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Abstract: In highly solar irradiated areas, apple production can face challenges due to high evapora-
tive water demands. Shading can be used to lower irrigation requirements and make apple growing
more sustainable. In this trial, a white exclusion net (40% shading) integrated with rain protection
was compared with a regular anti-hail black net (20% shading), on Rosy Glow apple. Crop physiology,
yield and quality parameters were monitored during two consecutive years, under conditions of full
and restricted irrigation. Since Et0 under the two cover systems was different, their respective 100%
irrigation replacement was different; both covers also received a restricted irrigation treatment (70%
replacement of Et0). Tree physiology (midday stem water potential, leaf gas exchanges, seasonal fruit
growth) was not affected, neither by less light nor by less water. Moreover, marketable yield, fruit
color and soluble solid content were improved under the more shaded environment, even when the
irrigation volume was limited. These results are encouraging, as an overall 50% of water was saved
(ca. 190 mm tree−1 per year), compared to the control irrigation treatment, under a classic anti-hail
system (ca. 370 mm tree−1 per year).

Keywords: Malus domestica; sustainability; light; irrigation; harvest

1. Introduction

Fruit growing, and agriculture in general, is facing serious, varied challenges, at-
tributable to climate change. An example of one of these challenges is the constant excep-
tionally high temperatures during spring and summer 2022, in the Mediterranean basin.
Inevitable increases in reference evapotranspiration (Et0) and crop evapotranspiration (Etc)
are expected and are starting to be observed [1,2]; therefore, mitigation strategies need to
be implemented in production protocols. Aiming at sustainable production methods is the
main goal for future food related processes. To improve orchard sustainability, improving
water use for irrigation is a must. Plant water uptake is dictated by evaporative demand,
due to high leaf-to-air vapor pressure deficit (VPD) and transpiratory losses allowing for
leaf cooling along with CO2 uptake, where the main driver of the process is solar radi-
ation. Decreasing solar radiation interception, in areas characterized by both high light
and air temperatures, is thus a solution that growers should take into consideration. In
Italy, orchards are commonly fitted with anti-hail netting systems, and lately, rain proof
systems have been implemented in these structures to avoid fruit wetting and subsequent
cracking in cherries, but with potential benefits for other crops, for example preventing
fungal diseases. The shading of these systems goes from 10% (regular anti-hail nets) to
nearly 50% (with rain shelter).

Shading has long been known to be a promising strategy for maintaining low crop
water requirements [3–7], lowering irrigation restitution volumes [8,9]. Many studies
have focused on apples, considered a suitable candidate for trials involving shading nets.
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The recent introduction of commercial solutions that enclose the entire orchard, known
as “exclusion netting”, has been tested for pest management purposes [10–18] in France,
Italy and Croatia. More recently, this system was tested on apple physiology, on the early
ripening Gala [9]. The results of these works are encouraging in boosting sustainability for
apple growing. Firstly, there are positive outputs that this mechanical barrier generates
when related to pest control. Secondly, 40% shading with a white exclusion system is not
detrimental to tree physiological performances and most importantly to marketable yield
and final fruit quality [9].

The following study aims to demonstrate how medium-strong shading application
can be beneficial and increase sustainability by lowering apple water requirements. This
study focused on a late ripening apple variety, as to further demonstrate the feasibility of
light management even if prolonged until the autumn period.

2. Materials and Methods
2.1. Study Site

The trial took place at the experimental farm of Bologna University (Italy, 44◦30′ N;
10◦36′ E, 27 m elevation), in a Pink Lady (Rosy Glow) apple orchard grafted on Pajam 2,
during the years 2020 and 2021. The orchard was planted in 2014 on a silty clay loam soil
consisting of 10 rows (50 trees in each row). Trees were spaced 1 × 3.3 m (3030 tree ha−1),
with a north–south orientation, trained as slender spindle. Since its installation, the man-
agement of the orchard followed integrated pest management (IPM) protocols, and trees
were watered as needed. The orchard was covered with regular anti-hail net (A) (20%
shading, as stated by the manufacturer; Valente srl, Campodarsego, PD, Italy), deployed at
the beginning of the season (20 days after full bloom) and withdrawn after harvest.

Full bloom dates were recorded in early April, for both years: 1 April 2020 and 5
April 2021.

