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Abstract

:

Super-high density (SHD) is the latest innovation in almond growing. This new cropping system needs to be studied in different climates, soils, latitudes and cultivars in order to promote more efficient and sustainable orchard management. This study shows the effects of two row orientations and different canopy positions on leaf area index (LAI), photosynthetically active radiation (PAR) and biological, phenological and agronomical parameters of a SHD almond orchard. Total bud number and flower bud number were higher for N-S row orientation and more wood buds were detected in top layers. LAI was strongly influenced by layer, but not by row orientation. Row orientation did not affect blooming or ripening phenology. Fruit number per layer was higher for North–South (N-S) row orientation and in middle layers; fruit set showed the opposite trend to flower bud and fruit numbers, achieving higher values for East–West (E-W) row orientation. Hulled fruit yield was not affected by row orientation but by canopy height. N-S oriented rows showed a greater number of empty nuts than E-W, but no differences were found between layers. We concluded that in SHD almond orchards, row orientation is determinant for sustainable crop management.
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1. Introduction


The almond tree (Prunus dulcis Mill. = Prunus amygdalus Batsch) produces a nut consumed all over the world: the area of almond trees harvested and production have increased constantly, reaching +196% in 56 years [1]. Global almond market revenue was $10.5 B and global almond production 2.4 million tons in 2018, up 3.8% from the previous year [2]. In the last 50 years, production has changed in terms of quantity and producing countries. In the 20th century the major almond producing countries were European countries, led by Italy and Spain [1]. After the 1980s there was an impressive fall in European production and an enormous rise in other countries, such as the United States of America, now the leader in global almond production, with trees mostly in the state of California [1]. In the 2000s, the European situation did not change at all. European production remained steady, while California’s increased every year. In the 2010s, Spain and Portugal rapidly increased production on a large scale. Spain produced 320,000 tons in 2020 and expects to be the second largest world producer in 2025 with 625,700 tons, 143,000 tons of which from organic orchards. Today, there are about 120,000 ha of young orchards less than 4 years old [3]. Italy continues to convert its almond orchards to other crops [4]. The worst moment for Italian almond production was 2013, when production was 255,916 tons less than in 1961, −77.9% in 52 years, and 32,171 tons less than in 2000, −30.7% in 13 years [1]. Since 2013, things have changed. Almond trees have regained importance through a campaign to promote Italian agricultural products and a rise in the price of almonds. The last 5 years showed a +9.7% upturn in production [1].



Among the main factors responsible for this increase is a different mental approach to almond growing. Mechanization is the key to improving efficiency and productivity and the main guideline for modern agriculture. It can significantly reduce labour requirements, increasing efficiency and reducing production costs [5,6]. The traditional rainfed almond cropping system with few big trees per hectare, not amenable to mechanization, has been replaced by other more efficient and productive systems [7]. Modern almond orchards are medium to high density (300 and 500 trees per hectare), with vase training system, lower tree height, regular rectangular tree spacing layout, irrigation and mechanization [8].



The latest innovation in cropping systems was achieved by applying more than 20 years’ experience with super high-density (SHD) olive orchards, adapting it to almond trees [9]. In olive growing, SHD cropping has already achieved high agronomic [10,11,12,13,14], economic [15] and environmental [16,17] sustainability. The first SHD almond orchard was planted in 2010 near Lleida (Spain), and soon after, all almond producing countries start planting SHD orchards [18,19]. In 2020, world SHD almond orchards covered 5304 ha, mainly planted in Spain and Portugal. This new cropping system is also called ‘Sustainable and Efficient System’ or SES, due to optimized use of natural resources, such as soil and water, and agronomic inputs, such as fertilizer and chemical treatments, with respect to open-centre orchards [20,21]. The first SHD almond orchard in Italy was planted in 2013 near Andria (Apulia, southern Italy), and its example was followed by many Italian producers, reviving almond growing.



Orchard design has been studied to find the ideal solution for irradiance absorption [22,23]. Irradiance plays a key role in flower formation of perennial fruit crops, directly and indirectly affecting photosynthesis, carbohydrate availability and repartitioning. Each species responds to a different level of irradiance [24]. A big issue in the hedgerow fruit cropping system is row orientation, which affects the amount and direction of radiation reaching the trees.



The effects have been studied for hedgerow grapes and olive trees. The effect of row orientation on vegetative and reproductive growth characteristics of vineyards has been studied for a very long time [25] in relation to anthocyanin yield, skin-softening during maceration [26], grapevine susceptibility to different diseases due to lower or higher humidity in the canopy [27,28] and production of certain important chemical compounds, directly responsible for yield and wine quality [29]. It has been confirmed that North–South (N-S) vs. East–West (E-W) row orientation has a strong influence on vineyards: the former is better for most major characteristics [25,26,30].



Different studies of SHD olive orchards have also been conducted to determine whether differences in row orientation can affect vegetative growth and productivity. Vegetative growth and structure, floral development, fruit characteristics and oil productivity were analyzed [22,23,24,31,32,33]. For SHD olive orchards the results are controversial, but most recent research has shown that there are no significant differences between N-S and E-W row orientation [22,24,32].



Since introduction of the SHD system for almond trees is recent, there is only one published study assessing the biometric parameters of different cultivars [34]. Iglesias [21] studied the effect of spacing on yields by increasing light interception and irradiance absorption, and optimizing the inter-row spacing/edge height ratio to 1/1.1 under Spanish Mediterranean conditions. In North–South (N-S) oriented orchards, narrowing inter-row SHD distances (from 4.0 to 3.5 and 3.0 m for versions V1, V2 and V3, respectively) significantly increased yields by 31% and 65% with respect to the first version, V1. Casanova-Gascon et al. [20] compared light interception in a SHD almond orchard and an open-centre system: the latter may have problems with “sink leaves” and fruit yield with respect to SHD. However, no studies have been published on the effect of different row orientations on vegetative and reproductive parameters in SHD almond systems. We therefore designed this study to provide insights into SHD almond cultivation techniques.




