Systems (SES).

Keywords: cv. Lauranne Avijor; efficiencies; Leaf Area Index; mechanical harvesting; quality traits

1. Introduction

Over the past decade, global nut production has grown steadily, reaching over
5.3 million tonnes in the 2020/2021 season. Almond (Prunus dulcis Mill. = Prunus amygdalus
Batsch) is the most cultivated nut crop, representing 31% of the global share, followed
by walnut and pistachio at 19%. In 2018 the global almond market revenue was enor-
mous, with a production of 2.4 million tons, a year-on-year increase of 3.8%. The State of
California is the world’s leading producer of almonds, representing 79.2% of the world
production. Spain and Australia follow with around 7% each [1–3]. In Europe, the last
50 years have been crucial for the almond crop, changing production in terms of volume
and producing countries. In the 20th century, the main almond producing countries were
European countries, led by Italy and Spain. However, after the 1980s, European production
declined significantly, while other countries increased their production significantly. Al-
mond orchards continue to be converted to other crops in Italy, and the worst moment for
Italian almond production was in 2013, which was 255,916 tons less than in 1961, −77.9%
in 52 years, and 32,171 tons in 2000, −30.7% in 13 years. Since 2013, the situation has
started to change, and production has increased by 9.7% over the past 5 years [4,5]. The
traditional almond cropping system has a low density of old trees, making efficiency of
inputs difficult [3,4,6–8]. The latest innovations in cultivation systems have been achieved
by applying more than 20 years of experience in super high-density (SHD) olive groves and

Agronomy 2023, 13, 874. https://doi.org/10.3390/agronomy13030874 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy13030874
https://doi.org/10.3390/agronomy13030874
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-6042-9149
https://orcid.org/0000-0003-0082-8716
https://orcid.org/0000-0002-5798-2573
https://orcid.org/0000-0001-6294-8284
https://doi.org/10.3390/agronomy13030874
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13030874?type=check_update&version=1


Agronomy 2023, 13, 874 2 of 15

adapting them to almond trees [3,7,9–12]. The first SHD almond orchard was planted near
Lleida (Spain) in 2010, and soon all almond growing countries started to establish SHD
orchards [4,13,14]. In 2022, the global SHD almond orchard area has reached 14,622 ha,
mainly planted in Spain and Portugal, followed by Italy and the USA (Iglesias et al. 2023,
personal communications). This new SHD planting system, including plant material and
orchard management, is also known as the “Sustainable Efficiency System” (SES) because
it optimizes the use of natural resources such as soil and water and agronomic inputs such
as fertilizers and chemical treatments associated with open orchards [3,7,15,16].

The choice of row orientation plays a key role in these new planting systems, improv-
ing sun exposure, affecting quantity and direction of the radiation on the canopies [17–19],
influencing each species differently [20]. Vineyards were the first hedgerow model to be
studied, from vegetative and reproductive points of view [21–26]. Some research supplied
important evidence on the best row orientation, observing better results for a north-south
orientation [21,27–29].

After vineyards, deep research was carried out on SHD olive orchards, observing a wide
range of parameters [17–20,30–32]. Results have demonstrated that there are no differences
among hedgerow orientations [17,20,33], although recent studies have negatively judged
east-west orientation as worsening the status of the orchard over long periods [34,35].

Few publications have been produced on SHD almond orchards until now, giving
insights on biometric characteristics [36], evaluating and improving row spacing and light
interception [15,16] and comparing different cultivars [35,37,38]. Row orientation is also
essential for successful production: indeed, 10% of a correct design in SHD almond orchard
depends on it. Until now, only one research paper has been published on this topic,
comparing different row orientations on cv. Guara Tuono [19]. Therefore, further insights
are needed on other cultivars to better understand this important cultivation technique. Cv.
Lauranne Avijor is now the most planted cultivar in SHD orchards, so deeper research is
needed on it [39,40].

Based on previous studies, the influence of row orientation on this cultivar grown in
SHD planting system is hypothesised, influencing a whole range of parameters and leading
to relevant differences between east-west (EW) and north-south (NS) orientations.

The aim of this two-year field research was to gain deeper knowledge regarding the
interaction of row orientation, almond tree age and available PAR on canopy growth, yield
and harvesting efficiencies in this very new planting system.

2. Materials and Methods
2.1. Site and Orchard

The study was carried out during 2021 and 2022 in an irrigated Super High-Density
(SHD) almond orchard, with a tree spacing of 3.8 m × 1.2 m (2,190 trees ha−1), planted in
May 2018 in Andria, Italy (41◦09′47′′ N, 16◦13′29′′ E; 260 m a.s.l.). The soil, 40 cm depth, is
classified as silty clay, with a pH of 7.8 and an organic matter content of 2.0%.

Cv. Lauranne® Avijor was planted grafted onto Rootpac-20®, a new patented size-
controlling rootstock (Prunus besseyi × Prunus cerasifera), obtained by the Agromillora
breeding program [4]. The site has a typical Mediterranean climate (Figure 1), characterized
by an average annual rainfall of 565.9 mm/year; a lowest value of monthly rainfall was
observed in June 2021 (0.6 mm) and May 2022 (13.0 mm), while in October 2021 and
November 2022 the highest ones were observed (80.8 and 113.2 mm, respectively). The
first production was obtained during 2020, while the full production was not reached yet.
A hailstorm was also registered in August 2021, just before harvesting, while no other
catastrophic events were registered during the period.