2.2. Net Treatments, Weather, and Irrigation

In May 2020, the orchard was divided into two sectors (5 rows each): one remained
under the A net, considered as control, while the other was covered with a white exclusion
netting system (E) (Keep in touch®), which enclosed the entire sector of the orchard (in-
cluding the headspaces for turning). E net was integrated with a white rain-proof cover
placed over each row (1 m on both East and West sides), as a protection against rain; hence,
the overall shading percentage of the exclusion net treatment was stated to be around 50%.
Both nets had an English-turn weaving system and were of the same material (polymethyl
methacrylate) with different wefts: A net was around 10 × 5 mm, while E net was approxi-
mately 3 × 4 mm. The rain-proof double layer of the E net was characterized by extremely
dense links (<1 mm). The set-up was maintained in 2021.

In each orchard sector and outside the orchard, weather parameters were registered
on an hourly basis (air temperature (◦C), relative humidity (%), rain (mm), solar radiation
(W m2)), with dedicated weather stations (Davis Instruments GroWeather 24 Hr Fan,
Cabled, Metric 6825CM, Davis, CA, USA). Solar radiation was converted in photosynthetic
active radiation (PAR), following calculations from Dye, 2004 [19].

For each net treatment (A, E), two different irrigations were applied for two years.
A 100% restitution irrigation, based on Et0, was computed following the Hargreaves–
Samani equation [20], using weather data from the weather stations, installed below the
nets. Having two different shading properties, the two coverings generated different
microclimates; hence, Et0 was different in the two orchard sectors. Once Et0 and control
irrigation for the two nets were calculated, a second irrigation treatment was applied, at
70% of reference Et0. In total, there were 4 irrigation treatments, named as follows:

- A100: anti-hail net control irrigation (100% Et0 under the anti-hail net);
- A70: anti-hail net restricted irrigation (70% Et0 under the anti-hail net);
- E70: exclusion net control irrigation (100% Et0 under the exclusion net);
- E50: exclusion net restricted irrigation (70% Et0 under the exclusion net).
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The numbers following the net treatments’ capital letters represent the absolute per-
centages of applied water, using A100 as the main reference. Thus, E50 received 50% of the
irrigation volumes applied to A100. Total irrigation for each treatment and year is reported
in Table 1.

Table 1. Total irrigation for each year, for each irrigation treatment.

Total Accumulated Irrigation (mm)

Net Treatments Irrigation Treatments 2020 2021

Anti-hail net
A100 358 100% 389 100%
A70 282 78.7% 272 70.0%

Exclusion net
E70 282 78.7% 272 70.0%
E50 185 51.7% 195 50.2%

The irrigation treatments were arranged in all 5 rows of each sector. Only the 3 central
rows were used for measurements (lateral rows were excluded from the trial, serving as
guard), as a split plot complete randomized design, repeated 3 times each, with 8 trees for
each repetition; in each repetition, 2 trees were marked and were tested for physiological
parameters, along the season. In total, 6 trees were monitored for each treatment (Figure 1).
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Figure 1. Simplified field trial map. Trees not in trial received 100% Et0.

An ad hoc automated drip irrigation system was installed, where emitters were
distanced 0.5 m with a flow rate of 2.0 L per hour. The IRRIFRAME-utilized platform
communicated via a “web-API” (application programming interface) and sent information
to the irrigation controller. This unit controlled 3 sectors, corresponding to control irrigation,
70% and 50%. Since flow rate was the same, irrigation treatments were managed with
different lengths of application that corrected the Et0 volume based on the treatment
previously described. Rain events that occurred the previous day were considered when
calculating Et0 of the current one.
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2.3. Midday Stem Water Potential and Leaf Gas Exchanges

During the two-year experiment, midday plant water status (stem water potential
(Ψs)), midday leaf gas exchanges (leaf photosynthesis (An) and stomatal conductance (gs))
were measured once per month simultaneously, at solar noon (±30 min) within one hour
time, on cloudless days. Measurements began from the onset of irrigation treatments
until harvest.