2. Materials and Methods


2.1. Site and Orchard


This field study was carried in 2019 in an irrigated SHD almond orchard with a tree spacing of 3.8 × 1.2 m (2190 trees ha−1). The cultivar was Guara (syn. Tuono [35,36]), an important self-compatible hard-shelled cultivar, planted in 2014 near Andria, southern Italy (41°09′47” N, 16°13′29” E; altitude 260 m). Rootpac-20 (Prunus pumila var. besseyi (Bailey) Gleason × Prunus cerasifera Ehrh.), a new size-controlling rootstock, was used. The climate of the region was typical Mediterranean, with an annual rainfall of 523 mm concentrated in autumn, winter and spring; the lowest monthly rainfall occurs in July (22 mm) and the highest in November (61 mm). Average annual temperature is 15.3 °C; the hottest month is August (23.8 °C) and the coldest January (7.8 °C). The soil is clay-loam, 40 cm deep. The orchards were managed using practices common in the area; drip lines were installed for controlled deficit irrigation, with a seasonal irrigation volume of 3000 m3/ha. The plots were fertilized with 80 kg/ha N, 80 kg/ha K and 40 kg/ha P. After the 2018 harvest and before that of 2019, the trees were mechanically topped at a height of 2.2 m, hedged and trimmed. Two experimental plots, separated by approximately 20 m, were established: one with rows extending North–South (N-S) and the other East–West (E-W). Each plot consisted of five rows in which the three central rows were the sampling area. Three blocks of five trees, randomly labelled, were identified in each row. The two hedgerow orientations had the same canopy dimensions: height 2.30 m and width 1.20 m; the canopy started at 0.5 m above the soil surface.




2.2. Definition of Canopy Position


A total of 15 almond trees were chosen randomly in each experimental plot (N-S and E-W hedgerows) among the trees in the sampling area (the three central rows). The canopy of each tree was divided into three equal horizontal layers (layers A, B and C, top, middle and bottom, 120–180 cm, 60–120 cm and 0–60 cm above the soil surface, respectively), and two sides.




2.3. Bud Differentiation


In winter, before budburst, six 1-year-old shoots per tree having a mean length of 30 cm were randomly selected and labelled, one for each layer on both sides of the hedge. On each shoot, total buds (TBs), wood buds (WBs) and flower buds (FBs) were counted. The number of flowers per shoot was recorded at full bloom (65 BBCH—Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie-stage [37]).




2.4. PAR and LAI


Photosynthetically active radiation (PAR) and leaf area index (LAI) were measured with a PAR/LAI ceptometer (AccuPAR LP-80, METER Group Inc, Pullman, WA, USA.) for each layer and side, twice a month from foliation (end of March) to post-harvest (end of August). We chose 3 days of the year (DOYs) to plot the time trends: 110, 180 and 208 (20 April, 29 June and 27 July, respectively), representing stages 19 (leaves completely expanded), 77 (beginning of stone hardening) and 85 (hull completely split) of the BBCH scale, respectively [37].




2.5. Phenology


The flowering period and ripening times, corresponding to BBCH stages 65 and 85, respectively [37], were recorded for all plots.




2.6. Yield and Quality Parameters


The number of fruits per shoot (FN) was counted and fruit set (FS) was calculated 30 days after full bloom (DOY 152, BBCH stage 71 [37]) with the expression FS (%) = FN/FB.



At harvest time (BBCH stage 85 [37]), all the fruits in each layer and on each side were collected to measure fruit number per layer (FL) and hulled fruit yield (FY); polar gauge (PG) was measured on 10 hulled fruits per layer. Hulled fruit average weight (AW) was calculated by dividing FY by FL. On the same samples, shelling percentage (SP), hull-tight nuts (HT) and double seeds (DS) were measured.




2.7. Data Analysis


The field data were analyzed by one- and two-way analysis of variance (ANOVA) followed by post hoc testing (Student-Newman-Keuls protected test) using R 2.15.0 software (R Foundation for Statistical Computing, Free Software Foundation, Boston, MA, USA); standard error (SE) was also calculated. The data of the two hedgerow orientations underwent independent analysis of variance. Pearson correlation coefficients were evaluated.





3. Results


3.1. Bud Differentiation


Mean total buds (TBs) on shoots of E-W rows was 36.1, significantly lower than that of N-S rows (44.7), namely 19% fewer buds (Table 1). Mean TBs on the east and west sides were significantly greater than on the north and south sides. The exposure with the highest mean TB (45.1), i.e., east, had 14% and 25% more buds than north (38.6) and south exposures (33.6), respectively. Significant differences were found in layer C, where 28% more buds were counted for N-S (43.8) than for E-W (31.4) row orientation. Significant differences in mean TBs were also found in layers B and C: the highest TB in layer B was recorded for eastern exposure (45.3), which was 25% higher than mean TBs on the south side (34.2). The same was found for layer C, in which mean TBs was 40% higher on the eastern (45.3) than on the southern side (27.3). Finally, significant differences were found for southern exposure (27.3), where layer C had a mean TBs 44% and 25% lower than layers A (39.3) and B (34.2), respectively.



Significant differences in mean number of wood buds per shoot (WBs) were found between orientations, E-W orientation (30.4) having 23% more wood buds than N-S (23.5) (Table 2). Significant differences in total WBs were found in relation to layer. Layer A (32.7) had 15% and 37% more wood buds than layers B (27.7) and C (20.6), respectively. Significant differences in mean WBs were also found in relation to exposure. Mean WBs (32.1) on the north side was 10%, 23% and 30% higher than on the south (28.7), west (24.6) and east (22.5) sides. Significant differences in mean WBs were also found in relation to orientation and layer. In layer B, mean WBs were significantly higher for E-W (32.3) than for N-S orientation (23.0). In layer C, mean WBs were significantly higher for E-W (24.6) than for N-S orientation (16.5). For N-S orientation, layer A (31.1) had 26% more buds than layer B (23.0) and 47% more buds than C (16.5). For E-W orientation, layers A and B had equal mean WBs, which were significantly higher than that of layer C. A 28% decrement in mean WBs was recorded between layers A (34.3) and C (24.6). Comparing exposures, mean WBs were significantly higher in layer B on the north side than on the other sides, having 18%, 30% and 40% more WBs than the south (29.2), west (24.7) and east (21.3) sides, respectively. Likewise in layer C, mean WBs (25.3) were 5%, 34% and 35% higher (significant) higher on the north than on the south (23.9), west (16.7) and east (16.4) sides, respectively. Significant differences in mean WBs were found between layers with eastern exposure. Mean WBs in layer A (29.8) were 28% and 44% higher than in layers B (21.3) and C (16.4), respectively. For western exposure, mean WBs in layer A (32.4) were 24% and 48% higher than in layers B (24.7) and C (16.7), respectively. For northern exposure, mean WBs in layers A and B (35.5) were 29% higher than in layer C (25.3). For southern exposure, mean WBs in layers A and B (31.1) were 23% higher than in layer C (23.9).