The mean annual temperature is 15.3 ◦C, with June, July and August as the hottest
months and January the coldest one. Two experimental plots of 1200 m2 each, separated
by approximately 10 m, were established: one with north-south (N–S) and the other with
east-west (E–W) row orientation. Each plot consisted of 5 rows, in which the 3 central rows
were taken as the sampling area.
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Figure 1. Monthly rainfall and average (T air mean), minimum (T air min) and maximum (T air max)
air temperatures in the almond orchard during 2021 and 2022 (Andria, Southern Italy).

2.2. Cultural Practices

The orchard management was performed through the best common practices diffused
in the area, following the integrated farming method. Drip lines, suspended at 0.7 m
over the soil, were used, and seasonal average volumes of irrigation of approximately
5000 m3 ha−1 were applied as the mean. Every year, after harvesting, mechanical topping,
hedging and trimming were carried out to control canopy growth. The harvest was
operated by a continuous over-the-row harvester machine (Grégoire G167).

2.3. PAR and LAI Assessment

Measurements were recorded during 2021 and 2022 seasons with trees in the 4th
and 5th leaf, respectively. Photosynthetic Active Radiation (PAR) above the canopy in
full light (PAR-A, µmol m−2 s−1), inside the canopy (PAR-B, µmol m−2 s−1) and Leaf
Area Index (LAI m2 m−2) were measured using a ceptometer (AccuPAR LP-80, METER
Group, Inc., Pullman, WA, USA). Ten representative almond trees per row were randomly
selected, and each one was also divided into two different layers: low (L; 0.5–1.4 m) and
top (T; 1.4–2.3 m). PAR and LAI measurements were taken at midday in the middle part
of each layer, at hull split fully completed (85 of BBCH scale [41]) when they reached the
maximum values (seasonal data not shown): DOY (Day Of Year) 225 for 13 August 2021
and DOY 229 for 17 August 2022. To express the shading effect of row orientation, for each
layer, available PAR (AP) was then calculated as:

AP = PAR B/PAR A (1)

2.4. Canopy Growth Parameters

Canopy growth parameters were measured before pruning for fifty trees per row,
on three different dates (July 2021, January 2022, June 2022): tree height (TH, cm), tree
width (TT, cm) and trunk diameter (TD, cm). Trunk cross-sectional area (TCSA, cm2) was
calculated as:

TCSA = п (TD2)/4 (2)

Canopy volume (CV, m3) was calculated considering the canopy as a parallelepiped shape,
with 0.4 m subtracted to TH, representing the distance of the first branches from the ground:

CV = (TH − 0.4) × TW × 1.2 (3)
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2.5. Yield and Efficiency Parameters

At harvesting time (85 BBCH stage [41]), hulled fruit yield (FY, g) and fruit number
(FN, n) were recorded on five homogeneous, healthy trees per each row; hulled fruit
average weight (AW, g) was calculated as

AW = FY/FN (4)

Polar gauge (PG, mm) was measured on ten fruits per sample; shelling percentage
(SP, %), hull-tight nuts (HT, %) and double seeds (DS, %) were calculated on all the fruits
harvested. Yield efficiency on trunk cross-sectional area (YET, g cm−2) was calculated as:

YET = FY/TCSA (5)

Yield efficiency on canopy volume (YEV, kg m−3) was calculated as:

YEV = FY/CV (6)

Finally, mechanical harvesting efficiency (HE, %) was calculated as:

HE = 100% − [100 (PF + FF)]/FY (7)

where PF is pending fruits (n) and FF fallen fruits (n), calculated on ten trees per row.

2.6. Data Analysis

The main factor of variance studied has been row orientation and how it affects the
different parameters listed previously: PAR, LAI, yield, fruit quality, etc. The field data
collected were analysed by one and two-way analysis of variance (ANOVA), followed
by post hoc testing (SNK protected test) using the R 2.15.0 software (R Foundation for
Statistical Computing); standard error (SE) was also reported. In the Supplementary file
the interaction effects are shown.

3. Results
3.1. Available PAR and LAI

At hull split fully completed (85 of BBCH scale), the mean values of the PAR-A in 2021
(DOY 225) and in 2022 (DOY 229) were substantially the same, with 1880 µmol m−2 s−1

and 1896 µmol m−2 s−1, respectively.
No significant differences were found in 2021 (Table 1) for PAR-B among different