Following Turner and Long [21], Ψs was measured with a Scholander pressure cham-
ber (Model 3005, Soil Moisture Equipment Corp., Santa Barbara, CA, USA); at least 1 h
prior to measurements, a leaf close to the trunk was enclosed in a black plastic envelope,
covered with aluminum foil. Leaf gas exchanges were performed with a portable infra-red
gas analyzer (LI-COR 6400, Lincoln, NE, USA), connected to a leaf fluorometer chamber,
which had a LED light source. This allowed us to set the right photosynthetically active
radiation (PAR) for each net treatment.

Measurements were performed according to Boini et al. [9], on the following dates:
12 June, 16 July, 30 July, 20 August, 8 October, in 2020; 26 May, 30 June, 3 August,
3 September, 14 October, in 2021.

2.4. Fruit Growth

During both years, fruit diameter was traced on the 6 selected trees in each treatment
(8 fruit tree−1 in 2020 and 4 fruit tree−1 in 2021). Fruit were calibrated along the season,
until harvest, to track absolute growth rate (AGR). This was possible by converting the
diameter to fresh weight with the following equation:

Fresh weight = 0.0006 × Diameter2.924 (1)

The equation has a regression coefficient (R2) of 0.99 and was derived from fruit
diameter and weight data of about 300 fruits from several Pink Lady apple orchards in the
growing area.

2.5. Yield Determinants and Fruit Quality

Fruit were harvested for all treatments on 30 October 2020 and on 28 October 2021. For
each treatment, all 6 trees were harvested, plus an extra 3 in 2021 (in order to avoid possible
variability intra-treatment). Crop load (fruit tree−1) and total yield (kg tree−1) were first
determined, and then for each tree, all fruit were calibrated with a digital caliper (Mitutoyo,
Kanagawa, Japan) attached to an external memory (www.hkconsulting.it, accessed on
15 July 2022), as to obtain marketable yield (considering fruit above 65 mm diameter)
(kg tree−1). This procedure allowed us to obtain the weight of each single fruit, applying
Equation (1).

On the same harvest dates, representative fruit (18 in 2020 and 20 in 2021, for each
replication) were selected for quality parameters evaluation, which included: individual
fruit coloration (percentage of red-colored surface from visual observation), followed by
individual fruit peel color (color coordinates, taken with a Konica Minolta (Tokyo, Japan)
on exposed and non-exposed fruit sides). Further analyses included individual fruit flesh
firmness (determined with a PCE-PTR 200 penetrometer (PCE Instruments, Meschede,
Germany), using an 11 mm diameter tip after removing the fruit peel from opposite sides
(exposed and non-exposed to the sun) and calculating the mean value of the two outputs);
and soluble solid content (refractive index of the juice (◦Brix) for each fruit, measured with
a HI 96,811 digital refractometer (Hanna, Woonsocket, RI, USA)).

2.6. Statistical Analysis

Values of PAR (only hours from 9:00 to 18:00) for the external, anti-hail and exclusion
nets, during the trial, were subjected to analysis of variance (ANOVA) to characterize the
environmental shade conditions of each experimental year. Within each year, ANOVA
was used to seek differences in crop load; if differences were found between treatments,

www.hkconsulting.it
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crop load was used as a covariate for further analyses of covariance to separate the effect
of treatments in each variable. The results were then expressed as the least square (LS)
means, and p values were considered significant when <0.05. However, if the effect of
crop load was not significant, simple ANOVAs and linear contrasts followed. A Student–
Newman–Keuls (SNK) test was used to separate means. For each year, linear contrasts
were performed to compare possible differences between:

- Irrigation treatments, under the anti-hail net (A100 A70);
- Irrigation treatments, under the exclusion net (E70 E50);
- The same amount of irrigation, under different net treatments (A70 E70);
- Control irrigation treatments, under different net treatments (A100 E70).

These analyses were performed for the mean seasonal value of Ψs, An, gs and fruit
AGR, for total and marketable yield, average marketable fruit weight and fruit quality
traits. Class size distribution differences were tested by a correspondence multivariate
analysis, followed by a cluster analysis, with a Chi-square test [20,22].

3. Results
3.1. Weather, Net Treatments and Irrigation

Et0 outside the nets was similar between the two growing seasons (4.9 mm), even
though rainfall events were more regular in 2020 than in 2021 (Figure 2).
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Figure 2. Seasonal patterns of external reference evapotranspiration and accumulated rainfall from
the end of May until mid-October for 2020 and 2021 seasons. Midday physiological measurements
dates are represented by black (2020) and white (2021) stars.