Significant differences in mean number of flower buds per shoot (FBs) were found between E-W and N-S orientations (Table 3). N-S orientation (23.3) produced 70% more flower buds than E-W (7.0). Significant differences were also found between exposures, in which mean FBs (24.9) were 69% and 74% higher for eastern than for northern (7.6) and southern (6.4) exposures, respectively. Substantial differences in mean FBs were found between orientations in every layer. Layer A with N-S orientation had 56% more flower buds (16.3) than with E-W orientation (7.2). Layer B with N-S orientation had more than three times more FBs (23.7) than with E-W orientation (7.4). Layer C with N-S orientation had almost five times more FBs (29.7) than with E-W orientation (6.4). In the N-S oriented orchard, mean FBs in layer C (29.7) were 20% and 45% higher (significant) than mean FBs in layers B (23.7) and A (16.3).



Significant differences in mean number of flower buds per shoot (FBs) were found between exposures in every layer. In layer A, western exposure produced mean FBs (16.6) that were 3%, 44% and 68% higher (significant) than east (16.1), south (9.4) and north (5.3) exposures, respectively. In layer B, the west and east sides produced equal FBs, but mean FBs of the eastern side (27.0) were 75% and 77% higher than on the north (6.7) and south (6.1) sides, respectively. In layer C, mean FBs were equal on the west and east sides, but mean FBs on the eastern side (31.5) were 65% and 88% higher than on the north (10.7) and south (3.8) sides. Finally, on the eastern side, significant differences were found between layers: layer C (31.5) produced 14% and 49% more flower buds than layers B (27.0) and A (16.1). On the western side, layer C (27.8) produced 26% and 40% more FBs than layers B (20.5) and A (16.6). The same trend was found on the northern side, with layer C producing a mean FBs (10.7) that was 37% and 50% greater than those produced by layers B (6.7) and A (5.3), respectively. On the southern side, layer A (9.4) produced 35% and 60% more flower buds than layer B (6.1) and C (3.8), respectively. It was also observed that E and W exposures (N-S row orientation) led to almost equal numbers of flower and wood buds, whereas N and S exposures (E-W row orientation) led to flower buds that were only 20% of the total (Figure 1).




3.2. LAI and PAR


Table 4 shows the seasonal pattern of LAI in the period March–August. At DOY 82 foliation was only partial (15 BBCH), leading to the lowest LAI for all layers and both orientations. LAI increased steeply to DOY 152 (71 BBCH, fruit set), then levelled off to its maximum at DOY 180 (77 BBCH, 70% fruit final size). At DOY 194 (79 BBCH, 70% final size) and 208 (85 BBCH, hull split completed) LAI was slightly lower than at DOY 180, whereas at DOY 237 (92 BBCH, leaf senescence) there was a significant 40% decrease in LAI, also due to harvesting, which occurred at DOY 208 [34].



At DOY 180, when LAI was maximum, it was 28% and 45% higher in layer C (3.8 m2/m2) than in layers B (2.9 m2/m2) and A (2.1 m2/m2) (Table 5). For N-S orientation, mean LAI (3.8 m2/m2) in layer C was 29% and 47% higher than in layers B (2.7) and A (2.0). For E-W orientation, mean LAI (3.9 m2/m2) in layer C was always the highest, 23% and 44% higher than in layers B (3.0) and A (2.2). The same situation was found for the different exposures: mean LAI in layer C was always the highest (4.0, 3.6, 3.8 and 4.0 m2/m2 for east, west, north and south exposure, respectively) and that in layer A was the lowest (2.0, 1.9, 2.3 and 2.2 m2/m2, respectively).



Photosynthetically active radiation, PAR, in the tree canopy decreased significantly from layer A to layer C for all exposures (Table 6). In fact, mean PAR in the top layer was at least 18% and 52% higher on the west and north sides, respectively, than in the middle and lower layers. Although PAR below mean values was not influenced by exposures, significant differences were recorded in every layer. In the top layer, mean PAR on the west and east sides (957.4 and 944.9 μmol photons m−2 s−1, respectively) was highest, whereas on the north side it was the lowest (759.3). Mean PAR on the south side stood in the middle (869.9 μmol photons m−2 s−1). In layer B, mean PAR was highest on the west side (787.7), and lowest on the north side (583.0). Mean PAR on the east and south sides was intermediate between values on the west and north sides, the former being higher than the latter (657.7 and 618.9, respectively). In layer C, mean PAR was higher on the west side (411.5), and lower on the east side (298.6). Mean PAR was quite similar on the north and south sides (367.6 and 349.3, respectively).



Regarding PAR in relation to DOY and layer, in the orchard with N-S orientation, there was a significant difference in PAR between the three layers on the eastern side at DOY 110 and 180: PAR in the top layer was 51% and 30% higher than in the middle layer, and 65% and 68% higher than in the bottom layer, respectively (Figure 2). At DOY 208, PAR was highest in the top layer, and similar in the middle and bottom layers. On the W side, PAR in the top layer was significantly higher in the top layer at DOYs 110 and 208 than in the other two layers, which showed similar values. At DOY 180, PAR showed a significant difference between the top and bottom layers and between the middle and bottom layers, while PAR in the top and middle layers was substantially the same. No significant differences in PAR were found in relation to exposure for a given layer and DOY, except at DOY 110, when borderline significant differences in PAR were found between the middle and bottom layers.



In the orchard with E-W orientation, PAR on the N side on DOYs 110 and 180 was significantly higher in the top and middle than in the bottom layer, whereas at DOY 208, PAR was highest in the top layer and was similar in the middle and bottom layers (Figure 3). On the S side, PAR showed significant differences in relation to layer and DOY, being highest in the top layer and lowest in bottom layer. Borderline significant differences in PAR in relation to exposure were only recorded in the bottom layer at DOY 110.




3.3. Phenology


The main phenological stages occurred on the same dates in both plots: full bloom on 68 DOY and ripening on 219 DOY, without differences in relation to row orientation.