expositions, while differences were observed among layers. In layer L, PAR-B was signifi-
cantly higher in the W exposition (508.2 µmol m−2 s−1) than in the others (403.9, 441.4 and
455.9 µmol m−2 s−1 for E, N and S, respectively) (Table 1). The same was observed for layer
T, in which W exposition showed the highest values (1299.8 µmol m−2 s−1) followed by E,
S and N (1171.5, 1046.6 and 1013.5 µmol m−2 s−1 respectively) (Table 1). In 2022 (Table 1), it
was significantly higher in the S (1268.1 µmol m−2 s−1) than in the other three expositions
(765.4, 889.2 and 839.5 µmol m−2 s−1 for N, E and W, respectively). Comparing the same
layers for different expositions, mean values of S exposition (1234.9 µmol m−2 s−1 in layer
L and 1301.3 µmol m−2 s−1 in layer T) were significantly higher than the others (Table 1).
Comparing different layers of the same exposition, no differences were found among the L
and T layers in the N and S expositions, while there were significant differences in the W
and E expositions for layer T (1030.0 and 1046.8 µmol m−2 s−1 for WT and ET, respectively),
significantly higher than layer L (649.1 and 731.5 µmol m−2 s−1 for WL and EL respectively)
(Table 1). A weak interaction expositions x layers was found for 2021, while a stronger one
was found for 2022 (Table S1).
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Table 1. PAR inside the canopy of almond trees (µmol m−2 s−1) at DOY 225 for year 2021 and DOY
229 for 2022, in different expositions (E, W, S, N: East, West, North, South) into two different layers:
low (L; 0.5–1.4 m) and top (T; 1.4–2.3 m). The first letters denote statistical differences among row
expositions; the second letters denote statistical differences between layers (p = 0.05; SNK test).

Year Layer E W S N

2021
L 403.9 ± 23.2 b,b 508.2 ± 25.2 a,b 455.9 ± 31.2 ab,b 441.4 ± 25.5 ab,b
T 1171.5 ± 45.7 ab,a 1299.8 ± 37.7 a,a 1046.6 ± 57.1 b,a 1013.5 ± 45.7 b,a

Mean 787.7 ± 56.1 a 873.6 ± 59.4 a 745.2 ± 53.2 a 753.7 ± 56.1 a

2022
L 731.5 ± 44.4 b,b 649.1 ± 30.3 bc,b 1234.9 ± 44.9 a,b 547.9 ± 30.3 c,b
T 1046.8 ± 42.5 b,a 1030.0 ± 50.9 b,a 1301.3 ± 43.1 a,a 990.7 ± 50.9 b,a

Mean 889.2 ± 36.7 b 839.5 ± 38.4 b 1268.1 ± 31.2 a 765.4 ± 38.4 b

LAI values varied slightly between the two research years, with a mean value of
around 2. In 2021 LAI (Table 2) showed differences among expositions and layers. No
statistical differences of mean values were found among the four different expositions.
Layer L for the W and E expositions (2.9 and 3.1 respectively) showed LAI significantly
higher than layer L and N (2.4 and 2.3, respectively) (Table 2). For layer T, W and E
expositions (1.0 and 1.1, respectively) were significantly lower than N and S (1.5 and 1.5,
respectively) (Table 2). Statistical differences were found for the four expositions between
layers, with higher values for layer L than for layer T. LAI is statistically comparable in the
W, E and N expositions in 2022, (1.9, 2.0 and 2.1, as mean) while it is significantly lower
in the S exposition (1.2) (Table 2). Comparing the same layer in different expositions, we
observed differences for the S exposition for the L (1.3) and T (1.0) layers, which presented
a LAI significantly lower than the L and T layers in the other three expositions. Finally,
comparing different layers in the same exposition, LAI seems to decrease from layer L
to layer T in all the expositions. LAI showed differences among expositions and layers.
No statistical differences of mean values were found among the four different expositions.
Layer L for the W and E expositions (2.9 and 3.1, respectively) showed LAI significantly
higher than layers for the S and N (2.4 and 2.3, respectively). For layer T, LAI values in
the W and E expositions (1.0 and 1.1) were significantly lower than N and S (1.5 and 1.5,
respectively). Statistical differences were found for the four expositions between layers,
with higher values for layer L than for layer T. The expositions x layers showed a strong
interaction in both years (Table S1).

Table 2. LAI (m2 m−2) at DOYs 225 and 229, for years 2021 and 2022, respectively, in different
expositions (E, W, S, N) for different layers: low (L; 0.5–1.4 m) and top (T; 1.4–2.3 m). The first letters
denote statistical differences among row orientations; the second letters denote statistical differences
between layers (p = 0.05; SNK test).

Layer E W S N

2021
L 3.1 ± 0.10 a,a 2.9 ± 0.10 a,a 2.3 ± 0.12 b,a 2.4 ± 0.14 b,a
T 1.1 ± 0.09 b,b 1.0 ± 0.07 b,b 1.5 ± 0.14 a,b 1.5 ± 0.13 a,b

Mean 2.1 ± 0.14 a 2.0 ± 0.14 a 1.9 ± 0.11 a 1.9 ± 0.11 a

2022
L 2.3 ± 0.12 a,a 2.5 ± 0.09 a,a 1.3 ± 0.14 b,a 2.7 ± 0.14 a,a
T 1.5 ± 0.10 a,b 1.6 ± 0.12 a,b 1.0 ± 0.08 b,b 1.5 ± 0.11 a,b

Mean 1.9 ± 0.09 a 2.0 ± 0.10 a 1.2 ± 0.07 b 2.1 ± 0.12 a

3.2. Canopy Growth

The mean values of TH (Figure 2) in the N–S row orientation (216.9 cm, 190.0 cm,
264.3 cm), were significantly higher than E–W (200.3 cm, 180.0 cm, 227.6 cm). The mean
values of TW in the N–S row orientation (125.0 cm, 100.0 cm, 114.3 cm) were significantly
higher than E–W (111.3 cm, 80.0 cm, 96.4 cm) (Figure 3).