Shading was different under the net treatments, although PAR between 9–18 h showed
values different from those declared (Figure 3). The anti-hail net shaded around 4–10%
and was significantly similar to the reference external radiation in 2020. The exclusion net
shaded around 30–40%, being significantly lower during both years.

3.2. Midday Stem Water Potential and Leaf Gas Exchanges

For both years, seasonal plant water status (Ψs) did not differ among treatments, thus
not appearing to be influenced by shading, nor by water restrictions. Only the restricted
irrigation treatments (A70 and E50) tended to reach lower values in 2021 (Figure 4b).

Similar trends could be seen for midday leaf gas exchanges (Figure 5), except between
E70 and E50, in 2020 (Figure 5b).
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Figure 3. Seasonal patterns of PAR detected between 9:00 and 18:00 h of the outside reference and of
the two net treatments, with average daily values. Different letters represent significant differences at
p < 0.05, from the end of May until mid-October, for 2020 (a) and 2021 seasons (b). Percentages reflect
the level of shading in the various environments. Stars represent the dates of midday physiological
measurements.
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Figure 4. Seasonal patterns of midday stem water potential throughout 2020 (a) and 2021 (b), for
each treatment, represented by the mean value of four trees. Vertical bars represent standard error
values. For each year, the effect of the treatment and linear contrast F values are shown and refer to
the mean midday seasonal value of Ψs; values below 0.05 are considered significant.

3.3. Fruit Growth

Fruit growth reached its peak at the beginning of July in both years, although in
2020, daily AGR values were higher (around 2.5 g day−1, Figure 6a) than in 2021 (around
1.5 g day−1, Figure 6b). The effect of treatments was more pronounced in 2020, where
irrigation restriction plays a bigger role, than in 2021.
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Figure 5. Seasonal patterns of midday leaf photosynthesis and stomatal conductance, throughout
2020 (a,b) and 2021 (c,d), for each treatment, represented by the mean value of four trees. Vertical
bars represent standard error values. For each year, the effect of the treatment and linear contrast F
values are shown and refer to the mean midday seasonal value of An or gs; values below 0.05 are
considered significant.
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Figure 6. Seasonal patterns of fruit absolute growth rate throughout 2020 (a) and 2021 (b), for each
treatment. Vertical bars represent standard error values. For each year, the effect of the treatment and
linear contrast F values are shown and refer to the mean seasonal value of AGR; values below 0.05
are considered significant.
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3.4. Yield Determinants and Fruit Quality

In both years, late frosts reduced fruit numbers on all trees, although the reduction
was more pronounced in 2020 (Table 2). Crop load was the same among treatments in
2020, whereas they were different in 2021 (Table 2), where A net had a lower number of
fruit tree−1. Between the two years, 2020 had a lower crop load, more than half compared
to 2021. In 2021, crop load did not significantly affect the seasonal growth of fruit (p = 0.58).

Table 2. Crop load determined at harvest (quantity of fruit per tree). Each value represents the
average (+SE) of six and nine trees in 2020 and 2021, respectively. Different letters indicate significant
difference at p < 0.05.

Crop Load (Fruit Tree−1)

Irrigation Treatments 2020 ±SE 2021 ±SE

A100 37 9 a 95 7 a
A70 54 9 a 89 7 a

E70 59 8 a 134 10 b
E50 40 10 a 135 8 b

Total yield in year 2020 was not affected by net, nor by irrigation treatments, whereas
higher shading in 2021 generated differences between E70 and A trees (Table 3). For
marketable yield, no differences were detected in both years. The average marketable fruit
weight had a similar trend in the two growing seasons: E70 appeared to have significantly
larger fruit (Table 3), even in 2021, when crop load was significantly higher under the
exclusion net (Table 2).

Table 3. Total and marketable yields and average marketable fruit weight, measured at harvest,
during years 2020 and 2021, followed by standard error and letters, indicating statistical significance
at 95% when different, according to a SNK test. For 2021 results, * indicates significantly different
crop load among treatments; thus, each value is the LS means of an ANCOVA (mean of nine trees).
In the lower part of the table, treatment, crop load and linear contrast F values for each year are
shown; values below 0.05 are considered significant. Linear contrasts are not reported where crop
load significantly impacted harvest parameters.