3.4. Agronomical Parameters


Mean number of fruits per layer, FL (87.8), was 25% higher in the orchard with N-S orientation than in the one with E-W orientation (65.6) (Table 7). Mean FL (107.8) in layer B was 40% and 47% higher (significant) than in layers A (64.8) and C (57.5), respectively. It was 4%, 25% and 29% higher on the east side than on the west (85.8), north (67.3) and south (63.8) sides. Layer A produced 31% more nuts per layer (76.6) in the plot with N-S orientation than in that with E-W orientation (52.9). The corresponding mean FLs for layers B and C were N-S (121.2), 22% higher than E-W (94.4), and N-S (65.7), 25% higher than E-W (49.3), respectively. With N-S row orientation, layer B (121.2) produced 37% and 46% more fruits per layer than layer A (76.6) and layer C (65.7), respectively. With E-W row orientation, mean FL of layer B (94.4) was 44% and 48% higher than that of layers A (52.9) and C (49.3). Mean FL of layer B with west exposure (127.9) was the highest, having 10%, 25% and 27% more fruits per layer than the east (114.5), south (95.7) and north (93.1) sides. Mean FL of layer C with east exposure (75.3) was the highest, having 25%, 26% and 43% more fruits per layer than the west (56.1), north (55.5) and south (43.1) sides, respectively. Finally, significant differences were found between mean FL in layers with different exposures. In east exposure, mean FL of layer B (114.5) was 30% and 34% higher than those of layers A (79.7) and C (75.3); in west exposure, layer B (127.9) had 43% and 56% more FL than layer A (73.5) and C (56.1). In north exposure, mean FL of layer B (93.1) was 40% and 43% higher than those of layers C (55.5) and A (53.3); in south exposure, layer B (95.7) had 45% and 55% more FL than layers A (52.6) and C (43.1).



Significant differences in mean percentage fruit set FS were found in relation to row orientation (Table 8). Mean FS for E-W orientation (50.4%) was 34% higher than for N-S orientation (33.5%). Significant differences were also found in relation to exposure: mean FS was 24% and 46% higher on the south side than on the west (39%) and east (27.7%) sides. Significant differences in fruit set were found in relation to orientation and layer. In layer B, mean FS (53.9%) was 18.9% greater with E-W than with N-S orientation (35%). In layer C, mean FS (55.0%) was 57% higher with E-W than with N-S orientation (23.9%). Borderline significant variations in FS were found between layers in N-S orientation: mean FS in layer A (41.2%) was 15% and 42% higher than in layers B (35.0%) and C (23.9%). Significant differences in FS were found between exposures in layer C: mean FS on the south side (59.3%) was 14%, 54% and 65% higher than on the north (50.8%), west (27.0%) and east (20.9%) sides. Finally, on the east side, mean FS in layer A (33.6%) was 15% and 38% greater than in layers B (28.7%) and C (20.9%), respectively; on the west side, layer A (48.8%) showed 15% and 45% higher fruit set than layers B (41.4%) and C (27.0%), respectively.



Significant differences in mean fruit yield FY were found between layers (Table 9). Mean FY of layer B (469.2 g) was 39% and 48% higher than those of layers A (285.0 g) and C (244.7 g). Significant differences in FY were also found between layers in the two orientations. With N-S orientation, mean FY of layer B (491.3 g) was 34% and 45% higher than those of layers A (324.3 g) and C (268.7 g). With E-W orientation, mean FY of layer B (447.0 g) was 45% and 51% higher than those of layers A (245.7 g) and C (220.7 g), respectively. Mean FY in the bottom layer on the east side (298.7 g) was 15%, 20% and 37% higher than on the north (254.0 g), west (238.7 g) and south (187.3 g) sides. Mean FY in the middle layer on the east side (476.0 g) was 30% and 37% higher than in the top (333.3 g) and bottom layers (298.7 g), respectively. Likewise for west exposure: mean FY in layer B (506.7 g) was 38% and 53% higher than in layers A (315.3 g) and C (238.7 g), respectively. In north exposure, FY in layer B (427.3 g) was 40% and 41% higher than in layers A (256.0 g) and C (254.0), respectively. Finally, for south exposure, mean FY in layer B (466.7 g) was 50% and 60% higher than in layers A (235.3 g) and C (187.3 g), respectively.



No significant differences in mean weight of hulled almonds, AW, were found in relation to row orientation or exposure (Table 10).




3.5. Yield Quality Parameters


Significant differences in mean hulled almond polar gauge, PG, were found in relation to row orientation (Table 11). Mean PG was higher in the plot with E-W (34.3 mm) than in the one with N-S (33.5 mm) orientation. Mean PG varied significantly in relation to exposure, being higher on the north and south (34.4 mm and 34.3 mm) than on the west (33.9 mm) and east (33.2 mm) sides of the hedges. Significant differences were also found in relation to layer: mean PG in layer A (34.5 mm) was higher than in layers B (34.0 mm) and C (33.4 mm). In layer A, mean PG was higher in E-W (35.0 mm) than in N-S oriented rows (33.9 mm), likewise in layer B, the corresponding mean values were 34.6 mm and 33.4 mm, respectively. Mean PG was significantly different in the layers of orchards with E-W row orientation. In layer A, it was higher (35.0 mm) than in layers B (34.6 mm) and C (33.4 mm). Mean PG varied significantly in layer B in relation to exposure, being higher on the south and north (34.7 mm and 34.6 mm, respectively) than on the west (34.0 mm) and east sides (32.7 mm). It also varied significantly in layers with north exposure: mean PG in layer A (35.3 mm) was slightly higher than in layers B (34.6 mm) and C (33.1 mm).



Significant differences in mean shelling percentage (SP) were found in relation to row orientation (Table 12), being higher for N-S (33.4%) than for E-W orientation (31.1%). Mean SP varied significantly in relation to exposure, being higher on the east and west (33.2% and 33.6%) than on the south and north sides (both 31.1%). Mean SP also varied significantly in relation to layer, being higher in layer C (33.6%) than in layers A (32.0%) and B (31.2%). Mean SP also varied significantly in a given layer in relation to row orientation. In layer A, it was higher with N-S rows (32.8%) than with E-W rows (31.0%); in layer B, it was higher with N-S (32.4%) than with E-W (30.0%) row orientation. The same situation was observed in layer C, where mean SP was higher with N-S rows (34.9%) than with E-W rows (32.2%). Significant differences in mean SP were found between layers for a given row orientation. With N-S orientation, mean SP was higher in layer C (34.9%) than in layers A (33.1%) and B (32.1%). With E-W orientation, mean SP was again higher in layer C (32.2%) than in layers A (31.0%) and B (30.0%). Significant differences in mean SP were also found between exposures in a given layer. In layer B, mean SP was higher on the east (32.6%) than on the west (32.1%), north (30.3%) and south (29.7%) sides. In layer C, mean SP was higher on the west (35.4%) than on the east (34.5%), south (32.8%) and north (31.7%) sides. Finally, significant differences in mean SP were found between layers in relation to exposure. On the west side of the hedges, mean SP was higher in layer C (35.4%) than in layers A (33.1%) and B (32.1%). Likewise on the south side, mean SP was higher in layer C (32.8%) than in layers A (30.9%) and B (29.7%).