Agronomy 2023, 13, 874 6 of 15

Agronomy 2023, 13, x FOR PEER REVIEW 6 of 16 
 

 

Table 2. LAI (m2m−2) at DOYs 225 and 229, for years 2021 and 2022, respectively, in different expo-

sitions (E, W, S, N) for different layers: low (L; 0.5–1.4 m) and top (T; 1.4–2.3 m). The first letters 

denote statistical differences among row orientations; the second letters denote statistical differ-

ences between layers (p = 0.05; SNK test). 

 Layer E W S N 

2021 

L 3.1 ± 0.10 a,a 2.9 ± 0.10 a,a 2.3 ± 0.12 b,a 2.4 ± 0.14 b,a 

T 1.1 ± 0.09 b,b 1.0 ± 0.07 b,b 1.5 ± 0.14 a,b 1.5 ± 0.13 a,b 

Mean 2.1 ± 0.14 a 2.0 ± 0.14 a 1.9 ± 0.11 a 1.9 ± 0.11 a 

2022 

L 2.3 ± 0.12 a,a 2.5 ± 0.09 a,a 1.3 ± 0.14 b,a 2.7 ± 0.14 a,a 

T 1.5 ± 0.10 a,b 1.6 ± 0.12 a,b 1.0 ± 0.08 b,b 1.5 ± 0.11 a,b 

Mean 1.9 ± 0.09 a 2.0 ± 0.10 a 1.2 ± 0.07 b 2.1 ± 0.12 a 

3.2. Canopy Growth 

The mean values of TH (Figure 2) in the N–S row orientation (216.9 cm, 190.0 cm, 

264.3 cm), were significantly higher than E–W (200.3 cm, 180.0 cm, 227.6 cm). The mean 

values of TW in the N–S row orientation (125.0 cm, 100.0 cm, 114.3 cm) were significantly 

higher than E–W (111.3 cm, 80.0 cm, 96.4 cm) (Figure 3).  

 

Figure 2. Tree height (cm) values in E–W and N–S orientations of a SHD almond orchard in 2021 

and 2022. First letters denote statistical differences between row orientations; second letters denote 

statistical differences among different moments of observations (p = 0.05; SNK test). 

b,b

b,c

b,a

a,b

a,c

a,a

100

120

140

160

180

200

220

240

260

280

300

Jul-21 Jan-22 Jul-22 Jul-21 Jan-22 Jul-22

EAST - WEST NORTH - SOUTH

T
re

e 
H

ei
g

h
t 

 (
cm

)

Figure 2. Tree height (cm) values in E–W and N–S orientations of a SHD almond orchard in 2021
and 2022. First letters denote statistical differences between row orientations; second letters denote
statistical differences among different moments of observations (p = 0.05; SNK test).
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Figure 3. Tree width (cm) values in E–W and N–S orientations of a SHD almond orchard. First letters
denote statistical differences between different row orientations; second letters denote statistical
differences among different moments of observations (p = 0.05; SNK test).

Both the TH and TW mean values were significantly lower in Jan-22 (190.0 cm and
180.0 cm for TH and 100.0 cm and 80.0 cm for TW, respectively, for N–S and E–W) because
of topping and hedging operations. TCSA and CV followed the trend of data previously
analysed. Both were significantly higher, on all three dates, in the N–S (Figures 4 and 5).
Strong interactions of year x orientation were found for TH and TCSA, while weaker
interaction and no interaction were found for TT and VC, respectively (Table S2).
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almond orchard. First letters denote statistical differences between different row orientations; second
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Figure 5. Canopy volume (CV; m3) values in E–W and N–S orientations of a SHD almond orchard.
First letters denote statistical differences between different row orientations; second letters denote
statistical differences among different moments of observations (p = 0.05; SNK test).

3.3. Yield and Efficiencies

In 2021, FY (Table 3) in all the expositions was significantly higher in layer L (361.4,
352.1, 382.1, 260.0 g for E, N, S, W, respectively) than in layer T (143.6, 236.2, 258.1, 100.8 g
for E, N, S, W, respectively) (Table 3). In 2022 (Table 3), no differences were found for FY
among the different layers for the four expositions. Only in the E exposition was FY in
layer L (433.6 g) significantly higher than in layer T (287.3 g). Statistical differences were
also found for FY between years (Table 3). In 2021 (Table 3), FY for expositions S (320.1 g)
and N (285.9) were significantly higher than E (239.4 g) and W (180.4 g). In 2022 (Table 3),
situation was clearly different. FY in the E (369.2 g) and W (310.9 g) expositions were
significantly higher than in the N (247.6 g) and S (218.3 g). No statistical difference between
the two years was found (260.0 and 285.1 g for 2021 and 2022, respectively) (Table 3).
Significant differences were found between layers.
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Table 3. Hulled fruit yield of almonds for each layer (g) in 2021 and 2022 in different expositions
(E, W, S, N) for different layers: low (L; 0.5–1.4 m) and top (T; 1.4–2.3 m). The first letters denote
statistical differences between years for an exposition and a layer; the second letters denote statistical
differences among expositions for a year and a layer; the third letters denote statistical differences
between layers for a year and an exposition (p = 0.05; SNK test).