Total Yield (kg Tree−1) Marketable Yield (kg Tree−1) Average Marketable Fruit
Weight (g Fruit−1)

Treatments 2020 ±SE 2021 ±SE * 2020 ±SE 2021 ±SE * 2020 ±SE 2021 ±SE *

A100 6.75 1.62 a 18.63 0.51 b 6.72 1.62 a 16.62 0.74 a 185 1.93 b 168 1.73 b
A70 9.89 1.52 a 18.81 0.54 b 9.70 1.51 a 16.87 0.78 a 185 1.72 b 164 2.15 b
E70 7.28 1.58 a 20.90 0.52 a 7.13 1.59 a 17.13 0.75 a 194 2.27 a 176 1.22 a
E50 7.28 1.57 a 19.65 0.52 ab 7.09 1.50 a 17.51 0.76 a 191 2.29 ab 166 1.28 b

Treatment 0.5045 0.02 0.5209 0.058 0.0045 <0.0001

Crop load - <0.0001 - <0.0001 - <0.0001

L. contrasts Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F

A100 A70 0.17 - 0.19 - 0.047 -
E70 E50 1.00 - 0.97 - 0.003 -
A70 E70 0.26 - 0.25 - 0.049 -
A100 E70 0.82 - 0.87 - 0.85 -

Size class distribution followed a normal distribution in both growing seasons (Figure 7),
revealing no difference between the four treatments. However, 2021 had a higher presence
of the lower sizes, 70–75 and 65–70 mm (Figure 7b).
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Figure 7. Size class distribution values for each irrigation treatment of fruit diameters ranging
from <65 to >85 mm, in years 2020 (a) and 2021 (b). The absence of letters indicates the absence of
differences between treatments.

Fruit quality presented similar trends between years for most of the parameters,
although only some results differed significantly (Table 4). In 2020, only soluble solid
content and fruit flesh firmness were influenced by both net and irrigation treatments,
where E treatments gave higher values for both parameters: E50 fruit tended to be especially
sweeter (nearly 1◦ Brix difference) and firmer (0.5 kg cm−2 higher), compared to fruit picked
under the A net. Peel and visual color were different among treatments only in 2021, where
lower ◦Hue values were found (51–58 ◦Hue) in fruit harvested under the E net versus those
of A net (58 ◦Hue) (Table 4), revealing more red tones.

Table 4. Fruit quality traits, during 2020 and 2021, followed by standard error and letters, indicating
statistical significance at 95% when different, according to a SNK test. In the lower part of the table,
linear contrast F values for each year are shown; values below 0.05 are considered significant.

Peel Color (◦Hue) Visual Color (%)

Treatments 2020 ±SE 2021 ±SE 2020 ±SE 2021 ±SE

A100 57.7 1.8 a 50.9 1.5 ab 60 2 a 74 2 b
A70 57.6 2.3 a 54.3 1.6 a 61 3 a 73 1 b
E70 52.1 1.6 a 45.8 1.9 b 62 2 a 79 1 a
E50 51.1 1.6 a 46.5 1.8 b 65 1 a 74 2 b

Treatment 0.016 0.0009 0.23 0.01

L. contrasts Pr > F Pr > F Pr > F Pr > F

A100 A70 0.95 0.07 0.87 0.97
E70 E50 0.71 0.0004 0.19 0.0034
A70 E70 0.016 0.0012 0.09 0.61

A100 E70 0.014 0.14 0.06 0.63

Soluble solid content (◦Brix) Firmness (kg cm−2)

Treatments 2020 ±SE 2021 ±SE 2020 ±SE 2021 ±SE

A100 14.14 0.09 c 13.62 0.07 a 8.76 0.09 b 8.19 0.07 A
A70 14.31 0.12 bc 13.74 0.08 a 8.79 0.07 b 8.31 0.09 a
E70 14.57 0.12 b 13.66 0.08 a 9.09 0.13 ab 8.51 0.09 a
E50 15.08 0.10 a 14.64 0.10 a 9.26 0.12 a 9.50 0.07 a