Significant differences in mean percentage of hull-tight nuts (HT) were found in relation to row orientation (Table 13). Mean HT was 48% higher in the orchard with N-S (3.3%) than in the one with E-W orientation (1.7%). Significant differences in mean HT were found between exposures, with similar values on the west (3.3%) and east (3.2%) sides and values 42% and 55% higher on the north (1.9%) and south (1.5%) sides. Significant differences in mean HT were found in relation to orientation in different layers. In layer A, mean HT (3.0%) was 53% higher in the plot with N-S than in the one with E-W orientation (1.4%). In layer B, mean HT (3.4%) was 74% higher in the plot with N-S than in the one with E-W orientation (0.9%). Significant differences in mean HT were found in layer B in relation to exposure. Mean values were substantially equal on the west (3.5%) and east sides (3.3%) and were 63% and 83% higher than on the south (1.3%) and north (0.6%) sides, respectively. Finally, significant differences in mean HT were found on the north side in relation to layer: in layer C mean HT (3.7%) was 77% and 84% higher than in layers A (1.3%) and B (0.6%).



No significant differences in mean percentage of double seeds, (DS), were found in relation to orientation or exposure (Table 14).





4. Discussion and Conclusions


Due to a lack of studies on the effects of row orientation in SHD almond orchards, we compared our results with those of studies on vineyards, SHD olive orchards and other orchards of deciduous species.



The total number of buds showed significant differences. Orchards with N-S orientation had more buds than those with E-W orientation in all layers and exposures (Table 1). A linear increase was observed from the south side of E-W orchards to the east side of N-S orchards, and this trend was also found with slight differences between exposures in every layer. No differences were found between layers, except in the case of south exposure where the bottom layer had the fewest buds. On the contrary, in E-W oriented olive groves, top canopy layers seemed to have a greater total number of buds [24,38,39].



Bud differentiation was barely influenced by row orientation (Table 2 and Table 3): N-S orientation determined flower bud numbers three times greater than did E-W orientation; in particular, flower bud number on the east side was four times greater than on the south side. The bottom layer had the highest mean flower bud number for all orientations and exposures, except in the case of southern exposure, which showed the lowest bud number. Consequently, wood buds were more numerous in E-W than in N-S oriented rows.



Nevertheless, in N-S row orientation the number of wood and flower buds on the east and west sides was balanced, while in E-W row orientation, wood buds were 80% of total buds on both sides (Figure 1). This is probably due to photo-damage caused by excessive interception of radiation on the southern side and lack of intercepted light on the northern side. Over-excitation of chlorophyll promotes production of reactive oxygen species (ROS), increasing the risk of photo-inhibition (i.e., photo-damage) [40]. Moreover, fewer inflorescences have been reported in canopy areas that receive low PAR [41]. In fact, in almond orchards, exposure of canopy and fruit to radiation is another aspect of the radiation environment that is modified by hedgerow orientation. Radiation can severely damage plants via direct and indirect effects on cell constitution, causing a decrease in chlorophyll concentration and photosynthesis rate [32,42,43]. Net photosynthesis increases with light up to saturation, beyond which additional photosynthetic photon flux density (PPFD) does not improve carboxylation, rendering excessive about half the available light. For taller fruit tree species, the saturation point is variable [40]. For almond trees, the saturation point varies with cultivar, averaging 1263 μmol m−2 s−1 [44].



For N–S hedgerows that receive equal daily irradiance on both sides according to season and latitude, transmission between sides is correspondingly equal. For E–W hedgerows, by contrast, the annual pattern of incidence of the solar beam differs sharply between sides in relation to season and latitude. All beam irradiance falls on the S side from the autumn to the spring equinox, while the N side only receives beam irradiance for short periods in summer. During the rest of the year, the N side relies on diffuse and reflected radiation in the alleys and that transmitted through the hedgerow from the S side [32].



In olive and grape orchards, floral induction was not related to row orientation or to canopy layer [24,25]. In olive trees, the flowering stimulus seems to translocate from more illuminated to poorly illuminated canopy positions [45,46]. Moreover, different light saturation points lead to different responses of fruit tree species [40].



In apple orchards, row orientation combined with tree height and latitude affected light interception, distribution and fruit quality in model apple hedgerow canopies [47]. In adult Anjou pear trees conducted in hedgerow, Khemira et al. [48] reported a positive effect of row orientation on canopy exposure, flowering index and fruit set. Day et al. [49] studied different orchard-system configurations, combining rootstocks, varieties, training systems and row orientation; all had a significant effect on the profitability of peaches and nectarines.



LAI values are strictly related to sampling DOY. Leaf development begins in March, reaching maximum values in early summer (DOY 180), and then gradually decreases until late September (Table 4). This pattern was confirmed by Sakar et al. [37] in almond.



LAI values clearly increased from the top to the bottom of the canopy, but no effect of exposures and orientations was observed (Table 5). In fact, the small effect of row orientation decreased with increasing latitude [50]. If at 55° N, LAI is highest with N–S orientation in the summer months and with E–W orientations for the rest of the year, at 41° N it is very similar.



A PAR gradient was found from the top to the bottom layer (Table 6), due to less light intercepted in the lowest part of the canopy. For the lowest layer, PAR was least on the east and south sides, and highest on the west and north sides. In the middle layer, the situation was quite similar: east showed lower PAR than west exposure, while north and south received about the same PAR. These results may be related to a thicker canopy, normal on the south side. An unusual finding was that the same was found for eastern exposure. This could be explained by the proverb “The early bird catches the worm”: the net assimilation rate in the morning hours is higher than in the afternoon due to the better physiological condition of the tree. With west exposure, the light is captured in the afternoon, when the physiological condition of trees suffers from closed stomata. Higher afternoon temperature could also lead to a reduction in photosystem efficiency [20]. In the top layer the situation is different, with the highest PAR on the west side, decreasing towards north.