Year Layer E W S N Mean

2021
L 361.4 ± 68.8 a,a,a 260.0 ± 31.3 a,b,a 382.1 ± 27.3 a,a,a 352.1 ± 13.8 a,a,a 342.1 ± 21.5 a
T 143.6 ± 24.2 b,b,b 100.8 ± 11.2 b,c,b 258.1 ± 29.4 a,a,b 236.2 ± 19.4 a,a,b 187.9 ± 14.5 b

Mean 239.4 ± 39.1 b,bc 180.4 ± 24.4 b,c 320.1 ± 23.3 a,a 285.9 ± 17.7 a,ab 260.0 ± 15.0 a

2022
L 433.6 ± 31.6 a,a,a 313.0 ± 32.7 a,b,a 228.5 ± 9.7 b,c,a 219.3 ± 17.7 b,c,a 297.3 ± 17.1 a
T 287.3 ± 24.3 a,b,b 309.2 ± 33.7 a,a,a 206.4 ± 14.7 a,c,a 277.9 ± 36.5 a,b,a 272.2 ± 15.7 a

Mean 369.2 ± 25.1 a,a 310.9 ± 23.3 a,b 218.3 ± 8.6 b,c 247.6 ± 20.2 a,c 285.1 ± 11.6 a

Statistical differences were found for the FN parameter between the four expositions
during the two years of study. In 2021 (Table 4), FN for N (119.9) and S (125.1) was significantly
higher than for E (72.4) and W (55.3) expositions. As we observed for the FY data, in 2022 a
clear change of trend was registered. In 2022, FN values (Table 4) in E (111.9), W (91.8) and
N (98.2) expositions were significantly higher than FN in the S (81.8) exposition. There were
not any significant statistical differences among the FN mean values of 2021 and 2022 (Table 4).
In 2021, in all the expositions, FN was significantly higher in layer L (108.6, 151.3, 151.1 and
78.2 for E, N, S and W, respectively) than in layer T (43.9, 96.5, 99.2 and 32.4 for E, N, S and W,
respectively). There were significant differences of FN among layers only in the E exposition.
FN in layer L (135.2) was significantly higher than in layer T (82.4). Strong interactions of year
x exposition, year x layer and exposition x layer were found for FY. Weaker interaction was
found only for the exposition x layer for FN (Table S3).

Table 4. Fruit number (n) in 2021 in different expositions (E, W, S, N) for different layers: low
(L; 0.5–1.4 m) and top (T; 1.4–2.3 m). The first letters denote statistical differences between different
years for an exposition and a layer; the second letters denote statistical differences between different
expositions for a year and a layer; the third letters denote statistical differences among different layers
for a year and an exposition (p = 0.05; SNK test).

Layer E W S N Mean

2021
L 108.6 ± 19.1 a,ab,a 78.2 ± 10.0 a,b,a 151.1 ± 10.5 a,a,a 151.3 ± 8.3 a,a,a 123.3 ± 7.8 a
T 43.9 ± 7.2 b,b,b 32.4 ± 3.3 b,b,b 99.2 ± 11.3 a,a,b 96.5 ± 10.1 a,a,b 69.1 ± 6.1 b

Mean 72.4 ± 11.2 b,b 55.3 ± 7.3 b,b 125.1 ± 9.1 a,a 119.9 ± 9.0 a,a 94.4 ± 5.6 a

2022
L 135.2 ± 10.3 a,a,a 93.6 ± 9.1 a,b,a 87.2 ± 4.1 b,b,a 89.2 ± 7.7 b,b,a 101.9 ± 4.9 b
T 82.4 ± 8.7 a,a,b 90.5 ± 11.7 a,a,a 75.4 ± 8.3 a,a,a 107.8 ± 18.4 a,a,a 90.2 ± 6.7 a

Mean 111.9 ± 8.6 a,a 91.8 ± 7.6 a,ab 81.8 ± 4.5 b,b 98.2 ± 9.7 b,b 96.2 ± 4.1 a

In 2021, AW was significantly higher in E (3.2 g) and W (3.2 g) expositions than in
N (2.5 g) and S (2.6 g) (Table 5). In 2022, this data trend was confirmed, with AW higher in E
and W (3.4 and 3.5 g, respectively) than in N and S (2.7 and 2.76 g, respectively) (Table 5). PG
was statistically higher in 2022 (35.4 mm) than in 2021 (30.0 mm). No Statistical differences
were found in 2021 for PG among different expositions. Among the expositions, in 2022,
PG was statistically higher in E (36.9 mm) and W (37.2 mm) than in N (33.6 mm) and
S (34.1 mm). SP mean value in 2021 (34.3%) was significantly higher than in 2022 (30.3%)
(Table 5). The same relation was observed for every exposition. In 2021, SP was the highest
in S (35.2%) and the lowest in E and W (33.4 and 33.6%, respectively) (Table 5). In 2022, no
statistical differences were found among the different expositions. No statistical differences
were found for HT in the two years of study (2021 and 2022). In 2021, HT value in the
N (4.3%) exposition was significantly higher than in the other three expositions. In 2022, no
significant differences were observed among different expositions. In 2021, DK mean value
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was significantly higher (3.2%) than in 2022 (2.1%) (Table 5). In 2021, N and S (4.9 and 3.5%
respectively) expositions showed statistically higher DK values than in E and W (1.8 and
2.4%, respectively) (Table 5). DK values did not vary among the different expositions. The
exposition x year interaction was strong for PG, HT and DK, while no significance was
found for AW and SP (Table S4).