Treatment <0.0001 0.5 0.0016 0.15

L. contrasts Pr > F Pr > F Pr > F Pr > F

A100 A70 0.25 0.54 0.88 0.03
E70 E50 0.001 0.54 0.26 0.74
A70 E70 <0.0001 0.13 0.0017 0.06

A100 E70 <0.0001 0.37 0.0011 0.85
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4. Discussion

Decreasing crop evapotranspiration coefficients is the main target for lowering irri-
gation volumes. Since solar energy and heat are the main drivers impacting Et0 and Etc,
shading orchards with netting systems can be a first step toward sustainable fruit produc-
tion. Apple orchards grown in areas that normally have peaks of above 1800 µmol m−2 s−1

PAR require protection from these excessive amounts of solar energy. As apple is known to
reach the saturation point between 800 and 1200 µmol m−2 PAR [23,24], growers of areas
where high sun intensities occur could consider installing shading nets in their orchards.
Plant water status would not be affected, as the results show in Figure 4, where the E trees
had the same Ψs, even with limited irrigation replacement and a heavier crop load (Table 2).
As tree water status and light are known to influence leaf gas exchanges [5,8,25,26], there
may be consequences on final production [27–29]. However, neither An nor gs were neg-
atively affected by higher shading, nor by water limitations under the E netting system
(Figure 5). Fruit AGR did not seem to be influenced by higher shading intensity (Figure 6);
however, final production was different. In particular, marketable fruit weight was sig-
nificantly higher for E70 treatment during both years (up to 10 g, Table 3), indicating a
beneficial effect of less incoming light, regardless of the significantly higher crop load
recorded in 2021 (Table 2). Results from previous studies [8,11,26] are in line with those
reported here.

Shading and water restriction tended to be beneficial for quality parameters (Table 4).
Peel and visual color values showed more red fruit for E treatments; red coloration was
promoted probably because of the scattering of light in the canopy caused by the white
covering materials, influencing anthocyanin synthesis [30]. SSC and fruit flesh firmness
tended to be both higher for E50 fruit, the treatment that generally received less water
(ca. 190 mm, during each year, Table 1). Again, such outputs are confirmed from previous
studies focusing on the benefits of regulated deficit irrigation on apple [23,31–33] and other
fruit crops [34–37].

Shading may not always be considered as a positive factor in improving fruit quality;
thus, the mesh color of the covers is of paramount importance [7]. Since white and pearl
nets are widely known to diffuse light [38], this scattering property may justify why E
trees did not significantly differ from A trees (Figure 5), along with the same plant water
status. A more homogenous light environment might have improved overall leaf efficiency,
even in the less exposed parts of the canopy and even with lower water restitutions
(Figures 3 and 4). This hypothetical improvement led to higher final fruit weight (Table 3),
with better or unaffected final fruit quality (Table 4). Applying this strategy while using
netting of different color may not work and may give contrasting results.

Areas facing increases in heat waves and water limitations have been sites for previous
works on apple [8,26,39]. The results all confirm that shading is a powerful solution for
mitigating the consequences of climate change. High light intensities will inevitably lead to
defensive plant mechanisms, such photoprotection processes [40,41], which are effective
in repairing damage to the photosynthetic apparatus, although at the expense of newly
synthesized carbohydrates [42–44], potentially to the disadvantage of the fruit. This may
be another explanation for lower fruit weight under the A net (Table 3), whose trees
experienced more than 1200 µmol m−2 PAR during half of each growing season (Figure 3),
exceeding the saturation point [23,24].

It may be advisable to consider white exclusion netting in the set up for late ripening
apple orchards in Mediterranean or hot and dry locations. Combining the right shading
amount with the appropriate mesh color and related scattering property will probably lead
to a more efficient and performative apple orchard, even if the variety is late ripening.

5. Conclusions

Nets shading at 40% did not alter apple tree physiological performances, even when
irrigation was limited. An overall decrease of 50% water for irrigation purposes did not
compromise yields nor fruit quality; on the contrary, it improved it. Apple growers could
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benefit from the installation of white, or pearl, exclusion netting, along with rain shelters,
however, lowering scattering incoming light. This strategy should be tested on different
fruit crops to understand whether the concept is applicable to a wider range of species,
even with different kinds of fruit growth.
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