Flowering and ripening times were not influenced by row orientation. No data on this aspect is available in the literature.



Fruit number per layer fluctuated widely with orientation, exposure and layer (Table 7).



A greater number of fruits was recorded in N-S oriented rows, in line with the greater number of flower buds. These differences were also found between exposures, where east proved to be the most and southern exposure the least productive, in line with flower bud distribution. This evidence is at variance with Trentacoste et al. [22] who did not find any significant differences between exposures in orchards with rows oriented N-S and E-W.



We found the highest number of fruits in mid position, for both orientations, while in olive, fruit number per layer increased linearly from bottom to top, as did inflorescences [24]. In our case, this is probably due to incomplete growth and development at the top of the tree canopies.



The highest mean values of fruit set were found in E-W orientation (N and S exposures), while E exposure had the lowest (Table 8). Fruit set values showed an opposite trend with respect to fruit number per layer and flower bud number. This is a consequence of total bud number and bud induction, as reported before. In SHD olive and grape, fruit set was not responsive to irradiance, presumably due to different light saturation points [24,25,40]. In line with Trentacoste et al. [22,24] in olive, our study confirmed that in almond, row orientation and exposure did not affect hulled fruit yield from the middle and top layers of the canopy (Table 9). In olive, Tous et al. [51] reported greater yield with N-S orientation as in grape [25,52,53], whereas Gòmez-del-Campo et al. [54] observed higher yield with E-W orientation. These contradictory results could be due to different experimental and climatic conditions [32]. The middle layer had the highest mean hulled fruit yield irrespective of orientation and exposure. However, with S exposure, the hulled fruit yield of the lower layer was significantly less than that of other exposures, related to the lowest number of fruits per layer (Table 7).



No significant variations in hulled fruit average weight were found in relation to orientation, exposure or layer (Table 10). In the case of hard-shelled almonds, Dicenta et al. [55] found high heritability of this trait, but observed a slight effect of the year, due to the known influence of productivity on fruit size [56]. These results were in contrast with Trentacoste et al. [22], who found that olive weight was responsive to irradiance, and with Hunter et al. [25], who found that berry mass was higher in the case of E-W orientation, presumably due to the different organ types: seed (almond) vs. stone fruit (olive) vs. berry fruit (grape).



E-W row orientation showed mean hulled fruit polar gauge consistently greater than did N-S orientation. There was a linear increase in gauge from the lower to the upper layer, mainly for E-W row orientation (Table 11). Trentacoste et al. [24] showed weakly significant increases in olive gauge with illumination and Hunter et al. [25] observed greater berry volumes with E-W orientation. Although our work seems to be in line with grape, these parameters cannot be compared because the organs analyzed were different.



Shelling is a very important parameter for the agronomical characterization and value of almond cultivars. Mean shelling (32.3%) was slightly lower than values reported in the literature for Guara/Tuono [57,58]. Although shelling was greater for N-S (33.4%) than E-W orientation (31.1%) and in lower layers (33.6%) (Table 12), these differences do not have any practical impact from an agronomical point of view. No comparison could be made with other similar studies.



N-S orientation was associated with an almost double hull tight nut percentage (3.3%) than was E-W orientation (1.7%) (Table 13). The middle layer showed the highest percentage in N-S oriented trees (3.4%). In fact, Kester et al. [59] observed a considerable influence of the environment on expression of this trait. No studies on this parameter are available in the literature for cv Guara/Tuono, probably due to the marginal impact of this parameter on total yield. In our research, the average percentage was 2.5%, while for other cultivars a value of 1% is reported [60].



The percentage of double seeds is important for almonds because it determines the use of the crop (sugared almonds versus pastry-making). The mean value recorded for this study was 8.4%, lower than the standard mean values of almond cultivars [58,59]. This parameter was not affected by orientation or layer (Table 14). Other studies have reported that this is a quantitative trait with complex inheritance and difficult-to-estimate heritability [55,59,61,62].



Pearson correlation coefficients were also evaluated between all the parameters (Table S1). Bud parameters were closely correlated with each other, showing a strong correlation between TB and FB. The same goes for the relation between FN and FB. Very high correlations were found between FY and FL and between FY and AW. The first relation shows that the greater the number of fruits, the heavier the yield of the specific layer. Finally, LAI showed a close negative correlation with PAR.



Super-high density is the latest innovation in almond orchards. This new cropping system needs to be studied to observe how it responds to different climates, soils, latitudes and irradiance levels, so as to help growers manage their almond orchards more efficiently.



In this context, our study is the first, and shows that although no differences in LAI were recorded between orientations, higher values for most biological and agronomical parameters were recorded with N-S orientation. The number of wood buds, fruit set and hulled fruit polar gauge were the only parameters that were higher with E-W orientation. Hulled fruit yield, total and average weight and double seed percentage were not influenced by row orientation.



Felipe et al. [63] surmised the effects of row orientation on the main biological and yield parameters of almond trees. The present study is the first to confirm these effects, showing the key role of row orientation in the sustainable management of SHD almond orchards. More detailed research on this topic is needed.
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Figure 1. Wood and flower buds percentage per shoot for a given exposure (North, South, East, West). The 100% represents the total buds number per shoot. The letters denote significant differences among exposures (p = 0.01; SNK test). 
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Figure 2. Available PAR (μmol photons m2 s−1) in relation to layer (layers A, B and C) on east and west sides of orchard with north-south orientation on three DOYs. The first letter denotes significant differences between layers for a given exposure and DOY (n = 45; p = 0.05/0.01; SNK test); the second letter denotes significant differences between exposure for a given layer and DOY (n = 90; p = 0.05/0.01; SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01. 
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Figure 3. Available PAR (μmol photons m2 s−1) in layers (A, B and C) of orchard with east-west orientation (north and south exposures) on three DOYs. The first letter denotes significant differences between layers for a given exposure and DOY (n = 45; p = 0.05/0.01; SNK test); the second letter denotes significant differences between exposure for a given layer and DOY (n = 90; p = 0.05/0.01; SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01. 
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Table 1. Mean total number of buds per shoot (TB). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.






Table 1. Mean total number of buds per shoot (TB). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.