Table 5. Almonds’ quality parameters for 2021 and 2022 in different expositions (E, W, S, N). The first
letters denote statistical differences between years for an exposition; second letters denote statistical
differences among expositions for a year (p = 0.05; SNK test).

E W S N Mean

AW (g)
2021 3.2 ± 0.1 a,a 3.2 ± 0.1 a,a 2.6 ± 0.1 a,b 2.5 ± 0.1 a,b 2.9 ± 0.1 b

2022 3.4 ± 0.1 a,a 3.5 ± 0.1 a,a 2.8 ± 0.1 a,b 2.7 ± 0.1 a,b 3.1 ± 0.1 a

PG (mm)
2021 30.0 ± 0.0 b,a 30.0 ± 0.0 b,a 30.0 ± 0.0 b,a 30.0 ± 0.0 b,a 30.0 ± 0.0 b

2022 36.9 ± 0.3 a,a 37.2 ± 0.4 a,a 34.1 ± 0.5 a,b 33.6 ± 0.4 a,b 35.4 ± 0.2 a

SP (%)
2021 33.4 ± 0.4 a,b 33.6 ± 0.7 a,b 35.2 ± 0.3 a,a 34.7 ± 0.3 a,ab 34.3 ± 0.2 a

2022 31.0 ± 0.4 b,a 29.3 ± 0.7 b,a 29.8 ± 0.7 b,a 30.8 ± 1.4 a,a 30.3 ± 0.5 b

HT (%)
2021 2.7 ± 0.4 a,b 1.3 ± 0.3 a,c 3.1 ± 0.4 a,ab 4.3 ± 0.7 a,a 2.9 ± 0.2 a

2022 2.9 ± 0.5 a,a 2.2 ± 0.3 a,a 1.6 ± 0.3 b,a 2.5 ± 0.4 b,a 2.3 ± 0.2 a

DK (%)
2021 1.8 ± 0.3 a,c 2.4 ± 0.4 a,bc 4.9 ± 0.6 a,a 3.5 ± 0.4 a,b 3.2 ± 0.3 a

2022 2.4 ± 0.3 a,a 1.9 ± 0.4 a,a 2.5 ± 0.4 b,a 1.7 ± 0.2 b,a 2.1 ± 0.2 b

AW: Almond weight (g); PG: polar gauge (mm); SP: shelling percentage (%), HT: hull-tight nuts (%); DK: double
kernels (%).

YET was significantly higher in 2021 (78.4 g cm−2) than in 2022 (55.4 g cm−2) (Table 6).
Considering the differences observed among two different row orientations, we could
affirm that the mean value of the E–W (70.4 g cm−2) orientation is significantly higher
than the N–S (63.6 g cm−2) (Table 6). No statistical difference was found between mean
values for YEV. E–W showed higher values than N–S (0.4 and 0.3 kg m−3, respectively)
(Table 6). In addition, the mean of 2021 (0.4 kg m−3) was significantly higher than in 2022
(0.3 kg m−3). For both years, N–S orientation showed higher YEV values (2021, 0.4 kg m−3;
2022, 0.4 kg m−3) than E–W (2021, 0.4 kg m−3; 2022, 0.2 kg m−3) (Table 6). No significant
interactions were found between year and orientation for the two efficiencies (Table S5).

Table 6. Yield and harvesting efficiencies for 2021 and 2022, in E–W and N–S row orientations. The
first letters denote statistical differences among years for an orientation; the second letters denote
statistical differences between orientations for a year (p = 0.05; SNK test).

Efficiencies Year N–S E–W Mean

YET (g cm−2)
2021 76.1 ± 8.8 a,a 80.8 ± 6.1 a,a 78.4 ± 5.3 a

2022 64.4 ± 5.0 b,a 46.4 ± 4.7 b,b 55.4 ± 3.8 a

YEV (kgm−3)
2021 0.36 ± 0.02 a,a 0.43 ± 0.05 a,a 0.39 ± 0.03 a

2022 0.35 ± 0.02 a,a 0.21 ± 0.01 b,b 0.28 ± 0.02 b

PF (%)
2021 0.4 ± 0.3 b,a 1.0 ± 0.5 b,a 0.7 ± 0.4 b

2022 3.7 ± 0.4 a,b 5.6 ± 0.7 a,a 4.7 ± 0.5 a

FF (%)
2021 4.4 ± 0.6 a,a 2.4 ± 0.3 a,b 3.4 ± 0.5 a

2022 0.8 ± 0.2 b,a 0.4 ± 0.1 b,a 0.6 ± 0.1 b

HE (%)
2021 95.2 ± 0.6 a,a 96.6 ± 0.6 a,a 95.9 ± 0.6 a

2022 95.5 ± 0.5 a,a 93.9 ± 0.8 b,a 94.7 ± 0.6 a

YET: Yield efficiency on trunk cross-sectional area (g cm−2); YEV: Yield efficiency on canopy volume (kgm−3); PF:
Pending fruits (%); FF: fallen fruits (%); HE: mechanical harvesting efficiency (%).
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PF mean values were significantly higher in 2022 (4.6) than in 2021 (0.7) (Table 6).
The same relation was observed for the orientations, in which E–W and N–S of 2022 (5.6
and 3.7%, respectively) were statistically higher than the E–W and N–S of 2021 (1.0 and
0.36%, respectively) (Table 6). No differences were found between orientations in 2021,
while, in 2022 E–W showed the highest value (5.6%). FF mean values were significantly
higher in 2021 (2.4 and 4.43% for E–W and N–S, respectively) than in 2022 (0.45 and 0.76%
for E–W and N–S, respectively). N–S showed higher values than E–W for 2021 (4.4 and
2.4%, respectively), while no differences were found in 2022. No statistical differences were
found for HE between orientations and years, obtaining results always close to 95%. A
relevant difference was found for the E–W orientation between the two years, with higher
values in 2021 (96.58% vs. 93.97%, respectively) (Table 6).

4. Discussion

Due to the scarcity in the bibliography regarding the effects of row orientation in
almond SHD orchard, we also compared our results with studies performed on olive SHD
orchards, vineyards and other deciduous species.

Optimal PAR interception is one of the features required in a SHD orchard and solar
radiation has a key role in flower bud differentiation, as reported for olive, acting via
photosynthesis in the availability of assimilate for bud induction and flowering [17]. It is
crucial to not allow shaded areas in the canopy, to avoid less efficiently involved areas in
the photosynthesis process [42]. On the other hand, net photosynthesis rises with PAR up
until light saturation, after that extra photosynthetic photon flux density does not promote
carboxylation, rendering around half of the available light excessive [43]. The saturation
point for almond cultivars should be fixed around 1300 µmol m−2 s−1 as the average [43].
Moreover, for maximum productivity, all the foliage must be illuminated in a threshold
range between 20% and 30% of incident radiation, especially for the critical phase of fruit
growth and ripening [44]. At this stage, both row orientations received equal quantities
of PAR above the canopy (between 1880 and 1896 µmol m−2 s−1 as mean, for 2021 and
2022, respectively), thus allowing non-limiting light saturation external conditions, as
expected. In all expositions, in both layers and for both years, the available PAR values
were always over the threshold range of 20–30% of the incident radiation. This is due to
the limited/controlled volume of the canopy compared with other training systems, such
as open vase. Even if the trees worked at non-limiting light saturation internal conditions,
N–S row orientation allowed the same PAR distribution between the E and W sides, with
a mean of 37% and 55% for L and T layers, respectively (Figure 6). On the contrary, the
E–W row orientation lead to a strong asymmetry in available PAR values between the N
and S sides. Indeed, while S exposition presented the maximum available PAR values (65%
and 70% for the L and T layers, respectively), N exposition showed the minimum ones
(29% and 52% for the L and T layers, respectively). This unevenness in PAR distribution
inside the whole E–W oriented canopies could represent the driving engine of the effect
on growth and yield parameters. The same results were found in almond, for cv. Guara
Tuono [19], and in olive [33].

Thus, in these conditions, LAI variations represent the first consequence. LAI showed
a general decline from layer L to layer T in all the expositions. These data are in line with
previous studies [15,19]. LAI was higher in N–S row orientation in the bottom part of the
canopy for both years; in the E–W row orientation, LAI was highest at the 4th year in the
top of the canopy, but it was the worst in the following year. The row orientation effect on
LAI parameter decrease when latitude increases: if at 55◦ latitude N LAI is highest with
N–S orientation during the summer months and with E–W orientations for the rest of the
year, at 41◦ it is very similar [45].
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All canopy growth parameters observed in the N–S row orientation were significantly
higher than E–W. TH showed between 5 and 14% higher values (Figure 2); an even higher
difference was found for TW (11–20%) (Figure 3) and, consequently, for CV (27–36%). TCSA
values increased by 28% and 15% for N–S and E–W orientations, respectively (Figure 5).
No comparison can be performed with other SHD almond orchards, but in a previous
work [19], it was hypothesized that, for the E–W orientation, the more available PAR on the
S side could lead to over-excitation of chlorophyll, leading to the production of reactive
oxygen species (ROS), increasing the risk of photo-inhibition (i.e., photo-damage) [46].
Through direct and indirect impacts on cell structure, radiation can seriously harm almond
trees, resulting in a drop in chlorophyll content and photosynthetic rate [33,47–49]. In
olive tree, contrarily, no significant differences for tree height, tree width or trunk diameter
of the canopy were found in different row orientations [17]. Canopy size in January
2022 decreased by 10% for both row orientations (Figure 3), due to hedging and topping
operations, made in order to restrain the canopy at the optimal size required by SHD
orchards [19], and to adapt it to the harvester machine: indeed, canopy dimensions must
not exceed 0.7–0.8 m in width and 2.75 m in height [36].