	
Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
44.6 A,A

	
47.3 A,A

	
45.9 A,A

	
39.1 A,A

	
39.3 A,A

	
39.2 A,A




	
Layer B (60–120 cm)

	
45.3 A,a

	
43.4 A,a

	
44.4 A,A

	
41.1 A,a

	
34.2 A,ab

	
37.7 A,A




	
Layer C (0–60 cm)

	
45.3 A,a

	
42.4 A,a

	
43.8 A,A

	
35.6 A,a

	
27.3 B,b

	
31.4 A,B




	
Mean

	
45.1 A

	
44.4 A

	
44.7 A

	
38.6 B

	
33.6 B

	
36.1 B
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Table 2. Mean number of wood buds per shoot (WB). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
29.8 a,A

	
32.4 a,A

	
31.1 A,A

	
35.5 a,A

	
33.0 a,A

	
34.3 A,A




	
Layer B (60–120 cm)

	
21.3 b,B

	
24.7 ab,ab

	
23.0 B,B

	
35.5 a,a

	
29.2 a,ab

	
32.3 A,A




	
Layer C (0–60 cm)

	
16.4 b,b

	
16.7 b,b

	
16.5 C,B

	
25.3 b,a

	
23.9 b,ab

	
24.6 B,A




	
Mean

	
22.5 B

	
24.6 B

	
23.5 B

	
32.1 A

	
28.7 A

	
30.4 A
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Table 3. Mean number of flower buds per shoot (FB). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
16.1 b,ab

	
16.6 b,a

	
16.3 B,A

	
5.3 b,b

	
9.4a,ab

	
7.2 A,B




	
Layer B (60–120 cm)

	
27.0 ab,A

	
20.5 ab,A

	
23.7 AB,A

	
6.7 ab,B

	
6.1 ab,B

	
7.4 A,B




	
Layer C (0–60 cm)

	
31.5 a,A

	
27.8 a,A

	
29.7 A,A

	
10.7 a,B

	
3.8 b,B

	
6.4 A,B




	
Mean

	
24.9 A

	
21.6 A

	
23.3 A

	
7.6 B

	
6.4 B

	
7.0 B
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Table 4. LAI (m2 m−2) seasonal pattern recorded in different layers (layer A 120–180 cm, layer B 60–120 cm, layer C 0–60 cm) for two row orientations. The letter denotes statistical differences between DOYs for each layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.






Table 4. LAI (m2 m−2) seasonal pattern recorded in different layers (layer A 120–180 cm, layer B 60–120 cm, layer C 0–60 cm) for two row orientations. The letter denotes statistical differences between DOYs for each layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.





	
Orientation North-South




	
DOY




	

	
82

	
96

	
110

	
127

	
139

	
152

	
167

	
180

	
194

	
208

	
237

	
Mean




	
Layer A (120–180 cm)

	
0.79 D

	
0.97 D

	
1.38 C

	
1.58 BC

	
1.63 BC

	
1.69 AC

	
1.85 AB

	
1.95 A

	
1.47 C

	
1.37 C

	
0.81 D

	
1.40




	
Layer B (60–120 cm)

	
1.17 E

	
1.54 D

	
1.93 C

	
2.03 BC

	
2.22 BC

	
2.30 BC

	
2.44 AB

	
2.69 A

	
2.10 BC

	
2.09 BC

	
1.13 E

	
1.97




	
Layer C (0–60 cm)

	
1.70 G

	
2.07 F

	
2.64 E

	
2.94 DE

	
3.14 CD

	
3.30 BC

	
3.59 AB

	
3.78 A

	
2.93 ED

	
2.65 E

	
1.53 G

	
2.75




	
Mean

	
1.22 F

	
1.53 E

	
1.98 D

	
2.18 CD

	
2.33 BD

	
2.43 BC

	
2.63 AB

	
2.81 A

	
2.17 CD

	
2.04 D

	
1.16 F

	
2.04




	
Orientation East-West




	
DOY




	

	
82

	
96

	
110

	
127

	
139

	
152

	
167

	
180

	
194

	
208

	
237

	
Mean




	
Layer A (120–180 cm)

	
1.00 E

	
1.18 DE

	
1.47 CD

	
1.67 BC

	
1.87 AB

	
2.01 AB

	
2.14 A

	
2.23 A

	
2.00 AB

	
1.86 AB

	
1.32 CE

	
1.70




	
Layer B (60–120 cm)

	
1.31 D

	
1.49 D

	
2.03 C

	
2.26 BC

	
2.30 BC

	
2.58 AB

	
2.67 AB

	
2.99 A

	
2.62 AB

	
2.50 AB

	
1.57 D

	
2.21




	
Layer C (0–60 cm)

	
1.59 D

	
2.04 D

	
2.85 C

	
3.13 BC

	
3.27 BC

	
3.52 AB

	
3.84 A

	
3.92 A

	
3.58 AB

	
3.17 BC

	
1.81 D

	
2.97




	
Mean

	
1.30 D

	
1.57 D

	
2.11 C

	
2.35 BC

	
2.48 B

	
2.70 AB

	
2.88 A

	
3.05 A

	
2.73 AB

	
2.51 B

	
1.57 D

	
2.29











[image: Table] 





Table 5. Mean LAI (m2 m−2) at DOY 180. The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
2.0 C,A

	
1.9 C,A

	
2.0 C,A

	
2.3 B,A

	
2.2 C,A

	
2.2 C,A




	
Layer B (60–120 cm)

	
2.9 B,A

	
2.5 B,A

	
2.7 B,A

	
3.0 b,A

	
3.0 B,A

	
3.0 B,A




	
Layer C (0–60 cm)

	
4.0 A,A

	
3.6 A,A

	
3.8 A,A

	
3.8 a,A

	
4.0 A,A

	
3.9 A,A




	
Mean

	
2.9 A

	
2.7 A

	
2.8 A

	
3.0 A

	
3.0 A

	
3.1 A
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Table 6. Mean PAR (μmol photons m−2 s−1) in the canopy. The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
944.9 A,A

	
957.4 A,A

	
951.2 A,A

	
759.3 A,C

	
869.9 A,B

	
814.6 A,B




	
Layer B (60–120 cm)

	
657.7 B,B

	
787.7 B,A

	
722.7 B,A

	
583.0 B,C

	
618.9 B,BC

	
601.0 B,B




	
Layer C (0–60 cm)

	
298.6 C,C

	
411.5 C,A

	
355.1 C,A

	
367.6 C,B

	
349.3 C,B

	
363.0 C,A




	
Mean

	
633.7 A

	
718.9 A

	
676.3 A

	
570.0 A

	
612.7 A

	
591.4 A
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Table 7. Mean numbers of fruits per layer (FL). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Layer/Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
120–180 cm

	
79.7 b,A

	
73.5 B,A

	
76.6 B,A

	
53.3 B,A

	
52.6 A,A

	
52.9 B,B




	
60–120 cm

	
114.5 a.ab

	
127.9 A,a

	
121.2 A,A

	
93.1 A,b

	
95.7 A,b

	
94.4 A,B




	
0–60 cm

	
75.3 b,a

	
56.1 B,b

	
65.7 B,A

	
55.5 B,b

	
43.1 B,B

	
49.3 B,B




	
Mean

	
89.8 A

	
85.8 AB

	
87.8 A

	
67.3 AB

	
63.8 B

	
65.6 B
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Table 8. Mean percentage fruit set (FS, %). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
33.6 a,A

	
48.8 a,A

	
41.2 a,A

	
46.7 A,A

	
37.8 A,A

	
42.2 A,A




	
Layer B (60–120 cm)

	
28.7 ab,A

	
41.3 ab,A

	
35.0 ab,b

	
51.7 A,A

	
56.0 A,A

	
53.9 A,a




	
Layer C (0–60 cm)

	
20.9 b,B

	
27.0 b,ab

	
23.9 b,B

	
50.8 A,ab

	
59.3 A,a

	
55.0 A,A




	
Mean

	
27.7 B

	
39.0 AB

	
33.5 B

	
49.7 A

	
51.0 A

	
50.4 A
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Table 9. Mean hulled fruit yield (FY, g). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
333.3 ab,A

	
315.3 B,A

	
324.3 B,A

	
256.0 B,A

	
235.3 B,A

	
245.7 b,A




	
Layer B (60–120 cm)

	
476.0 a,A

	
506.7 A,A

	
491.3 A,A

	
427.3 A,A

	
466.7 A,A

	
447.0 a,A




	
Layer C (0–60 cm)

	
298.7 B,a

	
238.7 B,ab

	
268.7 B,A

	
254.0 B,ab

	
187.3 B,B

	
220.7 b,A




	
Mean

	
369.3 A

	
353.6 A

	
361.4 A

	
312.4 A

	
296.4 A

	
304.4 A
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Table 10. Mean weight of hulled almonds (AW, g). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
4.1 A,A

	
4.2 A,A

	
4.2 A,A

	
4.9 A,A

	
4.5 A,A

	
4.7 A,A




	
Layer B (60–120 cm)

	
4.1 A,A

	
3.9 A,A

	
4.1 A,A

	
4.7 A,A

	
5.9 A,A

	
5.3 A,A




	
Layer C (0–60 cm)

	
4.0 A,A

	
4.3 A,A

	
4.1 A,A

	
4.6 A,A

	
4.4 A,A

	
4.5 A,A




	
Mean

	
4.1 A

	
4.2 A

	
4.1 A

	
4.8 A

	
5.0 A

	
4.9A
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Table 11. Mean hulled almond polar gauge (PG, mm). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
33.8 A,A

	
34.1 A,A

	
33.9 A,B

	
35.3 a,A

	
34.6 A,A

	
35.0 A,A




	
Layer B (60–120 cm)

	
32.7 A,b

	
34.0 A,ab

	
33.4 A,B

	
34.6 ab,a

	
34.7 A,a

	
34.6 A,A




	
Layer C (0–60 cm)

	
33.1 A,A

	
33.6 A,A

	
33.3 A,A

	
33.1 B,A

	
33.7 A,A

	
33.4 B,A




	
Mean

	
33.2 b

	
33.9 ab

	
33.5 B

	
34.4 a

	
34.3 a

	
34.3 A
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Table 12. Mean shelling percentage (SP, %). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
32.6 A,A

	
33.1 ab,A

	
32.8 b,A

	
31.2 A,A

	
30.9 ab,A

	
31.0 B,B




	
Layer B (60–120 cm)

	
32.6 A,a

	
32.1 b,ab

	
32.4 B,A

	
30.3 A,ab

	
29.7 B,b

	
30.0 B,B




	
Layer C (0–60 cm)

	
34.5 A,ab

	
35.4 a,a

	
34.9 a,A

	
31.7 A,b

	
32.8 a,ab

	
32.2 A,B




	
Mean

	
33.2 A

	
33.6 A

	
33.4 A

	
31.1 B

	
31.1 B

	
31.1 B
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Table 13. Mean percentage of hull-tight nuts (HT, %). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
3.2 A,A

	
2.7 A,A

	
3.0 A,A

	
1.3 ab,A

	
1.4 A,A

	
1.4 A,B




	
Layer B (60–120 cm)

	
3.3 A,A

	
3.5 A,A

	
3.4 A,A

	
0.6 b,B

	
1.3 A,B

	
0.9 A,B




	
Layer C (0–60 cm)

	
3.3 A,A

	
3.7 A,A

	
3.5 A,A

	
3.7 a,A

	
1.7 A,A

	
2.7 A,A




	
Mean

	
3.2 a

	
3.3 a

	
3.3 A

	
1.9 ab

	
1.5 b

	
1.7 B
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Table 14. Mean percentage of double seeds (DS, %). The first letters denote significant differences between layers for a given exposure; the second letters denote significant differences between exposures for a given layer (SNK test). Lower case letters denote statistical differences with p = 0.05. Capital letters denote statistical differences with p = 0.01.
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Orientation

	
North-South

	
East-West




	
Exposure

	
East

	
West

	
Mean

	
North

	
South

	
Mean






	
Layer A (120–180 cm)

	
7.1 A,A

	
7.6 A,A

	
7.4 A,A

	
10.0 A,A

	
9.5 A,A

	
9.7 A,A




	
Layer B (60–120 cm)

	
7.9 A,A

	
9.5 A,A

	
8.7 A,A

	
6.1 A,A

	
6.8 A,A

	
6.5 A,A




	
Layer C (0–60 cm)

	
9.9 A,A

	
9.5 A,A

	
9.8 A,A

	
6.6 A,A

	
9.2 A,A

	
7.9 A,A




	
Mean

	
8.2 A

	
9.0 A

	
8.6 A

	
7.6 A

	
8.5 A

	
8.1 A
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