A gradual yield increase in terms of hulled almonds in the N–S orientation (from 1890
to 2930 kg ha−1) and a sharp decrease in the E–W orientation (from 2680 to 2190 kg ha−1)
were observed, moving from the 4th to the 5th year. According to Trentacoste et al. [17]
in an olive orchard, rows with N–S orientation are the most common and are promoted
because the two expositions intercept the same quantity of solar irradiation, in both sunny
and cloudy conditions. For this reason, they produced more. Moreover, according to
Tous et al. [49], in an SHD olive orchard with E–W rows orientation, a 40% lower aver-
age production was observed compared with N–S. In almond SHD orchards, at the 4th
year from planting (2021), an opposite trend was observed, with a higher yield for N
and S expositions (E–W orientation) (Table 3). These data appeared anomalous and in
disagreement with the ones found for cv. Guara Tuono [19]. As for biometric parameters,
light distribution could have influenced more N–S bud induction. This could be related
to the biological phase of the orchard; rows with E–W orientation seemed to undergo a
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strong exit from the unproductive phase, with a greater production of fruits. The situation
changed in 2022 (5th year from planting), with significantly higher values of FY in the N–S
orientation (Table 3). Therefore, in the N–S row orientation, a gradual rise was observed,
while, in the E–W a sharp decrease was detected. These results are in line with the one in
the bibliography, in which N–S orientation trees produced 15% higher FY than E–W [19].
However, FY values are lower than reported [38], because of the younger age of the orchard.
Moreover, fruit number seemed to follow production trend, as for previous research [19].
FN was higher in the E–W orientation in 2021 and in N–S orientation in 2022 (Table 4).

Average almond weight values were significantly higher in both years and in E and W
expositions (N–S orientation) (Table 5). These data were strictly related to FY and FN and,
for this, lower FN values in 2021 offset low FY values. These results are not in line with a
previous study on cv. Guara, in which AW showed no differences among expositions [19].
The polar gauge of fruits was significantly higher in the N–S orientation for 2022 and,
in general, was not significant in previous year (Table 5). These results are in contrast
with a previous study, in which higher values were observed in the E–W orientation [19].
According to our study, shelling percentage was influenced by row orientation in 2021,
with the highest mean value in E–W orientation, while in 2022 no significant differences
were found among the four expositions (Table 5). These results are in contrast with a
previous study, in which N and S expositions (E–W orientation) showed the higher SP. All
these different behaviours could be related to the varietal and age effect [19]. However,
cv. Lauranne SP mean values ranged around 30–37%, 38%, in line with another study
on SHD almond orchards [38] and with other cropping systems [50–52]. As with SP,
hull tight nut percentage seemed not to be influenced by row orientation in 2022, but
in 2021 this parameter is significantly higher in the E–W orientation, with an average
percentage of 2.5% (Table 5). Double kernel data strongly direct production to certain
types of market, excluding it from others. In two years, an average percentage of double
kernels close to 2.5% was observed. Hull tight nuts and double kernel parameters are
strongly influenced by genotype and the external factors of the cultivated area [50,53–56].
Furthermore, double kernel percentage mean values always ranged in the varietal standard
interval (0–10%) [50,51,56], with the same trends of SP and HT.

Yield efficiencies were also higher in N–S orientation in the 5th year, while no differ-
ences were detected in the previous year (Table 6). These results are strictly dependent on
canopy growth, as in previous research, in which, during the second year, a severe pruning
was made to reduce the cv. Lauranne canopy [38]. Greater sizes of the canopy in 2021 led
to no differences, while after pruning, the higher yield of the N–S oriented almond trees
gave significantly higher efficiency values in the subsequent year (Table 6).

A mechanical harvesting efficiency higher than 95% was found over the years and
between the orientations. The goal is to have values as close as possible to 100%, with
values higher than 90% as acceptable [57–62]. No statistical differences were found for this
parameter between row orientations in both years. Differences were found in 2021, in which
fallen fruits were significantly higher than pending fruits, for both row orientations, due
to some meteoric events, such as a hailstorm that hit the area (Table 6, Figure 1). Meteoric
events can cause a strong reduction in production [63] and are a limiting factor for all
harvest systems, except when almonds are picked up from the ground. In 2022, however,
an opposite trend was found for the delayed harvesting time due to the forecast of an
adverse meteoric event, causing the non–detachment of some fruits (12%).

5. Conclusions

The E–W row orientation in an SHD almond orchard negatively impacted LAI, canopy
growth, yield, some fruit quality traits and yield efficiencies. The N–S row orientation
allowed a better PAR distribution inside the whole canopy, while the E–W row orienta-
tion caused important shading for the N exposition. Although some quality parameters
differed between exposures, they all remained within the standard range of the cultivar.
No mechanical harvesting efficiency was affected by row orientation. The results of this
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research provide a scientific basis for improved SHD orchard management, helping to keep
them as Sustainable and Efficient Systems. To further improve this almond production,
more long-term research is needed to evaluate the influence of cultivar (branching habit),
tree age (mature trees), canopy management (pruning options), climate and soil. Addi-
tional information regarding seasonal and daily available PAR, ecophysiological response
and canopy architecture are required to continually improve almond production in an
increasingly sustainable and efficient manner.
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//www.mdpi.com/article/10.3390/agronomy13030874/s1, Table S1: Effects of the exposition, layer
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and 2022; Table S2: Effects of the orientation, year and its interactions on the tree height (TH), tree
thickness (TT), trunk cross-sectional area (TCSA) and canopy volume (VC); Table S3: Effects of the
year, exposition, and layer and its interactions on the fruit yield (FY) and number (FN); Table S4:
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